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Anahtar Kelimeler 0z: Bu calisma, IHA fotogrametrisi kullanilarak harita iiretiminde YKN sayisi ve
YKN, dagilimimin dogruluk iizerindeki etkilerini incelemektedir. Calismada, dort farkh
StM, ) YKN dagilim senaryosu (kenar, merkez, homojen ve kosegen) degerlendirilmistir.
Fotogrametri,

Her bir senaryoda YKN sayisinin 4'ten 40'a kadar degistigi toplam 52 alt senaryo
uygulanmistir. SfM algoritmasi kullanilarak iiretilen ortofoto ve SYM dogrulugu,
GNSS Cors yontemi ile 6l¢iilen 30 yer kontrol noktasi kullanilarak analiz edilmistir.
Dogruluk degerlendirmesinde RMSExy ve RMSEz degerleri hesaplanmis ve YKN
sayisi ile dagiliminin planimetrik (xy) ve yiikseklik (z) dogruluguna etkileri
incelenmistir. Elde edilen bulgular, en iyi planimetrik dogrulugun kenar ve homojen
dagilimlarla saglandigini, en diisiik RMSExy degerinin 3.2 cm ile kenar dagilimda ve
4.0 cm ile homojen dagilimda elde edildigini gostermektedir. Yiikseklik
dogrulugunda ise en diisiik RMSEz degeri 4.0 cm ile homojen dagilimda ve 4.7 cm
ile kenar dagilimda tespit edilmistir. Merkezi dagilim senaryolarinda dogruluk
oranlarinin diger senaryolara gore daha diisiik oldugu gozlemlenmistir. Calismanin
bulgulari, YKN sayisinin arttirilmasinin dogruluk oranlarini artirdigini, ancak belirli
bir noktadan sonra bu artisin sinirh kaldigini ortaya koymaktadir. Ozellikle 24-30
YKN araliginda hata oranlarinin duragan hale geldigi tespit edilmistir.

IHA fotogrametrisi,

Investigation of the Effect of the Number and Distribution of Ground Control Point
(GCP) on Map Production Accuracy

Keywords Abstract: This study examines the impact of varying the number and distribution of
GCP, GCPs on the precision of map production via UAV photogrammetry. In the study four
f)ﬂvlt . distinct GCP distribution scenarios were evaluated. In each scenario, a total of 52
otogrammetry, - i li ith th f GCP ing fi 4 to 40. Th
UAV Photogrammetry sub-scenarios were applied, with the number of GCPs varying from 4 to 40. The

accuracy of the orthophoto and DSM produced using the SfM algorithm was
evaluated through the analysis of 30 check points, which were measured using the
GNSS cors method. To assess the accuracy, the RMSExy and RMSEz values were
calculated. Furthermore, the impact of the number and distribution of the GCPs on
the planimetric (xy) and elevation (z) accuracy was analyzed. The findings indicate
that the optimal planimetric precision is attained with edge and homogeneous
distributions. The lowest RMSExy value was observed to be 3.2 cm with edge
distribution and 4.0 cm with homogeneous distribution. About the accuracy of the
elevation data, the lowest RMSEz value was observed for the homogeneous
distribution, at 4.0 cm, while the lowest value for the edge distribution was 4.7 cm.
It was observed that the accuracy rates were lower in the central distribution
scenarios in comparison to the other scenarios. The findings of the study indicate
that an increase in the number of GCPs results in enhanced accuracy rates; however,
this improvement is observed to plateau at a certain point. Within the range of 24-
30 GCPs, the error rates were observed to reach a point of stabilization.
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1. Giris

Ortofotolar ve sayisal yilizey modelleri (SYM) dahil olmak lizere yliksek ¢oziiniirliiklii topografik verilerin
erisilebilirligi, topografik 6zelliklerin kapsamli bir sekilde anlasilmasini gerektiren ¢ok sayida miihendislik
disiplini icin giderek daha onemli hale gelmektedir [1]. Topografik haritalar1 olusturmak i¢in fotograflarin
kullanilmasi ile fotografik goriintiilerin analizi ve 6l¢iilmesi yoluyla cografi bilgi elde etme siireci olan fotogrametri
yontemi de kullanilmaya baslamilmistir [2, 3]. Fotogrametrik yontemin siirekli gelismesi ve cesitlenmesiyle {iriin
tiretiminde siire, maliyet ve dogrulugun hassasiyeti bakimindan 6nemli bir avantaj saglanmistir. Klasik hava
fotogrametrisinde, basta hava kameralar1 olmak tizere kullanilan ekipmanlar agisindan, {iriin meydana gelinceye
kadarki stire¢ oldukeca maliyetlidir [3, 4].

Harita liretiminde her ne kadar zaman ve maliyet cok 6nemli kriter olsa da konum dogrulugu hepsinden 6nemlidir.
IHA fotogrametrisinde de konum dogrulugunu olumlu ya da olumsuz etkileyen bazi etkenler bulunmaktadir. Yer
kontrol noktas1 (YKN) sayis1 ve dagilimi, ucus yapilacak yiikseklik, yer érnekleme arahg (YOA), meteorolojik
kosullar ve kamera 6zellikleri bu etkenlerin basinda gelmektedir [2-5]. insansiz hava araclar (iHA'lar), geleneksel
hava ve uydu sensorlerine kiyasla daha diisiik maliyetleri, yiiksek zamansal ve mekansal ¢oziiniirliikleri ve
goriintii ahmindaki esneklikleri nedeniyle uygun bir alternatif olarak ortaya ¢ikmustir [6-8]. IHA'lardan elde edilen
gorintiilerin islenmesine yonelik mevcut yazilim uygulamalarinin ¢ogu hareket tabanl yapisal algilama (Structure
from Motion/SfM) yaklasimina dayanmaktadir [9-11]. Bu yaklasim, herhangi bir kontrol noktasina ihtiyag
duymadan kolinearite denklemlerini ¢6zmesi ve boylece keyfi bir koordinat sisteminde seyrek nokta bulutu ve
tam bir kamera kalibrasyonu saglamasiyla geleneksel dijital fotogrametriden farklidir [11, 12]. Bu, goriinti
ozelliklerinin korelasyonu, benzerligi ve tekdiizeliginin analizi yoluyla “anahtar noktalar” olarak adlandirilan
benzer goriintii 6gelerini otomatik olarak tanimlayan goriintii eslestirme algoritmalari ile miimkiin olmaktadir
[13]. SfM, yogun bir nokta bulutu elde etmek icin eslesen anahtar noktalarin seyrek kiimesini genisletmek i¢in
yinelemeli bir siire¢ kullanan ¢oklu goriintii stereo (Multi View Stereo/MVS) algoritmalari ile birlestirilir. YKN'ler,
gorintiilerin diizeltilmesi sirasinda hem fotogrametride hem de uzaktan algilamada goriintii koordinat sistemi ile
yer koordinat sistemi arasindaki baglantiy1 saglar. Bu amagla goriintiilerin ¢ekildigi kameralarin kalibrasyon
bilgilerinden ve YKN'lerden yararlanilir [9, 10, 12]. Bu YKN'ler kalic1 yer 6zellikleri veya ucustan 6nce arastirilacak
alana dagitilmis referans hedefler olabilir. Bu noktalarin ham goriintiilerde dogru bir sekilde konumlandirilmasi
ve tanimlanmasi ¢ok énemlidir [4-7]. Uretilen harita veya yiikseklik modellerinin gergek diinya koordinat sistemi
ile uyumlu hale getirilmesini ifade eden cografi referanslama veya cografi konumlandirma islemini tamamlamak
icin en az li¢ YKN gereklidir [9-12, 17]. Ancak, elde edilen fotogrametrik iiriinlerin hassasiyetini artirmak icin daha
fazla sayida YKN kullanilmasi siddetle tesvik edilmektedir [11-13]. YKN kullaniminin fotogrametrik iiriinlerin
dogrulugunu dogrudan etkiledigi goz oOniine alindiginda, yillar icerisinde bir¢cok arastirmact YKN sayisini
degistirerek IHA goriintiilerinden elde edilen iiriinlerin dogrulugunu degerlendirmek icin cesitli calismalar
gerceklestirmislerdir.

Erdogan ve Mutluoglu [14], nokta konum dogrulugunu DJI Phantom 3 Pro ile ¢ekilen fotograflardan nokta bulutu
ve ortofoto iireterek arastirmiglardir. Calisma alaninda [HA kullanilarak 50m ve 80m yiiksekliklerden %70-%80
oraninda bindirmeli goriintiiler elde edilmistir. Goriintiiler fotogrametrik olarak degerlendirilmis, sonucta elde
edilen noktalarin konum degerleri ile, RTK-GPS dl¢gme teknigiyle elde edilmis olan nokta konum degerlerini
karsilastirmislardir. Kurban ve arkadaslari [15], standartlara uygun doéner kanatli, konumlandirma sistemli ve oto
pilot destekli bir hava araci kullanarak (600m x 800m) ¢alisma alaninin 100m irtifadan bindirmeli olarak ytiksek
¢ozinirlikli gorintisiini almislardir. Gortintiiler SfM algoritmasi ile fotogrametrik olarak islenmis ve ¢alisma
alaninin cok yiiksek konumsal ¢6ziiniirliigii olan ortofoto ve sayisal arazi modeli (SAM) verisi olusturulmustur.
Yapilan kontrollerin sonucunda, olusturulan ortofotoya ait 2B konumsal dogruluk 6cm ve SAM verisinin
yuksekligine ait dogruluk ise 8cm mertebesinde oldugu gosterilmistir. Agiiera-Vega ve arkadaslar1 [16] ugus
yuksekliginin, arazi morfolojisinin ve YKN sayisinin bir SYM ve ortofoto dogrulugu iizerindeki etkisini
arastirmiglardir. Calismalari i¢in, bes arazi morfolojisi, dort ugus yiiksekligi (50, 80, 100 ve 120 m) ve tg¢ farkh
YKN'yi (3, 5 ve 10) hesaba katan 60 fotogrametrik proje ytliriitmiislerdir. Ugus yliksekligi ve YKN sayisinin en dogru
kombinasyonunun sirasiyla 50 m ve 10 YKN oldugunu bulmuslardir. Calismanin sonunda, RMSE degerleri x,y,z
icin sirasiyla 0.038, 0.035, 0.049 m olarak bulunmustur.

Ozcan [18], IHA kullanilarak yapilan calismasinda farkli yiiksekliklerden ile alinan hava gériintiilerin ve elde edilen
SYM'nin konum dogruluklarinin bulunmasi amaglamistir. Yer kontrol noktalarinin koordinatlar1 DGPS ile
belirlenerek konumsal dogrulama i¢in kullanilmistir. Calismada ayrica iretilen yogun nokta bulutlarinin
dogruluklar arazi 6lgmeleri ile karsilastirllmistir. Diiseyde IHA ve DGPS ile yapilan él¢iimlerde ortalama olarak
santimetre seviyesindeki fark dikkat cekmektedir. Yiizeydeki ani degisimlerin oldugu bolgelerde ise daha biiyiik
degerler oldugu gozlenmistir. Oztiirk ve arkadaslar1 [19], calisma alaninin ortofotolarini iiretebilmek icin 60m,
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80m ve 100m olarak farkl yiiksekliklerde ucuslar gerceklestirmisler ve 60m ve 80m ytikseklik icin 90°, 100m
yukseklik icin 45°, 60° ve 90° olmak tizere farkli kamera agilar1 kullanarak yiiksek ¢6ziiniirliklii gériintiler elde
etmislerdir. Sonrasinda ¢alisma alaninda 6nceden jeodezik yontemle tesis etmis olduklar1 5 yer kontrol noktasi ile
ortofotolarin dogruluklarin1 kontrol etmislerdir. Martinez-Carricondo ve arkadaslari [20], IHA fotogrametrisi
sonucu ortaya ¢ikan liriinlerin dogrulugunu etkileyen birgok faktdér oldugu ve YKN sayisinin ve ¢alisma alanindaki
dagihminin etkisinin 6zellikle 6nemli oldugunu vurgulayarak, calismalarinda IHA fotogrametrisi ile elde edilen
irtinleri optimize etmeye ¢alismak icin farkl1 YKN dagilimlari incelemistir. Test edilen tiim dagilimlar arasinda en
iyi sonuglar kenar dagilimi ve tabakali dagilim ile elde edildigi sonucuna varmislardir. Oniga ve arkadaslari [21],
ytksek hassasiyetli sonuclar elde etmek icin kag yer kontrol noktasinin gerekli oldugu sorusuna cevap bulmayi
amaclamiglardir. Sonuclar elde etmek icin, yaklasik 1 hektarlik bir alan diisiik maliyetli bir [HA ile yerden 28 m ve
35 m olmak iizere iki farkl ytlikseklikten hava fotograflari ¢cekilmistir. Nihai tirtinlerde yiiksek dogruluk elde etmek
icin 1 YKN/200 m?2'lik bir yogunlugun gerekli oldugu sonucuna varmislardir. Ferrer-Gonzalez ve arkadaslar1 [22]
calismalarini, YKN sayisinin ve dagiliminin koridor seklindeki bir calisma sahasinda iHA fotogrametri projelerinin
dogrulugunu nasil etkiledigini degerlendirmek icin yapmistir. Bu amagcla, 2,1 km'lik bir yol lizerinde farkh
konfigtlirasyonlara sahip birka¢ proje gerceklestirilmis ve YKN olarak kullanilmak tizere 47 nokta dl¢iilmistiir.
Dogrulugu degerlendirmek icin, referanslama siirecinden elde edilen Karesel Ortalama Hata (Root Mean Squared
Error/RMSE) degerleri kullanilmigtir. Incelenen tiim dagihmlar icin, YKN sayisindaki artigla birlikte yatayda ve
diiseyde dogruluk artmis ve planimetrik (yatay) dogruluk her zaman dikey dogruluktan daha iyi oldugunu
belirtmislerdir.

Ayrica, Martinez-Carricondo ve arkadaslar1 [23], 22 hektarlik bir yiizeyde IHA fotogrametrisi ile elde edilen
tiriinlerin kalitesi tizerinde YKN'lerin degisen say1 ve dagilimlarinin etkisi arastirilmistir. Bulgular, ¢alisma alani
cevresinde yer alan YKN'lerin bu alan icinde tabakali bir dagilimla birlestirilmesiyle daha hassas sonuglar elde
edildigini gostermistir. Tahar [24], YKN sayis1 ve dagiliminin 150 hektarlik bir alanin SYM ve ortofotosunun
hassasiyeti tizerindeki etkisi arastirilmistir. Yukarida bahsedilen ¢alismalarda benzer sonuglara ulasilmis ve en
uygun YKN oram olarak 0,5 ila 1 YKN ha-! konsantrasyonu 6nerilmistir. Reshetyuk ve Martensson [25], 2,73
hektarlik bir alana dagitilan farkli YKN konfigiirasyonlarinin IHA fotogrametri ciktilarinin hassasiyeti iizerindeki
etkisi arastirilmistir. Optimum konsantrasyon, tiim yiizey boyunca esit olarak dagitilan hektar basina 1,8 YKN
olarak belirlenmistir. Sanz-Ablanedo ve arkadaslar1 [26] tarafindan, kabaca kare seklinde olan 1225 hektarlik bir
komiir madeni bolgesinde YKN'lerin sayisinin ve konumlandirilmasinin etkisini belirlemek icin kapsamli bir
calisma yiritilmustir. Calismaya 3465 farkli kombinasyon dahil edilmistir. Sonuglar, YKN sayis1 arttikca
dogrulugun ne odlgiide iyilestiginin YKN'lerin konumuna bagh oldugunu géstermektedir. James ve Robson [27], 50
x 3 m boyutlarindaki bir kiy1 ugurumunun erozyonunu incelemek i¢in SfM ve MVS tekniklerini kullanmislardir.
Olcek referanslama amaciyla 8 YKN kullanmislar, ancak YKN sayisinin veya dagiliminin SYM dogrulugu lizerindeki
etkisini arastirmamislardir. Ayrica, yazarlar dogrulugu degerlendirmek ve YKN'lerin potansiyel etkisini tespit
etmek icin kontrol noktalar1 (KN) kullanmamislardir. Bu yaklasim, dogrulugu tahmin etmek ya da YKN sayisindan
etkilenip etkilenmedigini belirlemek i¢in uygun degildir.

Yukarida bahsedilen ¢alismalar, IHA fotogrametrisi yoluyla elde edilen SYM ve ortofotolarin dogrulugunun,
kullanilan YKN sayisina ve bunlarin ¢alisma alani boyunca dagilimina baglh oldugu konusunda hemfikirdir. Ayrica,
optimum bir sekilde dagitilmalar1 kosuluyla, YKN sayisi arttikca elde edilen modelin dogrulugu da artmaktadir.
Bununla birlikte, kullanilabilecek YKN sayisinda bir sinir vardir ve bunun 6tesinde dogrulukta daha fazla gelisme
saglanamaz. Ayrica, saha calismasiyla ilgili maliyetlerin kullanilan YKN sayisiyla arttigi g6z 6ntine alindiginda,
istenen dogruluk diizeyini minimum saha c¢alismasi maliyetiyle dengelemek gerekir. Fakat calismalara
bakildiginda bir¢ogunun gayri meskiin sahalarda veya bos kullanilmayan arazilerde yapildig1 goriilmektedir. Her
ne kadar tiretilen haritalarin dogrulugunu etkileyen parametreler yukarida detayli olarak verilse de kentsel
alanlardaki cevresel ve fiziksel etkenler de dogrulugu etkilemektedir. Bu ylizden bu ¢alismanin amaci, meskin bir
alanda fotogrametrik projede dogruluk ve saha ¢alismasi arasindaki dengeyi optimize eden YKN sayisini ve
dagihimini belirlemektir. Bu amaca ulasmak icin, 722 saha iizerinde bir IHA fotogrametri projesi yiiriitiilmiistiir.
40 noktanin koordinatlar1 GNSS alicis1 kullanilarak bir santimetre hassasiyetle 6l¢iilmiistiir. Her biri farkli sayida
ve dagilimda YKN iceren toplam 4 senaryo gelistirilmistir.

2. Materyal ve Metot
Calismanin bu bdliimiinde ilk olarak dijital ¢iktilarin olusturuldugu SfM algoritmasi ile fotogrametrik siirec¢

hakkinda bilgiler verilecektir. Daha sonra ¢alisma alani, kullanilan donanimlar, YKN ve KN dagilimi ve verilerin
islenmesi, ugus planlamasi verilmistir.
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2.1. Structure-from-Motion (SfM) Fotogrametri

Uzun yillardir kullanilan fotogrametri teknigi temelde fotograf cekim konumuna gore hava fotogrametrisi
ve yersel fotogrametri olmak tlizere ikiye ayrilmaktadir [24, 28-. Hava fotogrametrisi genellikle cok biiyiik alanlarin
topografik haritalarinin yapilmasi icin tercih edilirken yersel fotogrametri daha ¢ok objelerin 3B modellenmesi
tizerine kullanilmaktadir. Zaman igerisinde hava fotogrametrisi ve yersel fotogrametri yonteminin bosluklarini
doldurmak igin farkl alternatif veri toplama teknikleri arastirilmaya yonelim olmustur [28-30]. Bu yonelme
ozellikle zaman ve maliyet konusunda avantaj saglayan IHA’larin fotogrametriye adaptasyon siirecini
hizlandirmigtir. Buna bagh olarak iHA fotogrametrisi literatiirde yer almaya baslamistir [30-32]. IHA
fotogrametrisi, genel olarak icerisinde herhangi bir insan tasimadan otonom veya manuel olarak kontrol edilebilen
bir hava aracina entegre edilen kamera ile ¢ekilmis fotograflar kullanilarak yapilan fotogrametrik siirecin genel
tanimudir [28]. Bu baglamda IHA fotogrametrisi ile 6zellikle yeni gelisen fotograf isleme teknikleri bir¢ok disiplin
tarafindan farkl ¢alismalarinin gézdesi haline gelmistir ([32, 33]. Gelisen veri toplama ydntemlerinin yanindan
dijitallesme ile bircok fotogrametrik yazilimlarda kullanilmaya baslanilan SfM gibi ézel algoritmalar IHA’lardan
elde edilen fotograflarin fotogrametride kullanilmasinda hizh pratik ve yiiksek hassasiyette sonuclar alinmasinda
onemli katkilar saglamistir.

SfM, fotograflarin kamera parametrelerini, pozisyonlar: ve goriintiilerdeki nesnenin ii¢ boyutlu (3B)
geometrilerinin otomatik olarak diizenlenmesini saglayarak 3B model olusturulmasini miimkiin kilan goriintii
temelli bir modelleme teknigidir [29]. Geleneksel fotogrametri teknikleri, geometrik model olusturabilmek icin
kamera ile YKN hassasiyeti yiiksek 3B konum ve ydnlendirme bilgilerine ihtiya¢ duyar. [32] Oysa hareket tabanh
yapisal algilama yonteminde model geometrisi, kamera pozisyonu ve yonlendirme bilgisi ayni anda ve otomatik
olarak coziilmektedir [32]. U¢ boyutlu uzayda bir noktanin kesin konumunun belirlenmesi icin gerekli
hesaplamalarin tam otomatik yapilmasi ve kameralarin hassas bir sekilde konumlandirilmasina duyulan ihtiyacin
ortadan kalkmasi [28, 32] geleneksel stereoskopik fotogrametri ile SfM yontemi arasindaki temel fark olarak
soylenebilir.

SfM algoritmasinin kullanilmas1 ile geleneksel kameralarla cekilen fotograflardan 3B modellerin
olusturulmasi ve ylizeylerin yeniden yapilandirilmasi 6énemli 6l¢lide basitlesmistir [34]. Algoritma, tist iiste binen
gorintilerdeki standart ozellikleri tanimlayip hizalayarak 3B yapilar olusturmaktadir. SfM algoritmasi,
stereoskopik fotogrametride kullanilanlara benzer fikirlere dayansa da [35] 3B uzaydaki noktalarin kesin
koordinatlarinin hesaplanmasini otomatiklestirerek stereoskopik fotogrametriden ayrilir. Stereoskopik
fotogrametrinin aksine, SfM algoritmasi icin miikemmel bir kamera kurulumuna gerek yoktur [32, 35]. SfM
algoritmasi kullanan yazilimlar, ¢ok sayida fotograftan ortak noktalar1 otomatik olarak ¢ikaran ve seyrek bir nokta
bulutu olusturan yontemler iizerine kuruludur [37]. Radyometrik piksel degerlerini kullanan 6lgekten bagimsiz
ozellik doniisiim (Scale Invariant Feature Transform/SIFT) algoritmasi, bu islem icin birincil algoritma olarak
yaygin bir sekilde kullanilmaktadir [38, 39]. SfM siirecinde ilk olarak tiretilen seyrek nokta bulutunda sonra ek bir
asama olarak yogun nokta bulutu olusturulur. Bu asamada yogun ¢oklu goriintii stereo (Dense Multi View
Stereo/DMVS) teknigi uygulanmaktadir [40]. Burada, haritalanan pikseller ve bunlara karsilik gelen 3B
koordinatlar nokta bulutlarina dénistiiriiliir. Daha sonra, bu nokta bulutlari bir ag§ modeli olusturmak igin
kullanilir. Perry vd. [41] gore, fotograflar modele 6zgiin bir doku kazandirir. Son olarak istege bagl olarak yliksek
¢ozuntrliikli ortofoto ve yiikseklik haritalar liretilir. SfM algoritmasi genel is akisi Sekil 1°'de verilmistir.
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r— —
Ozellik Eslestirme

Goriintii Ortiigmesi

Kamera Kalibrasyon w E
Parametreleri ‘ & ’ b
RO | &
\ ot &
o 5
L =

e -

Seyrek Nokta Bulutu

Ortomozaik Dijital Yiikseklik Modeli Yogun Nokta Bulutu Goklu Goriintii Stereo

Sekil 1. SfM islem Adimlar ([45]’ten dizayn edilmistir.
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2.2. Materyal

Calismada hava fotograflarinin ¢ekilmesi icin Matrice 300 RTK IHA kullanilmistir. DJI Matrice 300 RTK, Temmuz
2021'de piyasaya siiriilen dért eksenli bir IHA platformudur. Ureticinin ézelliklerine gére platformun net agirhgi
8,37 kg ve boyutlar1 810 x 670 x 430 mm (U x G x Y) ve pil émrii 55 dakikadir. Ureticinin ézelliklerine gére
platformun net agirhg: 8,37 kg ve boyutlar1 810 x 670 x 430 mm'dir (U x G x Y). IHA, GPS Navstar, Glonass, BeiDOU
ve Galileo sistemleriyle uyumlu bir GNSS RTK alicisiyla donatilmistir. iki GNSS RTK anteni kanatlara
yerlestirilmistir ve IHA'nin konumu sanal referans istasyonlarinin kullanimiyla belirlenir. DJI MATRICE 300 RTK,
D-RTK modunda 0,1 m'lik dikey ve yatay gezinme dogruluguna (riizgarsiz veya esintili) sahiptir [42]. Calismada
kullanilan IHA Sekil 2’de verilmistir.

Sekil 2. Matrice 300 RTK Gorseli [43]

IHA, Zenmuse P1 drone kamerasi 3 eksenli stabilize bir gimbal iizerinde degistirilebilir sabit odakli lensler ile tam
cerceve sensoril entegre eden bir cihazdir. Ayn1 zamanda fotogrametri ugus goérevleri adina tasarlanmis olup
performansi ve dogrulugu cok yeni bir diizeye tasimaktadir. P1, ucus esnasinda her 0.7 saniyede bir fotograf
cekebilen ve tek bir ugusta 3 km? kapsayan tam ¢erceve, az giirtiltiilii yiiksek hassasiyetli bir sensor icermektedir.
Kullanilan iHA'nin fotogrametrik amacgh son teknoloji donamimlari kullanilmasi calismada IHA seciminde
etkilemistir.

YKN ve KN’lerin 6l¢iilmesi ve koordinatlandirilmasi isleminde TOPCON SR GNSS kullanilmistir (Sekil 3). Kullanilan
GNSS alicisinin Tablo 1'de konumsal dogruluk degerleri verilmistir.

Sekil 3. Topcon SR GNSS alicis1 [44]

Tablo 1. Topcon SR GNSS konum dogruluk kriterleri

Ozellik Deger

H: 10 mm + 1.0 ppm
RTK (L1 +12) V: 15 mm + 1.0 ppm
. H: 3 mm + 0.5 ppm
Hizl Statik (L1 + L2) V: 5 mm + 0.5 ppm
DGPS H:0.4m,V:0.6 m
SBAS H:1.0m,V:1.5m

Calisma iki asamada gergeklestirilmistir. [lk asamada YKN ve KN’lerin araziye tesis edilmesi, 6l¢iimleri ve ugus
operasyonlarindan olusan saha calismasi. Ikinci asama olarak ise ofis calismalarinda ucus gériintiilerinin
bilgisayara aktarilarak fotogrametrik yazilimla islenmesi, nokta bulutu olusturulmasi, ortofoto ve yiikseklik
haritalarinin iiretilmesi islemleri gerceklestirilerek analizlerinin yapilmasidir. Arazide 6l¢iilen KN koordinatlar:
kullanilarak dogruluk analizi ve karsilastirilmasi ile calisma sonlandirilmistir (Sekil 4). Calisma alanina tesis
edilmis olan 40 adet YKN ve 30 adet KN, Topcon Hiper SR cihazi kullanilarak GNSS CORS yontemi ile dl¢ctimleri
yapilmistir (Sekil 5). Ucus éncesi ugus plani hazirlanmis ve DJI Matrice 300 RTK IHA’ya D]I Zenmuse P1 kamera
monte edilmistir. Golge alanlarindan kaginmak icin 6gle saatlerinde ve rizgar etkisinden kaginmak i¢in elverisli
bir giinde ugus gergeklestirilmistir. Calismamiz da YKN sayisi ve dagilimini test etmek istedigimiz i¢in ugus
ylksekligi degistirilmemistir.
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Sekil 4. Yapilan calismanin metodolojisi ([4]'ten dizayn edilmistir)

. 7N

Sekil 5. YKN c¢alisma alanina tesisi ve dl¢iilmesi.

2.3. Calisma alan1 ve YKN/KN Dagilimi

Mersin Universitesi Ciftlikkoy Kampiisii calisma alam olarak secilmistir (Sekil 6). Mersin merkez ilgelerinden
Yenisehir [lcesi sinirlari igerisinde olan Ciftlikkdy kampiisii Mersin Universitesinin merkez kampiisii olup, yaklagik
722 ha yuz dl¢lime sahiptir.

36°48'N

36°47'40"N

36°47'20"N

z
s
b
o
8

Sekil 6. Mersin Universitesi Kampiisii genel gériiniimii.

YKN’lerin ¢alisma alanindaki dagiliminda doért senaryo ile test edilmistir. Her senaryo i¢in tim YKN ve KN’ler
kullanilmistir. Senaryolarin tamaminda Sekil 9’da gosterilen KN’ler analiz i¢in kullanilmis olup dengelemede
kullanilmamistir. Yontemimiz daha net anlasilmasi i¢in her senaryo ayri ayr1 anlatilacaktir.
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Senaryo 1: ilk senaryo, calisma alaninin kenarlarina yerlestirilen YKN’lerin, merkez alanina yerlestirilen YKN’ler
ile desteklenmesidir (Sekil 7 sol).

Senaryo 2: Ikinci senaryo, calisma alaninin merkezine yerlestirilen YKN’lerin, calisma alamnin kenarlarina
yerlestirilen YKN'ler ile desteklenmesidir (Sekil 7 sag).

Senaryo 3: Ugiincii senaryo, YKN’lerin ¢calisma alanina homojen olarak yerlestirilmesidir (Sekil 8 sol).

Senaryo 4: Dordiincii senaryo ise késeden merkeze ¢apraz dagihmdir (Sekil 8 sag).

Ilk senaryo icin éncelikle 30 adet YKN calisma alani cevresine homojen bir sekilde dagitilmistir. Fakat kenarlara
yapilan bu dagitim bir biitiin olarak degil kademeleri olarak gerceklestirilmistir. Kenarlara YKN’lerin eklenmesi
sonucunda 8 adet alt senaryo olusturulmustur. Daha net bir ifade ile ¢alisma alaninin etrafinda sirasiyla 4, 8, 12,
16, 20, 24, 28, 30 adet YKN kullanilmistir. Daha sonra geriye kalan 10 YKN ise merkez alana ikiser artirarak
desteklenmistir. Toplamda ilk senaryo i¢in 13 alt senaryo olusturulmustur.

ikinci senaryo icin calisma alaninin merkezine 30 adet YKN homojen bir sekilde, kenarlarina ise 10 adet YKN
yerlestirilmistir. Bu senaryo i¢in tasarim ilk senaryonun tam tersidir. Yani 30 adet YKN merkeze kademeli olarak
dagitilmigtir. Daha sonra geriye kalan 10 YKN ikiser artirarak kenarlara yerlestirilmistir. ikinci senaryo igin de 13
alt senaryo olusturulmustur.

Uglincii senaryo igin 40 adet YKN ¢alisma alanina homojen bir sekilde dagitilmistir. Bu senaryoda ise ilk olarak 4
YKN ile siire¢ baslatildi. Daha sonra ilk iki senaryo gibi artirim islemi otuz YKN’ye kadar devam etmistir. Bu YKN
sayisindan sonra diger ilk iki senaryo ile uyumlu olmasi agisinda kalan 10 YKN ikiser artirarak senaryo
gerceklestirilmistir olup toplam 13 alt senaryo saglanmistir.

Dérdiincii senaryo icin ilk olarak arazinin kosegenlerine birer tane olmak tizer 4 YKN yerlestirilmistir. Ardinda her
kosegenden baslanarak iceriye (merkeze dogru) dorder YKN artimi saglanarak 30 YKN ilk iki senaryo gibi
yerlestirilmistir. Geriye kalan 10 YKN ise ikiserli olarak artirimi gergeklestirilmis ve bu senaryo icinde toplam 13
alt senaryo saglanmistir.
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Sekil 8. Senaryo 3 (sol) ve senaryo 4 (sag) icin YKN dagilimi.

Sekil 9. Dogruluk analizi i¢in kullanilan KN dagilimi.

2.4. Ucus Planlama ve Verilerin islenmesi

Calisma alaninin biiyiikliigii (722 ha) dikkate alinarak ugus 5,13 cm/piksel Yer Ornekleme Aralig1 (YOA) olarak planlanmistir.
Ugus yiiksekligi YOA’ ya gére 428 m irtifaya denk gelmektedir. Arazinin biiyiikk olmasindan dolay1r toplam 5 ucus
gerceklestirilmistir. Tim uguslarda boyuna ve enine bindirme oranlar sirasiyla %80 ve %60 olarak secilmistir. Her ugus
yaklasik 30 dakika siirmiistir (Sekil 10). Yapilan tiim ucuslar sonucunda 878 fotograf ¢ekilmistir. Uguslara ait bilgiler Tablo

2’de verilmisgtir.

Tablo 2. Ucus bilgileri.

Sekil 10. Ugus planlamasi (sol) ve fotograf ¢ekim noktalari (sag).

- » 55

Ucus Numaras1 Fotograf Sayist YOA (pix/cm) Ucus Yiiksekligi (m) Bindirme Orami (boyuna/enine) %

1 30 5.13 428 80/60
2 31 5.13 428 80/60
3 317 5.13 428 80/60
4 315 5.13 428 80/60
5 185 5.13 428 80/60
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2.5. Dogruluk Analizi

Calisma alaninda belirlenen 30 KN koordinatlar1 (X, Y ve Z) GNSS Cors yontemi ile dlgiilmistiir. Bu koordinatlar referans
koordinatlari olarak kabul edilmistir. Dogruluk analizinde olusturulan dijital haritalarinin konumsal, geometrik ve yiikseklik
hassasiyeti incelenmistir. Bu analiz, ¢iktilarin koordinatlarinin KN’ye goére dogrulugunun degerlendirilmesini kapsamaktadir.
Referans veriler dijital ¢ciktilarin koordinatlariyla karsilastirilir ve herhangi bir tutarsizlik hata olarak hesaplanir. Her calisma
icin ayni sayida KN dogruluk analizinde kullanilmistir. Referans veri ile dijital ¢ikt1 haritalarindan elde edilen veri arasindaki
fark, model konumunun referans noktasindan ne kadar uzakta oldugunu goéstermektedir. Bu hatay1 6l¢mek i¢in Karesel
Ortalama Hata (Root Mean Squared Error/RMSE) hesaplanmistir. RMSE degerini hesaplamak i¢in X ve Y i¢in Denklem 1 ve Z
icin Denklem 2 kullanilmistir.

Z?:l(XO,YO, =X, YGNSS)2 (1)
n

RMSEx,y =

" (Zy—Z 2 2
RMSE, =Zl—1( on GNss) (2)

Bu denklemlerde

n, her proje icin test edilen KN’lerin sayisidir.

X, ve Y, sirasiyla x ve y ortofoto koordinatlaridir.

Xenss ve Yenss x ve y icin GNSS Cors koordinatlaridir.

Z,, yukseklik haritasindan elde edilen i'nci KN tizerindeki yiikseklik verisidir.

3. Bulgular ve Tartisma

Calismada fotogrametrik triinlerin tiretimi SfM algoritmasi ile calisan Agisoft Metashape yaziliminda gerceklestirilmistir.
Senaryolarin tamami i¢in hizalama isleminde parametreler ayni secilmistir. Tiim siirecte en yiiksek parametreler ayarlanmistir.
Fotogrametrik slire¢ sonucunda alana ait liretilen 6rnek ortofoto ve yiikseklik haritasi Sekil 11’de verilmistir. Tim senaryolar
icin dogruluk analizleri Tablo 3 ve 4’te verilmistir. Ayrica bu senaryolarin sonuglarinin grafik dagilimi Sekil 12 ve 13’te
verilmistir.

Sekil 11. Ortofoto harita (sol) ve ytikseklik haritasi (sag).

Tablo 3. YKN sayisinin ve dagiliminin RMSE x,y iizerindeki etkisinin cm olarak sonuglari.

YKN Sayisi 4 8 12 16 20 24 28 30 32 34 36 38 40
Kenar Dagitim 62 49 46 41 43 41 4 39 37 34 32 32 32
Merkez Dagitim 15 135 113 104 92 72 71 71 69 67 68 67 6.7
Homojen Dagitim 75 66 58 59 51 51 5 49 48 5 49 49 48

Kbéseden Merkeze Capraz Dagitm 14.7 132 109 101 88 68 6.7 6.6 65 63 62 6 6

Tablo 4. YKN sayisina gore Yiikseklik (z) hata degerleri cm olarak sonuglari.

YKN Sayisi 4 8 12 16 20 24 28 30 32 34 36 38 40
Kenar Dagitim 72 7 67 63 58 56 57 53 5 49 48 48 4.7
Merkez Dagitim 25 25 23 21 18 16 15 15 14 14 14 13 13
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Homojen Dagitim 68 64 61 54 51 49 47 46 44 43 42 41 4
Kbéseden Merkeze Capraz Dagitim 24 24 22 20 17 15 14 14 13 13 13 13 13

YKN Sayisimin Planimetrik Karesel Ortalama Hataya Etkisi (Yatay eksen YKN
sayisiny, diisey eksen cm dogrulugunu géstermektedir.)

16.00
15.00
14.00
13.00
12.00
11.00
10.00
9.00
8.00
7.00 | e —
6.00
5.00 \ .
4.00 o
3.00 - ad > *
2.00
1.00
0.00

4 8 12 16 20 24 28 30 32 34 36 38 40
==@=[Kenar Dagitim RMSExy (cm) @ Merkez Dagitim RMSExy (cm)

Homojen Dagitim RMSExy (cm) =@=Kiseden Merkeze Capraz Dagitim (cm)

Sekil 12. YKN sayisinin planimetrik (x,y) karesel ortalama hataya etkisinin grafiksel gosterimi.

YKN Sayisinin Yiikseklik (z) Karesel Ortalama Hataya Etkisi ( Yatay eksen YKN sayisini,
diisey eksen cm dogrulugunu géstermektedir.)
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Sekil 13. YKN sayisinin Yiikseklik (z) karesel ortalama hataya etkisinin grafiksel gosterimi.

Tablo 3 incelendiginde en yiiksek RMSE degerlerinin 4 YKN alaninda elde edildigi, en diisiik degerlerin ise 40 YKN
icin belirlendigi gorilmiistiir. RMSEx,y degerleri kenar dagilimda 6.20 ile 3.20 cm, merkezi dagilimda 15.00 ile 6.7
cm ve homojen dagilhimda 7.5 ile 4.8 cm, kdseden merkeze dogru capraz dagilimda 14.70 ile 6.00 cm arasinda
degismektedir. Yine Tablo 4 incelendiginde en yiiksek RMSE degerlerinin 4 YKN alaninda elde edildigi, en diisiik
degerlerin ise 40 YKN i¢in belirlendigi goriilmiistiir. RMSE z degerleri kenar dagilimda 7.20 ile 4.70 cm, merkezi
dagilimda 24.90 ile 13.30 cm ve homojen dagilimda 6.80 ile 4.00 cm, késeden merkeze dogru ¢apraz dagilimda
24.1 ile 12.90 cm arasinda degistigi goriilmektedir. Sekil 12. ve 13'te gésterilen bu degerlere dayanarak, iHA
fotogrametrik projelerinde elde edilen SYM’lerin ve ortofotolarin dogrulugu tizerinde YKN’lerin sayisinin ve
dagiliminin 6nemli bir etkiye sahip oldugu sdylenebilir. Ortofoto ve SYM planimetrik degisikliklerini gézlemlemek
icin kenarlara yerlestirilenlere ek olarak merkezi dagilimdaki 10 (on) adet YKN kullanilmistir. Sekil 12’den
gortlebilecegi gibi 24 ve 30 YKN kullanildiginda hata orani duragan hale gelmistir. Calisma alaninin merkezine 2,
4, 6 YKN eklendiginde hata orani azalmistir. Eklenen son 4 YKN de ise hata orani tekrar duragan hale gelmistir.
Kenar dagilimindaki planimetrik degisimi test etmek i¢in yapilan veri analizi, merkez dagilimdaki YKN’lerin (on
YKN) ii¢ katinin kenar dagilimi destegiyle en iyi planimetrik dogrulugun elde edildigini ortaya konulmustur. En
kot planimetrik dogruluk merkezi dagilimda gézlenmistir. YKN 24 ve 30 arasinda sabit hale gelen hata orani,
kenar dagilimindaki 10 YKN ile azaltilmistir. Benzer sekilde ortofoto ve SYM Yiikseklik (z) dogrulugundaki
degisimi gozlemlemek icin kenardakilere ek olarak merkezi dagilimdaki 10 YKN kullamilmistir. Sekil 13
incelendiginde YKN 28 ve 30 arasinda sabit kalan hata oraninin merkezi dagitimda YKN kullanilmasiyla azaldig1
gorildi. Merkezi dagilim analizi, en koti Yiikseklik (z) dogrulugun bu dagilimda gézlemlendigini géstermistir.
Boylece 28. ve 30. YKN'ler arasinda sabit hale gelen hata orani, kenara yerlestirilen 10 YKN ile azaltilmistir. Bu
dort dagilimda en iyi Yiikseklik (z) dagilim homojen dagilimda elde edilmistir. Her iki grafigin incelenmesi, kenar
dagiliminin planimetrik ve Yiikseklik (z) dogruluk iizerindeki etkisinin ¢ok 6nemli oldugunu gdstermistir.
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Literatiirde YKN sayis1 ve dagiliminin IHA fotogrametrisi ile iiretilen ortofotolar ve SYM'ler tizerindeki etkisinin
analizine odaklanan bazi calismalara bakacak olursak; Tahar [24] benzer bir ¢alismay1 150 hektarlik bir alanda
yapmis ve ¢alismada kullanilan YKN'lerin herhangi bir say1 ve dagilimi i¢in planimetrik dogrulugun Yiikseklik (z)
dogruluktan daha iyi oldugunu bildirmistir. Ayrica YKN sayis1 arttiginda her iki dogruluk rakaminin da arttigini
belirledi (planimetrik dogruluk 0,49’dan 0,46 m’ye ve Yiikseklik (z) dogruluk 0,830’dan 0,780 m’ye). Reshetyuk
ve Martensson [25] yaptiklar1 calismada 2,73 hektarlik bir alanda farkli YKN varyasyonlarinin {HA fotogrametri
trtinlerinin dogrulugu tizerindeki etkisini arastirmislardir. Calismada bes YKN tiim alana esit olarak dagitilmis
ucuslar 81 m ve 163 m olmak iizere iki irtifada yapilmistir. Bu uguslar icin RMSE degerleri sirasiyla 0,030 m ve
0,080 m idi. Sonug olarak bu dogrulugu elde etmek i¢in hektar basina 1,8 YKN 6nermislerdir. Sanz-Ablanedo vd.
[26], biiylik projelerde yiiksek dogruluk istendiginde 100 fotograf basina iicten fazla YKN kullanilmasi gerektigini
onermektedir. Onerilen YKN sayilar1 bu proje icin uygulanirsa ¢ok sayida YKN’ ye ihtiya¢c duyulacaktir. Arazi
arastirmalarinda harcanan siireyi kisaltmak ve maliyetten tasarruf etmek amaciyla haritalamada iHA’lar
kullanilmaktadir. Onceki calismalarda 6nerilen sayida YKN’'nin mevcut projede kullamilmasi, iHA’larin
haritalamada kullanilma amacinin disina c¢ikacaktir. Bu c¢alisma sonucunda diger benzer c¢alismalarla
karsilastirildiginda benzer ve dogru sonuglar elde edilmistir.

5. Sonug

[HA'larla fotogrametrik calismalar yapilirken saha calismasinda en ¢ok zaman alan ve kisitlayic1 gérevlerden biri
YKN’lerin konumlandirilmasidir. Calisma 6ncesinde YKN'lerin yerlesimi ve olasi hatalarin biiytikliigiiniin bilinmesi
projeye katki saglayabilir. Bu ¢alisma ile optimum planimetrik dogrulugu elde etmek icin YKN’lerin ¢alisma
alaninin kenarlarina yerlestirilmesi gerektigini belirlenmistir. Ancak bu dagilim, optimum Yiikseklik (z) dogruluga
yol agmayabilir. Bu nedenle YKN’lerin bir kismini calisma alaninin merkezine yerlestirerek giiclendirmek, boylece
toplam hatay1 en aza indirmek gerekmektedir.

Bu calismada, IHA fotogrametrisi ile harita iiretiminde YKN sayis1 ve dagihminin dogruluk iizerindeki etkisi
incelenmistir. Elde edilen bulgular, YKN sayisinin ve dagiliminin, iiretilen ortofoto ve SYM dogrulugunu énemli
olctide etkiledigini gostermektedir. Calisma, farkli YKN senaryolarinin kullanildig1 ve her senaryonun dogruluk
analizi yapildig1 kapsamli bir analiz sunmaktadir. En iyi sonuclarin kenar ve homojen YKN dagilimiyla elde edildigi
gozlenmistir. Ozellikle, 40 YKN kullanilarak yapilan homojen dagilimin, hem planimetrik (xy) hem de yiikseklik (z)
dogrulugunda en diisiik hata oranlarini sagladig tespit edilmistir. Merkezi dagilim senaryolarinda ise dogruluk
oranlarinin diger senaryolara gére daha diisiik oldugu belirlenmistir. Bu durum, YKN'lerin ¢alisma alani boyunca
dengeli bir sekilde dagitilmasinin, dogruluk iizerindeki olumlu etkisini ortaya koymaktadir.

Arastirmanin sonuglari, IHA fotogrametrisi projelerinde YKN sayisimin arttirilmasinin, dogruluk oranlarini
artirdigl, ancak belirli bir noktadan sonra bu artisin siirh kaldigini gostermektedir. Bu nedenle, saha
calismalarinin maliyet etkinligi g6z 6niinde bulundurularak, optimum YKN sayisinin belirlenmesi ve dogru bir
dagihm stratejisinin uygulanmasi énem arz etmektedir. Sonug olarak, bu calisma, IHA fotogrametrisi ile harita
tiretiminde YKN sayis1 ve dagiliminin optimizasyonunun, dogruluk ve maliyet etkinligi agisindan kritik bir faktor
oldugunu ortaya koymakta ve gelecekteki calismalar i¢in 6nemli bir referans noktasi sunmaktadir.
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Anahtar Kelimeler 0z: Bu ¢alismada, diizgiin sirah ve kaydirilmis siral dizilise sahip boru demetinde

Boru demeti, dairesel ve kanat sekilli boru kullanimi sayisal olarak incelenmistir. Calismada kanat

Kanat sekilli boru, sekilli boru kullaniminy, 1s1 transferi, basing diigtimii, entropi iiretimi ve alan uyum

E;Stlrr?nzfi?r:i’mﬁ faktorii yoniinden incelenerek dairesel olana gore avantajlari ve dezavantajlar

Entro;i ufetim{ detaylica tartisiimistir. Akisin, sikistirilamaz, kararly, tiirbiilansh ve iki boyutlu

Alan uyum faktérii oldugu varsayilmistir. Dairesel ve kanat sekilli borularin 1s1 transfer yiizey alanlari
esit ve es deger caplar1 D, = 22,44 mm olarak tutulmustur. Sogutucu akiskan olarak
hava kullanilmistir. Giris hizina bagli olarak tanimlanan Reynolds sayisi (Reg), 4000-
7000 araliginda degismektedir. Calismada, kanat sekilli boru demetinin alan uyum
faktorii, entropi liretimi ve basing diisiimii yoniinden dairesel olana gore tstiin
oldugu tespit edilmistir. Re; = 4000 ve StxS;, = 2x2 degerlerinde, alan uyum
faktorii kaydirilmis sirali dizilise sahip kanat sekilli boru demetinde en yiiksek
degerdedir ve dairesel olana gore %314,93 yiiksek oldugu gosterilmistir. Bu
durumda, entropi lretimi ise %20,62, siirtinme faktori %74,89 ve ortalama
Nusselt sayis1 %19,80 azalmaktadir.

The Parametric Investigation of the Use of Wing-Shaped Tube in Tube Bank in Terms of
Entropy Generation and Area Goodness Factor

Keywords Abstract: In this study, the use of circular and wing-shaped tubes in tube banks with
Tube bank, in-line and staggered arrangement is numerically investigated. The advantages and
Wing-shaped tube, disadvantages of the wing-shaped tube utilization over the circular one are
Heat transfer, discussed in detail by analyzing the heat transfer, pressure drop, entropy generation
Pressure drop . : .

. and area goodness factor. The flow is assumed to be incompressible, steady,
Entropy generation

turbulent and two-dimensional. The heat transfer surface areas of the circular and
wing-shaped tubes are assumed to be equal and their equivalent diameters are
maintained as D, = 22,44 mm. Air is used as the refrigerant. The Reynolds number
(Reg), which is defined depending on the inlet velocity, varies between 4000-7000.
In the study, it was found that the wing-shaped tube bank is superior to the circular
one in terms of area goodness factor, entropy generation and pressure drop. At
Re, = 4000 ve StxS;, = 2x2, the area goodness factor is the highest for the wing-
shaped tube bank with staggered arrangement and is shown to be 314.93% higher
than the circular one. In this case, the entropy generation decreases by 20.62%, the
friction factor by 74.89% and the average Nusselt number by 19.80%.

Area goodness factor
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Boru Demetinde Kanat Sekilli Boru Kullaniminin Entropi Uretimi ve Alan Uyum Faktdrii Yoniinden Sayisal Olarak incelenmesi

1. Giris

Boru demeti 1s1 degistiricileri, enerji iiretimi, 1sitma, sogutma ve iklimlendirme alanlarinda verimli ve kolay
uygulanabilir olmalar1 sebebiyle siklikla tercih edilmektedir. Artan hammadde ve enerji maliyetleri sebebiyle boru
demeti 1s1 degistiricilerinden kaynakli yatirim ve isletme maliyetlerinin diisiiriilmesi i¢in aktif ve pasif yontemler
kullanilmaktadir. Literatiirde, ek enerjiye ihtiya¢ duymayan birim hacim basina daha yiiksek 1s1 transferi ve daha
diisiik basing diistimii elde ederek 1s1l performansin iyilestirmesini amaglayan dairesel ve dairesel olmayan boru
geometrileri ile gerceklestirilen pasif yontemli cok sayida deneysel, sayisal ve analitik calisma yer almaktadir.

Hilpert [1] ve Grimison [2], dairesel sekilli boru demetlerinde ortalama Nusselt sayilarinin belirlenebilmesi i¢in
deneysel bagintilar sunmuslardir. Bergelin vd. [3, 4], diisiik ve orta Reynolds sayisi araligindaki dairesel sekilli
boru demetlerindeki calismalar1 6zetlemislerdir. Zukauskas [5, 6], diizgiin ve kaydirilmis sirali dizilise sahip
dairesel sekilli boru demetlerindeki akis ve 1s1 gecisine Reynolds ve Prandtl sayilar gibi bir¢ok boyutsuz sayinin
etkilerine dair kapsamli sonuglar sunmustur. Shaboury ve Ormiston [7], diizgiin sirali dizilise sahip dairesel sekilli
boru demetinde Reynolds sayisi ve boyutsuz adim degerlerine bagl olarak 1s1 transferi ve akisi sayisal olarak
incelemislerdir. Khan vd. [8], diizgiin ve kaydirilmis sirali dairesel sekilli boru demetlerindeki 1s1 transferini
analitik olarak incelemislerdir. Is1 transferindeki artisin, akis yoniine dik boru adimindaki artisa gére akis boyuna
boru adimindaki artistan daha fazla etkilendigi tespit edilmistir. Gaddis [9], diizgiin sirali ve kaydirilmis sirali tip
boru demetlerindeki basing kayiplarinin belirlenmesi i¢in kapsaml ifadeler sunmustur. Yilmaz ve Yilmaz [10],
dairesel sekilli boru demetinde 1s1 transferi ve basing diisiimii kaynakli entropi liretimini incelemislerdir. Diisiik
hizlarda entropi tiretiminde 1s1 transferinin basing diisiimiine kiyasla daha etkin oldugu sonucuna varmislardir.

Is1 degistiricilerde dairesel sekilli boru, imalatinin kolay olmasi nedeniyle yaygin olarak kullanilmaktadir. Ancak,
arastirmacilar, pasifisi transferi iyilestirme yontemlerinden olan akisa daha uygun boru sekilleri kullanimui ile akis
karisimini arttirip sinir tabaka yenilenmesini saglayarak siirtiinme direncini azaltmay ve 1sil verimi arttirmayi
amag edinen ¢alismalar da yapmaktadirlar. Horvat vd. [11], kaydirilmis sirali dizilise sahip dairesel, kanat ve elips
sekilli boru demetlerinde akis ve 1s1 transferini zamana bagh olarak sayisal olarak incelemislerdir. Her ii¢ boru
seklinde de zamana baglh ortalama Stanton sayisi ve siirtiklenme faktorii, Reynolds sayisinin artisi ile azalmistir.
Basing diisiimii dikkate alindiginda elips sekilli ve dairesel sekilli boru demetine gore kanat sekilli boru demetinin
daha tistiin performans sergiledigi tespit edilmistir. Bayat vd. [12], kaydirilmis sirali kam sekilli boru demetinde
akis ve 1s1 transferini sirasi ile akis yoniine dik ve boyuna boyutsuz adimu esit ve 1,25, 1,5, 2 i¢in deneysel olarak
incelemislerdir. Boyutsuz adim artisi ile 1s1 transfer miktari artti1 gézlenmistir. Kam sekilli boru demetinde, ayni
11 transfer yiizey alanina sahip dairesel sekilli boru demetine gére %5-11 aralifinda daha az 1s1 transferi, %64
daha az siirtiinme faktori degerleri elde edilmistir. Kam sekilli boru demetinde elde edilen 1s1l hidrolik performans
ve alan uyum faktorii dairesel sekilli boru demetindekilerin, sirasiyla, 5 ve 12-14 kat1 oldugu tespit edilmistir.
Mangrulkar vd. [13], diizgiin sirali kam sekilli boru demetinde 1s1 transferi ve siirtiinme faktoriinii 11500 < Rep <
42500 araliginda sayisal olarak incelemislerdir. Sayisal incelemede, li¢ boyutlu olarak, 4 sira boyuna ve 4 sira
dikine boru demeti incelenmistir. Reynolds sayis1 ve S| arttik¢a tiirbiilans arttig1 i¢in 1s1 transferi arttig
gorilmiistiir. Akis yoniine gore boyuna adim oraninin artmasi sirkiilasyon bélgesinin artmasina, 1s1 transferinin

ve siirtiinme faktoriiniin ve basing kaybinin artmasina, etkinlik ve Agg'nin (Agg = f) azalmasina neden

Nu
Reg Pri/3
oldugu tespit edilmistir. Reynolds sayisinin artmasi stirtinme faktoriinii azalmakta, THP1 arttirmakta oldugu
tespit edilmistir. Kam sekilli boru kullanilmasinin, A;z'nin dairesel sekilli boru kullanimina goére 9-10 kat
artmasina neden oldugu tespit edilmistir. Kam sekilli boru demetinin dairesel sekilli boru demetine goére daha fazla
1s1 transferi gergeklestirdigi ve daha iyi bir termal performansa sahip oldugu tespit edilmistir. Kam sekilli boru
kullanimu f’i dairesel sekilli boru kullanimina gére %85-89 duisiirmiis ve THP’yi ise 5 kat arttirmistir. Khan vd. [14]
tarafindan yapilan ¢alismada, elips sekilli boru demetinde toplam 1s1 transferi ve siiriiklenme katsayisi analitik
olarak hesaplanmistir. Sabit ytizey akisi ve sabit yiizey sicaklig1 sinir kosullarinda hiicum agis1 0°, laminer, kararh
ve iki boyutlu akis kabulii yapilmistir. Reynolds sayis1 100 iken stiriiklenme katsayisi esit 1s1 transfer ylizeyine
sahip dairesel sekilli boru kullanimina gore eliptik eksen orani 0,5 olan elips sekilli boru kullaniminda %66,7,
eliptik eksen orani 0,25 olmasi durumunda ise %83,3 azalmaktadir. Sayed Ahmed vd. [15], kaydirilmis siral
dizilise sahip kanat sekilli boru demetinde akis ve 1s1 transferini deneysel ve sayisal olarak incelemislerdir. Kanat
sekilli boru kullaniminin dairesel sekilli boru kullanimina gore 1s1 transferini %34 arttirdig1 ve basing diisiimiinii
ise %37 azalttig1 tespit edilmistir.

Literatiirdeki calismalardan da anlasilacag: lizere farkli boru sekillerinin 1s1 transferi, basing diisiimt, entropi
tretimi ve alan uyum faktorii Ulzerinde etkilidir. Bu c¢alisma kapsaminda literatiirden farkli olarak
diizgiin/kaydirilmis sirali dairesel/kanat sekilli boru kullanimi (d6ért durum) ve enine ve boyuna boyutsuz adim
oranlariin g farkh degeri (Syx S; = 1,3x1,3, Syx Sf = 1,6x1,6, Stx S = 2x2 ) icin kapsaml sayisal testler
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yapilmis ve her bir durum ic¢in 1s1 transferi, basing diisiimii, entropi liretimi ve alan uyum faktori ayrintih bir
sekilde incelenmistir.

2. Materyal ve Metot
2.1. Parametrik modeller

Kanat sekilli boru kesiti Sekil 1a, diizgiin ve kaydirilmis siral dizilise sahip dairesel ve kanat sekilli boru demeti
durumlart ise sirasiyla Sekil 1b, 1c, 1d ve 1e’de gosterilmektedir. Bu ¢alismada, dort durum igin enine ve boyuna
boyutsuz adim oranlarinin ti¢ farkl degeri (Stx S; = 1,3x1,3, Stx Sf = 1,6x1,6, Stx S| = 2x2 ) dikkate alinmistir.
Is1 transferi yiizey alani dairesel ve kanat sekiller icin esittir ve esdeger cap D, = 22,44 mm olarak belirlenmistir.

R5,8 S D, 22,44

Akis, Vg
(b)
- — SL
L P p®
Akis, Vg St Q O
R M D D
.'883e.
D P
_ s ()
S' i
Aks, V, | oo
il b . Sp
£ ! 7
?E_B\e;b@,@
_ ) 5, (d)
— A
! &=
CUA R O
D, @@@@ Sp
(e)
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Sekil 1. (a) Kanat sekilli boru kesiti (mm) (b) diizgiin sirali dairesel sekilli boru demeti (c) kaydirilmis sirali dairesel sekilli
boru demeti (d) diizgiin sirali kanat sekilli boru demeti (e) kaydirilmig sirali kanat sekilli boru demeti

2.2. Korunum denklemleri

Akisin sikistirilamaz, kararly, tiirbiilansh ve iki boyutlu oldugu kabul edilmistir. Tiirbiilans modeli olarak RNG k-¢
gelistirilmis duvar fonksiyonu kullanilmistir. Tlrbiilans ve korunum denklemleri asagida verilmistir [16]:

d

(o) =0 .
0x; PHit) = 0x; 0% " 0x; 0% 0, 3 0x; 0% ®
0 0 (pnoT pu (0T

a—xj(puiT) = a_X] ﬁa—X]+P—rt(a—X])] (3)

Tiirbiilans kinetik enerjisi ve yayillim denklemleri, asagida verilmistir:

O (pkuy) = = iAd e 4
ax]- PRu; ) = ax]- Ak Heff an k — P€ (4)
0 (peuy) = 0 oe P EG c g2 c
aX]- psu]- - aX]- e Heff aX]- 1sk k 2¢ P k ( )

oy ve o, k ve €'un ters efektif Prandtl sayisi olarak gosterilir. Tiirbiilans kinetik enerjisinin olusumu Gy ile
tanimlanmakta olup Est. (6) ile hesaplanir.

o = ) 6uiz+ 6ui+6v]-2 P
k= Me aX] aX] aXi ( )

Efektif tiirblilans vizkozitesi pe¢r ile tanimlanir ve Est. (7) ile hesaplanir. i, degeri ise Est. (8) ile hesaplanir.

Megr = K + K (7)

2

He = pcu? (8)

Est. (8)'de, C,, = 0,0845 olarak kabul edilmistir. Est. (5)'te C;, ve C,; sabitleri sirasiyla 1,42 ve 1,68 olarak
alinmistir [16].

2.3. Veri analizi

Giris Reynolds sayisi (Reg), hava giris ortalama hizina (V) bagh olarak,

P Vg De
Reg = T (9)
seklinde tanimlanir. Enine ve boyuna boyutsuz adim oranlari (St ve S;) su sekilde tanimlanmistir:
St
St=—
T D (10)
< _Su
S = D. (11)

Ortalama Nusselt sayis1 (Nu),
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— q D.
Nu=—°"— (12)
kha\va ATLM

ifadesinden elde edilir. Burada, q" boru yiizeyindeki 1s1 akis1 [W/m?2], ky,,y, havanin 1s1 iletim katsayis1 [W/m.K] ve
ATy logaritmik sicaklik farkini [K] temsil etmektedir. Logaritmik ortalama sicaklik farki,

_ (Tduvar - Tgiris) - (Tduvar - Tglkls)

Tauvar—Tgiri
|n —=var ety

Tduvar_Tglkls

seklinde tanimlanir. Burada, Tqyyar [K] boru yiizey sabit sicakligini, Ty [K] hava giris sicakligini ve Tgy, [K] hava
cikis sicakligini temsil etmektedir.

Film sicakligi (Ty),
Ty + Toirg
= uvar2 giris (14)

ifadesinden hesaplanir. Siirtiinme faktori (f),

2 AP

f= Ny p V2 (15)

ifadesinden belirlenir. Burada, N;, akis yoniindeki boru sayisini temsil etmektedir. Alan uyum faktori [18],

Agr = %ﬁl/gf (16)
8

seklinde hesaplanir. Entropi tiretimi (Sgen) [19],

. Q (Tgiris — Tquvar) ™ AP

KR P S a7

ifadesinden hesaplanmistir. Burada m kiitlesel debiyi ifade etmektedir. Kiitlesel debi (m),

m= pAVy (18)

seklinde tanimlanmistir. Burada; A boru demeti hava giris kesit alani olarak tanimlanir. A, diizgiin ve kaydirilmis
sirali durumlar icin, sirasiyla,

A= 4S; (19)

A = 4’,5 ST
(20)

ifadeleriyle hesaplanir. Tasinim ile gerceklesen 1s1 transferi (Q),

Q=q mD,NL (21)
seklinde hesaplanir. Burada N toplam boru sayisini ve L boru boyunu temsil etmektedir.

2.4. Sayisal yontem

Basing-hiz baglantisi i¢cin COUPLED algoritmasi kullanilmis olup tiirbtilansh kinetik enerji ve momentumun ana
denklemleri, ikinci mertebeden ayriklastirma semasi ile ¢oziilmiistiir. Enerji denklemleri icin 1078, siireklilik
denklemleri icin 107>, diger akis denklemleri icin 10~° degerleri yakinsama kriteri olarak kullamilmistir. Borular
etrafinda Quad/Tri elemanlar ag yapisi i¢in kullanilmistir (Sekil 2a). Is1 transfer ylizeylerine komsu ag noktalari
ise dortgensel elemanlar kullanilarak siklastirilmis (Sekil 2b) olup y+ degerleri 1 ile 5 araliginda tutulmustur. Sinir

185



Boru Demetinde Kanat Sekilli Boru Kullaniminin Entropi Uretimi ve Alan Uyum Faktdrii Yoniinden Sayisal Olarak incelenmesi

yuzeyleri temsilen kanat sekilli boru demeti tizerinde Sekil 2c’de gdsterilmektedir. Sinir kosullar1 Tablo 1’de
sunulmustur.

Tablo 1. Sinir Kosullari

Yiizey Sinir Kosulu Aciklama

Giris hiz-girisi Sicaklik ve hiz dagilimlar1 sabit ve diizenlidir.
Tgiris = 48,5°C

Cikis basing-¢ikisi Akis yoniindeki hiz ve sicaklik gradyanlari sifira
esittir. Cikis basinci atmosfer basincina esittir.

Yalitimli Yiizey duvar Yiizeylerin iyi yahtildigi, disariya 1s1 kaybi
olmadig1 kabul edilmis ve kaymama sinir sarti
uygulanmistir.

Boru Yiizeyi duvar Sabit duvar sicaklik ve kaymama smir sarti

uygulanmistir. Tgyyar = 7, 6°C

Re; = 9700 degerinde agdan bagimsizlik ¢calismasi yapilmistir. Alti farkl eleman sayisi i¢in sonuglar Tablo 2’'de

verilmistir. 5 numarali ag yapisi ile 6 numarali ag yapisinin arasindaki fark ortalama Nusselt sayisi i¢in %1,08’dir.
Hesaplama siiresini kisaltmak i¢in 5 numarali ag kullanilmistir.

(b)
Boru Yiizeyi _____Yahtimh Yiizey
< (G =
= =
= =
Giris o e Cikiy
» (@ (@)
= =
= =
= = ¥
()

Sekil 2. Kaydirilmis sirali dizilise sahip kanat sekilli borulu sahip boru demeti i¢in (a) ag yapisi (b) tek bir boru etrafindaki ag
yapisi (c) siir kosullari

Tablo 2. Farkh eleman sayilari icin Re, = 9700 degerinde agdan bagimsizlik calismasi

No.  Eleman Sayisi Nu
1 3579 39,396
2 6542 75,044
3 21012 78,054
4 53264 78,454
5 94980 80,591
6 220902 81,462

2.5. Dogrulama

Sayisal ¢alismalarin dogrulugunun tespiti icin hesaplamalar analitik sonuglar ve/veya deneysel veriler ile
karsilastirilmalidir. Bu ¢alismanin dogrulanmasinda, Sayed Ahmed vd. [15] tarafindan kaydirilmis sirali dizilise
sahip kanat sekilli boru demeti i¢in sunulan deneysel veriler ve Zukauskas [5] tarafindan kaydirilmis sirali dizilise
sahip dairesel sekilli boru demeti i¢in sunulan deneysel veriler kullanilmistir. Dogrulama ¢alismasinda, akiskan
olarak hava kullanilmis ve havanin film sicakligindaki (T¢) termofiziksel 6zellikleri Tablo 3'te sunulmustur.
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Tablo 3. Dogrulama ¢alismalarinda kullanilan havanin termofiziksel 6zellikleri

Ozellik Deger
Is1iletim katsayis1 (W/m.K) 0,02648
Yogunluk (kg/m3) 1,172
Ozgiil 1s1 (J/kg. K) 1006
Dinamik viskozite (kg/m.s) 18,60x10-6
Prandtl sayis1 0,7045
Boru yiizey Prandtl sayisi 0,701

Dogrulama ¢alismasinin ilk béliimiinde kaydirilmis sirali dizilise sahip kanat sekilli boru demetinin dogrulamasi
yapilmistir. Bu boliimde referans olarak kullanilan Sayed Ahmed vd. [15] tarafindan incelenen boru demetine ait
veriler Tablo 4’te sunulmustur. Incelenen boru demeti icin ortalama Nusselt sayis1 (Nu) ve Est. (22) ile basing
diistim sabiti (Pg.) hesaplanmistir.

Tablo 4. Sayed Ahmed vd. [15] tarafindan incelenen boru demetine ait veriler

Ozellik Deger
Esdeger boru ¢ap1 (mm) 22,44
Akis yonii boyuna adim (mm) 37
Akis yoniine dik adim (mm) 37
Boru sayis1 3x7 (toplam 22)
Dis sicaklik (°C) 48,5
Boru yiizey sicakligi (°C) 7,6
Giris Reynolds sayisi 1850 - 9700
2 AP
“ Vg (22)

Ortalama Nusselt sayismin (Nu) giris Reynolds sayisina gére degisimi dort farkli tiirbiilans modeline gére
incelenmis ve sonuglar Sekil 3a’da sunulmustur. Sayed Ahmed vd. [15] sonuglari ile farkl: tiirbiilans modelleri
kullanilarak elde edilen sonuglar kiyaslandiginda, en uyumlu sonuglarin RNG k-g Gelistirilmis Duvar
Fonksiyonu ile elde edildigi goriilmiistiir ve bu model kullanilmigtir. RNG k-& Gelistirilmis Duvar Fonksiyonu
tiirbiilans modeli i¢in, ortalama Nusselt sayisinin (Nu) giris Reynols sayisina gore degisimi, Sekil 3b’de
gosterilmistir. Secilen model i¢in, Reg = 9700’de hata oran1 %0,74 iken Re, = 7083’de hata oran1 %1,29
olarak gerceklesmistir.

140 | (OSayed Ahmed vd. [15]
A RNG k-£ Gelistirilmis Duvar Fonksiyonu °
120 [ | @ standart k-g, Standart Duvar Fonksiyonlar
® RNG k-g, Standart Duvar Fonksiyonlari
100 - Realizable k-g, Standart Duvar Fonksiyonlari o
=
80 O
o
[AY
60
0 - f
-
A
20 1 1 1 1 1 1 1 1
1500 2500 3500 4500 5500 6500 7500 8500 9500 10500
Reg
(a)

187



Boru Demetinde Kanat Sekilli Boru Kullaniminin Entropi Uretimi ve Alan Uyum Faktdrii Yoniinden Sayisal Olarak incelenmesi

90

83.327

A
80 r 82.715
70 | 6g45
66.573
60
=}
2 50.249
50 | A
O
37.66 47.001
40
O
[JSayed Ahmed vd. [15]
30 r A A Calisma (RNG k-epsilon)
28.795
20 1 1 1 1 1 1 1 1
1500 2500 3500 4500 5500 6500 7500 8500 9500 10500
Reg
(b)

Sekil 3. Ortalama Nusselt sayisinin giris Reynolds sayisi ile degisimi a) dort farkl: tiirbillans modele gore b) en uyumlu tiirbiilans
modele gore

Basing diisiimii sabitinin (Pg.) giris Reynolds sayisina gore degisimi, Sekil 4’te gosterilmistir.

1.2
O [1Sayed Ahmed vd. [15]
11 r A Galisma (RNG k-epsilon)
1 LA
09 O
&
=
08 O
A O
0.7 |
A
0.6 A
0'5 1 1 1 1 1 1 1 1

1500 2500 3500 4500 5500 6500 7500 8500 9500 10500

Reg

Sekil 4. Basing diisiimii sabitinin giris Reynolds sayisi ile degisimi

Sayed Ahmed vd. [15] tarafindan sunulan deneysel veriler ile RNG k — € modeli sonuclarinin uyumlu oldugu Tablo
5 ile gosterilmektedir.

Tablo 5. Dogrulama ¢alismasinin Sayed Ahmed vd. [15] tarafindan sunulan deneysel sonuglara gore farki
Re N_u Pdc
Fark (%)
1850 23,5396 11,1549

4467 -6,9105 14,7063
188




Boru Demetinde Kanat Sekilli Boru Kullaniminin Entropi Uretimi ve Alan Uyum Faktdrii Yoniinden Sayisal Olarak incelenmesi

7083 -1,3098 20,1102
9700 0,7345 23,7379

Dogrulama ¢alismasinin ikinci boliimiinde Zukauskas [5] tarafindan sunulan deneysel veriler ile karsilastirilan ve
degerleri Tablo 6’da sunulan kaydirilmis sirali dairesel sekilli boru demeti icin ortalama Nusselt sayis1 (Nu) ve
stirtlinme faktori (f) hesaplanmistir.

Tablo 6. Kaydirilmis sirali dairesel sekilli boru demetine ait veriler

Ozellik Deger
Boru ¢ap1 (mm) 22,44
Akis yonii dik adim (mm) 33,66
Diyagonal adim (mm) 33,66
Boru sayis1 4x4 (toplam 14)
Dis sicaklik (C) 48,5
Boru yiizey sicaklig1 (C) 7,6
Maksimum Reynolds sayis1 1850 -9700
Diyagonal adim (Sp),
G2 1/2
Sp = [sf + <?T) ] (23)

seklinde tanimlanir. 2(Sp — D) > (St — D) oldugundan Maksimum ortalama hiz,

St

Vmax = ST—_DVg (24‘)

ifadesinden elde edilir. Maksimum Reynolds sayis1 (Re,,,x) maksimum ortalama hiza (V,,,5) bagl olarak

V, D
Remax = p% (25)

ifadesi ile hesaplanir. Zukauskas [6] tarafindan sunulan Maksimum Reynolds say1s110 — 2 x 105 araliginda gecerli
bagint1 Est. (26)’da verilmistir.

0,25

— Pr
Nu = C,;Re®, Pro36 ( ) (26)
l:’rduvar

Burada akis boyunca boru sayisinin (N;) 20’den fazla oldugu kabulii yapilmistir. Calismada, boru sayisinin dort
olmasi nedeniyle, Zukauskas [6] tarafindan sunulan diizeltme katsayisi olarak 0,89 degeri kullamlmistir. C; ve m
katsayilari icin sirasiyla 0,34 ve 0,60 degerleri kullanilmistir. Ortalama Nusselt sayis1 (Nu) Est. (27) kullanilarak
hesaplanmistir.

Pr )0,25 (2 7]

Nu = 0,89 0,34 Rep,2) pro36 (
1:)rduvar

Ortalama Nusselt sayisinin (Nu) maksimum Reynolds sayisina gore degisimi, Sekil 5’te gosterilmistir.
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Remax

Sekil 5. Ortalama Nusselt sayisinin maksimum Reynolds sayis ile degisimi

Sirtiinme faktoriiniin (f) maksimum Reynolds sayisina gore degisimi, Sekil 6’da gosterilmistir.

0.6

055 | ®

05 |

O Zukauskas [6]

A Galisma (RNG k-epsilon)

045 | '®)

035

0.25

0.2 1 1 1 1 1 1 1 1
1500 2500 3500 4500 5500 6500 7500 8500 9500 10500
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Sekil 6. Siirtiinme faktoriiniin maksimum Reynolds sayist ile degisimi

Deneysel veriler ile bu calismada elde edilen sonuglar arasindaki fark Tablo 7’de gosterilmistir. Zukauskas [6]
tarafindan sunulan deneysel veriler ile RNG Kk — & modeli sonuclar1 uyumlu oldugundan bundan sonraki
calismalarda kullanilan modelin dogru sonuglar verecegi kabul edilmistir.

Tablo 7. Dogrulama ¢alismasinin Zukauskas [6] tarafindan sunulan deneysel sonuglara gore fark:
Renax Nu f
Fark (%)
1850 3,9391 51518
4467 -1,0973 -5,8461
7083 -4,7143 -16,0177
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9700 -7,0656 -22,9381

3. Bulgular

Bu calismada, giris Reynolds sayis1 4000, 5000, 6000, 7000 degerleri icin dort farkli durumda 1s1 transferi,
strtlinme faktori, entropi iiretimi ve alan uyum faktorii incelenmistir. Calismada kullanilan enine ve boyuna
boyutsuz adim orani degerleri Tablo 7’de sunulmustur. Dilizgiin sirali kanat sekilli boru demetinin galisildigi
durumda geometrik sinirlama nedeniyle 1,3x1,3 boyutsuz adim oraninda inceleme yapilamamistir.

Tablo 7. Bu calismada kullanilan Stx S; degerleri

Durum a Durum b Durum c Durum d
StxS;  Diizgiin sirali dairesel ~ Kaydirilmis sirali dairesel Diizgiin sirali kanat Kaydirilmis sirali kanat
sekilli boru demeti sekilli boru demeti sekilli boru demeti sekilli boru demeti
1,3x1,3 X X - X
1,6x1,6 X X X X
2x2 X X X X

Calisilan durumlar ve 1,3x1,3, 1,6x1,6, 2x2 boyutsuz adim orani degerleri icin giris Reynolds sayisi ile Sekil 7°de
ortalama Nusselt sayisinin (Nu), Sekil 8'de siirtiinme faktoriiniin (f), Sekil 9’da entropi iiretiminin (Sgen) ve Sekil
10’da alan uyum faktériiniin (Agg) degisimi sunulmustur. Ortalama Nusselt sayilar1 her bir durum ve boyutsuz
adim oraninda beklenildigi gibi en yliksek giris Reynolds sayis1 degerinde (Re; = 7000) elde edilmigtir. Ayni
boyutsuz adim orani degerlerinde akisin gectigi kesitlerin boyutlarinin daha biiytik olmasi sebebi ile kanat sekilli
boru demetlerinde daha diisiik ortalama Nusselt sayilar1 elde edilmis olup c¢alisilan giris Reynolds sayisi ve
boyutsuz adim orani degerlerinde, kanat sekilli boru kullanimi ile ortalama Nusselt sayisi dairesel sekilli boru
kullanimi durumlarina gore arttirilamamistir. En diisiik ortalama Nusselt sayisi1 degerleri, diizgiin sirali kanat

sekilli boru demetlerinde elde edilmistir. Re; = 7000 ve boyutsuz adim orani 1,6x1,6 iken Nu degeri en yiiksek
kaydirilmis sirali dairesel sekilli boru demeti i¢in 83,86 iken kaydirilmis sirali kanat sekilli boru demeti icin
%24,06 azalis ile 63,68 olarak gerceklesmistir. Re; = 7000 ve boyutsuz adim orani 1,6x1,6 iken kaydirilmig sirali
dairesel sekilli boru demeti kullaniminin diizgiin sirali dairesel sekilli boru demeti kullanimina gére Ortalama
Nusselt sayis1 degerlerinde %12,18 artisa, kaydirilmis sirali kanat sekilli boru demeti kullaniminin diizgiin siral
kanat sekilli boru demeti kullanimina gore ise %18,26 artisa neden olmustur. En yiiksek Nu degeri Re, = 7000 ve
1,3x1,3 boyutsuz adim orani degerinde kaydirilmis siral dairesel sekilli boru demeti durumunda 99,32, en diistik
Nu degeri Re, = 4000 ve geometrik olarak miimkiin olan 1,6x1,6 boyutsuz adim orani degerinde diizgiin siral
kanat sekilli boru demeti durumunda 37,53 olarak gerceklesmistir.
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Sekil 7.1,3x1,3, 1,6x1,6, 2x2 boyutsuz adim orani degerleri i¢in Ortalama Nusselt sayisinin giris Reynolds sayisi ile degisimi
(a) diizgiin sirali dairesel sekilli boru demetinde (b) kaydirilmis siral dairesel sekilli boru demetinde (c) diizgiin sirali kanat
sekilli boru demetinde (d) kaydirilmis sirali kanat sekilli boru demetinde

Kanat sekilli boru kullanimu ile siirtiinme faktorii degerleri azaltilmistir. En diistk f degerleri diizgiin siral kanat
sekilli boru demetlerinde elde edilirken; 1,3x1,3 boyutsuz adim orani degerleri i¢cin diizglin sirali dairesel sekilli
boru demetinde, 1,6x1,6 ve 2x2 boyutsuz adim orani degerlerinde ise kaydirilmis sirali dairesel sekilli boru
demetlerinde f degerleri en yiiksektir. En diisiik siirtiinme faktorii degerleri her bir durum ve boyutsuz adim
oraninda beklenildigi gibi en yiiksek giris Reynolds sayisi degerinde (Re; = 7000) elde edilmistir. Re; = 7000 ve
boyutsuz adim orani 1,6x1,6 iken f degeri en diisiik diizgilin sirali kanat sekilli boru demeti i¢in 0,18 iken en yiiksek
diizgtin sirali dairesel sekilli boru demeti i¢in 7,4 kat artis ile 1,33 olarak gerceklesmistir. Re; = 7000 ve boyutsuz
adim orani 1,6x1,6 iken diizgiin sirali dairesel sekilli boru demeti kullaniminin kaydirilmis sirali dairesel sekilli
boru demeti kullanimina gore siirtiinme faktorii degerinde %2,2 azalisa, diizgiin sirali kanat sekilli boru demeti
kullaniminin kaydirilmis sirali kanat sekilli boru demeti kullanimina gére ise %18,18 azalisa neden olmustur. En
yuksek f degeri Re; = 4000 ve 1,3x1,3 boyutsuz adim orani degerinde diizgtin siral dairesel sekilli boru demeti

durumunda 5,27, en diisiik Nu degeri Re, = 7000 ve geometrik olarak miimkiin olan 2x2 boyutsuz adim orani
degerinde diizgiin sirali kanat sekilli boru demeti durumunda 0,14 olarak gerceklesmistir.
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Sekil 8. 1,3x1,3, 1,6x1,6, 2x2 boyutsuz adim orani degerleri i¢in siirtiinme faktériiniin giris Reynolds sayisi ile degisimi (a)
diizgiin sirali dairesel sekilli boru demetinde (b) kaydirilmis sirali dairesel sekilli boru demetinde (c) diizgiin sirali kanat
sekilli boru demetinde (d) kaydirilmis sirali kanat sekilli boru demetinde

Kanat sekilli boru kullanimi ile entropi liretimi azaltilmistir. En diisiik entropi liretimi diizgtlin sirali kanat sekilli
boru demetlerinde elde edilirken, kaydirilmis sirali dairesel sekilli boru demetlerinde ise entropi liretim degerleri
en yiiksektir. En yliksek entropi liretimi her bir durum ve boyutsuz adim oraninda beklenildigi gibi en yiiksek giris
Reynolds sayis1 degerinde (Re; = 7000) gergeklesmistir. Re; = 4000 ve boyutsuz adim orani 1,6x1,6 iken en
diisiik entropi liretim degeri diizgiin sirali kanat sekilli boru demeti icin 0,89 W/K iken kaydirilmis sirali dairesel
sekilli boru demeti igin %64 artis ile 1,46 olarak gerceklesmistir. Re; = 4000 ve boyutsuz adim orani 1,6x1,6 iken
diizgiin sirali dairesel sekilli boru demeti kullaniminin kaydirilmis siral dairesel sekilli boru demeti kullanimina
gore entropi lretiminde %12,31 azalisa, diizgiin sirali kanat sekilli boru demeti kullaniminin kaydirilmis siral
kanat gekilli boru demeti kullanimina gére ise %23,60 azalisa neden olmustur. En yiiksek entropi tiretimi Re, =
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7000 ve 1,3x1,3 boyutsuz adim orani degerinde kaydirilmis sirali dairesel sekilli boru demeti durumunda 2,73
W/K, en diisiik entropi iretimi ve geometrik olarak miimkiin olan 1,6x1,6 boyutsuz adim orani degerinde diizgiin
sirali kanat sekilli boru demeti durumunda 0,89 W/K olarak ger¢eklesmistir.
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Sekil 9. 1,3x1,3, 1,6x1,6, 2x2 boyutsuz adim orani degerleri i¢in entropi liretiminin giris Reynolds sayisi ile degisimi (a)
diizgiin sirali dairesel sekilli boru demetinde (b) kaydirilmis sirali dairesel sekilli boru demetinde (c) diizgiin sirali kanat
sekilli boru demetinde (d) kaydirilmis sirali kanat sekilli boru demetinde

Tasinim ile olan 1s1 transferinin yiiksek ve siirtiinme faktériiniin diisiik olmasinin sonucu olarak diisiik isletme
maliyetli 1s1 transferi gergeklesir. Bu durum alan uyum faktdriintin biiyiikliigii ile tanimlanir. Kanat sekilli boru
kullanimi ile alan uyum faktoérii artmistir. En diisiik alan uyum faktorii degerleri diizgiin sirali dairesel sekilli boru
demetlerinde elde edilirken, kaydirilmis sirali kanat sekilli boru demetlerinde alan uyum faktorii degerleri en
yuksektir. En biiylik alan uyum faktori degerleri her bir durum ve boyutsuz adim oraninda en disiik giris
Reynolds sayisi degerinde (Re; = 4000) elde edilmistir. Re; = 4000 ve boyutsuz adim orani 2x2 iken alan uyum
faktori degeri en ytliksek kaydirilmis sirali kanat sekilli boru demeti i¢in 0,068 iken kaydirilmis sirali dairesel
sekilli boru demeti i¢in 4,25 kat azalis ile 0,016 olarak gergeklesmistir. Re, = 4000 ve boyutsuz adim orani 2x2
iken kaydirilmis sirali dairesel sekilli boru demeti kullaniminin diizgiin sirali dairesel sekilli boru demeti
kullanimina goére alan uyum faktorii degerinde %0,81 artisa, kaydirilmis sirali kanat sekilli boru demeti
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kullaniminin diizgiin sirali kanat sekilli boru demeti kullanimina gére ise %15,58 artisa neden olmustur. En yiiksek
alan uyum faktori degeri Reg = 4000 ve 2x2 boyutsuz adim orani degerinde kaydirilmis sirali kanat sekilli boru
demeti durumunda 0,068, en diisik Agr degeri Re; = 7000 ve 1,3x1,3 boyutsuz adim orani degerinde diizgiin
sirali dairesel sekilli boru demeti durumunda 0,0036 olarak gerceklesmistir.
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Sekil 10. 1,3x1,3, 1,6x1,6, 2x2 boyutsuz adim orani degerleri i¢in alan uyum faktoriiniin giris Reynolds sayisi ile degisimi (a)
diizgiin sirali dairesel sekilli boru demetinde (b) kaydirilmis sirali dairesel sekilli boru demetinde (c) diizgiin sirali kanat

Hiz konturlarinin diizgiin sirali ve kaydirilmis sirali dizilise sahip dairesel ve kanat sekilli boru demetleri i¢gin
Re, = 4000 ve S;xS; = 2x2'de kargilagtirilmalar1 $ekil 11'de gosterilmektedir. Akis art iz bélgesinde hiz
degerleri dairesel sekilli boru demetlerinde geometrik olarak akisa daha uygun kanat sekilli boru demetlerine gore
daha genis alanda neredeyse durma noktasina gelmektedir. Akisin durma noktasina geldigi alan, hava akisinin
gerceklestigi kesit alanindaki daralma nedeniyle maksimum hiz degerlerinin daha yiiksek oldugu kaydirilmis siral
dizilise sahip boru demetlerinde diizgiin sirali boru demetlerine gére daha kiigiik meydana gelmektedir.

sekilli boru demetinde (d) kaydirilmis sirali kanat sekilli boru demetinde
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Basing¢ konturlarinin diizgiin sirali ve kaydirilmis sirali dizilise sahip dairesel ve kanat sekilli boru demeti i¢in
Re, = 4000 ve S1xS; = 2x2’de karsilagtirilmalar Sekil 12’de gosterilmektedir. Diizglin sirali kanat sekilli boru
demeti kullanimi akisa engel alan1 azalttigindan 6nemli 6l¢iide basing diistimiinii azaltmistir. Bu durum entropi
iretimindeki azalmanin temel nedenidir.

Sicaklik konturlarimin diizgiin sirali ve kaydirilmis sirali dizilise sahip dairesel ve kanat sekilli boru demeti i¢in
Re, = 4000 ve SpxS; = 2x2’de karsilagtirilmalar $ekil 13’te gosterilmektedir. Hava akisinin gerceklestigi kesit
alanindaki daralma sebebiyle akis hizindaki artisa bagh olarak daha ince 1sil tabaka olusmaktadir. Tabaka
kalinligindaki azalma akisin boru yiizeylerinden ayrilma hizini arttirdigi ve bu sebeple daha ytiksek 1s1 transferi ve
Ortalama Nusselt Sayisi olusumuna neden olmustur. Bu durum hava akis kesit alanindaki daralmanin yiiksek

oldugu kaydirilmis dizise sahip dairesel boru demetinde daha belirgindir.
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Sekil 11. Hiz konturlarinin (a) diizgiin sirali dairesel sekilli boru demeti (b) kaydirilmis sirali dairesel sekilli boru demeti (c)
diizgiin sirali kanat sekilli boru demeti (d) kaydirilmis siral kanat sekilli boru demeti icin SxS; = 2x2 ve R, = 4000

degerlerinde karsilastirilmasi
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Sekil 12. Basing konturlarinin (a) diizgiin sirali dairesel sekilli boru demeti (b) kaydirilmis sirali dairesel sekilli boru demeti
(c) diizgiin sirah kanat sekilli boru demeti (d) kaydirilmis sirali kanat sekilli boru demeti i¢in StxSj, = 2x2 ve Rg = 4000
degerlerinde karsilastirilmasi
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Sekil 13. Sicaklik konturlarinin (a) diizgiin sirali dairesel sekilli boru demeti (b) kaydirilmis sirali dairesel sekilli boru demeti
(c) diizgiin sirah kanat sekilli boru demeti (d) kaydirilmis sirali kanat sekilli boru demeti i¢in StxS;, = 2x2 ve Rg = 4000
degerlerinde karsilastirilmasi

4. Tartisma ve Sonug

Bu ¢alismada, diizgiin sirali ve kaydirilmis sirali dizilise sahip boru demetlerinde dairesel ve kanat sekilli boru
kullanimina ait dért durum sayisal olarak ¢alismistir. Boylece, capraz akista kanat sekilli boru kullaniminin alan
uyum faktori, entropi tiretimi, basing diistimii ve 1s1 transferine olan etkileri detaylica tartisiimistir.
- Calisilan geometrik parametreler ve giris Reynolds sayilarinda, kanat sekilli boru kullanimai ile elde edilen
ortalama Nusselt sayis1 dairesel olana gore daha diigiiktiir. Ornegin, Re, = 7000 ve StxS; = 1,6x1,6'da

kaydirilmis sirali boru demetlerin en yiiksek Nu degeri dairesel sekilli boru demetinde 83,86 iken en
diisiik Nu kanat sekilli boru demetinde 65,68 olarak elde edilmistir. Bu durumda Nu %21,68 azalmistir.
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- Kanat sekilli boru kullanimu ile elde edilen siirtiinme faktorii dairesel olana gére daha diisiiktiir. Ornegin,
Re, = 7000 ve StxS;, = 1,6x1,6'da diizglin sirall boru demetlerinde f degeri dairesel sekilli boru
demetinde 1,33 iken kanat sekilli boru demetinde 0,18 olarak elde edilmistir. Bu durumda f %86,47
azalmistir.

- Kanat sekilli boru kullanimu ile elde edilen entropi iiretimi dairesel olana gére daha diisiiktiir. Ornegin,
Re; = 7000 ve StxS; = 1,6x1,6’da diizgiin sirali boru demetlerinde Sgen degeri dairesel sekilli boru
demetinde 1,91 W/K iken kanat sekilli boru demetinde 1,30 W/K olarak elde edilmistir. Bu durumda Sgen
%31,94 azalmistir.

- Kanat sekilli boru kullanimi ile elde edilen alan uyum faktorii dairesel olana gore daha yiiksektir. Ornegin,
Reg = 7000 ve StxS, = 1,6x1,6'da diizglin sirali boru demetlerinde Agr degeri dairesel sekilli boru
demetinde 0,0089 iken kanat sekilli boru demetinde 0,049 olarak elde edilmistir. Bu durumda Agg
%450,46 artmistir.
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Semboller

A boru demeti hava giris alani, m?2
Agr alan uyum faktorii

Cp ozgiil 1s1, k] /kg. K

D boru ¢api, mm

D, es deger boru ¢api, mm

f stirtiinme katsayisi

Khava havaninisiiletim katsayis;, W/m. K
m kiitlesel debi, kg/s

N. boyuna dogrultudaki boru sayisi
Nt dikine dogrultudaki boru sayisi
Nu ortalama Nusselt sayisi

P4c basing diisiim sabiti

Pr hava giris Prandtl sayisi

Pryuvar boru ylizey Prandtl sayisi

q boru yiizeyindeki 1s1 akisi, W/m?
Q boru demetinden tasinim ile yapilan 1s1 transferi, W
Sp diyagonal uzunluk, mm

Sgen entropi tiretimi, W/K

SL boyuna uzunluk, mm

SL boyuna boyutsuz adim orani

St enine uzunluk, mm

St enine boyutsuz adim orani

Tguvar boru yiizey sicakligi, K
Teiris  giris sicakligl, K

T c1kis sicakligy, K

Tr film sicakhigi, K

THP  1s1l hidrolik verim

Re, giris Reynolds sayis1

Renax maksimum Reynolds sayisi
V, ortalama giris hizi, m/s

g
Vimax  akis kesitinin minimum oldugu alandaki maksimum ortalama hiz, m/s
p yogunluk, kg/m3
1l dinamik vizkozite, kg / m.s

AP basing diisiimii, Pa
ATy logaritmik ortalama sicaklik farki, K
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Anahtar Kelimeler 0z: Bu calismada depreme dayanikli yap: tasariminda kullanilan etkin kesit rijitligi
Betonarme }fﬁp{lﬁrr degerleri icin farkl tasarim yonetmeliklerinde tanimlanmis yaklasimlarin, yapisal
Etkin kesit rijitligi, davranisa etkisi karsilagtirmali olarak incelenmistir. Bu kapsamda 6zellikle Tiirkiye

Dogrusal olmayan analiz Bina Deprem Yoénetmeligi'nde (TBDY 2018) kullanilan yukarida bahsi gecen

degerlerin giincel deneysel, niimerik ve analitik calismalarla uygunlugunun
arastirllmasit amacglanmistir. Degerlendirme icin tasarimi yapilan 6rnek sonlu
eleman modelleri farkli etkin kesit rijitlik degerleri kullanilarak zaman tanim
alaninda dogrusal olmayan hesap yontemi ile analiz edilmistir. Calismada giincel
tasarim yonetmeliklerinin gereksinimlerini saglayan, 8 katli, herhangi bir yapisal
kusuru veya diizensizligi bulunmayan, ii¢ boyutlu betonarme yapi modelleri 11
farkli kuvvetli yer hareketi kullanilarak degerlendirilmistir. Niimerik analizlerden
elde edilen sonuclarin ortalamasi alinarak analiz sonug¢lar1 Tiirkiye Bina Deprem
Yonetmeligi (TBDY 2018), Federation Internationale du Beton (FIB) Model Code
2010 ve bu alanda uluslararasi kabul gérmiis giincel calismalar birbirleriyle
karsilastirilmistir. Bu kapsamda etkin kesit rijitlikleri ile betonarme yapida degisen
kuvvet, yer degistirme ve goreli kat otelemesi talepleri ile yapiya ait dinamik
karakteristikler incelenmistir. Elde edilen sonuglara gore yapisal performans
degerlendirmesinde kullanilan ve TBDY 2018’de belirlenen etkin kesit rijitligine ait
tanimlamalarin giincellenmesi dnerilmistir.

Examining the Effect of Effective Section Stiffness Defined in Different Regulations on
Structural Behavior

Keywords Abstract: In this study, the effects of the approaches defined in different design
Reinforced concrete regulations for effective cross-section stiffness used in earthquake resistant
structures, structural design on structural behavior were investigated comparatively. For this

Effective cross-section
stiffness,
Nonlinear analysis

purpose, investigation of the reliability of the above-metioned values used in the
Turkish Building Seismic Code (TBSC-2018) is aimed at considering current
experimental, numerical, and analytical studies. Several sample finite elements
models created for evaluation are analyzed with nonlinear time-history analysis
including different effective stiffnesses. In the study, 3 dimensional reinforced
concrete models with 8 stories, having no irregularity, and satisfying current design
specifications are evaluated under 11 different strong ground motions. Average
values obtained from numerical analysis results are compared with each other in
TBSC-2018, Federation Internationale du Beton (FIB) Model Code 2010, and some
current widely accepted international studies. Within this scope, dynamic
characteristics of the structure with changing force, displacement, and relative story
drift due to effective cross-section stiffness are evaluated. According to the obtained
results, it is proposed that the effective sectional stiffness definitions used for
structural performance evaluation defined in TBSC-2018 should be modified.

*[lgili Yazar, email: hakanozturk@sakarya.edu.tr
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Farkli Yonetmeliklerde Tanimlanan Etkin Kesit Rijitliklerinin Yap1 Davranisina Etkisinin incelenmesi
1. Giris

Ulkemiz birgok aktif fay zonuna sahip olmasi sebebiyle depreme dayanikl yapi tasarimi kavrami bilyiik bir 6nem
arz etmektedir. Yap1 davranisinin iyi bilinmesi ve giinlimiizde hesaplamalar i¢in kullanilan bilgisayar programlari
ile bu davranisin gercege en yakin sekilde modellenmesi, yap1 miithendislerinin daha hassas sonuglar elde etmesine
olanak saglamaktadir. Giiniimiizde bilinen gercek yapi davranisinin dogrusal olmamasi ve deprem sonrasinda
yapilarda meydana gelecek hasar seviyelerini belirleyebilmek amaciyla performansa dayal tasarim kavrami
ortaya c¢ikmistir. Performansa dayali tasarim yaklasiminda tasiyici sistemin malzeme davranisi en onemli
etkenlerden biridir. Yapt mithendisliginde kullanilan malzemelerin dogrusal olmadigi ve kompleks bir davranis
sergiledigi bilinmektedir [1]. Bu kompleks davranisi yakinsamak adina birtakim basitlestirilmis malzeme
modelleri gelistirilmistir [1]. Betonarme elemanlar 6zelinde yapilan bu ¢alismalarda sargi donatisinin beton
dayanimina ve siineklige biiyiik oranda katki sagladigi tespit edilmistir [2]. Bu ¢alismada da sargisiz ve sargil
beton malzemesi icin Mander [3] malzeme modeli kullanilmistir.

Betonarme elemanlarda egilme rijitliginin gostergesi olarak egilme momenti - egrilik iliskileri gz oOniine
alinmaktadir. Elemanlarin moment - egrilik iliskilerini analitik olarak incelemek ve parametrik ¢alismalar
gerceklestirmek adina bilgisayar yazilimlar: gelistirilmistir [4]. Betonarme kesitlerin egilme momenti - egrilik
iliskisini incelemek iizere yapilan ¢alismalarda eksenel kuvvet, enine ve boyuna donati oranlari, beton dayanimi
tarafindan betonarme kesitlerin egilme rijitligi tizerine yapilan calismada; boyuna donati orani, dis merkezlik
orani ve eksenel yiik gibi parametreler goz dniine alinarak etkin kesit rijitligi icin birtakim bagintilar 6nerilmistir.

Betonarme elemanlarda etkin kesit rijitlikleri farkli yonetmeliklerde farkl sekillerde ele alinmaktadir. Tekinsav
vd. [7] tarafindan yapilan ¢alismada, bir kiris kesitinin boyutlar1 sabit tutulup beton dayanimi, enine ve boyuna

alinarak betonarme bir yapinin dogrusal olmayan yontemler ile elemanlarin performans seviyesi belirlenmis ve
etkin kesit rijitliklerinin degisimi ile elemanlarda farkl diizeyde hasar seviyeleri tespit edilmistir [11]. Etkin kesit
rijitliklerinin incelenmesinde yapay sinir aglar1 ve genetik programlama gibi yontemlere dayali tahmin modelleri
ve formiilasyonlar da gelistirilmistir [12] [13].

bir azalma oldugu goriilmektedir. Catlamis egilme rijitligi olarak adlandirilan bu parametrenin, yukarida
bahsedilen ve bu ¢alismada yer alan bulgulara gore, yapi tasarimi ve deprem performans seviyesinin belirlenmesi
gibi mithendislik konularinda 6nemli bir yere sahip oldugu kaginilmaz bir olgudur.

M) El
_ Mt eE ©
5] Betonun . (EI)
M ¥
% Y Ezilmesi % °
= 3
E g | El
£ M, (A)Betonun catlamasi £ Catlarnis
bl®)] 5
L o :
‘ : B L 1L = Fgilme Momenti
b Egrilik by M,

Sekil 1. Egilme Momenti - Egilme Rijitligi iliskisi

Bu calismada betonarme gergeve tasiyici sisteme sahip 8 katli yapinin ETABS [14] sonlu elemanlar programi
yardimiyla 11 cift deprem kaydi kullanilarak zaman tanim alaninda dogrusal olmayan analizleri
tizerindeki etkisi incelenmistir. Bu farkliliklar neticesinde yapida meydana gelen kuvvet, yer degistirme ve goreli
kat dtelemesi talepleri ile yapiya ait dinamik karakteristikler degerlendirilmistir. Niimerik analizlerden elde edilen
sonuglarin ortalamasi alinarak analiz sonuglar1 Tiirkiye Bina Deprem Yonetmeligi (TBDY 2018) [9], Federation
Internationale du Beton (FIB) Model Code 2010 [17] ve bu alanda uluslararasi kabul gérmiis giincel ¢alismalar
birbirleriyle karsilastiriimistir.
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Farkli Yonetmeliklerde Tanimlanan Etkin Kesit Rijitliklerinin Yap1 Davranisina Etkisinin incelenmesi
2. Materyal ve Metot

Bu calismada dogrusal olmayan analiz yontemlerinden biri olan Zaman Tanim Alaninda Dogrusal Olmayan Analiz
yontemi kullanilmistir. Zaman tanim alaninda analizlerde kullanilan deprem kayitlarini elde etmek i¢in ii¢ kaynak
mevcuttur. Bunlardan; gercek deprem kayitlari, benzestirilmis kayitlar ve yapay olarak olusturulmus kayitlar
olarak s6z edilebilir [15]. Calismada 11 cift gercek deprem yer hareketi kullanilmis ve kayitlara ait veriler Pasifik
Deprem Miihendisligi Arastirma Merkezi (PEER) [16] kuvvetli yer hareketi veri tabanindan elde edilmistir. Ger¢ek
deprem kayitlarinin o6lgeklendirilmesi i¢in zaman ve frekans tanim alaninda olmak iizere iki yontem
bulunmaktadir [15]. Bu calismada deprem kayitlarinin frekans icerigini degistirmemek adina zaman tanim
alaninda dlgekleme yontemi kullanilarak her bir model i¢in 6lgekleme katsayilari belirlenmistir.

Betonarme Kkesitlerin etkin kesit rijitlikleri Baslangi¢c, TBDY 2018 [9] Tasarim, TBDY 2018 [9] Performans, FIB
2010 [17], Grammatikou vd. [18] olmak iizere bes farkli model i¢cin hesaplanmistir. Bu hesaplamalarda kullanilan
bagintilar Tablo 1’de 6zetlenmistir.

Tablo 1. Etkin Kesit rijitligi bagintilar1

Model eshear,y ey Elest
Baslangig - - Eo

TBDY 2018 [9] i i Kolonlarda 0.70Eo
Tasarim Kirislerde 0.35Eo

L h dpf, M, L

TBDY 2018 [9] ; 8, = 2= 4 0.0015 (1 +15 —) +PrCbye Elggr = =L

Performans 3 L 8 /fce 30y

- _ ‘\OyLs El.o — MyLs

FIB 2010 [17] by == off = 3q,

Grammatikou vd. 0 — 0.0019 (1 + h ) 0. = Ls + ayz ta Pydpfye 40 Bl = Y

[18] sheary = = 1.6L, T3 Segr e = 30,

TBDY 2018'de dayanima gore tasarlanan (DGT) bir yapida da degerlendirmeye alindiginda mevcut yapi olarak
degerlendirilip sekildegistirmeye gore (SGDT) analiz edilerek sonuclar1 yorumlanir. Dolayisiyla mevcut tasarim
yaklasimiin degerlendirme ile arasinda olusabilecek muhtemel farkliliklari karsilastirmak adina DGT’de
(Tasarim) tanimlanan etkin kesit egilme rijitlikleri ¢alismaya dahil edilmistir.

2.1. Yap bilgisi

Bu ¢alismada ele alinan yapinin malzemesi betonarme olup gerceve tasiyici sisteme sahiptir. X ve Y yonlerinde
esdeger olan yap1 ayni zamanda iki dogrultuda da simetrik 6zelliklerdedir. Beton sinifi C25 ve donati sinifi S420
olarak belirlenmistir. Yap1 tiim katlarda ayni plana sahip olup 1. kat, 2-3-4. katlar, 5-6-7-8. katlar olmak iizere
kolonlar i¢in farkl etkin kesit rijitlikleri kullanilmistir. Kirislerde agiklik uzunluguna gore etkin kesit rijitlikleri
degismektedir. Bu baglamda iki farkl Kkiris tipi elde edilmistir. Yapidaki elemanlara ait bilgiler Tablo 2’de detayh
sekilde verilmistir [9].

Tablo 2. Elemanlara ait bilgiler

Betonun Donatinin Donatinin Boyuna ve

Kesit adi Eleman Beton-Donati Elastisite Elastisite Akma Boyutlar Enine
sinifi Modulii Moduli Dayanimi (mm) Donatilar

(MPa) (MPa) (MPa) (mm)

12018
C1 Kolon C25 - 5420 30000 210000 420 500x500 ©10/100

B1 Kiri C25 - 5420 30000 210000 420 300x600 612

$ ®10/100

Calismada kullanilan yapisal model i¢in gergek bir yapi kullanilmamaistir. Yapinin Sakarya’da TBDY 2018’e gore
tasarimi yapilarak insa edilecegi varsayilmistir. Yapi konum olarak deprem riski yiiksek oldugu diisiiniilen Sakarya
ilindedir ve zemin sinifi ZD olarak secilmistir. Yap1 X ve Y yonlerinde 14’er metre uzunluga sahiptir ve iicer
acikliktan olusmaktadir. Yapinin zemin kat1 4 metre ytlikseklige sahip olmakla birlikte diger katlar ise 3 metre
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Farkli Yonetmeliklerde Tanimlanan Etkin Kesit Rijitliklerinin Yap1 Davranisina Etkisinin incelenmesi

yuksekligindedir, yapinin toplam ytksekligi 25 metredir. Sekil 2’de yapiya ait kat plani ve B aksina ait goriiniis
verilmistir.

Bx L i 21 a—>Y & ) & ™
Sekil 2. ETABS kat plani ve B aksinin goriiniisii

2.2, Kullanilan deprem kayitlari

Bu ¢alismada PEER yer hareketi veri tabanindan elde edilmis 11 adet deprem hareketi kullanilmistir. Bu deprem
kayitlar1 iki bilesenden olusmak iizere toplamda 22 ivme kaydi analizlerde kullanilmistir. Yapilarin X ve Y
yonlerinin esdeger olmasi sebebiyle X ve Y yonlerinde deprem kayitlar: es zamanh olarak uygulanarak her bir
model yapi i¢in 11 adet zaman tanim alaninda dogrusal olmayan analiz gerceklestirilmistir. 5 farkl etkin kesit
Analizlerde kullanilan deprem kayitlarinin maksimum yer ivmesi (peak ground acceleration), RSN (Record
Sequence Number) ve hareket siiresi bilgileri Tablo 3’te sunulmustur.

Tablo 3. Kullanilan deprem kayitlarinin bilgileri

Deprem Yil Istasyon P(g? S(u'sr)e
El Centro, ABD 1979 11;551\11\1117739--]51511(:;;;;:01140 g:igii 3397,60855
Superstition Hills, ABD 1987 RSN721 - El Centro Imp. Co. Cent 0,357g 59,99
Kobe,Jponya 1995 RSNLL11 - Nishi-lkashi | 04038 | 4095
Kocach Tarkiye | 1999 RSNLL76- Varimes 03225 | 3405
Chi-ch Tayvan |~ 1999 RSNIS35 - TCU109 o165 | 0008
Duzce, Ttrkiye 1999 Risl\ll\ll1660052--]fuozl(l:le g:gggg gg:gz

Calismada kullanilan ve Tablo 3’te verilen deprem kayitlarina ait ivme - zaman grafikleri ile pik ivme degerleri ile
Tablo 4’te verilmistir. Tiirkiye Bina Deprem Yo6netmeligi 2018 ve AFAD tarafindan sunulan Tiirkiye Deprem
Tehlike Haritalar1 kullanimiyla Deprem Yer Hareketi Diizeyi - 2 (DD-2) seviyesine gore yatay elastik ivme tasarim
spektrumu elde edilmistir [19]. Tablo 4’te verilen ivme kayitlarinin her bir bileseni icin davranis spektrumlari elde
edilmistir. Her bir deprem hareketinin iki bilesenine ait davranis spektrumlari, kareleri toplaminin karekokii
yontemi ile bileske spektruma doniistiiriilmiis ve 11 deprem yer hareketi icin Sekil 3’te goriildiigii gibi ortalama
davranis spektrumu elde edilmistir.
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Tablo 4. Kullanilan deprem kayitlari

Istasyon Deprem bileseni - 1 Deprem bileseni - 2
Imperial valley-06, 10/15/1979, El Centro Array #10 PGA:0.173g -1 Imperial valley-06, 10/15/1979, El Centro Array #10 PGA:0.232g - 2
o 5 ol 5 ol
: % 0.0 % 0.0 4
(% : 0.1 & o1
o E 2 42
0 5 10 15 20 5 0 s 0 5 10 15 20 5 30 s
Time(s} Time(s}
Imperial Valley-06, 10/15/1979, El Centro Array #4 PGA:0.484g -1 Imperial Valley-06, 10/15/1979, El Centro Array #4 PGA:0.37g - 2
. 04 _ 02
E £ 0z £
— £ 5 oo
I 00 T
% o Y -02
& < -0z <
-0.4
0 5 10 15 20 = 0 35 0 5 10 15 20 = 0 35
Time(s) Time(s)
Superstition Hills-02, 11/24/1987, El Centro Imp. Co. Cent PGA:0.357g - 1 Superstition Hills-02, 11/24/1987, El Centro Imp. Co. Cent PGA:0.259g - 2
— _ o1
= 2 o2 2
N ] § 00
o~ ° °
Z o T 0.1
v v
g § 02 4 -02
0 0 20 30 0 50 0 0 20 30 0 50
Time({s} Time({s}
Kobe Japan. 1/16/1995. KJMA PGA:0.834g-1 Kobe Japan, 1/16/1995, KJMA PGA:0.63g -2
05
g B 5 050
5 S 025
i S 00 =
— i £ oo
% 3 -05 3 -0.25
o -0.50
0 20 40 &0 80 100 120 140 o 20 a0 60 a0 100 120 140
Time({s} Time(s)
Kobe Japan. 1/16/1995, Mishi-Akashi PGA:0.483g - 1 Kobe Japan, 1/16/1995, Mishi-Akashi PGA:0.464g - 2
050
— - ~ 02
2 oz =
: 2 00 S oo
— B g g3
Z g -0.25 e
n < s
[a'4 -0.50
0 5 0 15 20 = 0 35 40 5 10 15 20 b3 30 35 40
Time(s) Time(s)
Kocaeli Turkey, 8/17/1999, Duzce PGA:0.312g-1 Kocaeli Turkey, 8/17/1999, Duzce PGA:0.364g - 2
02
% %“ 3 02
i S 00 -]
3 B 00+
A T T
% § -0z g0z
[a<
5 10 15 0 ks 5 10 15 0 ks
Time(s) Time(s)
Kocaeli Turkey, 8/17/1999, Yarimca PGA:0.227g - 1 Kocaeli Turkey, 8/17/1999, Yarimca PGA:0.322g - 2
02 0z
— s § 001
g 007 K
E T T
v 0.1 g 02
g 2 2 <
0 5 10 15 20 5 30 0 5 10 15 20 5 30
Time(s) Time(s)
Chi-Chi Taiwan, 9/20/1999, CHY024 PGA:0.282g -1 Chi-Chi Taiwan, 9/20/1999, CHY024 PGA:0.165g - 2
02
g 2 S 01
— g 001 H
E i i 0
T T
(75} ¥ -02 ¥ o1
[a<
0 10 0 30 L] 50 &0 70 80 0 10 0 30 L] 50 &0 70 80
Time(s) Time(s)
Chi-Chi Taiwan, 9/20/1999, TCU109 PGA:0.151g -1 Chi-Chi Taiwan, 9/20/1999, TCU109 PGA:0.162g - 2
L g g o
5 5
v v
a & -01 §-01
[a
0 10 20 0 L] 50 &0 70 80 0 10 20 0 L] 50 &0 70 80
Time(s) Time(s)
Duzce Turkey, 11/12/1999, Bolu PGA:0.739g - 1 Duzce Turkey, 11/12/1999, Bolu PGA:0.806g - 2
N B 05 =
o g g 05
E 1 00y 5 oo |
7 e e
o -0.5 —05
0 0 20 0 a0 50 0 0 20 0 a0 50
Time(s} Time(s}

209




Farkli Yonetmeliklerde Tanimlanan Etkin Kesit Rijitliklerinin Yap1 Davranisina Etkisinin incelenmesi
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Deprem kayitlarinin

Olgeklendirilmesi

icin basit Olgeklendirme yoénteminden faydalanilarak tasarim

spektrumunun 1,3 kati hedef spektrum olarak belirlenmistir. TBDY 2018’de belirtildigi tizere bina hakim
periyodunun (Tp) 0,2 ve 1,5 katlar1 periyot araliginda deprem kayitlarindan alinan spektral ivme degerlerinin goz
ontine alinan hedef spektrumdaki (TBDY 2018’e gore tanimlanan tasarim ivme spektrumu) deprem yer
hareketlerinin genliklere gore dlceklendirilecektir. Olgeklenmis bileske spektrumlarin ortalamasindan elde edilen
0.2Tp ve 1.5T, periyotlar1 arasindaki spektral ivme degerlerinin, TBDY 2018’e gore tanimlanan tasarim ivme
spektrumundaki genliklerden kii¢iik olmamasi kosuluna uygun bicimde Sekil 4'te goriildiigii gibi deprem kayitlari

Olgeklendirilmistir.

Spektral ivme (g)

4 ——RSN173
——RSN179
35 ——RSN721
——RSN1106
3 RSN1111
95 ——RSN1158
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15 ——RSN1602
1 ——RSN1605
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0.5 — 1 3*TBDY2018
0
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Periyot (s)

Sekil 3. Deprem hareketlerine ait davranis spektrumlari ve ortalama spektrum grafikleri

Spektral ivme (g)

3 —1,3*TBDY?2018

Baslangic
——TBDY2018 Tasarim

2 ——TBDY2018 Performans
15 FIB 2010
—— Grammatikou vd.
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0.5
e
0
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Sekil 4. Olceklenmis spektrum grafikleri
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2.3. Zaman tanim alaninda dogrusal olmayan analiz

Dogrusal olmayan analizlerde ilk asama olarak dogrusal olmayan malzeme tanimlamasi yapilmalidir. Bu ¢galismada
TBDY'’de yer alan dogrusal olmayan malzeme modelleri kullanilmistir. Eleman kesitlerinin analizleri icin XTRACT
[20] kesit analiz programindan yararlanilmistir. XTRACT programinda Kkesitlerin moment-egrilik iliskileri
belirlenmistir. Yapinin tasiyici sistemi ¢ergevelerden olustugu i¢cin dogrusal olmayan davranis modeli olarak Yigil
Plastik Davranis (Plastik Mafsal) Modeli tercih edilmistir. Kolon elemanlar i¢in P-M2-M3, kiris elemanlar i¢in ise
M3 plastik mafsallar1 tanimlanmistir.

Zaman tanim alaninda dogrusal olmayan analizler i¢cin yapinin kendi agirlig1 (sabit ve hareketli yiikler) basamak
fonksiyonu olarak tanimlanmigtir. Olgeklendirilmis deprem kayitlar1 bu basamak fonksiyonundan sonra etkiyecek
sekilde yapiya etkitilmistir. Deprem kayitlari her iki bilesen ayni anda olacak sekilde X ve Y yonlerinde etkitilmistir.
Yap1 her iki dogrultuda esdeger oldugu icin bilesenler arasinda 90° doniisiim yapilmasina gerek goériilmemistir.
Toplamda 5x11 olmak iizere 55 adet zaman tanim alaninda dogrusal olmayan analiz gerceklestirilmistir.

3. Bulgular

katsayisinin farkl sekilde ele alinmasinda dinamik parametreler ile birlikte taban kesme kuvveti, tepe deplasmani
ve goreli kat 6telemesi gibi yap1 davranisini 6nemli 6l¢iide temsil eden sonuglar incelenmistir.

XTRACT programindan elde edilen moment-egrilik iliskileri sonucunda incelenen 5 farkli yaklasim i¢in etkin kesit

Tablo 5'te gorilmektedir. Baslangi¢c modelinde hig¢bir azaltma yapilmayip eleman rijitlikleri baslangi¢c degerleri
olarak kabul edilmistir. En diisiik etkin kesit rijitligi katsayilar1 ise TBDY 2018 [9] Performans ve Grammatikou vd.
[18] yaklasimlarinda goriilmektedir.

Eleman Baslangig T,lEfaD;ZHOIiS };I‘G:Brll?oti?:fs FIB 2010 Gram\r:ia.ltikou
Kolon 5-8. katlar 1 0.7 0.148 0.298 0.147
Kolon 2-4. katlar 1 0.7 0.174 0.337 0.173
Kolon zemin kat 1 0.7 0.202 0.337 0.199

Kiris (4m) 1 0.35 0.090 0.177 0.089
Kiris (6m) 1 0.35 0.112 0.177 0.109

ytikleme durumu i¢in ortalama degerler hesaplanmistir. Yapilara ait periyot degerleri ve analizler sonucunda elde
edilen ortalama taban kesme kuvveti ve ortalama tepe deplasman degerleri Tablo 6 ve Tablo 7’de gorilmektedir.

Tablo 6. Periyot, taban kesme kuvveti ve tepe deplasmani sonuglari (X yonii)

. Ortalama taban kesme Ortalama tepe
Model Periyot T kuvveti deplasmani
) (kN) (m)

Baslangig 0,861 17412,76 0,299
TBDY 2018 Tasarim 1,226 9510,25 0,315
TBDY 2018 Performans 2,311 5855,08 0,685
FIB 2010 1,715 7783,01 0,472
Grammatikou vd. 2,325 5854,28 0,694

Tablo 7. Periyot, taban kesme kuvveti ve tepe deplasmani sonuglari (Y yonii)

. Ortalama taban kesme Ortalama tepe
Model Periyot T kuvveti deplasmani

) (kN) (m)
Baslangig 0,861 17618,91 0,302
TBDY 2018 Tasarim 1,226 11337,74 0,380
TBDY 2018 Performans 2,311 6206,44 0,745
FIB 2010 1,715 7735,42 0,528
Grammatikou vd. 2,325 6177,07 0,748
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Tablo 6 ve Tablo 7’de verilen sonuclar incelendiginde maksimum taban kesme kuvveti Baslangic modelinde
maksimum tepe deplasmani ise Grammatikou vd. modelinde olusmustur. TBDY 2018 Performans modeli ise
Grammatikou vd. modeline olduke¢a yakin sonuglar vermistir.

Sekil 5 ve Sekil 6’da ortalama taban kesme kuvvetlerinin siitun grafik olarak gosterimi verilmistir. Bu grafikler ile
Tablo 6 ve Tablo 7’nin anlamlastirilmasi hedeflenmistir.

2 .
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Sekil 5. X yonii i¢in ortalama taban kesme kuvveti degerleri
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H Baslangic @ TBDY 2018 Tasarim = TBDY 2018 Performans m FIB 2010 = Grammatikou vd.

Sekil 6. Y yonii i¢in ortalama taban kesme kuvveti degerleri

Yapi davranisinin en 6nemli parametreleri icerisinde kat yerdegistirmeleri ve goreli kat 6telemesi degerleri yer
almaktadir. Sekil 7 ve Sekil 8’de analizler sonucunda elde edilen kat yerdegistirmeleri ve goreli kat dtelemesi
oranlar1 goriilmektedir.

8
7
6
Z5
g4
g 3 =¢—Baslangic
b =¢—TBDY 2018 Tasarim
M2 ~#—TBDY 2018 Performans
1 =—-FIB 2010
0 . . == Grammatikou vd.
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Kat deplasmanlari - X (m)
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8
7
6
g5
<
c4
5 =¢—Baglangi¢
237 —o—TBDY 2018 Tasarim
M2 =4=TBDY 2018 Performans
1 —8—FIB 2010
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Sekil 7. X ve Y yonlerinde kat deplasmanlar1
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Sekil 8. X ve Y yonlerinde goreli kat 6telemesi oranlari
Sekil 7 ve Sekil 8 incelendiginde maksimum deplasman ve goreli kat 6telemeleri TBDY 2018 Performans ve

......

modeli en rijit davranisi sergileyerek deprem etkisi altinda en diisiik deplasmani yapacak davranisi sergilemistir.
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4. Tartisma ve Sonug

8 kathi betonarme tasiyici sisteme sahip, konum olarak Sakarya ilinde bulunan yapi1 modelleri zaman tanim
alaninda dogrusal olmayan analiz yontemi ile 11 deprem hareketi etkisinde incelenmistir. Yapilan analizler
farkhiliklarin gergek yapi1 davranisini ne derecede yansittigi konusunda belirsizlik olusmaktadir. Ayrica, bu
calismada Tiirkiye Bina Deprem Yonetmeligi'nin tasarim ve performans yaklasimlarinda kullanilan farkl etkin
kesit egilme rijitliklerinin dikkate alinmasi durumunda analiz sonuglarina gore yap1 davranisi bakimindan 6nemli
farklarin olusabilecegi gozlemlenmistir. Boylelikle tasarimi1 TBDY 2018’deki DGT ile yapilan bir¢ok yapinin mevcut
yapi olarak SGDT’ye gore performans degerlendirmesi yapildiginda, 6ngoriilenden daha biiytik yerdegistirmelere
maruz kalabilecegi, yapida olusan i¢ kuvvet dagilimini1 degistirebilecegi ve goreli kat dtelemesi sinirlarinin
asilabilecegi disiiniilmektedir. Tiirkiye Bina Deprem Yonetmeligi Performans yap1 modeli géz 6niine alindiginda
diger yaklasimlara gore daha olumsuz sonugclarin elde edildigi gértilmustiir. Yapilarin maliyet ve is¢iligi g6z oniine
alinirsa bu durum ilave kaynak kullanimina sebep olmaktadir. Yapilan bu ¢alismada incelenen modellerin simetrik
yapida olduklar1 ve diizensizlik bakimindan bir kusuru bulunmadigindan dolay1 daha kapsamli sonuclar elde
etmek icin calisma alaninin genisletilmesi gerekmektedir. Bu ¢alismada elde edilen sonuglara gére yapisal

glncellenmesi 6nerilmektedir.
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Keywords Abstract: In this study, it was aimed to evaluate the hydrogeochemical properties
Groundwater, and water quality for drinking, agricultural irrigation and other purposes of ground
Hydrogeochemistry, water resources within the boundaries of Yozgat Province. Within the scope of the
Water quality, Yozgat study, the analysis results of water samples taken from 79 wells in 12 districts
Province, Piper Diagram, within the provincial borders between 2016 and 2019 were examined.
Multivariate analysis. Hydrogeochemical evaluation of water samples was performed according to Piper

diagram, Spearman correlation, Gibbs diagram, Cluster analysis and Factor analysis.
Water quality was evaluated according to standards and regulations regarding
drinking water, utility and agricultural irrigation. According to the results of
Spearman correlation analysis, the highest relationships were observed between
electrical conductivity (EC), sulfate (SO4) and total dissolved solids (TDS). There are
two different types of groundwater in the region: water with Ca-Mg-Cl and water
with Ca-Mg-HCOs, and it has been concluded that the rock dominant mechanism is
effective on the quality of water resources. Cluster analysis showed that regions
close to each other have similar water characteristics due to similar geological
structure. In factor analysis, Factor 1 constitutes 41% of the total variance.
Additionally, it has been determined that the water resources in the region are
suitable for drinking use and agricultural irrigation.

Yozgat ili Yeralt1 Suyu Kaynaklarinin Cok Boyutlu Hidrojeokimyasal Degerlendirmesi
ve Su Kalitesi Analizi

Anahtar Kelimeler Ozet: Bu galismada Yozgat ili sinirlar igerisinde yer alan igme, tarimsal sulama ve

diger amach yeralt1 su kaynaklarinin hidrojeokimyasal 6zellikleri ve su kalitesinin
Yeralt1 suyu, degerlendirilmesi amaglanmistir. Calisma kapsaminda 2016-2019 yillar1 arasinda il
Hidrojeokimya, sinirlari igerisinde yer alan 12 ilcedeki 79 kuyudan alinan su numunelerinin analiz

Su kalitesi, Yozgat Ili, Piper  sonuclari incelendi. Su 6rneklerinin hidrojeokimyasal degerlendirmesi Piper

Diyagrami, Cok Degiskenli  diyagrami, Spearman korelasyonu, Gibbs diyagrami, Cluster analizi ve Faktor

Analiz. analizine gore yapilmistir. Su kalitesi igme suyu, kullanim ve tarimsal sulama ile ilgili
standart ve ydnetmeliklere gore degerlendirildi. Spearman korelasyon analizi
sonuglarina gore en yliksek iliskiler elektriksel iletkenlik (EC), stilfat (SO4) ve toplam
¢oziinmis katilar (TDS) arasinda gézlendi. Bolgede Ca-Mg-Cl'li su ve Ca-Mg-HCOs'li
su olmak tizere iki farkli yeralti suyu mevcut olup, kaya baskin mekanizmasinin su
kaynaklarinin kalitesi lizerinde etkili oldugu sonucuna varilmistir. Kiimeleme
analizi birbirine yakin bolgelerin benzer jeolojik yapi nedeniyle benzer su
ozelliklerine sahip oldugunu gostermistir. Faktor analizinde, Faktor 1 toplam
varyansin %41'ini olusturmaktadir. Ayrica bolgedeki su kaynaklarinin kullanima ve
tarimsal sulamaya uygun oldugu tespit edilmistir.
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1. Introduction

Water is a fundamental element for the existence and thriving of humans and other living beings [1]. With
industrialization, agriculture, and population growth, the demand for freshwater resources is increasing day by
day. Additionally, climate change alters the natural environment, making the protection of our water resources
more challenging. Although surface waters such as lakes and rivers are the main readily available freshwater
sources, their availability is relatively limited on a global scale. Thus, the reliance on groundwater to supply water
needs has been increasing in recent times [2]. Groundwater with high water quality is an important and reliable
source and can primarily be used as a source of drinking water [3]. In addition, groundwater plays a vital role in
various sectors, including agriculture, livestock, industry, and mining [4,5]. In recent years, characterizing the
hydrogeochemical characteristics of groundwater is becoming more important, particularly as more and more
places rely on it for drinking and irrigation. In order to use groundwater resources more effectively, their
hydrogeochemical properties need to be well understood, and they need to be continuously monitored and
evaluated [6,7].

The literature highlights the significance of hydrogeochemical research in developing sustainable groundwater
management strategies to tackle issues related to water supply and quality in different parts of the world. A study
by Nagarajan et al. [8] examined 102 groundwater samples from Thanjavur, India, with particular attention to
main ions, pH, electrical conductivity (EC), temperature, and nitrates. According to their findings, Na and Cl ions
predominated in 90% of the samples, and a sizable percentage of the water types were Ca-Mg-Cl type waters. The
study demonstrated the negative effects of human activity on groundwater quality, highlighting how urgent it is
to implement practical conservation measures. Similarly, the hydrogeochemical characteristics of the surface and
groundwater of the Aksu (Isparta) Plain were assessed by Sener and Giines [9]. The waters were mostly in the Ca-
HCOs, Mg-HCOs, and Ca-Mg-HCOs water facies, according to the analytical results based on the Piper diagram. In
the same manner, Piper, Schoeller, Wilcox, and US Salinity Laboratory diagrams were used to assess
hydrogeological formations in the study of Kiiciikatabey [10] in Gemici Village (Baskil). The predominant anion
was found to be HCO3, and the predominant cation was found to be Ca in the water from 11 wells and 3 springs.
In the Middle Ganga Basin of India, research by Patel et al. [7] research on the shallow aquifer system, revealing
that the groundwater is slightly alkaline with a cation dominance order of Na > Ca > Mg > K and an anion dominance
of bicarbonate (HCO3). Their findings highlight the critical reliance on groundwater in the region for both irrigation
and drinking purposes, alongside observed reductions in water quantity and quality. Ren et al. [11] utilized
multivariate statistical techniques, including Principal Component Analysis (PCA) and Factor Analysis (FA), to
dissect the hydrogeochemical dynamics within the central Guanzhong Basin, pinpointing mineral
dissolution/precipitation and human influence as primary determinants of groundwater quality. Barzegar et al.
[12] focused on identifying the main factors deteriorating groundwater quality in the Hoy Plain, northwest Iran,
using the PHREEQC model and Piper diagram. Their findings indicated that the majority of samples from free
aquifers and all samples from confined aquifers fell within the Ca-Mg-HCOs3 type, suggesting various processes and
factors could influence water quality in the region. Ates et al. [3] evaluated 28 physicochemical variables for
groundwater in the stratovolcano aquifers of Mount Erciyes over a period of 12 months at 13 sampling stations.
All water samples exhibited roughly similar characteristics, with some variations in ion concentrations. All water
samples were of the Ca-Mg-HCOs type, with Ca and Mg as the dominant cations and HCO3 as the dominant anion.
The saturation index results indicated that the water samples were almost saturated with carbonate minerals but
undersaturated with SO4 minerals. In the study of Bozdag [13] on the Konya Plain, hydrogeochemical properties
and suitability for irrigation of groundwater was analyzed, using seven parameters and Wilcox and US Salinity
Laboratory diagrams. The study revealed dominant Ca and Mg cations and an anion facies progression from HCO3
to SO4-Cl. It found that the Late Pliocene-Quaternary aquifer, especially near U(;hiiyiikler, Ovakavagi, and Karkin,
was adversely affected by agricultural and anthropogenic activities, making it unsuitable for irrigation purposes.

Furthermore, studies by Ghoraba and Khan [14] in Pakistan, Ke et al. [15] in the Qinghai-Tibet Plateau's permafrost
regions of China, Kortatsi et al. [16] in Ghana's Offin Basin, Mukherjee and Singh [17] in five main river basins of
India, Abdelshafy et al. [18] in Sohag, Egypt, Li et al. [19] in northwest China, Malik et al. [20] in Rajasthan, India,
Krishna Kumar et al. [21] in Tamil Nadu, India, and Wu et al. [22] in the Hangjinqi gas field area, Northwest China,
further contribute to our understanding of groundwater's hydrogeochemical characteristics. These studies
collectively highlight the complex interplay of geological and anthropogenic factors in shaping groundwater
quality across diverse ecological and climatic zones.
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The objective of this research is to assess the quality of Yozgat Province's groundwater and identify its
hydrogeochemical characteristics by analyzing groundwater sample material. This study examined the water
quality of 79 wells located in 12 districts between 2016 and 2019 using data of the DSI 12th Regional Directorate
about irrigation water sources. Water sample analysis was performed using hydrogeochemistry. Water quality
was evaluated according to standards and regulations regarding drinking water, utility, and agricultural irrigation.
The novelty of this study lies in its comprehensive hydrogeochemical assessment of groundwater resources across
Yozgat Province, using a robust dataset of water samples collected from 79 wells over a three-year period (2016-
2019). Key findings include the identification of two distinct groundwater types linked to geological
characteristics, and insights into how regional geological similarities influence water quality. The study also
demonstrates that a significant portion of the variance in water characteristics is explained by factor analysis,
underscoring its importance in understanding regional water resources. Overall, the research confirms the
suitability of the region's water for its intended uses, grounding its conclusions in comprehensive data and
advanced analytical methods.

2. Description of the Study Area

This study covers Yozgat Province and its surroundings, located on the Bozok Plateau of the central Kizilirmak in
the Central Anatolia Region. It is surrounded by Orum, Amasya, Tokat in the north, Sivas in the east, Kayseri and
Nevsehir in the south, and Kirsehir and Kirikkale in the west [23]. Yozgat Province is 1,300 meters above sea level
and has a land area of 1,407,200 hectares. It is located between 34°'05'-36°10"' eastern meridians and 38°40'-
40°18' northern parallels. The distance between the eastern and western ends of the province is 216 kilometers
as the crow flies, and the distance between the northern and southern ends is 144 kilometers [23]. The location
map of the research area is given in Figure 1.

Figure 1. Map of Yozgat Province showing districts and rivers

Cekerek River, which drains the waters of the northern part of Yozgat, is one of the important tributaries of
Yesilirmak. It originates from the Camlibel Mountains within the borders of Sivas Province, flows from the south
of the Deveci Mountains to the west and enters the borders of Yozgat Province. Delice River, one of the major
branches of Kizilirmak, originates from the western foothills of the Akdaglar as a spring water, and reaches Sefaatli
by taking the Sorgun stream, which collects the waters of Merkez, Sorgun and Dogankent. Here, it merges with the
Karacaali Essence, which grows with the waters of Bogazliyan and its surroundings and takes the name Delice
River. There are no fish farms in the rivers of Yozgat region. However, trout farming is done on natural and artificial
lakes formed by feeding streams. There is a 950 ton/year trout production facility on the Uzunlu Dam Pond, fed
by the Delice River, a 450 ton/year trout production facility on the Gelingiillii Dam Pond, also fed by the Delice
River, and a 200 ton/year trout production facility on the Yahyasaray Dam Pond, fed by the Cekerek River. There
is no natural lake within the borders of Yozgat. However, 4.5 km away from Bogazliyan district. There is a small
lake in the source part of the Cavlak Thermal Spring located in the west, which the local people call "Cavlak Lake"
[24].
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3. Material and Methods

Hydrogeochemical studies can be examined in three stages: sampling, analysis, and evaluation. The results of the
water quality analysis evaluated in this study were obtained from the DSI 12th Regional Directorate. The data
covers analysis results taken from a total of 79 wells in 12 districts between 2016 and 2019 once in a year. Within
the scope of the study, pH, EC, Na, K, Ca, Mg, CO3, HCOs3, Cl, SOs, % Na, SAR, hardness, NO2, NO3, NH4, organic matter,
and TDS parameters were evaluated. Water samples were collected from 13 wells in the Central district of Yozgat
Province; 8 in Yerkdy; 7 in Sefaatli; 9 in Sarikaya; 7 in Sorgun; 9 in Cayiralan; 2 in Kadisehri; and 2 in Saraykent. A
total of 79 wells were sampled, including 3 in Candir, 1 in Cekerek, 8 in Akdagmadeni, and 12 in Bogazliyan. The
pH determination in groundwater was made using the TS EN ISO 10523 electrometric method. The EC value in
water was determined using the TS 9748 EN 27888 method. Parameters analyzed included Na, % Na, K, Ca, Mg,
NH4, and SAR, within the scope of the TS EN ISO 14911 method. CO3 and HCO3 were analyzed using TS 3790 EN
ISO 9963-1; Cl, SO4, NO2, and NO3 were analyzed using TS EN ISO 10304-1; and organic matter according to TS
8195 EN 1484 methods. Standard methods were also used to analyze hardness and TDS parameters.

In this study, the annual average values and descriptive statistics (minimum, maximum, and standard deviation)
values of the analysis results for 12 regions on a district basis according to the regional years between 2016 and
2019 were calculated with the help of the Excel program. Based on average values obtained from 2016 to 2019,
the use of groundwater in the Yozgat region for drinking water purposes was evaluated according to TS 266-Water
Intended for Human Consumption [25], the Regulation on Water Intended for Human Consumption [26], and the
Regulation on the Protection of Groundwater Against Pollution and Deterioration [27]. Additionally, using the US
Salinity Laboratory Diagram according to the Regulation on the Protection of Groundwater Against Pollution and
Deterioration [28], its suitability for domestic and agricultural irrigation purposes was also assessed.

A normality test was performed with the analysis results of the samples taken from the region. Then,
hydrogeochemical evaluations of groundwater were made using Spearman correlation, piper diagrams, clustering
analysis, Gibbs diagrams, factor analysis, and anion cation relationships. Hypothesis tests can be used when
evaluating normality [29]. In this study, a normality test was performed with the Shapiro-Wilk method using the
Past program. The Spearman correlation is the non-parametric version of the Pearson correlation coefficient. It is
used in non-normal data where parametric assumptions are not met. While there is a linear relationship in Pearson
correlation, a non-linear relationship is mentioned in Spearman correlation [30]. In order to statistically evaluate
the correlation relationship in groundwater analysis results, the Spearman correlation analysis method within the
Excel program was used. Spearman correlation analysis was performed for a total of 17 parameters. Yozgat region
groundwater analysis results were created by piper diagrams using the GW_Chart program. The GW_Chart
program is a special graphics creation program used in groundwater research. Developed by the United States
Geological Survey (USGS) [31]. In order to classify Yozgat Province groundwater quality data, Euclidean distance
was used to calculate the differences between intermittent measurement levels in the past program. In the
clustering analysis, the "Progressive Clustering (Hierarchical Cluster)" method was used. The Past program is a
data analysis application developed by Oyvind Hammer for Windows [32]. In principal component analysis, the
Scree test graph (line graph) shows the total variance related to each component. The components up to the point
where the graph becomes horizontal are considered the maximum number of components to be obtained [33]. In
the factor analysis conducted in this study, principal component analysis was applied using the Past program, and
a Scree test graph was drawn.

To examine the anion-cation relationship in the region, graphs of anions and cations were created using Ca, Mg,
Na, K, Cl, SO4, and HCOs ions in groundwater using the Excel program. The chemical composition of water depends
on many parameters, such as the chemical composition of the rock it is in contact with, the flow rate of
groundwater, temperature, ambient pressure, ion activity, and ambient pH [34]. Ion activity is very important to
determine the usability of groundwater and in which areas it can be used. For this reason, in order to examine the
anion-cation relationship in the region, graphs of anions and cations were created using Ca, Mg, Na, K, Cl, SO4, and
HCOs ions in groundwater using the Excel program. Anion-cation relationships were evaluated in the graphs
created.

4. Results
4.1. Hydrochemical characteristics of the water samples
In this study, hydrogeochemical evaluation was carried out in three stages. i) The groundwater quality data from

the region were statistically analyzed for suitability as drinking water, in accordance with TS 266 Water Intended
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for Human Consumption [25] and the Regulation on Water Intended for Human Consumption [26]. ii) The
suitability of groundwater for agricultural irrigation was evaluated using the US Salinity Laboratory Diagram and
the Regulation on the Protection of Groundwater Against Pollution and Degradation. iii) Groundwater quality data
were further analyzed through hydrogeochemical methods, including Spearman correlation, Piper diagram,
cluster analysis, Gibbs diagram, and anion-cation relationship studies.

The average values of the water quality parameters between 2016 and 2019 were presented for 12 regions in
Yozgat Province and given in Table 1. Besides, descriptive statistics were computed and shown in the table. pH
values indicated almost neutral conditions, ranging from 7.49 to 7.88 in samples from 12 districts, with an average
of 7.67. The conductivity of the samples varied from 539 to 1382 pS/cm, with an average of 774 puS/cm. The content
of dissolved solids is linked to the conductivity of water samples. The total dissolved solids content (TDS) of the
water samples is a parameter related to the conductivity and was determined to be 57-77% (average 69%) of the
conductivity (Freeze and Cherry, 1979).
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Table 1. The physicochemical characterizations of groundwater samples in Yozgat Province (2016-2019).

District pH EC Na ‘ K ‘ Ca ‘ Mg ‘ CO3 ‘ HCO3 ‘ c ‘ S04 ’ % Na ’ SAR: | T.Hb ‘ NO: ‘ NO3 ’ NH4 ‘ TOCe TDSd
Unit - uS/cm mg/L
Merkez 7.65 682 458 16 | 780 [ 222 | 01 [ 3916 | 86 436 22 155 | 284 | 0.14 | 326 | 0.18 0.61 465
Yerkéy 7.75 1298 1678 | 34 | 881 | 506 | 0.1 | 4207 | 462 | 3096 | 41 | 331 | 428 | 014 | 311 | 0.07 0.97 801
Sefaatli 7.70 1382 1211 | 26 | 1763 | 328 | 0.0 | 3582 | 30.0 | 4555 37 | 587 | 575 | 052 | 425 | 058 0.97 1065
Sarikaya 7.81 637 463 12 | 773 | 121 | 13 | 3124 | 169 | 343 27 | 229 | 242 | 02 | 427 | 0.08 0.82 433
Sorgun 7.59 695 30.2 20 | 914 | 243 | 00 | 3966 | 5.1 45.6 14 | 077 | 328 | 014 | 314 [ 0.09 0.84 475
Cayiralan 7.49 539 4.8 17 | 1071 | 79 | 00 | 3450 | 23 16.2 3 012 | 300 | 0.14 | 193 | 0.07 0.65 373
Bogazliyan 7.63 906 53.8 53 | 1061 | 305 | 00 | 351.0 | 39.8 | 1086 18 | 1.02 | 393 [022 ] 931 [ 0.07 0.95 665
Akdagmadeni | 7.57 541 6.5 25 | 1001 | 89 | 00 | 3413 | 18 11.8 5 017 | 286 | 016 | 145 | 0.17 0.79 309
Saraykent 7.60 632 14.6 19 | 1046 | 154 | 00 | 3804 | 58 22.7 9 033 | 324 | 016 | 132 | 0.08 0.6 416
Kadisehri 7.71 842 36.4 86 | 796 | 451 | 00 | 4068 | 144 | 863 13 | 073 | 384 | 02 | 532 | 0.08 0.56 628
Cekerek 7.73 568 14.6 21 | 654 | 333 | 00 | 3597 | 41 24.1 10 | 037 | 300 | 014 | 55 | 006 0.61 371
Candir 7.88 563 27.3 17 | 757 | 126 | 02 | 3238 | 69 16.2 22 | 083 | 241 | 018 | 517 | 0.07 1.46 389
Min 7.49 539 4.8 1.2 | 654 | 79 | 0.0 | 3124 | 1.8 11.8 3 012 | 241 [ 014 | 55 [0.06| 056 309
Max 7.88 | 1382 | 1678 | 86 | 1763 | 50.6 | 1.3 | 420.7 | 462 | 4555 | 41 | 587 | 575 | 052 | 93.1 | 0.58 | 1.46 1065
Average 7.67 774 475 | 29 | 958 | 247 | 02 | 3656 | 152 | 97.9 18 | 145 | 340 [ 0.19 | 359 | 0.13 | 0.82 532
Std.Dev. 0.11 289 490 |21 | 288 | 141 | 04 | 337 | 152 | 1397 | 12 | 168 | 94 |0.11| 236 | 0.15| 0.25 221

aSAR: Sodium Adsorption Rate

bT.H: Total Hardness in mg CaCOs/L
¢TOC:Total Organic Carbon
d4TDS: Total Dissolved Solids
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The analysis results of the samples taken between 2016 and 2019 were evaluated according to TS 266) and the
Regulation. According to the TS 266, water resources are classified into two classes (Class I Spring water, Class 11
Waters intended for human consumption other than spring water) and two types (For Class I, only single type and
for Class Il Type I Processed Spring water, Type Il Drinking and process water). Considering the limit values of TS
266, the average EC values from 2016 to 2019 place Sarikaya, Cayiralan, Akdagmadeni, Saraykent, Kadisehri, and
Cekerek districts in Class 1 and Class 2-Type 1 categories. The districts in question are located in the east of Yozgat
Province, and due to their similar geological structure, it has been observed that the EC values in the regions close
to each other are Class 1 and Class 2-Type 1.

The US salinity laboratory diagram, created using the EC and SAR values in the analysis results of 12 districts in
Yozgat Province between 2016 and 2019, is given in Figure 3. Except for Cekerek, Yerkdy, Sefaatli, and Kadisehri,
all of the other districts are in the C2-S1 class. C2 refers to moderately saline waters. In soils with medium-drainage
properties, all plants can be irrigated without the danger of salinity. Low-sodium waters (S1) are those that don't
pose a risk of sodium poisoning and can be used in any type of soil. Situated in the C3-S1 zone, the districts of
Kadisehri, Cekerek, and Yerkdy symbolize saline waters. Irrigating C3 is not done on land with inadequate
drainage. Salt-tolerant plants should be chosen in these regions. S1 refers to low-sodium waters and can be used
in all soils without creating a sodium hazard. Sefaatli district is located in the C3-S2 region, which refers to salt
waters. C3 is not used for irrigation on lands with poor drainage. Salt-tolerant plants such as Kadisehri, Cekerek,
and Yerkoy districts should be chosen. Unlike other districts, it is the only district in the S2 class, which refers to
medium-sodium waters. It can be used in permeable or abundant gypsum lands.

The purpose of the regulation on the protection of groundwater from pollution and deterioration is to establish
essential guidelines to preserve groundwater in its current good condition, prevent its contamination and
degradation, and enhance the quality of these water sources. The quality standard for nitrates in the Annex-2 list
of groundwater quality standards is 50 mg/L. When the water quality of Yozgat Province was evaluated, only the
average values of Candir district remained below this quality standard.
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Figure 2. USA salinity laboratory diagram for well analysis in Yozgat Province.
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4.2. Hydrogeochemical analysis in groundwater
4.2.1. Normality test

pH, EC, Na, K, Ca, Mg, CO3, HCOs3, Cl, SO4, SAR, hardness, NOz, NO3, NH4, organic matter, and TDS, using the district-
based average values of Yozgat Province groundwater quality data between 2016 and 2019. A normality test was
applied to a total of 17 parameters. In normality test applications, if it is significant at the p < 0.05 level, the
hypothesis is rejected, and the distribution is decided to be non-normal. However, if a p>0.05 value is obtained,
the hypothesis is accepted, and it is interpreted that the distribution does not differ significantly from the normal
distribution [35]. Data for Yozgat Province do not show a normal distribution since the p (normal) values for some
of the EC, Na, K, Ca, CO3, Cl, SO4, SAR, NO2, NH4, organic matter, and TDS parameters are below 0.05.

4.2.2. Spearman correlation analysis

Hydrogeochemical assessments in the study area were conducted using Spearman correlation analysis on its
groundwater. This analysis included variables such as pH, EC, Na, K, Ca, Mg, CO3, HCO3, Cl, SO4, SAR, hardness, NO,
NOs, NH4, organic matter, and TDS. The findings reveal a lack of significant correlation between the pH levels and
other measured parameters. EC demonstrated a notably high positive correlation with Na at 0.93 and exhibited
substantial positive correlations with SO4 and TDS at 0.97, with Cl at 0.85, SAR at 0.86, and hardness at 0.91. While
Na showed a significant positive correlation with Cl (0.86), SO+ (0.88), TDS (0.84), and SAR (0.84), it only had a
minimal correlation with COs at 0.06. K did not show any strong correlation with the studied parameters. Ca,
however, had a strong positive correlation with NO: (0.86) and NHs (0.85), whereas Mg did not show any
significant correlations. COs and HCO3 generally demonstrated a negative and weak correlation with other
parameters. The positive correlation between Na and Cl, SO4, and the strong positive correlation between Cl and
S04 in the groundwater of the Korkuteli Antalya area share similarities with the groundwater of the Yozgat region.
However, the correlations of many other ions do not match [36].

4.2.3. Piper diagram

The Piper diagram presented in Figure 4 indicates that the Akdagmadeni and Kadisehri wells fall within the IV
region, characterized by Ca-Mg-Cl type waters. Analytical results from wells located in the Merkez, Yerkoy, Sefaatli,
Sarikaya, Sorgun, Cayiralan, Bogazliyan, Saraykent, Cekerek, and Candir areas show that the waters in these
regions are of the Ca-Mg-HCOs variety. Since the samples taken from these regions are closer to each other and
tend to cluster, it can be said that they have similar hydrochemistry. If we evaluate the regions in terms of cations,
Cais below 50% only in the waters of the Kadisehri region, as seen in Figure 10. In well analyses, it is seen that the
Mg value is generally 50% or below. Especially the Mg percentage of the waters in the Cekerek region is quite low.
If we look at Na+K values, we can say that they vary from region to region in the range of 25-75%. As for anions,
CO3+HCO:s is quite high in many regions. It is approximately 40-50% in the Kadisehri and Akdagmadeni regions,
and the lowest CO3+HCOs values are observed in these regions. Cl anion values are generally below 50%; the
highest Cl rate is in the Akdagmadeni region. It is seen that the SO4 value is generally 40% and above. The presence
of calcium, magnesium, carbonate, HCOs3, chloride, and sulfate in water are the parameters that determine the
hardness of water [37].
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Figure 4. Piper diagram for well analysis in Yozgat Province.
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Table 2. Sperman correlation analysis results of groundwater quality data of Yozgat Province.

A Multi-Dimensional Hydrogeochemical Assessment and Water Quality Analysis of Groundwater Resources in Yozgat Province

NH

pH EC Na K Ca Mg COs HCO3 Cl S04 SAR  Hardness NOz NO3 . Org Matt. TDS
pH 1
EC 0.20 1
Na 0.35 0.93 1
K 0.02 0.32 0.14 1
Ca -0.29 060 038 -0.02 1
Mg 0.26 0.72 0.68 0.64 0.02 1
COs 050 -0.13 0.06 -0.29 -0.26 -0.27 1
HCO3 -0.19 0.43 0.41 0.43 -0.06 0.72 -0.50 1
cl 0.27 085 086 036 0.32 0.66 0.07 0.26 1
SO4 0.19 097 088 0.17 0.72 0.60 -0.13 0.30 0.74 1
SAR 0.35 0.86 0.84 -0.04 0.66 0.41 0.19 0.09 0.65 @ 092 1
Hardness -0.06 0.91 0.71 0.39 0.78 0.64 -0.37 0.40 0.66 = 0.92 0.76 1
NO2 0.16 0.66 0.45 0.11 0.86 0.19 -0.02 -0.16 0.38 0.77 0.81 0.78 1
NOs3 0.27 033 025 052 0.13 0.25 0.12 -011 059 0.21  0.20 0.26 0.29 1
NH4 0.00 0.59 0.41 -0.09 0.85 0.10 -0.13 -0.05 0.22 0.74 0.79 0.71 091 0.04 1
Org Matt. 0.57 0.21 031 -0.17 0.12 -0.08 0.14 -0.37 0.31 0.25 0.29 0.05 0.24 044 011 1
TDS 0.19 097 084 036 0.68 0.67 -0.14 0.35 0.79 096 0.87 0.95 0.78 042 0.68 0.21 1
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4.2.4. Clustering analysis

Clustering analysis performed for well analyses in 12 regions of Yozgat Province was classified as shown in Figure
5. Clustering of 18 parameters (pH, conductivity, Na, K, Ca, Mg, CO3, HCO3, Cl, SO4, Na%, SAR, hardness, NO2z, NOs,
NH4, organic matter, TDS) to determine the main variables affecting groundwater quality was included in the
analysis. In the well analysis conducted in Yozgat Province, water characteristics can be examined in three groups.
1st Group is Sarikaya, Candir, Cayiralan, Cekerek, Saraykent, Akdagmadeni, Sorgun, Merkez. The 2nd Group is
Bogazliyan and Kadisehri, and the 3rd Group is Yerkdy and Sefaatli regions. As can be seen when divided into three
groups as a result of cluster analysis, regions close to each other generally have similar water characteristics
because they have similar geology. Bogazliyan Kadisehri region in Yozgat Province and its surroundings is one of
the examples that will not be included in this generalization. It is known that Bogazliyan region is closer to
Sarikaya-Candir regions than Kadisehri. However, in terms of water features, it is more similar to Kadisehri than
other regions. In the clustering analysis, it can be said that the regions that are generally close to each other have
similar water properties due to their similar geological structure, as seen in the Sarikaya-Candir, Merkez-Sorgun,
and Yerkoy-Sefaatli regions (Figure 5).
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Figure 5. Clustering analysis for well analysis results in Yozgat Province.
4.2.5. Gibbs diagram

The Gibbs diagram developed by Gibbs [39] is frequently used to describe chemical processes that contribute to
the evolution of the chemical components of water, such as rock dominance, evaporation dominance, and
atmospheric precipitation, as well as to learn more about the sources of dissolved ions in groundwater. Gibbs
diagrams were plotted using proportions of anions (Cl/(Cl+HCO3)) and cations (Na+K/(Na+K+Ca)) opposed to the
concentration of TDS. The interaction between the minerals in the aquifer and the groundwater was revealed by
the Gibbs diagram of the results of water sample analyses (Figure 6), which showed that the rock dominance
process governed the chemical composition of groundwater.

It shows that the groundwater in the region originates from the chemical decomposition of rock-forming minerals,
which control the main mechanism in water chemistry [36]. Hydrogeological and hydrogeochemical properties of
surface and groundwater in the east of Sefaatli district of Yozgat Province were examined by Sener and Sener [38].
When the parameters of the region's waters were placed on the Gibbs diagram, it was concluded that all water
samples were in the rock dominant class, as found in this study.
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Figure 6. Gibbs’s diagram showing the controlling mechanisms for groundwater chemistry of Yozgat Province.

4.2.6. Factor analysis/PC analysis

As a result of the principal components analysis, variance percentages were fixed at Factor 7. As a result of the
analysis, the values of a total of seven factors are given in Table 3. The most effective ions in Factor 1 are HCO3 and
Mg in the positive direction, as seen in Table 3. In factor 2, Ca and Cl ions show the most positive effect. Considering
factor 3, the most negatively active ion is Ca. The scatter chart of the factor analysis and principal component
analysis conducted for the Yozgat region shows the amount of variance explained by each factor. In this study, 12
parameters (pH, K, Ca, Mg, CO3, HCOs3, Cl, % Na, SAR, hardness, NOz, NO3) were analyzed. Before the analysis, the
data series were normalized, and data with high correlations and data with very low variance were removed. The
first factor (PC) shows the highest variance, and the last factor shows the lowest variance. As a result of the
analysis, the highest variance is 41% in factor 1, and this factor constitutes 41% of the total variance. Factor 2
accounts for 32% of the total variance, and factor 3 accounts for 19% of the total variance. The remaining factors
each account for less than 10% of the total variance (Figure 7).

Table 3. Factor values.

Parameters PC1 PC2 PC3 PC4 PC5 PCé6 PC7
pH -0.00030 | -0.41797 | 0.00228 0.00503 | -0.00051 | 0.01064 0.01285
K 0.02862 0.00933 0.03719 | -0.06131 | 0.14471 0.02717 0.97843
Ca 0.04820 0.79810 | -0.52672 | -0.17604 | -0.02971 | 0.01315 0.00674
Mg 0.32494 0.06095 0.15926 0.27284 0.71099 0.36509 | -0.10772
CO3 -0.00472 | -0.00057 | 0.00501 0.01398 | -0.01457 | 0.00494 0.11244
HCO3 0.90384 | -0.19464 | -0.11068 | -0.27092 | -0.23645 | -0.05913 | 0.00042
Cl 0.19472 0.28682 0.27824 0.46050 0.04300 | -0.76622 | 0.02573
% Na 0.12163 0.17791 0.12373 0.60952 | -0.56260 | 0.47623 0.08813
SAR 0.01272 0.03797 | -0.00569 | 0.06883 | -0.03943 | 0.08907 0.06012
Hardness 0.14551 0.22551 | -0.06427 | 0.06716 0.29075 0.14613 | -0.06074
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Figure 7. Scree test graph

4.2.7. Relationships between cations and anions in groundwater samples

The abundance states of ions in the study area are related to hydrogeochemical processes in the aquifer system.
Different diagrams were prepared to explain these processes, and comments were made based on these diagrams.
The relationships between anions and cations are given in Figure 8. Between Na and Cl, R is 0.87 (Figure 8a). The
R? value in the Na-S04 relationship given in Figure 8b is 0.78. Na has a stronger relationship with SO4 compared to
Mg and the least related ions are Mg and SO4 ions. It can be seen in Figure 8c that the R? value in the relationship
between Mg and HCOs is 0.88. As seen in Figure 8d, the Mg-SO0: relationship is quite low with the coefficient value
(R?) of 0.56. There is a strong relationship (R2 = 0.98) between Ca+Mg and HCOs+ SO+ (Figure 8e). In general,
carbonates and silicates are the main sources of mineralization in water. The Ca+Mg and HCO3+S04 diagrams show
the dominant weathering types in groundwater. When the anion-cation relationships in the study area are

evaluated, the strongest relationship is seen between Ca+Mg and HCO3+S04 (R%= 0.98).
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5. Discussion and Conclusion

In this study, it was aimed at evaluating the hydrogeochemical data on the groundwater quality of Yozgat Province
and its surroundings. The analysis results of water samples were obtained from the 12th Regional Directorate of
State Hydraulic Works. pH, EC, Na, K, Ca, Mg, CO3, HCOs3, Cl, SO4, % Na, SAR, hardness, NO2, NO3, NH4, organic matter,
and TDS parameter analysis results were used in water quality and hydrogeochemical evaluation. The
groundwater quality of the region was evaluated according to TS 266 and the Regulation on Water for Human
Consumption, and its suitability for use and agricultural irrigation was evaluated according to the US Salinity
Laboratory Diagram and the Regulation on the Protection of Groundwater against Pollution and Deterioration.
Hydrogeochemical evaluation of water resources was examined according to Sperman correlation, Piper diagram,
Gibbs diagram, cluster analysis, factor analysis, and anion-cation relationships.

As a result of the evaluation according to TS 266 and the Regulation on Water Intended for Human Consumption,
average pH values were found to be between 6.5 and 9.5 limit values in all water samples. The TDS value of water
samples is a parameter related to EC and represents an average of 69% of the conductivity. The variation in
proportional relationships between EC (120-5600 pyS/cm) and TDS (0.05-2.5%) may be associated with the type
of salinity and the proportionality coefficient, which ranges from 2.22 to 3.16 [40]. On the other hand, solutions
with higher concentrations of divalent ions exhibit lower electrical conductivity compared to those with
monovalent ions at similar ionic strengths, highlighting the effect of ion pairing. Due to significant errors in high
salinity ranges, a specialized correlation should be developed to accurately represent saline waters with similar
chemical compositions [41].

The average values of NH4 in Sefaatli district, SO4 in Yerkdy and Sefaatli districts, and NOs in Bogazliyan, Kadisehri,
and Candir districts were observed to be above the limit values according to the TS 266 and the Regulation, and it
was determined that it was not suitable for use as drinking water due to presence of nitrate. Within the scope of
the regulation on the protection of groundwater against pollution and degradation, the quality standards for
nitrates are stated as 50 mg/L in the Annex-2 list of groundwater quality standards. When the water quality of
Yozgat Province was evaluated, only Candir district remained below this quality value.

As a result of the normality test applied to the sample analysis results taken from the region, an evaluation was
made with Spearman correlation since the results did not show a normal distribution. The highest correlation
relationships were observed between EC, SOs4, and TDS with a coefficient of 0.97. On the other hand, a strong
positive correlation was observed between conductivity and Cl, SAR, and hardness at values of 0.85, 0.86,and 0.91,
respectively. The Piper diagram created with the analysis results of a total of 12 districts revealed that
Akdagmadeni and Kadisehri groundwaters are Ca-Mg-Cl type waters. The waters in the Merkez, Yerkoy, Sefaatli,
Sarikaya, Sorgun, Cayiralan, Bogazliyan, Saraykent, Cekerek, and Candir regions are Ca-Mg-HCOs3 type waters. It
was understood that the samples taken from these regions had similar chemical structures due to the similar
geological structure of the districts and their tendency to cluster. In the study conducted by Sener and Sener [38],
the hydrogeological and hydrogeochemical properties of surface and groundwater in the east of Sefaatli district of
Yozgat Province were examined. It was concluded that it is in the Na-Ca-HCOs, Ca-Mg-HCO3, and Ca-Mg-HCO3-S04-
type water facies. The findings obtained in this study support the results obtained in our study.

Cluster analysis was performed to identify the main variables affecting groundwater quality. In the clustering
analysis, it is seen that the regions that are close to each other have similar water characteristics due to their
similar geological structure, as seen in the Sarikaya-Candir, Merkez-Sorgun, and Yerkoy-Sefaatli regions. Based on
the Gibbs diagram, it is evident that all the waters within the area fall under the category dominated by rock
interactions. This indicates that the region's groundwater is derived from the chemical breakdown of minerals
that form rocks, which dictate the primary processes influencing water chemistry. According to factor
analysis/Principal Components analysis, Factor 1 has the highest variance (41%). The variance of Factor 2 was
32% and Factor 3 was 19%, and each of the remaining factors constituted less than 10% of the total variance. In
Factor 1, the most effective ions were HCO3 and Mg in a positive direction. In Factor 2, Ca and Cl ions showed the
most influence in a positive direction. In factor 3, the most negatively active ion is Ca.

When the anion-cation relationships in the study area are evaluated, the strongest relationship is seen between
Ca+Mg and HCO3+S04 (R2? = 0.87). When the relationship between Ca+Mg and HCO3+S04 was evaluated, it was
concluded that carbonate dissociation dominated the chemical development of groundwater in the study area.
Additionally, it has been observed that Na has a stronger relationship with SO4 compared to Mg. Among the ions
evaluated within the scope of the study, the least related ions are Mg and SO4 ions. It was concluded that carbonate
weathering played a dominant role in the chemical development of groundwater in the study area. The
relationship between HCO3+Cl and Na+K is illustrated in Figure 14f, showing a low correlation with an R? value of
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0.59. These correlations are likely due to rock-water interactions and ion exchange processes within these
groundwater systems. Ates et al. [3] found strong correlations between Ca and Mg, and HCOs3, indicating that Ca
and Mg originate from the weathering of carbonate rocks (calcite, dolomite, and aragonite). In the study by
Imbulana et al. [42], TDS showed a stronger correlation with Cl (R = 0.556-0.797) than with other major ions such
as Ca, SO4, Na, HCO3, and Mg. Additionally, notable strong correlations were observed between Na and Cl, Ca and
S04, Mg and HCOs3, as well as between Ca and Cl, and SO4 and Cl. The study by Sunkari et al. [43] identified Na-
HCOs-Cl as the dominant water type in the area, alongside various mixed water types. The hydrochemical
composition of river water and groundwater in the Genggahai Basin is primarily influenced by HCO3, resulting
from rock weathering and dissolution. The dominant cations are Ca and Na. The presence of evaporite, carbonate,
and silicate minerals in the basin significantly affects the water's hydrochemical profile [44].

With the US Salinity Laboratory Diagram, all of the districts except Cekerek, Yerkoy, Sefaatli, and Kadisehri are in
the C2-S1 class. Kadisehri, Cekerek, and Yerkoy districts are located in the C3-S1 region. It has been observed that
Sefaatli district is in the C3-S2 class. According to the US Salinity Laboratory Diagram, it has been observed that
groundwater in the region can generally be used for irrigation purposes. The main water source of the Bafra Plain
is the Kizilirmak River, one of the saltiest water sources in the country, classified as C3-S1 [45]. Samples taken
from Kufi Stream, the primary surface water feeding Isikli Lake, were classified as C3-S1 [46]. According to the US
Salinity Laboratory Classification system, which uses EC and sodium adsorption rate (SAR) values for
classification, it has been confirmed as C3-51 class [47]. The water quality in this region has been reported to range
from C3-S1 to C4-S3 [48].

This study evaluated the hydrogeochemical data on groundwater quality in Yozgat Province and its surroundings,
utilizing analyses from the 12th Regional Directorate of State Hydraulic Works. It was determined that the
groundwater quality fell within acceptable ranges for human consumption and agricultural irrigation according to
TS 266 and international regulations, with analyses showing diverse water types and mineral influences
predominantly dictated by rock-water interactions and ion exchange processes. The results obtained within the
scope of this study can be used in studies related to water management plans and the principles of the study area.
Our findings also suggest that groundwater can be used more efficiently in the region, contributing to the
environment and economy.
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Anahtar Kelimeler 0z: Yerinde denetimin ve analizin zor oldugu nesne ve yapilar1 3B bir ortamda
Yapisal Den?Fimr gorsellestirmek yapisal denetimlere farkli bakis acgilar1 kazandirmaktadir. Bu
Catlak Tespiti, calismada, yapisal denetimler i¢in dijital ikiz ¢cercevesini kullanan yeni bir arastirma
SDfiljvi[t'tal ikiz konusu onerilmektedir. Bunu uygulanabilir kilmak i¢in ilk 6nce fotogrametri
Sanal Gergeklik yontemi aracilifiyla secilen test nesnesinin dijital 3B modeli olusturulmustur.

Uretilen 3B modelden daha sonra Komsuluk Birlestirme ve Egrilik Tahmini makine
6grenimi ve derin 6grenme dedektorleri algoritmalar ile, 3B model igindeki ylizey
farkliliklar1 analiz edilerek catlaklar tespit edilmistir. Ardindan 3B model ile tespit
edilen catlaklar birlestirilerek hasarla artirilmis dijital ikiz iiretilmistir. Uretilen
hasarla artirilmis dijital ikiz son olarak WEB tabanli sanal gergeklik ortamina
aktarilarak cesitli uzmanlara hizli bir analiz yapma imkani saglanmistir. Bu sayede
yerinde denetimlere bir ¢6ziim sunulmasinin yani sira g¢esitli uzman goriislerine
hizli denetim gerceklestirilmistir. Onerilen metodolojiyi modern bir yap1 par¢asinda
uygulanmis ve dogruluk analizinde 3B modelin geometrik dogrulugunun yani sira
tespit edilen ¢atlaklarin dogrulugu da incelenmistir. Sonug olarak 0.97 cm’lik bir
RMSE ile otomatik catlak tespit dogrulugu saglanmistir.

Automated Crack Detection Using Digital Twin as An Alternative to In-Situ Structural
Inspection and Visualization with WEB-Based Virtual Reality

Keywords Abstract: Visualising objects and structures in a 3D environment, which are difficult
Structural Inspection, to inspect and analyse in situ, brings different perspectives to structural inspections.
Crack Detection, In this paper, a new research topic using the digital twin framework for structural
SfM ) inspections is proposed. In order to make it feasible, a digital 3D model of the
Digital Twin,

selected test object is first created through photogrammetry method. From the
generated 3D model, cracks are then detected by analysing the surface differences
within the 3D model with Neighborhood Aggregation and Curvature Estimation
machine learning and deep learning detectors algorithms. Then, the cracks detected
with the 3D model were merged and a damage-augmented digital twin was
produced. Finally, the produced damage-augmented digital twin was transferred to
the WEB-based virtual reality environment and various experts were provided with
the opportunity to make a quick analysis. In this way, in addition to providing a
solution for on-site inspections, rapid inspection was carried out for various expert
opinions. The proposed methodology was applied to a modern building part and the
accuracy of the detected cracks as well as the geometric accuracy of the 3D model
was examined in the accuracy analysis. As a result, automatic crack detection
accuracy with an RMSE of 0.97 cm was achieved.

Virtual Reality
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Yerinde Yapisal Denetime Alternatif Olarak Dijital ikiz Kullanarak Otomatik Catlak Tespiti ve WEB Tabanli Sanal Gergeklik ile Gorsellestirme
1. Giris

Altyap sistemleri ve yapilar, diizenli olarak veya bir dogal afetin hemen ardindan yapisal yonetmelige gore
sorumlu mihendisler tarafindan gorsel olarak yerinde denetlenmektedir [1]. Uygun bir uzman degerlendirme
stireci, hasarli yapilarin potansiyel arizalarini 6nlemekte olup insan yasami ve ekonomik kayiplar i¢cin herhangi bir
tehlike olusturabilecek sonuclari en aza indirmektedir [2]. Bir inceleme sirasinda miihendisler, yapisal
bilesenlerdeki hasarlar1 gorsel olarak yerini belirlemeye calisir ve ardindan bu yapinin hizmet vermeye uygun
olup olmadigini, ek analiz gerektirip gerektirmedigini, gliclendirme gerektirip gerektirmedigini veya yikilmasi
gerekip gerekmedigini belirlemeye calismaktadir [3]. Ozellikle catlaklar, beton veya duvar gibi kirilgan yapilarda
inceleme sirasinda en sik gozlemlenen hasar seklidir ve bu da ¢atlaklar yapisal denetimde ¢ok 6nemli hale
getirmektedir. Bu yiizden catlaklarin siirekli olarak denetlenmesi gerekmekte olup bu stire¢ uzun yillardir
geleneksel yontemlerle yapilmaktadir. Fakat geleneksel yap1 denetimlerinin baslica sinirlamalar1 bulunmaktadir.
Ozellikle nesnellikten yoksun olmasi, uzun uygulama siiresi, 5nemli maliyetler ve zararlar belgelemenin zorlugu
on plana ¢ikmaktadir. Bu dezavantajlar c¢atlak tespitinde yardimci olacak yeni degerlendirme metodolojilerine
olan ihtiyaci giderek artirmaktadir.

Yapilarin hizli bir sekilde denetlenmesine yonelik mevcut prosediirler siibjektif, zaman alic1 ve belgelenmesi
kiilfetli oldugundan dolay1 stireci otomatiklestirmek ve eksiklikleri ortadan kaldirmak i¢in yeni teknolojiler
kullanilmalidir [4]. Gorilintli ve menzil tabanli veri toplama ydntemleri ve bilgisayar goriisii gibi yapay zekadaki
son gelismeler heniiz yapi ve altyapi uygulamalarina biitiinlesmis ¢alismalar1 yogun olmasa da bunun i¢in gerekli
calismalar hiz kazanmis durumdadir ve olumlu katkilar alinmaktadir [5]. Hasar degerlendirmesinde mevcut en
son teknoloji olarak derin 6grenme ve fotogrametri (goriintii tabanh yéntem) yontemleri [6] dahil olmak iizere
bilgisayarla gorme teknikleri ile goriinti verilerini kullanan Sanal Gergeklik (SG) destekli dijital ikiz teknolojisi
karsimiza ¢ikmaktadir [2]. Bu teknolojilerin en 6nemli avantaji geleneksel denetimler sirasinda 6znelligi, maliyeti
ve operasyon siiresini azaltmasi gosterilmekte olup stirecin olabildigince hizli ve dogru olmasinin basinda tam ve
eksiksiz bir ti¢ boyutlu (3B) model tiretmek gelmektedir. 3B modeller dijital ikiz olusturmanin ilk asamasi olup bu
modellerin dogrulugu denetimin dogrulugunu da direkt etkilemektedir. Bu noktada 6zellikle goriintii tabanh
yontemlerden olan fotogrametri yontemi 3B model iiretiminde ilk basta gelmektedir [7-9]. Teknolojinin gelismesi
ve fotogrametri yonteminde kullanilan hareket tabanli yapisal algilama (Structure from motion/SfM) ve ¢oklu-
gorintii stereo (Multi View Stereo/MVS) algoritmalari ile bir nesnenin yiiksek kaliteli fotogercekei 3B sahneleri
yeniden olusturmak icin dokulu kafesler olarak ayrintili modeller hizh bir sekilde iiretebilmektedir [10, 11]. Bu
algoritmalar ile liretilen modellerin dogrulugu kanitlanmasina ragmen [12] ortaya ¢ikan verinin boyutu énemli
bir dezavantaj olusturmaktadir. Bu yiizden iiretilen 3B modellerin diger kullanicilara aktariminda biiyiik veri
problemi ortaya ¢ikmaktadir. Modellerin diger kullanicilara aktariminda SG kullanilmasi 6zellikle yapilar icin SG
destekli dijital ikizler ile, geometrik bilgilerin yani sira hasar kosullarina ve karakterizasyonlarina iliskin verileri
iceren uctan uca bir ¢6ziim olusturabilmektedir [13].

Son yillarda yapilan bir¢ok ¢alisma, binalarin yapisal saghgini izlemek icin dijital ikizleri kullanarak umut verici
sonuglar vermistir. Ornegin, Barazzetti ve arkadaslari [14], SG uygulamalarinda kullanilmak {izere tarihi bina bilgi
modellemesi biciminde dijital ikizler olusturmak icin fotogrametrik bir prosediir tanimladi. Hoskere ve
arkadaslar1 [15], derin 6grenme modelleri tarafindan tespit edilen ve fotogrametrik 3B model kullanilarak
kusurlara sahip dokulu bir 3B bina modeli iceren yap1 modelleri sundular. Yontemleri, hasar degerlendirme
belgeleri icin yararli bir baslangi¢c noktasi olsa da yalnizca tek bir binada test edildi, fakat calismada hasar
karakterize edilmedi. Jouan ve arkadaslari [16] miras yerlerinin 6nleyici korumasini desteklemek i¢in tarihi bina
bilgi modelleri dijital ikiz olarak kullandilar. Angjeliu ve arkadaslar1 [17], yi8ma binalarin yapisal sisteminin
biitiinliigiinii incelemek ve dnleyici bakim ve olasi giiclendirme miidahaleleri dahil olmak iizere sistem tepkisini
spesifik olarak analiz etmek icin dijital ikiz kullandi. Ayrica 2022'deki Zagreb ve Petrinja depremlerinden sonra
fotogrametri ve lazer tarama gibi yeni teknolojileri ile dogal afetler ve yapisal bakimdan sonraki hasar
degerlendirmeleri icin dijital ikizlerin oldukc¢a énemli oldugu Stepinac ve arkadaslari [18] tarafindan yapilan
calisma sonucunda ortaya konulmustur. Calismalari, hasar degerlendirmesini iyilestirmek icin yeni
teknolojilerden toplanan veriler icin nesnellik, zaman ve dokiimantasyon agisindan uygulamanin énemini
gostermistir. Yapisal bakimi izlemek ve tanimlamak i¢in Rainieri ve arkadaslar1 [19], dijital ikizlerin kullanimin
yap1 bilgi modellemesi seklinde sundu. Levine ve arkadaslari [20] insansiz hava araci gorintiileri, bilesen
tanimlama ve hasar degerlendirmesi ile deprem sonrasi bina degerlendirmesi i¢in bir dijital ikiz ¢cercevesi 6nerdi.

Fotogrametri yontemi ile tlretilen dijital ikizler ile SG destekli yapisal analizlerin amaci bir varligin hizmet 6mrii
boyunca izlenmesi i¢cin otomatik hasar degerlendirmelerine dogru ilerlemektir. Bu metodolojinin bir denetim
sirasinda toplanan bilgileri daha verimli bir sekilde belgeleyecegini, nesnelligi artiracagini ve operasyon siiresini
kisaltacagi bilinmektedir [17]. Fotogrametri yontemi ile iiretilen 3B model ile otomatik tespit edilen hasarlarin
entegrasyonundan olusan hasarla artirilmis dijital ikizler, sayisal yontemler kullanilarak mekanik analiz gibi daha
derinlemesine hasar degerlendirme faaliyetleri icin yararl olabilmektedir. Bu ama¢ dogrultusunda ¢atlaklari olan
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bir yap1 varliginin 3B yeniden yapilandirilmis geometrisini ve bunlarin karakterizasyonunun entegrasyonun
getirdigi avantajlarin SG ile desteklenmesinin yerinde yap1 denetimlerine alternatif olmasi biiyiik avantajlar
saglamaktadir. Mevcut hasar degerlendirme yontemleri bu alanlardaki teknikleri kullansa da hasar1 tespit etmek
veya belirli bir varlik icin bir dijital ikiz olusturmak gibi bazi manuel miidahaleler de gerektirebilecek belirli
gorevlerle smirlidir. Bunun i¢in, 3B bina modelleri olusturmak ve ¢atlaklar1 gorintiilerden anlamsal olarak
béliimlere ayirmak ve karakterize etmek icin cok sayida metodoloji birlestirilmelidir [68]. Ornegin bu ¢calismada
da 3B model tretimi icin kullanilan SfM tabanl fotogrametri i¢in uygun yap1 varliginin ¢oklu gértiiniim goriintiileri
gerekmektedir. Calismamizin temel ayirt edici 6zelligi, tespit edilen catlaklarin iki boyutlu goriintilerin aksine 3B
modellerden elde edilmesidir. Bu nedenden dolay1 Fotogrametri ile iiretilen yiiksek kalitedeki fotogerceke¢i 3B
modeller calismanin en 6nemli asamasini olusturmaktadir. Catlaklar1 3B model {izerinden tespit etmek i¢in yapay
zeka algoritmalar1 kullanilmistir. Bunun i¢in Bentley tarafindan gelistirilen makine 6grenimi ve derin 6grenme
araclar1 kullanilmistir. Bu araglar ilk olarak Komsuluk Birlestirme ve Egrilik Tahmini algoritmalaridir ve bunlar
makine 6grenimi ve derin 6grenme algoritmalarini kullanmaktadir. Bu ¢calismada, 6nceden var olan kiitiiphaneler
kullanilmis ve c¢alisma alani icin en uygun parametreler gelistirilmistir. Kiitliphanedeki ve ¢alisma alanindaki
verilerin uyumlulugu sonuglarin dogrulugunu dogrudan etkilemektedir. Makine 6grenimi ve derin 6grenme
algoritmalari, 3B model i¢indeki yiizey farkliliklarini analiz ederek catlaklar: tespit edebilmektedir. Kullanilan
dedektorler ashinda bir nesne algilama aracidir. Oziinde, algoritma tiretilen dijital tiriinler temelinde calisir [49-
52,68]. iIk olarak 3B modeli bir dizi nokta bulutu olarak temsil ederek operasyonel siirecini baslatir. Daha sonra,
yluzey farklhiliklarin1 belirlemek icin nokta bulutu analize tabi tutulur. Son olarak, ylzeylerdeki farkliliklar
nedeniyle catlaklarin varlig tespit edilir. Klasik fotogrametrik modellerde 3B nesne tespiti i¢in kullanilan
ozellikler arasinda catlak olarak kabul edilecek yiizey farkliliklarinin minimum degeri, catlaklarin yonii ve
minimum uzunlugu, catlaklarin minimum genisligi ve yiizey farkliliklarinin yumusatma degeri belirlenir ve
catlaklar tespit edilir.

Tespit edilen catlaklar ile fotogrametrik 3B model bilgisinin birlestirilmesi ile hasarla artirilmis dijital ikiz ¢iktisi
tretilmistir. Bu dijital ikiz birden fazla metodolojinin entegrasyonu ile olusturulmaktadir. Hasarla artirilmis dijital
ikizler aslinda fotogrametri yontemi ile tretilen 3B model ile tespit edilen catlak bilgilerin biitiinlestirildigi
(3Bmodel+¢atlak) ve yapinin geometrik bilgilerin birlestirildigi yeni bir modeldir. Bu model miihendislik
calismalari icin mevcut yap1 yonetimi uygulamalarinda yapi 6émriiniin denetlenmesi, analizlerinin yapilmasi ve
daha verimli ve etkili bir gérsel sunum i¢in SG entegreli WEB tabanl platformlarda kullanilabilmektedir. Dijital
ikizlerin SG ortaminda sunulmasi, yap1 yonetimindeki uzman goriislerin arttirilmasina olanak saglayacaktir. Bu
sayede diger miithendislik calismalarinda daha fazla mithendis ve uzmanla yapilan goriismeler, farkli anlayislara
yol agabilir ve arastirmanin genellenebilirligini artirabilir. Ayrica, kullanicilarin yap1 denetimi eylemlerine gercek
zamanli olarak yanit veren dinamik icerikle etkilesim kurulmasi saglanabilmektedir. Bu sanal ortamda, gercek
diinya kosullariny, olasilik senaryolarini ve akla gelebilecek her tiirlii durumu etkin bir sekilde simiile edebilir ve
sonuclar anlik olarak degerlendirilebilir [21-23]. Yerinde denetimlere alternatif olan hasarla artirllmis dijital ikiz
ile en gilincel ve gercekei bir model ile etkilesim kurma yetenegi, insanlarin tasarim, operasyon ve bakim
kararlarini alma seklini degistirmektedir. Karmasik islemleri gercek zamanli 3B olarak gorsellestirme ve simiile
etme glici, insanlarin varliklariyla etkilesim kurma bigimini yiikselterek gezegendeki her fiziksel alan ve varligin
yaratilma, insa edilme ve isletilme seklini doniistiirmektedir.

Bu ¢alisma dijital ikiz ve SG entegrasyonu ile islevsel bir tasarim gelistirerek yap1 yonetimindeki miihendislik
calismalarinin mevcut uygulamalarina nasil katkida bulunabilecegini arastirmaktir. Dijital ikizlerin mevcut
uygulamalarda kullanilmasinda g¢esitli zorluklar bulunmaktadir. Dijital ikizleri mevcut uygulamada uygulamak i¢in
once bir 3B veri modeli gelistirmek gerekir. Ancak, bir 3B veri modeli gelistirmek teknik olarak karmasik ve
finansal olarak pahalidir. Miihendislik ¢alismalar1 icin mevcut yap1 yonetimi uygulamalarinda dijital ikizlerin
uygulanmasinin, yapi durumunun denetlenmesi, analizlerinin yapilmasi ve daha verimli ve etkili bir gérsel sunum
icin SG entegreli kullaniminin uygulanmasi énemli bir asama olacaktir. Sonug olarak ger¢ek diinyanin tam ve
eksiksiz bir modeli dogru ve hizli bir veri toplama siireci ile bunun temsili olan dijital ikiz kavraminda gegmektedir.
Calisma kapsaminda otomatik bir yapisal denetim simiile etmek icin bir¢ok ¢atlagi barindiran test nesnesi
secilmigtir. Test nesnesine ait ilk olarak fotogrametri yontemi ile 3B model elde edilmis ardindan otomatik bir
sekilde catlaklar tespit edilmistir. Daha sonra tespit edilen catlaklar ile 3B model entegre edilerek hasarla
artirllmis dijital ikiz tiretilmistir. Uretilen bu dijital ikiz WEB tabanl SG gibi gorsellestirme araglari ile kullanicilara
aktarilmasi ile analiz ve temsile 6nemli katkilar sunulmustur. Sonug olarak elde edilen yapisal 3B modellerin
denetim ve analizleri yapilarak ¢esitli gorsellestirme araclari ile aktarilip farkli kullanicilara sunulmustur. Calisma
sonunda elde edilen bulgular, gelecekteki dijital ikiz calismalarinda en iyi temsil senaryolarinin gelismesine, 3B
modeller lizerinden denetim ve analizlerin yapilmasina ve gesitli platformlarda sunumuna katki saglayacaktir.
Ayrica calismada elde edilen bulgular daha biiyiik bir yapisal denetim ¢alismalarina altlik olacaktir.
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2. Materyal ve Metot
2.1. Test Nesnesi ve Materyal

Calismamizin uygulama kismu iki asamadan olusmaktadir. {lk asama yéntemimizi test ettigimiz yakin resim
fotogrametri ile 3B model iiretmeyi kapsamaktadir. ikinci asama ise 3B model kullanilarak otomatik catlak
tespitini olusturmaktadir. Testimizde modern bir binanin giris kismindaki merdiven yapisinda meydana gelen
catlaklar 6nerilen yontemle otomatik olarak tespit edilmektedir. Bu test sonucunda merdivenin fotogrametrik 3B
modeli iretilmis ve catlaklar otomatik olarak tespit edilerek hasarla artirilmis dijital ikiz iiretilmistir. Segilen
merdiven yapisi 200x160x100 cm boyutlarindadir (Sekil 1). Test nesnesinin basit formu ve modern yapi
malzemelerinden olusmasi ¢alismamiz i¢in se¢ilmesinde etken olmustur. Test nesnesindeki catlaklar (Sekil 1 sag)
onu amaglanan test yontemi i¢in ideal hale getirmektedir.

Testte, 14,2 Megapiksel DX-format sensorlii (piksel boyutu 5,26 um) ve odak uzakligi 35 mm Nikkor lens ile
donatilmis bir Nikon D3100 dijital kamera kullanilarak 35 goriintii toplanmistir. Test nesnesi olarak segilen
merdiven, yapinin dis baglantisini olusturdugu i¢in bulut etkisinden kaginmak amaciyla bulut 6rtiisiiniin %15'in
altinda oldugu sabah 11 ile 12 arasinda goriintiler toplanmistir. Fakat secilen test alaninin etrafindaki
nesnelerden dolay1 tam olarak golgelerden kaginilamamistir. Goriintii alma mesafesi yaklasik 500 mm olarak
ayarlanmis olup kabaca 1:15'lik bir gériintii dlgegi ve yaklasik 0,07 mm'lik bir yer 6rnekleme araligi (YOA) ile elde
edilmistir. Onerilen yaklasimda tespit edilen catlaklarin hassasiyeti, kullanilan gériintii verilerinin kalitesiyle
dogrudan baglantilidir. Uygulanan yéntem piksel basina 1 cm gériintii ¢oziiniirliigii icin maksimum YOA degeri
énerdiginden dolay1 testimizde ve uygulamanin yapildig1 nesnenin goriintii verisi ahminda bundan daha iyi YOA
degerleri icin veri toplanilmasina 6zen gosterilmistir.

v €
Sekil 1. Test nesnesi genel goriiniimii ve ayrintili bir kisim

Yakin resim fotogrametride anlik konumlandirma sistemleri kullanilmadig1 durumlarda 3B modeller birim veya
Olcek olmaksizin yerel/lokal koordinatlarda iiretilmektedir. Bu nedenle 3B modeli dlceklendirmek ve metrik
referans koordinatlarina doéniistiirmek icin ¢alisma alanlarinda kontrol noktalarina/hedef dl¢limlerine ihtiyag
duyulmaktadir. Fakat bu ¢alismada secilen test nesnesi i¢in ¢alisma ortaminin dar olmasi alana hedef isaretlerini
yerlestirilememesine sebep olmustur. Bu ylizden alanda dogal hedef isaretlerinden yararlanilmis ve kose birlesim
noktalarindan 21 tane dogal hedef isareti se¢ilmistir. Bunlardan on ii¢ tanesi fotogrametrik hizalama i¢in kontrol
noktasi olarak kalan diger sekiz tanesi ise model dogrulugu i¢cin denetleme noktasi olarak kullanilmistir. Calismada
hedef 6l¢timii igin Topcon ES-60 total-station kullanilmistir. Dar ¢alisma alanlari ve kisa mesafeler nedeniyle 6l¢iim
boyunca reflektorsiiz mod kullanilmistir. Test alanlarinda cihaz ile hedef isaretleri arasindaki maksimum mesafe
5 metreden az oldugundan koordinatlar 3,01 mm (3mm+2 ppm) hassasiyetle 6l¢iilmiis ve bu da cihaz se¢imini
etkilemistir. Fotogrametrik veriler toplandiktan sonra uzman miihendis gozetiminde test alaninda manuel (Catlak
genislik dlcer ve uzunluk 6lgiim cihazi) bir sekilde secilen bazi ¢atlaklarinin 6l¢iimii gerceklesmistir. Bu élgtimler
dogruluk analizi i¢in klasik yontemden elde edilen catlak ile onerilen yontemden tespit edilen 6l¢iimlerin
karsilastirilmasi amaciyla kullanilmistir.

2.2. Fotogrametri Yontemi ile 3B Model Uretme

Fotogrametri, somut varliklarin ve komsu cevrelerinin nitelikleri hakkinda giivenilir bilgiler elde etmek icin gorsel
temsilleri ve elektromanyetik dalgalarin yayiliminmi1 kaydeden, arastiran, dlgen ve analiz eden bir disiplindir [24-
26]. Bu teknik, dogal ¢cevrenin mekansal 6zelliklerinin kapsaml bir sekilde anlasilmasini kolaylastirir ve yiizeyde
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zaman icinde meydana gelen kademeli degisikliklerin tespit edilmesine yardimci olmaktadir [27-29].
Fotogrametri yontemi ile, 2B goriintiilerden 3B bir model olusturarak nesnelerin dijital 3B dokiimantasyonu
saglanabilmektedir [30, 31]. Fotogrametri yontemi ile 6zellikle sinirh veya karmasik ve erisimi kolay olmayan
yapilarin incelenmesini, 3B modellerinin olusturulmasini kolaylastiran dijital belgelendirme ic¢in etkili bir
yontemdir [13, 21].

Fotogrametride bir nesnenin yiizeyindeki noktalarin 3B koordinatlari, iist iiste binen goriintiilerin kamera
konumlarindan ve dis yoneltme parametrelerinden elde edilir. Dis ydneltme parametreleri, ortiisen
goriintiilerdeki en az ti¢ kontrol noktasi kullanilarak hesaplanabilmektedir. Bu yontem i¢cin genellikle, i¢ yoneltme
parametreleri ve kamera kalibrasyon degerleri hakkinda dénceden bilgi sahibi olmak gerekmektedir. Fakat, SfM
gibi gelismis algoritmalar uygulanarak kalibrasyon ihtiyaci ortadan kalkmistir [6, 33]. SfM, geleneksel kameralarla
cekilen goriintiilerden 3B modellerin olusturulmasini ve ylizeylerin yeniden yapilandirilmasini énemli 6lgiide
basitlestirmistir [34, 35]. SfM, bir sahnenin geometrisini, kamera konumlarini ve odagini tespit etmeyi amaclayan
bir algoritmadir [31, 36]. Bilgisayar gorsellestirmesine dayali bir nesne 6l¢lim yontemi olan SfM, dijital
kameralarin, video kameralarin ve kamera donanimli akilli telefonlarin yayginligi ve kullanimi nedeniyle biiyiik
ilgi gébrmistiir [37, 38]. SfM, maliyet etkinligi, hizli sonuglar1 ve yerbilimi arastirmalarinda basit 3B o6l¢iimleri
kolaylastirma kabiliyeti nedeniyle bilimsel arastirmalarda giderek daha popiiler hale gelmistir [39]. SfM,
stereoskopik fotogrametride kullanilanlara benzer fikirlere dayanmaktadir. Stereoskopik fotogrametrinin aksine,
SfM icin miikemmel bir kamera kurulumuna gerek yoktur [40]. SfM algoritma temelli yazilimlar, ¢cok sayida
goriintiilerden ortak noktalar1 otomatik olarak ¢ikaran ve seyrek bir nokta bulutu olusturan yontemler iizerine
kuruludur [40]. Radyometrik piksel degerlerini kullanan SIFT algoritmasi ise bu islem i¢in birincil algoritma olarak
yaygin bir sekilde kullanilmaktadir [41]. SfM siirecinde ilk olarak iiretilen seyrek nokta bulutunda sonra ek bir
asama olarak yogun nokta bulutu olusturulur. Bu asamada yogun coklu-goriintii stereo algoritmasi
uygulanmaktadir [42]. Burada, haritalanan pikseller ve bunlara karsilik gelen 3B koordinatlar nokta bulutlarina
dontstiiriliir. Daha sonra, bu nokta bulutlar1 bir ag modeli olusturmak icin kullanilir. Son olarak goriintiilerden
gercek dokular kaplanarak 3B model elde edilmektedir. SfM i¢in daha kapsamli bir inceleme i¢cin Michele ve
arkadaslarinin [43] calismasina bakilabilir.

Dijital ikiz olusturmak icin fotogercekci 3B modellerin olusturulmasi Context Capture yazilimi aracilifiyla
gerceklestirilmistir. Siireg, iki goriintiiniin 3B yapisinin ve kamera pozlarinin ilk tahminiyle baslamaktadir. Daha
sonra, kamera konumlar1 eklenir veya hesaplanir ve yeni 3B yapiy1 olusturmak icin yeni sahne bilesenleri
gozlemlenir. Bu agsamada bindirmeli olarak girdi olarak verilen goriintiiler siirekli incelenirken blok dengeleme
gerceklestirilir. SfM, tutarsizliklar1 ortadan kaldirmak ve kamera konumlarini veya olusumlarini ardisik
goriintiilerden degerlendirmek i¢in geleneksel bir prosediir izler [43]. SfM algoritmasinin islevselligi kameranin
kendi kendine kalibrasyonu ile gelistirilse de tatmin edici sonuglar elde etmek icin yine de 6n kalibrasyon bazen
gerekli olmaktadir. Context Capture yaziliminda bu ¢alisma icin kameralarin i¢ yoneltme parametrelerini otomatik
olarak tahmin edilmistir. Ardindan, kameralarin mutlak yoneltmelerin yani sira verilen goriintiilerin kamera
konumu tahmin edilerek ikili géreli pozlar belirlenmistir [43, 44]. Ucgenleme islemi ile daha sonra iki veya daha
fazla goriintii iizerinden izlenen bir goriintii koordinatinin 3B konumunu hesaplanmistir [44-46]. ilk tahminin
ardindan, tiim kamera parametreleri sabit tutulurken baglanti noktalarinin izi blok dengeleme yoluyla
ayarlanmistir. Yogun nokta bulutlari olusturma siirecinde, birbirine eslenmesi gereken pikseller ve bunlarin sanal
3B konumlar1 tahmin edilerek kati modeller ve nokta bulutlar olusturulur [47, 48]. Son asamada ise sanal uzayda
olusturulan modele gercekci ve dogal bir yiizey kazandirmak i¢in goriintii kullanilarak foto-gergekei bir 3B model
elde edilir.

2.3. Otomatik Catlak Tespiti ve Hasarla Artirilmig Dijital ikiz Uretimi

Bu ¢alismada kismi otomasyon amaciyla yapilardaki hasar incelemesi gorevlerini ayr1 ayri ele almak yerine bir
yontemin belirli bir detay seviyesinde dijital ikiz biciminde hasar bilgilerini iceren eksiksiz bir 3B model
olusturdugu bir vizyon dnerilmektedir. Bu amagla geometrik bilgileri barindiran bir dijital ikiz ile yapinin fiziksel
bir parcasinin geometrisi hakkinda derinlemesine veri iceren 3B modelleri girdi iiriin olarak kullanilmaktadir.
Geometrik bilgileri barindiran dijital ikizleri (fotogrametrik 3B model) goriintiilerden elde edilen hasar verileriyle
birlestirilerek hasarla giiclendirilmis/artirilmis dijital ikizler iiretilmesi amac¢lanmaktadur. ilk adim fotogrametrik
yontem ile yapinin detayli geometrik bilgilerini barindiran yiiksek kalitede ger¢cek dokusu ile kaplanmis 3B dijital
ikizini tiretmektir. Ardindan goriintiilerden tespit edilen catlaklarin 3B konumlarinin hesaplanmasini, zamandan
ve maliyetten tasarruf etmek i¢in otomatik olarak vektdrlestirilmesini icermektedir. Bu temsilin kapsaml bilgileri
gelecekteki eylemlerin ve kararlarin hazirlanmasina yardimci olacaktir. Amaglanan hasarla artirilmis dijital ikiz
¢ciktisi, detay seviyesi modeli tarafindan saglanan geometrik bilgileri haritalanmis ve karakterize edilmis hasarlar
ile birlestirilebilir ve analizler edilebilir. Bu sayede yerinde denetimlere alternatif bir yontem gelistirilmektedir.
Calismamizda 3B uzaydaki goriintiilerden catlaklar1 otomatik olarak tespit edilmesi asamasi Bentley [44, 45]
tarafindan gelistirilen makine 68renimi ve derin 6grenme algoritmalar: kullanilarak yapilmaktadir.
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Ilk olarak, yukarida aciklanan SfM tabanh fotogrametri yontemi kullanilarak gériintiilerden 3B model ve nokta
bulutu olusturulmustur. Context Capture yaziliminda tiretilen 3B model catlak tespit etmek icin kullanilmistir.
Calismamizi diger ¢alismalardan ayiran en biiyiik 6zellik, tespit edilen ¢atlaklarin 2B fotograflardan degil 3B
modellerden elde edilmesidir. Bunun i¢in yapay zeka algoritmalari kullanilmistir. Temel algoritmalari ¢alistirmak
icin yukarida da aciklandig1 gibi Bentley firmasi tarafindan gelistirilen makine 6grenimi ve derin 6grenme
dedektorleri kullanildi. Burada hazir olan kiitiiphaneler kullanilmis olup ¢alisma alanina en uygun parametreler
tasarlanmistir. Kullanilan kiittiphanedeki veriler ile calisma alaninin uyumu dogrulugu direkt etkileyecektir. Bu
araclar, 3B modeldeki ytlizey farkliliklarini analiz ederek ¢atlaklar tespit eder. Klasik fotogrametrik modellerde 3B
nesne tespiti icin ID araglari tarafindan kullanilan 6zellikler ve ayarlar asagidaki gibidir:

¢ Esik (Threshold): Catlak olarak degerlendirilecek ytizey farkliliklarinin minimum degerini ayarlar.

¢ Ac1 (Angle): Catlaklarin yontini belirler.

e Uzunluk (Length): Catlaklarin minimum uzunlugunu belirler.

¢ Genislik (Width): Catlaklarin minimum genisligini belirler.

¢ Yumusatma (Smoothing): Yiizey farkliliklarini yumusatmak icin kullanilan bir ayardir [49-51].

Yapay zeka algoritmalari 3B modeldeki yiizey farkliliklarini analiz ederek catlaklari tespit etmektedir. Genel olarak
algoritma iiretilen dijital iirtinleri baz alarak ¢alisir. Algoritmanin temel girdisi olan 3B model bir dizi nokta bulutu
olarak temsil edilir. Daha sonra modelin yiizey farkliliklarini belirlemek icin nokta bulutu analiz edilmektedir.
Analiz edilen ylizeylerdeki farkliliklar nedeniyle ¢atlaklar tespit edilir. Klasik fotogrametrik modellerde 3B nesne
tespiti icin kullanilan 6zellikler sirasiyla; Catlak olarak degerlendirilecek yiizey farkliliklarinin minimum degeri,
catlaklarin yénii ve minimum uzunlugu, ¢atlaklarin minimum genisligi ve yiizey farkliliklarini yumusatma degeri
ayarlanmalidir [49-51].Bu araglar ilk olarak Komgsuluk Birlestirme ve Egrilik Tahmini algoritmalar: kullanmakta
ve bunlar makine 6grenimi ve derin 6grenme algoritmalarin1 kullanmaktadir [51, 68]. Bu algoritmalar 3B bir
ylzeydeki varyasyonlari analiz etmek icin énceden var olan modelleri kullanir. Catlaklar1 tespit etmek igin
kullanilan algoritma yapay zeka algoritmalar iizerine kurulmustur. Bu mekanizma, egrilik degeri ile 6nceden
belirlenmis bir esik degeri arasindaki karsilastirmalar: yiiriitiir. Bu prosediir, insan beyninin ¢atlaklar1 nasil
algiladigina benzer [52]. Komsuluk Birlestirme algoritmasi, 3B modeldeki yiizey farkliliklarini temsil etmek i¢in
onceden egitilmis bir model kullanarak nokta bulutundaki her noktanin komsu noktalarini tanimlar ve Denklem
(1)’i kullanuir [52, 53, 68].

n)={q€PIlllp—qll<r} (1)

Burada

n(p): bir noktanin p ¢evresinde belirli bir yaricap r i¢ginde kalan tiim noktalarin kiimesini temsil eder (p: nokta
kiimesi).

q: p noktasinin komsusu

P: Nokta bulutu

r: Komsuluk mesafesi

Nokta egriliklerini hesaplamak i¢in Egrilik Tahmini algoritmasi kullanilir. Bu algoritma, nokta bulutunun egriligine
nasil yaklasilacagini 6grenen dnceden var olan bir modeli kullanir ve bu algoritma, noktalarin egriligini
hesaplamak i¢cin Denklem (2)’yi kullanir.

ki (p) + k2(p)

2
> (2)

K(p) =

Burada

K(p): p noktasinin egriligi

k1(p): p noktasinin birincil egriligi
k2(p): p noktasinin ikincil egriligi

Catlak tespit algoritmasi, belirli bir degeri asan egimlere sahip noktalari tanimlar [53, 54]. Algoritma tespit edilen

catlaklarin boyutu, derinligi ve konumu hakkinda bilgi saglamaktadir. Egriligi belirli bir degerden daha yiiksek
olan noktalari, ¢atlak olarak tespit etmek icin Denklem (3)’d kullanir.

c(p) = 1if |[K(p)| > telseO (2)
Burada
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¢(p): p noktasinin catlak olup olmadigi
|K(p)|: p noktasinin egriliginin mutlak degeri
t: Esik degeri

Yukarida verilen formiiller, ¢atlak tespit araglarinin/dedektdrlerinin matematiksel modelinin temelini olusturur.
Bu formiiller, 3B modeldeki ytlizey farkliliklarini analiz etmek ve ¢atlaklari tespit etmek icin kullanilir. Sonug olarak
bu algoritmalar ile 2B goriintiilerden ziyade 3B model iizerinde konumlandirmis gériintiilerden bir biitiin olarak
otomatik catlak tespiti gerceklestirilmektedir. Elde edilen 3B model ve tespit edilen ¢atlaklar birlestirilerek (3B
model + catlak) farkl detay seviyesinde hasarla artirilmis dijital ikizler iiretilebilmektedir. Dijital ikiz ¢iktimizin
amaci, 3B modelden alinan geometrik verileri tanimlanmis ve 6lgiilmiis hasarla entegre etmektir.

2.4. Dogruluk Analizi

Calismada iki dogruluk analizi yapilmistir. ilk analizde fotogrametri ile olusturulan 3B modelin konumsal ve
geometrik hassasiyeti incelenmistir. Bu analiz, modelin koordinatlarinin kontrol noktalarina gére dogrulugunun
degerlendirilmesini kapsamaktadir. Referans verileri 3B modelin koordinatlariyla karsilastirilir ve herhangi bir
tutarsizlik hata olarak hesaplanir. Referans olgimleri olarak total-station ile olgiilen dogal hedef isaretleri
kullanilmis olup analizler Denklem (4) kullanilarak gergeklestirilmistir. Test ¢alismasi i¢in toplam 21 hedef
isaretinden 8’i dogruluk analizi i¢in kullanilmistir. Referans veri ile dijital ikiz modelinden elde edilen veri
arasindaki fark, model konumunun referans noktasindan ne kadar uzakta oldugunu géstermektedir. Bu hatay:
O0lgmek icin Karesel Ortalama Hata (Root Mean Squared Error/RMSE) hesaplanmis ve modelin dogrulugu ortaya
konulmugtur. Modelin dogrulugu hata degerinin azalmasiyla orantihdir. ikinci analiz olarak yiizeyde otomatik
tespit yoluyla bulunan catlaklarin giivenilirligini degerlendirmek i¢in dogruluk incelemesi yapilmistir. Yiizeyden
yapilan manuel ol¢limler, otomatik tespitten elde edilen vektor verileriyle eslesmistir. Test nesnesindeki
catlaklara iliskin referans veri toplama islemi 6l¢iim araclar1 kullanilarak bir uzman tarafindan manuel olarak
gerceklestirilmistir. Analiz icin Denklem (4) kullanilmis ve bir RMSE degeri hesaplanmistir.

RMSE = F—(x; )’ 4)

Burada

x: kontrol noktasinin koordinatlari/Manuel ¢atlak uzunluklar:

y: 3B model lizerinden alinan koordinatlar/Otomatik ¢atlak uzunluklari
n: Kontrol noktasi-hedef sayisi/Catlak sayisini temsil etmektedir.

2.5. WEB Tabanli Sanal Gerg¢eklik

Fotogrametri yontemi ile elde edilen 3B modellerden dijital ikizlerin olusturulmasi ve bu dijital ikizlerin WEB
tabanli SG platformlarina aktarilarak gorsellestirilmesi giderek popiilaritesi artan bir konudur [55,56]. WEB
tabanli sanal gergeklik platformlari, bir cihaz (genellikle bir gozliik) araciligiyla gercek diinyay: veya fiziksel
nesneleri dijital iceriklerle zenginlestirmelerine olanak tanimaktadir [57]. Fotogrametri ile elde edilen 3B dijital
ikiz modellerinin WEB tabanli SG platformlarina entegrasyonu genellikle belirli bir platformun yazilim gelistirme
araclari ve API'leri kullanilarak gergeklestirilir. Dijital ikizin bu platforma aktarilmasi kullanicilarin gercek diinya
ile etkilesimde bulunmalarini saglar. Bu tiir bir teknoloji bir¢ok farkl kullanim senaryosuna sahiptir [58, 59].
Ornegin; egitimde, sanal turizmde, {iriin tamtiminda, endiistriyel tasarimda, miihendislik analizinde ve daha
bir¢ok alanda kullanilabilir. Kullanicilar, ger¢ek diinya nesneleri iizerine bilgi eklemek veya dijital nesneleri
etkilesimli bir sekilde incelemek i¢in bu teknolojiyi kullanabilirler [60]. Sonug olarak, fotogrametri ile elde edilen
3B dijital ikizlerinin WEB tabanl Sanal gerceklik platformlarina aktarilmasi hem eglence hem de is uygulamalari
icin biliytlik potansiyele sahiptir. Fotogrametri ile olusturulan 3B dijital ikizlerin WEB tabanli SG entegrasyonu i¢in
dikkat edilmesi gereken hususlar bulunmaktadir [61]. Fotogrametri ile elde edilen 3B modeller genellikle biiyiik
ve karmasik olabilmektedir [62]. Bu modellerin WEB tabanl SG platformlarinda etkili bir sekilde kullanilabilmesi
icin model optimizasyonun yapilmas1 gereklidir. Ozellikle model boyutunu azaltmak, ¢oklu cihazlarda hizh
ylikleme ve gorintiileme saglamak i¢in 6nemli olmaktadir. Ayrica SG platformlari, belirli 3B model formatlarini
desteklemektedir. Bu nedenle, fotogrametri yontemi ile elde edilen 3B modellerin uygun formatlarda
déniistiiriilmesi gerekli olabilmektedir. Ornegin, OB], FBX, STL veya USDZ gibi yaygin 3B dosya formatlar: sik¢a
kullanilir [63]. Diger bir husus ise gercek diinya ya da fiziksel nesneyi temsil etmesi istenilen dijital ikizin konum
bilgisine sahip olmamasidir. Ozellikle WEB tabanh SG platformlarinda, kullanicilarin cihazlarin gergek diinyada
dogru bir sekilde konumlandirabilmek ve takip edebilmek icin 6zel algoritmalar ve teknolojiler kullanir.
Fotogrametri yonteminde gercek koordinatlar ya da yerel referanslandirma yapilabilme 6zelliginden dolay1 3B
modeller dogru konum bilgisi ile iiretilmektedir. Bu avantajdan dolay1 fotogrametri ile liretilen edilen dijital ikizler
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dogru bir sekilde gercek diinyaya yerlestirilmesi gerceklestirilirken elde edilen modelin dogru 6l¢cek ve konumda
temsil edilmesi saglanmis olunur. Fotogrametri yontemi ile iiretilen 3B modellerin ve dijital ikizlerin WEB tabanl
SG ile depolanmasi, goriintiilenmesi ve paylasilmasi i¢cin bir¢ok popiiler platform bulunmaktadir ve bu platformlar
WEB tabanli SG projeleri icin biiytlik bir 6neme sahiptir. Bu amagla kullanilan popiiler platformlar; basta Sketchfab,
Unity3D, Unreal Engine, Google Poly, Mozilla Hubs, Amazon Sumerian olarak gdosterilebilmektedir [64]. Bu
platformlarin, avantajlari ve dezavantajlar1 vardir. Ozellikle bu platformlar, 3B iceriklere kolayca erisim saglar ve
kullanicilarin tarayicilarn iizerinden goriintiilemelerine olanak tanir. Bu, icerikleri genis bir izleyici kitlesiyle
paylasmay1 kolaylastirirken genellikle kullanici dostu arayiizler sunarlar ve igeriklerin yiiklenmesi,
goriintiilenmesi ve paylasilmasi basit bir siire¢ haline gelir. Bir¢cok platform yaygin kullanilan SG cihazlar ile
uyumlu olup bu, kullanicilarin 3B igeriklere farkli cihazlar tizerinden erismelerini ve SG deneyimleri yasamalarim
saglamaktadir [65].

Tablo 1. WEB Tabanh Sanal Gergeklik Platformlar: (Ucretsiz/Ek Ucretli Platformlar).

Ucretsiz ve

Ad1 Avantaj Dezavantaji Ucretli Planlar
/lisans durumu
Kodlama bilgisi olmadan, 3B modelleri yiiklemek ve Gok karma§1k veya biiyiik dosya Ucretsiz plan b.az.l
paylasmak icin kolay bir arayiize sahiptir. boyutlarina sahip mf)(.iellerde performans klsultlarpalar getirir,
Kurulum gerektirmez tarayic1 izerinden caligir. Cok sorunlar1 yaganabilir. Tarayici tabanh ozellikle model
say1da egitim ve rehber sunar. Hem artirilms olmasindan dolayi bazi performans ve boyutuna,
. . . L rafik kisitlamalart olabilir. Bazi kullanicilar depolama alanina
gerceklik hem de sanal gergeklik deneyimlerini g P
Sketchfab destekler. Bilgisayar, mobil cihazlar ve sanal e (.)ze'l'lestl.rme se?epe].dgrl yetersiz smlrlamelllar‘
ergeklik gozliikleri dahil gesitli cihazlarla olabilir. Ozellikle belirli bir is akisi veya bulunur. Ileri
uyugmludur Kullanicilarin modellerle etkilesime kullanic1 deneyimi gereksinimi varsa, seviye 6zellikler ve
gecmesine olanak tanir (ddnme, yakinlastirma, bilgi plfi?;gl?:l glén:lgiléS:Efnneé(\ll:rzlinilrh dedao};zrf)aaﬂiain
noktalari ekleme). Modellere animasyonlar, sesler ve o gevrimig Jepo: §
baglantilar gibi etkilesimli 6zellikler eklenebilir paylasilmasy, ticari sirlar veya telif haklar: ucretli planlara
) acisindan giivenlik riskleri olusturabilir. ihtiyac duyulabilir.
WERB tarayicilari, mobil cihazlar, sanal gergeklik
kulakliklar ve konsollar dahil olmak iizere ¢esitli
platformlarda goriintiilenebilir ve etkilesime Karmasik bir platformdur, baslangi¢
girebilir. WEB tabanli deneyimleri WebXR API'si seviyesindeki kullanicilar i¢in 6grenmesi Bazi gelismi
lizerinden destekler. C# programlama dili ile zor olabilir. Kodlama bilgisi gereklidir. 6ze%likl$eri i
gelistirilmeyi destekler. Goriintii tanima, anhk takip Ozellikle gelismis projeler icin yiiksek dcretlidir. Ek
Unitv3D ve stereo ses gibi gelismis 6zelliklerine sahiptir. derecede teknik bilgi gerektirir. Bliylik ve eklentiler. ve
y Kullanicilarin 3B modellerle gercek zamanli olarak karmasik modeller, bazi platformlarda araclar icin ekstra
etkilesime girmesine olanak taniyan etkilesimli performans sorunlarina neden olabilir. matii etl(fer ortava
deneyimler olusturmak i¢in kullanilabilir. Gelismis Unity projeleri genellikle biiyiik dosya ylkabilir ¥
grafik motoru sayesinde yiiksek kaliteli gorseller ve boyutlarina sahip olabilir, bu da yiikleme ¢ ’
performans saglar. Biiyiik dosya projeleri yapilabilir. siirelerini uzatabilir.
Unity, ekipler icin is birligi yapmay1 kolaylastiran
entegre versiyon Kontrol sistemleri sunar.
Fotogercekei grafikler ve karmasik sistemler
olus.turmak icin kullamla.blllr. WEB tarayicilari, mobil Karmasik bir platformdur, ézellikle gelismis
cihazlar, sanal gerceklik kulakliklar ve konsollar . C A
dahil olmak tizere ¢esitli platformlarda projeler 1o yuksek.d.erecede teknl.k l?ll.gl s
goriintiilenebilir ve etkilesime girebilir. C++ ve deneyim gerektirir. Kodlama bilgisi Bazi gelismis
programlama dili ve gorsel programlamz; araci gereklidir. Biiytlik ve karmagsik modeller, ozellikleri
Unreal Bluenrints ile gelistirilmevi destekler. Goriinti bazi platformlarda performans sorunlarina ucretlidir, ticari
En ier?e t;flfna asnllle< %:kis ve st?l"eoessese igi. e?i lrlni U neden olabilir. Yiiksek kaliteli gorseller ve projeler icin gelir
& <':'-zellik,lerine sahi};)tir Gergekei ;klaﬁdlrsmas efektler, giiclii donanim gereksinimleri lizerinden yiizde
golgeleme ve gorsel efekt.ler sunar, bu da cok yl'ji(sek dogurabilir ve depolama alani bazl lisans ticreti
Kaliteli gérseller ve erafikler sa'iar WEB tabanl gereksinimlerini artirabilir. Yeni Unreal talep edebilir.
 BOTSe 5 Vo o gar. Engine siirtimlerine glincelleme yaparken
deneyimleri WebXR API'si iizerinden destekler. wyumluluk sorunlar vasanabilie
Birden fazla kullanicinin ayni projede es zamanl y yas ’
olarak calismasina olanak tanir.
HTML benzeri s6zdizimi ile kullanic1 dostu ve ercfg]r(mk::::cs);lfle?r?:auy:;lkasfll)?lie;ieri
égrenmesi kolaydir. Ozellikle WEB gelistiricileri igin pe N yolagablir. lle
. s R diizey grafik ihtiyaclari olan projeler icin
tanidik bir yap1 sunar. Teknik bilgi gereksinimi cterli esneklik sunmavabilir. suirl:
minimaldir, bu da yeni baslayanlar icin idealdir. ialabilir WebGL tabanill oldu,“u icin A-Frame acik
Kurulum gerektirmez, dogrudan tarayici iizerinden L . gu 1gin, %
calisir ve herhangi bir ek eklenti gerektirmez donanim erisimi nedeniyle potansiyel kaynak kodlu bir
A-Frame ) giivenlik riskleri barindirir. WEB tabanl projedir, bu da onu

Masaiistii, mobil cihazlar ve sanal gergeklik cihazlari
ile uyumludur. Mozilla tarafindan gelistirilen ve genis
bir topluluk tarafindan desteklenen a¢ik kaynakli bir
projedir. Basit yapis1 ve kullanici dostu araytizii
sayesinde hizli prototipleme ve gelistirme imkani
sunar.

olmasi, potansiyel kotii niyetli kullanim ve
saldirilara acik olabilir. Farkl tarayicilar
arasinda uyumluluk ve performans
farkliliklari olabilir. Daha biiyiik ve
karmasik profesyonel projeler icin yeterli
olmayabilir.

licretsiz ve herkese
acik hale getirir.
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Ad1

Avantaj

Dezavantaji

Ucretsiz ve Ucretli
Planlar /lisans
durumu

Mozilla
Hubs

Basit ve sezgisel bir arayiize sahiptir, bu da
kullanicilarin hizlica sanal odalar olusturmasini ve
katilmasini saglar. Kurulum gerektirmez, dogrudan

tarayici lizerinden ¢alisir. Bilgisayar, tablet, akilli
telefon ve sanal gerceklik cihazlari lizerinden erisim
saglanabilir. Kullanicilar sanal odalarda es zamanl

olarak calisabilir, sohbet edebilir ve igerik
paylasabilir. Kullanicilar, sanal odalara medya

dosyalari (resim, video) ve 3B modeller ekleyebilir.

Kullanicilar, sadece davetlilerin katilabilecegi 6zel
odalar olusturabilir. Mozilla Hubs a¢ik kaynakli bir

platformdur, bu da gelistiricilerin platformu
inceleyip 6zellestirmesine olanak tanir.

WEB tabanli olmasi nedeniyle, yiiksek
kaliteli grafikler ve karmasik sahnelerde
performans sorunlari yasanabilir. Farkli

tarayicilar arasinda performans ve
uyumluluk farkliliklar olabilir.

Profesyonel ve ticari artirilmis ve sanal

gereklik uygulamalar igin gerekli olan

bazi gelismis 6zellikler eksik veya
yetersiz olabilir. Kesintisiz ve hizh bir
internet baglantisi gerektirir, baglanti
sorunlar1 deneyimi olumsuz etkileyebilir.
Cok sayida kullanicinin ayni anda
baglandigl durumlarda sunucu ytikii ve
performans sorunlari yasanabilir.

Ucretsiz kullanicilar
igin sinirli teknik
destek ve yardim

mevcut olabilir.
Mozilla Hubs'in,
Hubs Cloud adh
tcretli sirimi

bulunmaktadir. Hubs
Cloud, ozellikle

isletmeler ve
organizasyonlar i¢in
daha fazla
ozellestirme ve
kontrol imkani
sunar.

Amazon
Sumerian

Kurulum gerektirmez; dogrudan WEB tarayic1
tizerinden erisilebilir. Stiriikle ve birak araytizii
sayesinde kullanicilarin 3B sahneler ve artirilmis ve
sanal gergeklik deneyimleri olusturmasini
kolaylastirir. Teknik bilgisi sinirh olan kullanicilar
bile kodlama yapmadan projelerini gelistirebilir.
Bilgisayar, mobil cihazlar ve sanal gergeklik
gozlikleri dahil ¢esitli cihazlarla uyumludur. Giiglii
bulut tabanli yetenekler ekler. Birden fazla
kullanicinin ayni projede es zamanli olarak
calismasina olanak tanir, bu da is birligini ve
verimliligi artirir. Amazon Lex ve Polly ile entegre
calisan holografik karakterler olusturma imkani
sunar.

Platformun sundugu genis 6zellik
yelpazesi, 6zellikle yeni baslayanlar i¢in
égrenme siirecini zorlagtirabilir. ileri
seviye 0zellikleri ve entegrasyonlari
kullanmak i¢in teknik bilgi gerekebilir.
WEB tabanli bir platform olmasi, 6zellikle
karmasik ve grafik yogun projelerde
performans sinirlamalarina neden
olabilir. Yiiksek kaliteli artirilmil ve sanal
gerceklik deneyimleri i¢in hizl ve
giivenilir bir internet baglantisi
gerektirir. Bazi kullanicilar i¢in
platformun sundugu 6zellestirme
secenekleri yetersiz kalabilir, 6zellikle
cok 0zel gereksinimleri olan projeler i¢in.

Amazon Sumerian,
AWS iizerinde
calistigindan,
kullanim maliyetleri
AWS hizmetlerine
baghdir. Bu
maliyetler, proje
biiytikligiine ve
kullanim
yogunluguna bagh
olarak artabilir.

Microsoft
Azure
Spatial
Anchors

AG/SG igerikleri diinyaya sabitlenmesini isteniyorsa,
Microsoft Azure Spatial Anchors kullanabilir. Bu
sayede dijital ikizler belirli yerlere sabitlenerek

kullanicilara daha gergekgi bir deneyim sunulabilir.
Fiziksel diinya ile sanal diinyay1 ytliksek dogrulukla
senkronize eder, bu da deneyimlerinin gercek diinya
ile tutarl olmasini saglar. Mekansal ankrajlar, belirli
fiziksel konumlarda kalic1 olarak yerlestirilebilir ve
farkl oturumlarda erisilebilir. Azure Spatial Anchors,
i0S, Android ve HoloLens cihazlari arasinda ¢apraz
platform destegi sunar. Farkl cihazlardan ayni
mekansal ankrajlara erisim ve paylasim imkani.
Azure Spatial Anchors, diger Azure hizmetleri ile
kolayca entegre olabilir, bu da projelere gii¢lii bulut
tabanl yetenekler ekler. Birden fazla kullanici ayni
anda ayn1 mekansal ankrajlar1 kullanabilir ve gercek
zamanl olarak etkilesime gegebilir. Gelismis
mekansal haritalama yetenekleri, karmasik artirilmis
gerceklik sahneleri olusturmay kKolaylastirir.

Hizmetlerin diizgiin ¢alisabilmesi igin
stirekli internet baglantisi gerektirir.
Azure ekosistemine bagimli olma
durumu, platform degistirmek isteyenler
icin esneklik kisitlamasi getirebilir. Azure
hizmetleri ve mekansal ankrajlar
hakkinda bilgi sahibi olmak, platformun
etkin kullanimi i¢in gereklidir. Azure SDK
ve API'lerini kullanmak baslangicta
zorlayici olabilir. Gergek zamanl is birligi
ve mekansal haritalama 6zellikleri, dusiik
gecikme ve yiiksek performans gerektirir,
bu da bazi durumlarda zorluklar
yaratabilir. Tiim cihazlar ve platformlar
arasinda tutarl performans saglamak zor
olabilir. Kullanici verilerinin giivenligi ve
gizliligi konusunda dikkatli olunmasi
gereken durumlar olabilir. Veri saklama
ve isleme ile ilgili uyumluluk
gereksinimlerini karsilamak zor olabilir.

Azure Spatial
Anchors kullanimi,
Azure hizmetlerine

dayali ticretlendirme
modeli ile ¢alisir. Bu
maliyetler, kullanim
miktarina bagh
olarak artabilir.
Azure platformunun
diger hizmetleri ile
entegrasyon
durumunda ek
maliyetler ortaya
¢cikabilir.

PlayCanvas

Siirtikle ve birak arayiizii sayesinde kullanicilarin
hizli bir sekilde 3B sahneler olusturmasini saglar.
Teknik bilgi gereksinimi minimaldir ve 6grenmesi
kolaydir, bu da yeni baslayanlar i¢in idealdir.
Dogrudan tarayici iizerinden ¢alisir, herhangi bir ek
eklenti veya yazilim indirme gerektirmez. Projeler
bulut tizerinde saklandig i¢in herhangi bir cihazdan
kolayca erisilebilir ve diizenlenebilir. Masatisti,
mobil cihazlar ve sanal gergeklik cihazlari ile uyumlu
¢alisir. Modern tarayicilarin ¢ogunda sorunsuz
calisir. Birden fazla kullanicinin ayni projede es
zamanl olarak ¢alismasina olanak tanir, bu da ekip
calismasini ve is birligini artirir. PlayCanvas, yiiksek
performansh 3B grafikler ve etkilesimli deneyimler
sunar. JavaScript tabanli betik diizenleyici ile
gelismis dzellestirme ve etkilesimli icerikler
olusturma imkani saglar.

ileri diizey projeler ve 6zellestirmeler icin
JavaScript bilgisi gereklidir. Bazi gelismis
ozelliklerin ve fonksiyonlarin 6grenilmesi
zaman alabilir. Cok biiyiik ve karmagsik
sahnelerde performans sorunlari
yasanabilir. WEB tabanli olmasi
nedeniyle tarayici performansi ve
ozellikleri ile sinirh olabilir. Platformun
sagladig1 araglar ve bilesenler bazi
projeler icin yeterli olmayabilir. Daha
popliler platformlara kiyasla daha kiigiik
bir topluluga sahip olabilir, bu da kaynak
ve destek bulmay zorlastirabilir.

Ucretsiz plan,
depolama ve
ozellikler agisindan
siirlamalar igerir.
Daha fazla 6zellik ve
depolama alani i¢in
ucretli planlara
ihtiya¢ duyulabilir.
Profesyonel projeler
icin gereken gelismis
ozellikler ve daha
fazla depolama alani
ucretli planlarla
saglanir, bu da ek
maliyetler getirebilir.

Platformlarin avantajlarin yaninda her birinin ayr1 ayr1 dezavantajlar1 da bulunmaktadir. Ozellikle paylasim ve
gorsellestirme islemi, ek depolama veya iist 6zelliklere erisimlerin iicretli olmasi en biiyiik dezavantajlardan
biridir. Ucretsiz siiriimler ise sinirli depolama alam sahiptir ve kullanicilarin sinirlamalarla karsilasmasina neden

242



Yerinde Yapisal Denetime Alternatif Olarak Dijital ikiz Kullanarak Otomatik Catlak Tespiti ve WEB Tabanli Sanal Gergeklik ile Gorsellestirme

olabilmektedir. Ucretsiz platformlar genellikle icerikleri kamuya acik olmakta ve bu da gizlilik sorunlarina yol
acabilmektedir. Hassas verileri iceren 3B modellerin bu platformlarda barindirilmasi sakincali olmaktadir. Ayrica
ticretsiz platformlar, kullanicilarin 3B igeriklerinin goriiniirliigii ve yonetimi lizerinde sinirhh kontrole izin
vermektedir. Bazi1 platformlar, sinirli teknolojik yeteneklere sahip olabilir veya belirli WEB tarayicilar1 veya
cihazlarla uyumsuzluk yasayabilir. Her platformun kendine 6zgii avantajlar1 ve dezavantajlarindan dolay1 uygun
platformun se¢imi projenin gereksinimlerine ve hedeflerine bagl olmalidir [64]. Yukarida verilen avantaj ve
dezavantajlar 1s181nda Tablo 1 ve Tablo 2°’de WEB tabanl artirilmis ve sanal gerceklik platformlar1 verilmistir.
Tablo 1’de licretsiz veya kismen ticretli olan platformlar yer alirken Tablo 2’de iicretli veya kisith erisime sahip
platformlara yer verilmistir.

Bu platformlar, 3B igeriklerin olusturulmasini, depolanmasini ve paylasilmasini kolaylastirir. Ayrica, WEB tabanli
SG projelerinin gelistirilmesi icin de kullanilabilirler. SG projeleri i¢in 3B iceriklerin dogru bir sekilde hazirlanmasi
ve bu platformlara entegre edilmesi, kullanicilarin etkileyici SG deneyimleri yasamalarina olanak tanimaktadir
[66]. 3B model ve SG i¢cin WEB ortamindaki en 6nde gelen platform olan Sketchfab [67] bu ¢alismada tercih
edilmistir. Sketchfab, 2012 yilinda Alban Denoyel (Sketchfab'in CEO'su ve kurucu ortagi) ve Pierre-Antoine Passet
(Sketchfab'in CTO'su ve kurucu ortagl) tarafindan Paris, Fransa'da kurulmustur. Sketchfab platformunun
secilmesindeki en 6nemli etken, WEB ortamindaki en gii¢lii 3B model goriintiileyicilerinden birine sahip olmasi ve
kolay kullanim saglamasi gelmektedir. Sketchfab, bugiine kadar toplam 32 milyon ABD dolar1 yatirim almistir.
Sketchfab'in bir milyondan fazla aktif kullanicis1 bulunmakta ve Sketchfab'da ii¢ milyondan fazla 3B model
paylasimistir [69]. Platformda o6zellikle karmasik ve yogun olan fotogrametrik 3B modellerin kullanicilar
tarafindan kolayca her agidan dondiirebilir olmasi veya hizli bir sekilde yakinlasip/uzaklastirabilmesine imkan
tanimasi ve modelin ayrintilarinin farkh agilardan kolayca incelenebilmesi ve bazi modellerin icine girilebilmesi
onemli etken olmustur. Ayrica kullanicilar 3B modellerini belirli bir dosya boyutuna kadar Sketchfab'da iicretsiz
olarak paylasabilmekte ve modeller herkese a¢ik olarak veya 6zel olarak paylasilabilmektedir. Kullanicilar, bir¢ok
farkl 3B model dosya formatini yiikleyebilirler ve bu modelleri kolayca saklayabilirler. Sketchfab, 3B modelleri SG
uygulamalariyla entegre etmeyi kolaylastirdigi gibi Sketchfab'in API'sini kullanarak, 3B modelleri mobil
uygulamalara, WEB sitelerine ve sanal gerceklik deneyimlerine eklenebilmesi diger bir tercih sebebi olmustur.

3. Bulgular

Bu calisma, fotogrametri ile iiretilen 3B modelleri kullanarak yapidaki ¢atlaklar1 otomatik olarak tespit etmeyi ve
hasarla artinlmis dijital ikiz tireterek yapisal denetimlere yeni bir bakis a¢is1 sunmay1 amaglamaktadir. Onerilen
teknik modern bir yapinin giris kisminda bulunan merdiven basamaklari izerinde denenmistir. Calismada veri
toplamada ve dijital ikizin ilk asamasi olan 3B modelin iiretiminde yakin resim fotogrametrisi kullanilmistir. Test
alaninin gériintileri manuel bir sekilde ortalama %80 boyuna ve enine bindirme olacak sekilde ¢ekilmis olup Sekil
2’de gosterildigi gibi cekim plani gerceklestirilmistir. Gorlintii toplama siiresi yaklasik on dakika stirmiistiir.

(oo
0a®

Sekil 2. Yakin resim fotogrametrisine uygun goriintii gekim senaryosu

243



Yerinde Yapisal Denetime Alternatif Olarak Dijital ikiz Kullanarak Otomatik Catlak Tespiti ve WEB Tabanli Sanal Gergeklik ile Gorsellestirme

3B model tiretiminde kullanilan fotogrametri yontemi ve SfM algoritmasi nesneye ait herhangi bir kontrol veya
referans noktasi olmadan sirali ¢ekilen gorintiilerden {iriin iiretimine imkan tanimaktadir. Fakat bu ¢alismada
miimkiin olan en hassas ve duyarl 3B modeli olusturmak i¢in referans amaclh hassas 6l¢iim cihazlar1 kullanilarak
hedef isaretleri yerlestirilmis ve dl¢timleri alinmistir. Hedef isaretleri test nesnesi boyunca dogal kdse birlesim
noktalarindan esit olacak sekilde toplanmistir. Model iretim islemi Context Capture yaziliminda
gerceklestirilmistir. Test nesnesinin fotogrametrik olarak islenmesi yaklasik 2 saat stirmiistiir. Fotogrametrik
stirecin ilk asamasi olan gorintii hizalama islemi sirasinda nesne yiizeyinde tanimlanan on ii¢c hedef isareti
kullanilmistir. Bu isaretler hem hizalama siirecine katki saglamistir hem de modelin gergek olgilisiine gore
Olceklendirilmesini saglamistir. Hizalama isleminde gerekli olan kamera parametreleri yazilimin
kiitiiphanesinden otomatik olarak igce aktarilmistir. Goriintii hizalamasmin ardindan algoritma bir 6n model
(seyrek nokta bulutu) olusturmustur (Sekil 3). Bu asamada, model dogrulugu i¢in belirlenen denetleme noktalari
hizalama i¢in kullanilmamalidir. Test nesnesi icin 3B modelin hata degeri kontrol noktalari araciligiyla
belirlenmistir. Gergek goriintiilerden iiretilen 3B modellerin kalitesi test nesnesi i¢cin ortalama 0,088 mm
YOA/piksel ile olusturulmugstur. Onerilen yéntemde elde edilen gériintiiniin kalitesi (YOA degeri) sonug iriiniin
dogrulugu ile giiclii bir sekilde iliskilidir ve 6nem arz etmektedir bu yiizden hassas olmasi gerekmektedir. YOA
degeri ne kadar kaliteli olursa, algoritma o kadar dogru c¢alismaktadir. Olusturulan 6n modelden sonra SfM
algoritmasi ile 6nce arka planda yogun nokta bulutu olusturulmustur ve ardindan yiiksek ¢oziintrlikli
fotogercekei 3B doku modeli tiretilmistir (Sekil 4). Modelin geometrik analizi, yontemler bolimiinde ayrintil
olarak agiklanmistir. Analizde dogal hedefler kullanilmis olup denetleme noktasi olarak tanimlanan sekiz hedef
dogruluk analizinde kullanilmistir.

Sekil 3. Fotogrametrik 6n hizalama sonucu olusan seyrek nokta bulutu (sol) ve resim {izerinde ortak eslesen
noktalar (sag)

Sekil 4. Fotogrametrik degerleme sonucunda iiretilen 3B model genel goriiniimii ve yakin gésterimi
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Dogruluk analizi i¢in Denklem 4 kullanilmis ve bulgular Tablo 3'te sunulmustur. Tablo 3, test nesnesi i¢in tiretilen
3B modelin dogruluk degerlerini gostermektedir. Test nesnesi, Tablo 3’e goére oldukca yiiksek dogrulukta
tiretilmistir. Bu dogrulukta 3B model iiretmenin baslica nedeni test nesnesinin boyutunun kii¢iik olmasi,
karmasikliginin olduk¢a az olmasi ve goriintiilerin oldukga yiiksek ¢oziiniirliikte olmasi gosterilebilir. Yiksek
kaliteli 3B model iiretildikten sonra catlaklar otomatik olarak tespit edilmistir. 3B model tizerinde ¢atlaklari tespit
etmek icin kullanilan teknik, ilk goriinlimiin gortlntiisii iizerinde egitilen makine ve derin 6grenme modelleri
araciligiyla cephe segmentasyonu yapilmasini gerektirmektedir. Bu asamada, taninan agikliklarin késeleri, uygun
koseleri tespit etmek icin birinci goriiniimden ikinci gériiniime aktarilir. Bu ¢galismada kullanilan Insight Detector
araclari, 3B modellerdeki catlaklar1 tespit etme konusunda yetkin olup ¢atlaklarin boyutunu, derinligini ve
konumunu degerlendirmeye yardimci olabilir. Insight Detector araglarinin matematiksel modeli, 3B modeldeki
ylzey esitsizliklerini inceleyen bir dizi algoritma igerir. Insight Detector araglari ile Komgsuluk Birlestirme ve
Egrilik Tahmini algoritmalar derin 6grenme algoritmalarina dayanmaktadir. Onceden egitilmis modeller, verilen
3B modelin ylizey tutarsizliklarini analiz etmek i¢in kullanilmistir. Komsuluk Birlestirme ve Egrilik Tahmini
algoritmalari, goriintii ve videolardaki nesneleri yetkin bir sekilde taniyan Evrisimli Sinir Aglar: algoritmalarina
dayanmaktadir. Etiketli veriler kullanilarak egitilen denetimli 6grenme algoritmalari da bu tiir yiizey farkliliklarin
belirleme yetenegi kazanir. Bu tiir mimarilerin uygulanmasi goéz oniine alindiginda, Insight Detector 3B
modellerdeki catlaklar glivenilir bir sekilde tespit eder. Hasarla artirilmis dijital ikiz ¢iktimiz, 3B modelden alinan
geometrik verileri tanimlanan ve karakterize edilen hasar ile birlestirmeyi amag¢lamaktadir. Calismamizi egitmek
icin kullanilan Bentley'in Context Capture kiitiiphanesinde yer alan goriintiilerin tutarl nitelikleri g6z oniine
alindiginda, bu yontemi ¢atlak analizi icin mevcut karsilastirma 6lgiitii olarak kullandik. Dokulu bir 3B modelin
cephesindeki birkac ¢atlak, makine 6grenimi ve derin 6grenme teknikleri kullanilarak tespit edildi. Catlaklar Sekil
5’te gosterilmektedir.

Sekil 5. Fotogrameti yontemi ve SfM algoritmasi ile liretilen 3B model {izerinden tespit edilen ¢atlaklarin (mavi
cizgiler) gosterimi

Tablo 3. Test Nesnesi icin Fotogrametri Yéntemi ile Uretilen 3B Modelin Geometrik Dogruluk Analizi

No Vx Vy vz VxVx VyVy VzVz RMSE, , ,

DN1 -0.100 0.180 0.380 0.010 0.032 0.144

DN2 0.370 -2.800 -1.280 0.137 7.840 1.638

DN3 -0.120 0.210 0.120 0.014 0.044 0.014

DN4 0.240 0.480 -0.320 0.058 0.230 0.102

DN5 -2.300 1.800 0.840 5.290 3.240 0.706 0859 1353 0825
DN6 0.160 -0.780 -1.320 0.026 0.608 1.742

DN7 -0.270 1.620 1.020 0.073 2.624 1.040

DN8 0.540 0.120 -0.240 0.292 0.014 0.058

*Birimler cm’dir.
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Test nesnesinin 3B modelinin geometrik hassasiyetini zaten degerlendirmistik. Catlaklarin otomatik tespitinden
ilk olarak gorsel inceleme yapilmis ve catlaklarin neredeyse tamami tespit edilmistir. Fakat bazi ¢atlaklar 6zellikle
gblgenin diistiigii alanlarda tespit edilemedigi goriilmistiir. ikinci metrik analizde manuel olarak dl¢iilen belirli
catlaklarin uzunlugu 3B modelin ¢atlaklarla biitiinlestirilmesiyle olusturulan hasarla artirilmis dijital ikizde yan
yana getirdik. Test nesnesi i¢in toplam on g¢atlak uzunlugu uzmanlarin rehberliginde karsilastirma igin
degerlendirilmistir ve sonugclar Tablo 4'te verilmistir.

Test calismasindan elde edilen sonuglar, metodolojimizin tiim bilesenlerinin etkili bir sekilde isledigini
dogrulamaktadir. Yontem tatmin edici bir dogruluk yakalamistir ve gorsel inceleme sonucunda ¢atlaklarin
¢ogunun tespit edildigi gériillmektedir. Metodoloji bu ¢alisma sonuglarina gore basarili goziikse de 6zellikle catlak
segmentasyonu icin kullanilan yaklasimlarda egitim kiitiiphaneleri her ¢alisma alanina 6zgii oldugu icin,
kullanicinin daha iyi egitilmis modellere sahip olmasi durumunda sonuglarin dogrulugu degistirilebilir.
Metodolojinin etkinligi biiylik 6lciide goriintii verilerinin kalitesine baghdir. Goriintii boyutlari, ¢oziintirlik,
bulaniklik ve bozulma gibi faktérlerin etkisi dikkate alinmalidir. Ancak, bu bizim ¢alismamizin kapsami disindadir.
Calismamizin sonuglarinin Kkesinligi, segmentasyon tekniklerinde kullanilan SfM ve derin 06grenme
algoritmalarinin etkinligine baghdir. Modellerimizi egitmek icin kullanilan verilerin ve ek aciklamalarin kalitesi ve
miktar1 derin 6grenme sonuglarini 6nemli dl¢iide etkilemektedir.

Sonug olarak, catlak segmentasyonunda yanligliklar ve belirsizlikler ortaya ¢ikabilir. Bu durum, 6nceden egitilmis
modellerin kullanilmasina baglanmaktadir. Sonuclar, gelistirilmis derin 6grenme modellerinden ve manuel
miidahale veya otomatik eleme yoluyla catlak olarak belirlenen hatali verilerin hari¢ tutulmasindan kazang
saglamaktadir. Amag, hizli hasar tespiti icin mevcut uygulamay: iyilestirmektir. Bu, ¢atlaklarin derinliginin tespit
edilmesi de dahil olmak tizere hasar 6zelliklerinin kapsamli bir sekilde incelenmesini gerektirebilir. Arastirmalarin
genel sonuglarina bakildiginda hizli hasar degerlendirmesine yonelik mevcut uygulamay: iyilestirmeler
gelistirilmektedir. Bu yontemle hizli degerlendirmeden sonra, hasar o6zelliklerinin daha derin bir analizi
gerekebilir (6rnegin, ¢catlaklarin derinliklerinin tahmin edilmesi). Bununla birlikte elde edilen sonuglar son olarak
WEB tabanli gorsellestirme ve sanal gergeklik platformuna aktarilmistir. Bu sayede uzmanlar yerinde
incelemelere alternatif olacak denetimler gerceklestirebilmektedir. WEB tabanli sanal gergeklik, erisilebilirlik
avantaji da sunar. indirme ve kurulum gerektiren yerel SG uygulamalarinin aksine WEB tabanl SG'ye bir WEB
baglantisi tizerinden erisilebilir ve bu da kullanicilarin SG deneyimlemesini kolaylastirir. Ek olarak WEB tabanl
SG, gercek zamanli giincellemelere ve daha dinamik bir kullanici deneyimine izin vererek igerik dagitimi agisindan
daha fazla esneklik sunar. Yiksek performansl cihazlara duyulan ihtiya¢ ve yiiksek internet hizlari gibi ele
alinmasi gereken zorluklar olsa da fotogrametri yontemiyle tiretilen 3B dijital ikizlerin WEB tabanli sanal gergeklik
temsilinin gelecegi umut verici goriiniiyor. Teknolojide devam eden ilerlemeler ve baglantili cihaz pazarinin
biiyiimesiyle, oniimiizdeki yillarda bu siiriikleyici ve etkilesimli deneyimlerin daha fazlasini gdérmeyi
bekleyebiliriz. Calismada tretilen ytiksek kalitede 3B fotogercekei yontem kisminda belirtilen sebepler dikkate
alinarak Sketchfab WEB tabanli SG gorsellestirme platformuna ytiklenmistir (Sekil 6). Sekil 6’da verilen sanal
platformdaki dijital ikizler hem karekod okutularak WEB tabanlh gorsellestirilebilir hem de sanal gerceklikte
kullanilabilir ve bu sayede diger kullanicilara sunulabilir.

WEB tabanl platforma yiiklenen hasarla artirilmis dijital ikizin Sekil 6’da verilen karekodu okutularak veya
baglanti adresine tiklanarak s6z konusu WEB tabanli SG platformu agilabilir. Bu asama ayni sekilde SG bashiginda
bir tarayicinda adres ¢ubuguna Sekil 7°de gosterildigi gibi girilerek platforma giris yapilabilir. Platforma giris
yapildiktan sonra SG giris sekmesine (View in VR) tiklanarak Sekil 8'de gosterilen araylize giris
saglanabilmektedir. Bu sayede WEB tabanli sanal gerc¢eklik platformunda hasarla artirilmis dijital ikiz ile yapisal
denetim uzmanlar tarafindan yapilabilmektedir.

Tablo 4. Test nesnesi icin fotogrametri yontemi ile iiretilen 3B modelden tespit edilen ¢atlaklarin dogruluk analizi

Catlak No Klasik 6l¢iim (cm) Otomatik tespit (cm) |D;| (cm) RMSE,
1 0.620 0.700 -0.080

2 4.850 4.768 0.082

3 10.640 10.556 0.084

4 4910 4.868 0.042

5 4.680 4.486 0.194

6 8.070 8.156 -0.086 0.097
7 5.260 5.364 -0.104

8 7.090 7.020 0.070

9 6.450 6.400 0.050

10 15.370 15.468 -0.098
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WEB tabanli Gorsellestirme Linki

https://skfb.ly/oH7RX

Sekil 6. Hasarla artirilmis dijital ikiz ve WEB tabanli sanal gergeklik baglantisi (https://skfb.ly/oh7rx) gosterimi
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4. Tartisma ve Sonug¢

Bu calisma, zahmetli, 6znel, maliyetli ve belgelenmesi zor bir siire¢ olan yapilarin denetimini gelistirmeyi
amaglamaktadir. Onerilen yontem, yapilarin daha objektif ve verimli bir sekilde degerlendirilmesinin 6niini
acmaktadir. Metodoloji, basitlestirilmis bir poligonal 3B yiizey modeli olusturmak icin SfM tabanli fotogrametri
yontemi aracihigiyla cok sayida goriintiiniin islenmesini icerir. Uretilen 3B modelden derin 6grenme modeli
tarafindan belirlenen catlaklar otomatik olarak tespit edilir ve 3B model ile entegre edilerek hasarla artirilmis
dijital ikiz tretilir. Yapisal saglik izleme amaciyla binalarin dijital ikizlerine dayanan mevcut yontemlerin aksine,
onerilen teknik kullanici miidahalesi gereksinimlerini azaltmaktadir. Ayrica hizl degerlendirmeler ve depolama
icin uygun kisa bir model olusturur. Bu sayede yapisal denetimlerde maliyet, hiz, dogruluk ve uygulanabilirlik
acisindan buytik avantajlar saglanmaktadir. Dahasi, goriintii verilerinden elde edilen bilgilerin entegrasyonuna
izin verir ve cesitli varliklara uygulanabilir. Yaklasimin etkinligi goriinti verilerinin kalitesine baglidir. Gériinti
boyutu, ¢oziliniirliik, bulaniklik ve giiriiltii gibi farkli faktorlerin etkisi goz 6niinde bulundurulmalidir. Gériintiilerde
diistiik piirtizliliige veya yetersiz fazlaliga sahip dokularin basarisiz olma olasilig1 daha yiiksektir. Bunlara ek olarak
cesitli golge gibi cevresel kosullar ve farkli yapi tiirleri tizerinde bu yontemin etkinligini olumsuz etkilenmektedir.
Ek olarak farkli zaman/dénem/mevsimlerde, giin 15181 kosullarinda ve yapi malzemelerinde yontemin dogruluk
oranlan etkilenecegi unutulmamalidir. Bu durumlar sonugta yanlisliklara ve belirsiz ¢atlak segmentasyonuna
neden olabilmektedir.

Bu ¢alismanin bulgulari ve sonuglar1 yontemin etkinligini gostermektedir. Bu teknik, giiclendirilmis yapilardaki
sapmalar ve c¢atlaklar gibi bozulmalar da dahil olmak tizere ilgilenilen kii¢iik nesnelerin taranmasina, tespit
edilmesine ve bunlar hakkinda bilgi alinmasina olanak tanir. Bununla birlikte, yakin resim fotogrametrisi daha
biiyiik yapilara sahip kapsamli projeler i¢in uygun degildir. Fotogrametri, birden fazla kamera acisi, 6nemli
miktarda zaman, daha fazla goriintii ve bazi binalar i¢in ¢esitli konumlardan karsilastirilabilir bilgi elde etmek icin
olas1 tiim yiizeyleri inceleme ihtiyaci gerektirdiginden bir zorluk teskil etmektedir. Bu kisitlamalar [HA
fotogrametrisi ile asilabilir. IHA fotogrametrisi, yapilar1 belgeleyen énceki arastirmalarda kanitlandig1 gibi, biiyiik
nesneler icin yeterli ayrintiya sahip geometrik veriler saglayabilir.

Genel olarak, dnerilen yontemin 3B model tiretiminde kalite a¢isindan biiyiik basari elde ettigi gozlemlenmistir.
Ayrica bu basari, makine 6grenimi ve derin 6grenme algoritmalar1 araciigiyla otomatik bir sekilde catlak
tespitinin hassasiyetini 6nemli 6l¢ciide artirmistir. Kullanilan egitim modelinin, agik¢a isaretlenmis 06znel
degerlendirmelerle deneysel verilere uygun olmasi gerektigini vurgulamak énemlidir. Boylece, hasar tespiti i¢cin
yerinde denetimler yerine bu yaklasim kullanilarak diisiik maliyetli denetimler daha hizli bir sekilde
gerceklestirilebilir. Bu cergevenin en 6nemli avantajinin ger¢cek zamanl kullanima olanak saglamasi oldugunu
tahmin ediyoruz ve WEB tabanli SG uygulamalarinin denetim siirecini hizlandirabilmektedir. Sonug¢larin daha
fazla kullaniciya ulagmasi gliniimiiz internet teknolojisiyle daha miimkiin hale gelmistir. Elde edilen modellerin
WEB tabanl gorsellestirilme sayesinde gercekei bir deneyime ulasilmasinin miimkiin oldugu ve E-arsiv gibi sanal
ortamlarin hizli ve etkili bir bicimde yapilabilecegi gosterilmeye calisilmistir. Bu ¢alismada tiretilen dijital ikiz ve
SG entegrasyonu ile islevsel bir tasarim gelistirerek yap: yonetimindeki miihendislik ¢alismalarinin mevcut
uygulamalarina nasil katkida bulunabilecegini gosterilmistir. Dijital ikizlerin mevcut uygulamada uygulanmasi
cesitli zorluklarla karsi karsiyadir. Dijital ikizleri mevcut uygulamada uygulamak i¢in 6nce bir 3B veri modeli
gelistirmek gerekir. Ancak, bir 3B veri modeli gelistirmek teknik olarak karmasik ve finansal olarak pahalidir.
Ayrica, insaat sektorii oldukca karmasiktir. Miithendislik calismalari icin mevcut yap1 yonetimi uygulamalarinda
dijital ikizlerin uygulanmasinin, yapi1 durumunun denetlenmesi, analizlerinin yapilmasi ve daha verimli ve etkili
bir gorsel sunum i¢in SG entegreli kullaniminin uygulanmasi 6nemli bir asama olacaktir.

Sonug olarak gercek diinyanin tam ve eksiksiz bir modeli dogru ve hizl bir veri toplama stireci ile bunun temsili
olan dijital ikiz kavraminda ge¢mektedir. Bir dijital ikiz gelistirmede ise fotogrametri yontemleri modelin tam
temsilini en iyi yansitan yontemlerdir. Elde edilen verilerin anlaml hale getirilmesi ile ortaya c¢ikan dijital ikizin
ise SG gibi gorsellestirme araglari ile kullaniciya aktarilmasi analiz ve temsile 6nemli katkilar sunmaktadir. Calisma
sonunda yapisal 3B modellerin denetim ve analizleri yapilarak SG gorsellestirme araglari ile aktarilip farkh
kullanicilara sunulmustur. Elde edilen bulgular, gelecekteki dijital ikiz ¢alismalarinda en iyi temsil senaryolarinin
gelismesine ve 3B modellerin SG ile entegrasyonu ilizerinden denetim ve analizlerin yapilmasina katki
saglayacaktir. Bu ¢alisma kapsaminda irdelenmese sanal gergeklik platformlar {izerinden uzmanlarin gatlak
analizleri yapma deneyimleri ve kullanici geri bildirimleri yapilmasi diger ¢alismalara 6nct bilgiler sunabilir. Bu
yontemin uygulanmasi i¢in gerekli ekipman, yazilim ve uzmanlik seviyesi gibi faktorlerin detayh bir sekilde ele
alinmasi gerekmektedir. Ayrica bu platformlarin kullanici dostu olup olmadigy, pratikte karsilasilan zorluklar ve
potansiyel iyilestirmelerin neler oldugu konusunda arastirmalar gelecek ¢alismalarda yapilacaktir. Son olarak
onerilen yontemler yapisal denetimler i¢in olumlu goéziikse de dijital ikizler ve sanal gergeklik platformlarinin
kullanimiyla iliskili potansiyel gizlilik ve giivenlik sorunlari dikkate alinmalidir. Bu teknolojilerin kullanimi
sirasinda veri koruma ve gizlilik standartlarinin nasil saglanacagina dair yoénergeler iyi irdelenmelidir.
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Keywords Abstract: In this study, to investigate the mechanical behavior of EN-GJ]S-400
EN-GJS-400, nodular cast iron material, quasi-static tensile tests were conducted at room
Johnson-Cook, temperature and at 300°C, 500°C, and 700°C, along with compression tests at room
Split Hopkinson, temperature. To examine the behavior at high deformation rates, Split Hopkinson

Finite Element Analysis tests were carried out at four different strain rates, reaching up to approximately

4500/s. To reveal the damage behavior of the materials, tensile tests were
conducted with four different notches (R=1.25, 2.5, 5, 10mm). Microstructure
experiments and spectral analyses of the materials were performed. Based on the
data obtained from the experiments, Johnson-Cook (J-C) material and damage
model parameters were calculated. The calculated J-C material and damage
parameters were defined in the Abaqus finite element software, and virtual tensile
tests were conducted and compared with the actual test data. The actual test data
and the tests performed in the computer environment were similar to each other.

EN-GJS-400 Kiiresel Grafitli DOkme Demir Malzemenin Johnson Cook Malzeme ve Hasar
Parametrelerinin Belirlenmesi

Anahtar Kelimeler 0z: Bu calisma kapsaminda EN-GJS-400 kiiresel grafitli dskme demir malzemenin
EN-GJS-400, mekanik davranislarini incelemek icin oda kosullarinda ve 300, 500 ve 700° derece
Johnson-Cook, sicakliklarda yar1 statik ¢ekme ve oda kosullarinda basma deneyleri
Split Hopkinson gerceklestirilmistir. Yiiksek sekil degistirme hizlarinda davranislarini incelemek

Sonlu Elemanlar Analizi icin dért farkli sekil degistirme hizinda yaklagik, maksimum 5500/s gerinim hizina

kadar Split Hopkinson testleri gerceklestirilmistir. Malzemelerin hasar
davranislarini ortaya koyabilmek icin 4 farkl ¢entikte (R=1.25, 2.5, 5, 10mm) ¢ekme
deneyleri gerceklestirilmistir. Malzemelerin mikro yapi deneyleri ve spektral
analizleri gerceklestirilmistir. Deneylerde elde edilen veriler dogrultusunda
Johnson-Cook(J-C) malzeme ve hasar model parametreleri hesaplanmistir.
Hesaplanan JC malzeme ve hasar parametreleri Abaqus sonlu elemanlar yaziliminda
tanimlanarak ¢ekme testleri sanal ortamda gercgeklestirilmis ve gergek test
verileriyle Kkarsilastirilmistir. Gergek test veriyle bilgisayar ortamaninda
gerceklestirilen testler birbirleriyle benzerlik gostermistir.

*{Igili Yazar, email: ozcan.burak@outlook.com
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1. Introduction

Ram and Gautam (2022)[1] focuses on developing the Johnson-Cook (J-C) material model parameters for Si-Mo-
Cr ductile cast iron, which is a promising material for automotive, defense, and aeronautical applications due to its
high tensile strength, fracture toughness, and wear resistance. The researchers prepared Si-Mo-Cr ductile cast iron
by controlled melting and magnesium treatment, followed by uniaxial tensile tests conducted at different strain
rates and temperatures. The study revealed that the material exhibits positive strain rate dependency and that its
tensile strength increases with strain rate, while ductility decreases. The J-C parameters, including yield strength
(A), strain hardening constant (B), strain hardening exponent (n), strain rate sensitivity coefficient (C), and
thermal softening coefficient (m), were determined using standard equations. The findings indicate that the
microstructural characteristics, such as nodularity and pearlite content, significantly influence the material's
mechanical properties and its performance under varying strain rates and temperatures.

Hellstrom and Olander (2015)[2] focused on the characterization and modeling of Compacted Graphite Iron (CGI)
at a microstructural level using the Johnson-Cook (JC) material model. The study aimed to obtain material
parameters that accurately represent the deformation and fracture behavior of CGI, particularly in machining
processes. The researchers conducted tensile tests on CGI specimens with various notch geometries and used
Digital Image Correlation (DIC) to capture strain fields during testing. Finite Element Analysis (FEA) was employed
to calculate stress triaxiality in the fracture zones. The obtained material parameters were optimized using
MATLAB to fit the JC hardening and fracture models. The study compared a homogeneous approach, treating CGI
as a single-phase material, with a heterogeneous approach that accounts for the distinct phases of pearlite and
graphite within CGI. The results indicated that while the JC model is effective, it has limitations in capturing certain
fracture behaviors, suggesting the need for further investigation and validation of the parameters obtained.

Ljustina, Larsson, and Fagerstrom (2014)[3] developed a finite element (FE) based simulation methodology to
account for the microstructural characteristics of cast iron, particularly focusing on graphite nodularity and its
impact on machinability. The study integrates detailed microstructural data obtained from micrograph images
into the FE model, allowing for accurate representation of pearlite and graphite phases within the cast iron. The
Johnson-Cook viscoplasticity model was utilized to describe the continuous deformation behavior, and a fracture
model was applied to simulate chip formation during machining. The researchers conducted a parametric study
to investigate how varying degrees of graphite nodularity affect cutting forces and temperatures. The findings
show that the model successfully predicts the influence of microstructure on machinability, with simulations
correlating well with experimental results, particularly in terms of cutting force and chip formation

Keser (2015)[4] calculated the parameters of the Johnson-Cook material model for GJV material and developed
the material model through experimental and analytical methods. Data from quasi-static tensile tests conducted
at 20°C, 300°C, 400°C, 500°C, and 700°C were used, and SHPB test specimens were prepared to obtain values at
high strain rates. Tests were performed at strain rates of 1530, 1550, 2000, and 2200 s-1, and the parameters A,
B, C, n,and m were determined. These parameters were made ready for use in orthogonal cutting simulations with
SEY, allowing the effects of plastic deformation, strain rate, and temperature changes on stress to be seen in a
formula. After determining the A parameter, which corresponds to yield strength, from the tensile test conducted
at 200°C and quasi-static conditions, the B and n parameters were also found using the same data. The C parameter
was then obtained from the SHPB test conducted at high deformation rates, and finally, the m parameter was
derived from static tests conducted at different temperatures. To further improve the results, a compression test
was performed at a deformation rate of 1 s-1, and the obtained parameters were refined. The mechanical
properties of the material were compared with the Johnson-Cook parameters of Gray Cast Iron and Spheroidal
Graphite Cast Iron

Springer (2012)[5] conducted a comprehensive study to characterize the strength and fracture behavior of
Nodular Ductile Iron (NDI) and its underlying ferritic matrix phase, primarily focusing on the Johnson-Cook
strength and failure models. The research involved quasistatic and split Hopkinson pressure bar (SHPB)
compression tests on NDI and a Fe-Si alloy, which served as a model material for the ferritic matrix. Through these
tests, the study determined various Johnson-Cook parameters, such as yield strength, strain hardening coefficients,
and strain rate sensitivity, along with failure parameters specific to the NDI. The work also included the
development of fracture statistics based on different specimen sizes, which are crucial for initializing simulations
of fragmentation events. The study's findings contribute significantly to the understanding of NDI's mechanical
properties under different loading conditions and provide essential data for continuum-scale simulations of
dynamically loaded NDI components.

Salomonsson and Olofsson (2022)[6] conducted an analysis of localized plastic strain in heterogeneous cast iron
microstructures using three-dimensional finite element simulations. The study captured the microstructural
features of various cast irons through micro-X-ray tomography, which were then used to generate three-
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dimensional finite element models. The research aimed to identify microscopic factors that could lead to fatigue
crack initiation in cast iron alloys and to incorporate this knowledge into larger-scale structural simulations. The
results indicated that the SGI microstructure exhibited more pronounced localized plastic strains compared to
other types of cast iron. Additionally, the study emphasized that three-dimensional representations of
microstructures provide more accurate predictions of strain fields than two-dimensional analyses.

Liu et al. (2020)[7] conducted an extensive study on the dynamic behavior and damage characteristics of GJS-450
cast iron under varying strain rates. The researchers performed uni-axial quasi-static and dynamic tensile tests at
strain rates ranging from 10-4 to 250 s, utilizing specimens with different geometries to capture the stress-strain
curves and fracture strains of the material. The study introduced a strain rate-dependent plastic flow law based
on the Voce model to describe the mechanical behavior of GJS-450 in this strain rate range. Moreover, the existing
Bai-Wierzbicki damage model was extended to account for strain rate effects, and the modified models were
calibrated using local fracture strain data. The proposed constitutive and damage models were validated through
simulations, which showed excellent agreement with experimental results. The study highlights the nonlinear
effects of strain rate on the yield stress and fracture strain of GJS-450, demonstrating the applicability of the
extended models for predicting the mechanical behavior of cast iron alloys under dynamic loading conditions.

Membhard etal. (2011)[8] developed a material model aimed at predicting the containment safety of turbochargers
under high dynamic loading and elevated temperatures. The study focused on the cast iron alloy EN-GJS-400 with
nodular graphite, examining its mechanical behavior under various loading conditions, including uniaxial and
multiaxial tension, compression, and shear. The researchers characterized the material's deformation and damage
behaviors and incorporated these findings into a Johnson-Cook type model, along with an extended failure model
to account for different failure mechanisms. The developed material model was validated through numerical
simulations of penetration tests and a turbocharger containment test, showing good agreement with experimental
data. This model provides a critical tool for reducing the cost and complexity of safety testing in turbocharger
development by enabling accurate simulations of material behavior under extreme conditions.

In the literature, various test methods have been employed for different cast iron materials to obtain Johnson-
Cook (JC) damage and material models, while in some cases, only the material model has been derived. In certain
studies, the obtained parameters were input into finite element-based software to compare the results with
experimental data, whereas in others, only the material parameters were determined. Additionally, in some of the
studies, the microstructure was examined to investigate its influence on the material properties.

With the advancement of technology, the use of computer software in solving engineering problems has steadily
increased. One of the methods employed by these software programs, the Finite Element Method (FEM), is widely
used for modeling problems related to statics, strength, fatigue, ballistics, machining, fracture mechanics, and heat
transfer. Among the many parameters that must be carefully considered to ensure that the results obtained from
these software programs are realistic, one of the most crucial is the selection of an appropriate material and
damage model to accurately simulate the mechanical behavior of the material. In this study, the aim is to obtain
the Johnson-Cook material and damage parameters for the GJS-400 nodular cast iron and to compare the material
parameters obtained with real test data using finite element software.

2. Material and Method

In this section, the properties of the materials used and the methods used within the scope of the study will be
explained.

2.1. Material
In this study, EN-GJS-400 nodular cast iron material was used. A spectral analysis was conducted to determine the
proportions of the alloying elements, and the alloy composition is presented in Table 1. Microstructural images

were captured to identify the microstructure of the material, and these are shown in Figure 1.

Table 1. Nominal composition of EN-GJS-400 Cast Iron %

Si

Mn

P

S

Cr

Cu

4,23

2,68

0,170

0,0162

0,0089

0,0318

0,110
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da

Figure 1. Microstructure of EN-GJS-400.

The technical drawings of the specimens used in the tensile, compression, and Split Hopkinson tests are presented
in Figures 2, 3, and 4, respectively.
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Figure 2. Geometry and dimensions of tensile specimens.
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Figure 3. Geometry and dimensions of compressive specimens.
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Figure 4. Geometry and dimensions of SHPB specimens.
2.2, Methods
In this section, the methods used will be explained.
2.2.1. Low Strain Rate Experiments

The tensile tests were conducted according to TS EN ISO 6892-1: Method B, with a strain rate of 0.011/s, and the
compression tests were performed at tensile and compression speeds of 0.01 mm/s using an MTS Criterion 43
model servo test machine under room conditions. To ensure the repeatability of the experiments, at least three
tests were performed for each specimen.

2.2.2. High Strain Rate Experiments

Dynamic compression tests were conducted at four different strain rates under room conditions. The experiments
were performed using a Rel brand Split Hopkinson Pressure Bar (SHPB) test setup. Although the strain rates were
not identical for each specimen, they were approximately 1100, 2300, 4075, and 5470/s. To ensure the
repeatability of the experiments, at least two tests were conducted at each strain rate. A schematic representation
of the SHPB test setup is provided in Figure 5.
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Figure 5. SHPB test schematic.
2.2.3. High Temperature Experiments
High-temperature tensile tests were conducted using an INSTRON 8852 model servo test machine at temperatures
of 300°C, 500°C, and 700°C. To ensure the repeatability of the experiments, at least two tests were performed for
each specimen.

2.2.3. The Johnson-Cook Material Model

This material model is one of the widely used models to obtain the flow stress of materials as a function of strain,
strain rate, and temperature.[9] The flow stress model is expressed as follows:

0=A+Be")(1+Clne’)(1 -T™) (1)
Here, o represents the equivalent stress, € denotes the strain, A is the yield strength, B is the strain hardening

coefficient, n is the strain hardening exponent, C is the strain rate sensitivity coefficient, and m is the stress
softening exponent.

=S, ool T
éO ' Tm - Tref

| (2)

Here, €* represents the dimensionless strain rate T* is the homologous temperature, Tm is the material's melting
temperature, and T denotes the deformation temperature. €, is the reference strain rate, and T, is the reference
deformation temperature.

To calculate the material coefficients B and n, Equation 1 is rearranged under the reference strain rate and
reference temperature conditions, resulting in Equation 3.

0 =A+Be" 3
Taking the natural logarithm of Equation 3, it can be rewritten as shown in Equation 4.

In(c —A) =InB +nlne (4)
The value of A can be obtained from the tensile test conducted under the reference strain rate and reference
temperature. By inserting the flow stress and strain data under reference deformation conditions into the

equation, a linear relationship graph between In(6 — A) and In € can be constructed. By fitting the data to the
equation and using a regression line approach, the material parameters B and n can be determined

o =A+ Be" (5)

When the deformation temperature is T=Tref, Equation (1) can be edited as shown below [19]:

7 _14+cm(d 6
@+Bemy T (5) (6)

259



Determination of Johnson Cook Strength and Failure Parameters of EN-GJS-400 Spheroidal Graphite Cast Iron
.. . 4 £ . .
After determining the values of the material parameters, A, B, and n, the m -In (8—0) curve is plotted. Linear

fitting can be performed using various strain rates with a regression model. Finally, the material constant C can be
calculated using the slope of the linear fitting curve.

Equation 1 can be rearranged with respect to the reference strain rate as follows:
c= A+ Bem(1 - T™) (7)
Taking the natural logarithm of both sides and rearranging the equation, Equation 7 can be expressed as follows:

ln(l_ﬁ‘gen) = mInT* 8)

Next, by substituting the material parameters A, B, and n into the equation above and using a regression model,
we can obtain the mmm parameter from the graph of the linear fitting curve. [6].
2.2.3. The Johnson-Cook Failure Model

The Johnson-Cook failure model indicates that the fracture strain generally depends on the stress triaxiality ratio,
temperature, and strain rate. [10]The Johnson-Cook failure model is shown below.

O-m
Dl + D2 eXp D3 0__
eq

Here, &ris the failure strain, D1 is the initial failure strain, D2 is the exponential factor, D3 is the triaxiality factor, D
is the strain rate parameter, and Ds is the temperature parameter. om is the mean stress, and oeq is the equivalent

6 = [1+ DyIn(€*)][1 + DsT*] 9

Om

stress. The ratio (G ) is known as stress triaxiality.
eq

The first bracket in the JC failure model in Equation 9 includes the failure strain, exponential factor, and triaxiality
factor (D1, D2, D3) respectively. These parameters can be determined by testing unnotched and notched tensile
specimens at the reference strain rate and reference temperature. Under reference strain rate and reference
temperature, Equation 9 can be written as follows.

Ef = [Dl + DZ eXp(D30*)) (10)
Using the data from notched and unnotched tensile tests, a fracture strain versus stress triaxiality graph can be
generated. By fitting an exponential curve to the points on this graph, the parameters D1, D2, and D3 can be
obtained.

The strain rate parameter D4 in the ]C failure model can be determined from the failure strains of specimens tested

at different strain rates under reference temperature. At the reference temperature, Equation 9 can be expressed
as follows:

€ = [D; + D, exp(D30™)] [1 +D,ln (eio)] (11

When Equation 11 is rearranged, it can be written as follows:

1=
[D; + D, exp(D30*)] 1=Dyln €o (12)

Thus, the D4 parameter can be obtained by plotting the failure strain versus logarithmic strain rate curve and
applying linear curve fitting

The final parameter of the JC failure model, Ds, can be determined from the failure strains of unnotched specimens

tested at different temperatures and the reference strain rate. At the reference strain rate, Equation 9 can be
expressed as follows:
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€ = [D; + D, exp(D30")] [1 + Dg (%)] (13)

When Equation 13 is rearranged, it can be written as follows:

i 1=D (T_Tr) 14
[D, + Dyexp(Ds0®)] ~  °\T, —T, (14)

Therefore, fitting the above equation to the experimental failure strain versus temperature curve will yield the
value of Ds,

2.2.4. Finite Elements Model

In this study, the Abaqus software package was used as the finite element analysis (FEA) tool. The solid model of
the flat tensile test specimen used in the analysis is shown in Figure 6, and the finite element model is depicted in
Figure 7. The obtained Johnson-Cook (J-C) material and failure model parameters were defined in the Abaqus
software. The mesh model used linear hexahedron elements, consisting of 14,560 elements and 16,905 nodes. The
boundary conditions were set by fixing one end of the specimen, while the other end was subjected to tensile
loading.

Figure 6. Tensile test specimen.

Figure 7. FE mesh model.

3. Results
3.1. Low Strain Rate Result

The results of the tensile tests conducted at room temperature and low strain rates are presented in Graph 1, while
the results of the compression tests are shown in Graph 2. All stress-strain graphs provided in this study represent
true stress and true strain. Upon examining both graphs, it is observed that there is no distinct yield point in the
quasi-static tests; however, a noticeable strain hardening occurs during the plastic deformation phase. In the
tensile tests, the strain hardening continues consistently after the yield region, whereas in the compression tests,
a strain softening behavior is observed after the ultimate compressive strength. The yield strength was determined
to be 310 MPa from the tensile tests and 420 MPa from the compression tests.
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Graph 1. True Stress - True Strain curve for tensile test
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Graph 2. True Stress - True Strain curve for compressive test

The results of the notched tensile tests conducted at room temperature and low strain rates are presented in Graph
3. As the notch factor increases, the stress increases, while the strain decreases by approximately 65%.
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Graph 3. Fracture Strain - Stress Triaxiality for Notched Tensile Test
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3.2. High Strain Rate Result

The results of the Split Hopkinson Pressure Bar tests are presented in Graph 4. The tests were conducted at room
temperature with strain rates of 1103 s 2297 s'1 4074 s and 5468 s-1. While the yield point was not clearly
observable in the quasi-static tensile and compression tests, it became more pronounced in the experiments
conducted at high strain rates. Additionally, as the strain rate increased, the material's yield strength, ultimate
tensile strength, and the amount of deformation were observed to increase.
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Graph 4. True Stress - True Strain curve for High Strain Rate Compressive test

3.3. High Temperature Result

The results of the hot tensile tests conducted at constant strain rates at 300, 500, and 700°C are presented in Graph
5. The experiments revealed that as the temperature increased, the material's yield strength and ultimate tensile
strength decreased. In contrast to the yield and tensile strength, the amount of deformation, and therefore
ductility, increased. It was also observed that with increasing temperature, the occurrence of strain hardening
gradually diminished.
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Graph 5. True Stress - True Strain curve for high temperature tensile test
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3.4. The Johnson-Cook Material Model

When the data obtained from the tensile test is used with Equation 4, Graph 6 is generated, and when the data
from the compression test is used, Graph 7 is obtained. The values in these graphs are fitted using the linear curve
fitting method to produce a first-degree equation. The constant term of this equation provides the B coefficient as
6.5902, and the exponent of the coefficient in front of x gives the n value
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— y = 0.5545x + 6.5902
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Graph 6. Ln(Sigma-A) vs Ln(e) (Tensile)
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Ln(e)

Graph 7. Ln(Sigma-A) vs Ln(e) (Compression)

In the tensile and compression tests conducted so far, the parameters A, B, and n have been determined. Using
these parameters and the data obtained from the SHPB tests, Graphs 8 and 9 are generated with the help of
Equation 6. The values in these graphs are fitted with a linear curve using the linear curve fitting method. The
slope of this curve will provide the value of the coefficient c.
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Using the results from the high-temperature tensile tests and the tensile and compressive tests conducted at room
temperature, the parameters A, B, and n are applied in Equation 8 to generate Graph 10 and 11. The values in this
graph are fitted using the linear curve fitting method to produce a curve. The slope of this curve provides the m
coefficient.
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A(MPa) B(MPa) n C m

A, B and n parameters
310 728 0,5545 0,0241 0,9361 were calculated using
tensile test
A, B and n parameters

420 338 0,459 0,0272 0,7547 were calculated using
compressive test

3.4. The Johnson-Cook Failure Model

The graph of Fracture Strain versus Stress Triaxiality, obtained using the data from the notched tensile test, is
presented in Graph 12. The values in this graph can be fitted using the exponential curve fitting method to derive
Equation 10. As a result, the parameters D1=0.0498, D2=1.5752, and D3=-8.5926 are obtained. Using the data
from the high-strain-rate SHPB tests and Equation 12, Graph 13 can be generated, from which the D4 parameter
can be obtained using the linear curve fitting method. Similarly, the data from the high-temperature tensile tests
and Equation 14 can be used to generate Graph 14, where the D5 parameter is obtained using the linear curve
fitting method.
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3.5. Finite Element Analysis Result

The tensile test data obtained using the Abaqus software, along with the experimental data, are presented in Graph
15. Upon examining the results, it is observed that the finite element analysis data closely match the experimental
results. The maximum difference between the two sets of results is 0.005.
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Graph 15. True Stress - True Plastic Strain curve for FEA vs Experimental (Tensile)
The compression test data obtained using finite element analysis, along with the experimental data, are presented

in Graph 16. Upon examining the results, it is observed that the finite element analysis data closely match the
experimental results. The maximum difference between the two sets of results is 0.063.
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4. Discussion and Conclusion

In this study, the Johnson-Cook material and damage parameters for the EN-GJS-400 nodular cast iron material
were comprehensively determined. The data obtained from tensile and compression tests conducted at low and
high strain rates, high-temperature experiments, and Split Hopkinson Pressure Bar (SHPB) tests have provided a
detailed understanding of the mechanical behavior and deformation characteristics of this material.

The Johnson-Cook material model parameters (A, B, n, C, m) and damage model parameters (D1, D2, D3, D4, D5)
were calculated. These parameters were integrated into the Abaqus software for finite element analyses, and the
virtual tensile and compression tests were found to be consistent with the actual test data. The tensile tests showed
a difference of 0.005, while the compression tests showed a difference of 0.063.

The results of this study have helped to understand how the EN-GJS-400 material behaves under high strain rates
and elevated temperatures. These findings provide valuable insights that can be used to employ the material more
effectively and safely in engineering applications. Future research is recommended to investigate the effects of
different cast iron types and alloying elements on such mechanical behaviors.
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Anahtar Kelimeler 0z: Kolorektal Kanser(KKR), diinya ¢apinda yaygin ve potansiyel olarak éliimciil
Agirlikh Topluluk bir hastaliktir. Erken ve dogru teshis, teshisin zaman almasi, insan hatalarinin
Ogrenmesi olasilig1 ve uzman doktor eksikligi nedeniyle zor bir stirectir. Bu ¢calismada, tibbi
Derin Ogrenme goriintiilerden kolorektal kanserin teshisini basitlestirmek ve hizlandirmak igin
Kolorektal Kanser derin O6grenme algoritmalar1 kullanilmistir. Cesitli KKR evrelerini iceren

Konvoliisyonel Sinir Ag1 Enteroskop Biyopsi Histopatolojik H&E(EBHI) goriintii veri seti kullanildi. Cesitli
onceden egitilmis Evrisimli Sinir Ag1 modelleri, goriintiileri iyi huylu veya koti
huylu olarak simiflandirmak i¢in kullanildi. Ayrica, siniflandirma dogrulugunu
artirmak i¢in ii¢ en iyi model agirlikli topluluk yéntemiyle birlestirildi. Deneysel
sonuglar, agirlikli topluluk yonteminin siniflandirma performansini 6nemli
Olctide iyilestirdigini géstermektedir.

Colorectal Cancer Detection Based on Weighted Ensemble of CNNs

Keywords Abstract: Colorectal Cancer(CRC) is a common and potentially deadly disease
Colorectal Cancer around the world. Early and correct diagnosis can be a challenge due to the time
Convolutional Neuralit takes, the possibility of human mistakes, and the lack of specialized doctors. In
Network this study, deep learning algorithms, a type of machine learning algorithms,
Deep Learning were used to simplify and speed up the diagnosis of CRC from medical images. In
Weighted Ensemble, this study, we used Enteroscope Biopsy Histopathological H&E Image dataset,

which contains various stages of CRC. Various pre-trained Convolutional Neural
Network models were used to classify images into two groups: malignant or
benign. Moreover three best models combined using weighted ensemble
method to improve the accuracy of classification. The experimental results show
that weighted ensemble method significantly improves classification
performance.

*{lgili Yazar: myyurdakull@gmail.com
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1. Introduction

Colorectal Cancer (CRC) occurs as a result of the development of malignant tumors in the large intestine.
CRC ranks third in global cancer prevalence and is the second major cause of cancer-related deaths[1]. The
vast majority of cases are detected in western countries, and the number of cases is increasing every
year[2]. In these cases, one out of every three patients loses their life[3]. All cancer types related to rectal,
colorectal and colon cancer are accepted as colorectal cancer[4]. Histopathological imaging of the intestine
is one of the methods used in the diagnosis of CRC[3]. In diagnosing of CRC, pathologists analyze digital
images stained with Hematoxylin and Eosin (H&E)[5]. Pathologists locate the area of the lesion and then
use microscopes to magnify and examine it in detail. However, diagnosing based on histopathological
images can be challenging. Pathologists have to examine a large amount of data, which causes a time-
consuming process. Pathologists can make mistakes due to fatigue, lack of attention or knowledge. Also,
different pathologists may have different opinions and experiences, which can lead to inconsistent
diagnoses. Furthermore, the number of pathologists globally is insufficient [6] the training period for an
expert pathologist exceeds a decade[7]. For all these reasons, there is a need for fast, accurate and reliable
solutions for the diagnosis of CRC. It is possible to make detailed analyzes on images with computer aided
systems. Deep learning algorithms has a successful outputs in the detection of breast[8], skin[9], brain[10]
and gastrointestinal[11] cancers. Based on these studies, using deep learning for CRC detection can be an
effective approach. In this study, the publicly available Enteroscope Biopsy Histopathological H&E Image
dataset (EBHI) is used. EBHI contains images obtained with an electron microscope, pertaining to various
stages of CRC.

Using microscopic images, a classification process has been performed to categorize them into two groups:
malignant and benign. Various pretrained CNN models was used to classify. The performance of the
models was optimized using transfer learning and fine-tuning techniques. In addition to all these, the best
three models selected according to the performances of the models were used with the weighted ensemble
method to increase the performance. Proposed approach combines the strengths of the models and
balances their weaknesses, thus providing a more accurate and reliable classification for CRC diagnosis.
The remaining sections of the article are structured as follows: Section 2 provides a discussion on related
studies. Section 3 describes the materials and methods used, including the dataset and the proposed
classification system. Section 4 presents the results and analysis of the study. Section 5 discusses the
findings and implications of the research. Section 6 concludes the article, summarizing the key findings.

2. Related Works

In recent years, deep learning methods have been extensively used in the medical field[9, 12, 13]. In
particular, Convolutional Neural Networks (CNN), a deep learning algorithm, contributes to the disease
diagnosis process by automating medical image analysis. Successful results have been achieved in
numerous studies, such as breast[8], skin[9], brain[10], gastrointestinal[11] cancers and pneumonia
detection [14]. Additionally, numerous studies have been achieved at the detection of Colorectal Cancer.
Akbari et al. (2018)[15] proposed a novel CNN model for the detection of polyps, a leading cause of colon
cancer. In the proposed model, the size of model was reduced by using binary weights and kernels,
thereby enhancing the model's compatibility with medical devices. An accuracy value of 90.28% was
achieved on the Asu Mayo Test clinical dataset.

Ponzio et al. (2018)[16] proposed the VGG16 model to distinguish Adenocarcinomas from healthy tissue
and benign lesions. An accuracy rate of 90% was achieved with the VGG16 model. Additionally, transfer
learning was implemented using the VGG16 model trained on ImageNet data and accuracy rate of 96%
was achieved.

Poudel et al. (2020)[17] developed a new robust model for the detection of colorectal diseases with an
efficient dilation method in CNNs. In the study that used the KVASIR dataset and classified five different
categories (Adenocarcinoma, Adenoma, Crohn’s, Ulcerative colitis, Normal), an accuracy of 95.7% was
achieved.
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Sarwinda et al. (2021) [18] proposed ResNet architectures to classify colon gland images into benign and
malignant categories. The images were converted to grayscale and then applied the CLAHE algorithm.
Experimental studies showed that ResNet-18 and ResNet-50 models resulted in an accuracy of 88% and
85%, respectively.

Su etal. (2022) [19] performed feature extraction on histopathology images for the classification of colon
and colorectal diseases. In the study, various machine learning algorithms ( XGBoost, SVM, RF, LDA, MLP,
and LightGBM) were used to classify the extracted features from histopathology images. XGBoost achieved
the highest accuracy rate of 99%.

Naga et al. (2023) [20] proposed a study for the classification of colon and lung adenocarcinomas along
with squamous cell carcinomas using digital histopathology images.

In the study, feature extraction was performed on histopathology images using the PCANet model. The
extracted features were optimized with the Rider Optimization algorithm and classified using the Extreme
Learning Machine. They achieved an accuracy rate of 99.72% on Kvasir dataset.

Kumar et al. (2023) [21] proposed a new CNN model called CRCCN-Net for the automatic diagnosis of
colorectal cancer. The model is designed to be lightweight and less complex. The CRCCN-Net model has
significantly fewer parameters (3.76M) compared to Xception, InceptionResNetV2, DenseNet121, and
VGG16 models. It achieved an accuracy of 93.50% on the CRCCN-Net dataset and 96.26% on the NCT-CRC-
HE-100K dataset for colorectal cancer. The model outperformed Xception, InceptionResNetV2,
DenseNet121, and VGG16 models, demonstrating better results.

Hu et al. (2023) [22] used various machine learning algorithms and deep learning techniques for the
classification of histopathological images into benign and malignant categories using the publicly available
dataset called EBHI. The classical machine learning algorithms achieved a maximum accuracy rate of
76.02%, deep learning technique was achieved a significantly higher accuracy rate of 95.37%.

Yengeg et al.[23] proposed a Clinical Decision Support System (CDSS) for the detection of adenomatous
polyps in colon histopathology images. They employed the ConvNeXt architecture for the classification of
histopathological images. Evaluating the proposed method on a custom dataset with over 10,000 colon
histopathology images, they achieved a classification accuracy of 95%. Furthermore, on the EBHI and
UniToPatho datasets, they achieved classification accuracies of 91.1% and 90%, respectively.

Although there are many studies in the existing literature, computer-aided colourectal cancer detection
system is an active field of study. Although EBHI dataset to be used in the study is quite comprehensive
and useful, it has been observed that a limited number of studies have been carried out. In this context, in
the light of the literature, two different approaches are tested on the EBHI dataset in this study. In the first
approach, various well-known CNN models are tested on the EBHI dataset. In the second approach, the
three most successful CNN models are used with the weighted voting ensemble method weighted by the
grid search algorithm.

3. Material And Methods

The images of Normal, Polyp, Low-Grade IN, High-Grade IN, and Adenocarcinoma in the EBHI dataset were
categorized into benign and malignant classes. Subsequently, the data was divided into three parts with an
80% training, 10% testing, and 10% validation split, and online data augmentation techniques were
applied. The data was trained using various architectures of different sizes and transfer learning with
models pre-trained on ImageNet. The best three models were combined using weighted ensemble method.
The details of the dataset, architectures used, and data augmentation processes are described following
sections of the study. Fig. 1 shows the schematic diagram of the proposed study.
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Fig. 1. Schematic Diagram of Proposed Study
4. Dataset

EBHI [22]dataset is a public dataset comprising a total of 5532 electron microscopy images, which includes
five stages of colorectal cancer (CRC): Normal, Polyp, Low-Grade Intraepithelial Neoplasia (Low-Grade IN),
High-Grade Intraepithelial Neoplasia (High-Grade IN), and Adenocarcinoma. Normal cells in the dataset are
characterized by regular morphology and a low mitotic rate. Polyp exhibits elevated and low nuclear division
rates, forming raised lesions in the intestinal mucosa. Low-Grade IN is characterized by significant changes in
cell morphology and arrangement, representing precursor lesions. High-Grade IN is distinguished by severe
nuclear atypia and a high mitotic rate. Adenocarcinoma represents malignant tumors with irregular lumen
distribution, infiltrative growth, and a high nucleoplasmic ratio. The dataset includes four magnification
levels: 40x, 100x, 200%, and 400x. The distribution of the dataset according to CRC stages and magnification
levels is shown in Table 1.

Table 1. Dataset Distribution by CRC Stages and Magnification Levels[22]
Magnification 40x 100x 200x 400x Total
Normal 17 29 61 79 186
Polyp 119 165 254 304 842
Low-grade IN 204 341 603 660 1808
High-grade IN 47 80 130 161 418

273



Adenocarcinoma 205 471 790 812 2278
Total 592 1086 1838 2016 5532

Fig. 2 shows sample images from different magnification levels of CRC stages in the EBHI dataset.

Normal : Polyp Low-grade IN High-grade IN © Adenocarcinoma

§) -

Fig. 2. Sample Images of CRC Stages at Different Magnification Levels and categories in the EBHI Dataset
The five classes corresponding to CRC stages are divided into two main categories according to the Medical
Classification method: Benign (Normal, Polyp, and Low-Grade IN) and Malignant (High-Grade IN and
Adenocarcinoma). The numerical distribution of the dataset based on the main categories and magnification

levels is presented in Table 2.

Table 2. Dataset Distribution by Type And Magnification Levels
Type 40x 100x 200x 400x Total
Benign 340 535 918 1043 2836
Malignant 252 551 920 973 2696
Total 592 1086 1838 2016 5532

In this study, classification was performed on 200x and 400x magnification levels, taking into account the
distribution of the dataset. Figure 3 presents the t-SNE plot of malignant and benign images at 200x and 400x
magnification levels. t-SNE [24] is a visualization method used to represent high-dimensional data by mapping

similar data points closer together, making it easier to interpret the data visually.
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Fig. 3. Dataset visualization in a two dimensional space of benign and malignant images: (a) 200x and (b)

400x
5. Data Augmentation

The performance of deep learning algorithms is directly related to the size of the training data [25]. In cases
where the data is insufficient, data augmentation techniques can be applied to increase the number of images
in the dataset. In this study, online data augmentation techniques were employed. The parameters of data

augmentation methods used in the study are shown in Table 3.

Table 3. Data Augmentation Parameters

Rotation Width Shift Height Shift =~ Shear Zoom
0.8 0.3 0.6 0.5 0.2

6. Convolutional Neural Networks

CNNs are a special deep learning algorithms that used for image analysis tasks. CNNs achieved succesful
outputs in various fields such as farm[25, 26], medical[27, 28] and education[29]. CNNs consist of three main
components: convolutional, pooling, and fully connected layers [30-32]. The convolutional layer applies filters
to the input image in order to extract relevant features[33]. The pooling layer is used for dimensionality
reduction, to make the model run faster and reduce computational complexity. In the fully connected layer,
the classification process is performed based on the neural network structure. Various architectures have
been proposed using the three main components.

Within the study, several well-known and high-performing CNN models were used; DenseNet121 [34],
InceptionV3 [35], MobileNet[36], VGG16[37], VGG19 [37], and Xception [38].
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DenseNet121

DenseNet [34]was proposed by Huang et al. in 2016. The DenseNet model utilizes features from previous
layers by establishing direct connections between each layer and all preceding layers. The DenseNet-121
architecture, consists of 4 dense blocks, 3 transition layers, and a total of 121 layers.

InceptionV3

InceptionV3 [35], is a network with multiple Inception modules. These modules enhance the network's
capacity for generalization and adaptability to different scales.

MobileNet

MobileNet [36], is a 2017 model designed for mobile devices. It reduces network parameters and complexity
by using depthwise separable convolutions.

Visual Geometry Group(VGG)

VGG [37], was developed at Oxford University in 2015. It has a deeper and more homogeneous structure than
other popular CNN architectures. The VGG16 and VGG19 models consist of 16 and 19 convolutional layers,
respectively, with filter sizes typically set as 3x3.

Xception

Xception[38] proposed by Chollet in 2017, is inspired by the Inception V3 architecture. The key innovation
introduced in Xception is the inverse usage of depthwise separable convolution modules that modification
resulted in improved performance compared to Inception V3 on the ImageNet dataset. The Xception model
consists of a total of 14 modules and 36 convolutional layers.

In this study, various CNN models of different sizes, including DenseNet121, InceptionV3, MobileNet, VGG16,
VGG19, and Xception, were used for image classification tasks. These models are pre-trained on the ImageNet
dataset, enabling them to extract more general features. The classifier block at the last layer of models was
removed, and a new classifier layer was added, facilitating transfer learning. The CNN models were trained
with a batch size of 32 and an SGD optimizer for 100 epochs.

7. Ensemble Learning

The ensemble method is an approach that aims to create a more powerful and robust model by strategically
combining base models[39]. In this study, we have employed the weighted ensemble method. The weighted
ensemble method combines different models, with each model given a weight according to its
contribution[27]. This method enhances the prominence of better models and reduces the influence of those
with poor performance. Pretrained models (DenseNet121, InceptionV3, MobileNet, VGG16, VGG19, and
Xception) were trained on the training dataset. Each model's performance was evaluated with the test

dataset. Regarding their performance, the best three models were combined using the weighted ensemble
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method. The weights of the models, ensuring a total sum of one, were determined through the grid search

technique.
8. Evalation metrics

Classification performance consists of a series of metrics used to measure how accurately a model performs
the classification task. In binary classification, TP (True Positive) denotes the count of correctly classified
positive samples, TN (True Negative) represents the count of correctly classified negative samples, FP (False
Positive) signifies the count of falsely classified positive samples, and FN (False Negative) indicates the count

of falsely classified negative samples[40].

Based on TP, TN, FP, and FN values, several metrics such as accuracy, precision, recall (sensitivity), F1 score,

and AUC can be calculated to assess the classification performance[40].

The mathematical formulas for these performance evaluation metrics are provided in Equations 1-4.

TP+TN
Accuracy = —————— (1)
TP+TN+FP+FN
.. TP
Precision = (2)
TP+FP
TP
Recall = —— (3)
TP+FN
Precision*Recall
F1Score =2« ———— (4)
Precision+Recall
9. Results

In this study, binary classification(benign and malignant) was performed on images from the EBHI dataset
with 200x and 400x magnification ratios. . Pretrained models (DenseNet121, InceptionV3, MobileNet, VGG16,
VGG19, and Xception) were trained on the training dataset. The graphs illustrating the accuracy and loss
values during the training process, based on the training and validation data, are shown in Figure 4 and Figure
5 for the 200x magnification ratio, and in Figure 6 and Figure 7 for the 400x magnification ratio. When Figure
4,5,6 and 7 are analyzed, there is a significant difference between the train accuracy and validation accuracy at
200x and 400x magnification, which shows that the models are not overfitting. However, VGG19 experienced
fluctuations in validation accuracy and loss value, indicating that the model's prediction on unseen data is

worse than the other models.

277



0.76

0.72

1.00
0.96
0.92
0.88
0.84

> 0.80
o
Co.76
g

2072
0.68
0.64
0.60
0.56
0.52

DenseNet121

—— Training Acc
—— Validation Acc.

0 10 20 30 40 50 60 70 80 90 100
Epochs

VGG16

T

—— Training Acc.
—— Validation Acc.

0 10 20 30 40 50 60 70 80 90 100
Epochs

1.00

0.96
0.92
0.88
0.84

Eo.ao

3076

<072
0.68
0.64
0.60
0.56

InceptionV3

—— Training Acc.
— Validation Acc.
0 10 20 30 40 50 60 70 80 90 100
Epochs
VGG19
—— Training Acc.

—— Validation Acc.
0 10 20 30 40 50 60 70 80 90 100
Epochs

1.00/
0.96
0.92
0.88
0.84
0.80

2076

o

So072|

£ 068
0.64
0.60
0.56
052
0.48

0.961
0.92:
088
0.84
0.80
E\O.?ﬁ-
So72|
g 0.68 |
0.64
0.60"
056
052
0.48¢

MobileNet

—— Training Acc.
— Validation Acc.
0 10 20 30 40 50 &0 70 80 90 100
Epochs
Xception

—— Training Acc.
—— Validation Acc.

0 10 20 30 40 50 &0 70 80 90 100
Epochs

Fig. 4. Mini-batch accuracy plots for models at 200x magnification
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Fig. 7. Mini-batch loss plots for models at 400x magnification
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According to the graphs, it can be seen that the difference in accuracy and loss values between the training
and validation data is minimal. So the models did not overfit the training dataset. Performance of each model

was calculated using a confusion matrix. The confusion matrices for the models, categorized by magnification
ratios, are shown in Figure 8 and Figure 9.
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MobileNet

True label
True label
True label

o —
Predicted label

VGG16

o —
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VGG19

o —
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o — o —
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Ensemble

True label

o . -
Predicted label

Fig. 8. Model Confusion Matrices at 200x Magnification(0:Malignant,1:Benign)
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Fig. 9. Model Confusion Matrices at 400x Magnification

The performance of CNN models and the ensemble method is presented in Table 4 and Table 5, respectively,
for the 200x and 400x magnification ratios. Among the models at the 200x magnification ratio, DenseNet121,
MobileNet, and VGG16 achieved higher accuracy values compared to the other models. The models obtained
accuracy rates of 0.9782, 0.9728, and 0.9619, respectively. Hence, these three models were combined using
the weighted ensemble method to perform the final classification. On the other hand, for the 400x
magnification ratio, MobileNet, Inception-V3, and Xception models achieved the highest accuracy rates.
MobileNet performed the best with an accuracy rate of 0.9851, followed by Inception-V3 and Xception with
accuracy rates of 0.9801. These three models were also combined using the weighted ensemble method for
the final classification. With the weighted ensemble method, the accuracy value increased to 0.9864 for the

200x magnification ratio and 0.9901 for the 400x magnification ratio.
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Table 4. Classification Results of Models at 200x Magnification on EBHI Dataset

Model Acc. Category Precision Recall F1 AUC

Score

DenseNet121 0.9782 Benign 0.9783 0.9783 0.9783 0.9782
Malignant 0.9783 0.9783 0.9783

Inception-V3  0.9592 Benign 0.9378 0.9837 0.9602 0.9592
Malignant 0.9829 0.9348 0.9582

MobileNet 0.9728 Benign 0.9677 0.9783 0.9730 0.9728
Malignant 0.9780 09674 0.9727

VGG16 0.9619 Benign 0.9620 0.9620 0.9620 0.9619
Malignant 0.9620 0.9620 0.9620

VGG19 0.9538 Benign 0.9514 0.9565 0.9539 0.9538
Malignant 0.9563 0.9511 0.9537

Xception 0.9510 Benign 0.9235 0.9837 0.9526 0.9510
Malignant 0.9826 0.9185 0.9494

Ensemble 0.9864 Benign 0.9838 0.9891 0.9864 0.9864

Malignant 0.9891 0.9837 0.9864

Table 5. Classification Results of Models at 400x Magnification on EBHI Dataset

Model Acc. Category Precision Recall F1 AUC

Score

DenseNet121 0.9727 Benign 0.9806 0.9665 09735 0.9729
Malignant 0.9646 0.9795 0.9720

Inception-V3  0.9801 Benign 0.9718 0.9665 0.9810 0.9798
Malignant 0.9895 0.9692 0.9793

MobileNet 0.9851 Benign 0.9903 0.9809 0.9856 0.9853
Malignant 0.9797 0.9897 0.9847

VGG16 0.9603 Benign 0.9289 1.0000 0.9631 0.9589
Malignant 1.0000 0.9179 0.9572

VGG19 0.9752 Benign 0.9761 09761 09761 0.9752
Malignant 0.9744 09744 09744

Xception 0.9801 Benign 0.9809 0.9809 0.9809 0.9801

Malignant 0.9795 0.9795 0.9795

Ensemble 0.9901 Benign 0.9904 0.9904 0.9904 0.9900
Malignant 0.9897 0.9897 0.9897
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In conclusion, different deep learning models and the weighted ensemble method were employed in this study
to classify tumors in histopathology images with varying magnification ratios. The highest performance was
achieved with the DenseNet121, MobileNet, and VGG16 models for the 200x magnification ratio, and the
MobileNet, Inception-V3, and Xception models for the 400x magnification ratio. The combination of these
models using the weighted ensemble method resulted in higher accuracy rates.

10. Discussion

The experimental results are compared with other successful studies in the literature. Table 6 illustrates the
comparison with previous studies on the EBHI dataset. Hu et al. [21] achieved an accuracy of 0.9537 for the
200x magnification ratio. In the study by Yengec et al. [32], a binary classification was performed without
specifying the magnification level, and an accuracy rate of 0.911 was achieved. In comparison with these
studies, our proposed model achieved accuracy rates of 0.9864 for the 200x magnification ratio and 0.9901
for the 400x magnification ratio. Our results indicate a higher performance compared to the outcomes of

previous studies.

Table 6. Performance Comparison with previous works on EBHI Dataset

Study Magnification Accuracy Category Precision Recall F1Score AUC
Hu et 200x 0.9537 Benign 0.944 0.965 0.954 -
al.[22] Malignant 0.964 0.943 0.953
Yengecet - 0.911 Binary 0.8874 0.9436 09146 -
al.[23]

200x 0.9864 Benign 0.9838 0.9891 0.9864
Proposed Malignant  0.9891 0.9837 0.9864 0.9864
Model 400x 0.9901 Benign 0.9904 0.9904 0.9904 0.9900

Malignant  0.9897 0.9897 0.9897

11. Conclusion

In this study, deep learning models and the weighted ensemble method were used for binary classification of
tumors in histopathology images as benign and malignant, on images with different magnification ratios.
Binary classification was conducted using various pre-trained CNN models and the transfer learning method.
Highest accuracy rates were achieved for 200x and 400x magnification ratios, respectively, in the
DenseNet121, MobileNet, and VGG16 models for 200x; and the MobileNet, Inception-V3, and Xception models
for 400x. Combining the best models with weighted ensemble, the accuracy value increased to 0.9864 for the

200x magnification ratio and to 0.9901 for the 400x magnification ratio. The results of this study demonstrate
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that high performance can be achieved in the classification of tumors in histopathology images through the

use of various deep learning models and ensemble methods.
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Anahtar Kelimeler Oz: Tarim, Tiirkiye'de hayati bir sektér olmus ve iilkenin ekonomik ve sosyal
Tahminlelpe». yapisina 6nemli katkilarda bulunmustur. Bu c¢alisma, ¢esitli tahmin modelleri
X?erll\r/ln/ial Uretim, kullanarak 2023-2030 yillar1 arasinda Tiirkiye'de dokuz farkli tahil diriintiniin

iiretim miktarlarini tahmin etmeyi amaglamaktadir. Kullanilan modeller arasinda
Ustel Diizeltme, Holt Dogrusal Yontemi, Holt-Winters Soniimlii Trend, Hareketli
Ortalama ve ARIMA yer almaktadir. Bu modellerin performansi Ortalama Karesel
Hata (MSE) ve Ortalama Mutlak Hata (MAE) degerleri kullanilarak
degerlendirilmistir. Bu analiz i¢in kullanilan veriler 1990-2022 yillarim
kapsamaktadir ve Tiirkiye Istatistik Kurumu'ndan (TUIK) alinmistir. Sonuglar,
bugday, arpa, misir ve yulafin artan bir tretim egilimi yasayacagini, geltik, cavdar,
dar1 ve kaplica ise azalan bir egilim gosterecegini gostermektedir. Bu ¢alisma, iklim
degisikligi ve nufus artis1 gibi kiiresel zorluklar karsisinda siirdiiriilebilir tarimsal
iiretim ve istikrar1 saglayarak etkili ulusal gida giivenligi politikalar: ve stratejileri
gelistirmede dogru tahmin modellerinin 6nemini vurgulamaktadir.

Ustel Diizeltme,
Hareketli Ortalama,
Holt Dogrusal Yontemi

Forecasting of Agricultural Production in Turkey: Comparative Analysis

Keywords Abstract: Agriculture has been a vital sector in Turkey for thousands of years,

Forecast, significantly contributing to the country's economic and social structure. This study

Agricultural Production, aims to forecast the production quantities of nine different grain products in Turkey

gf;lc\)/[:éntial Smoothing from 2023 to 2030 using various predictive models. The models employed include

Movine Average ’ Exponential Smoothing, Holt Linear Method, Holt-Winters Damped Trend, Moving
g ge,

Holt Linear Method Average, and ARIMA. The performance of these models is evaluated using Mean
Squared Error (MSE) and Mean Absolute Error (MAE) values. The data used for this
analysis spans from 1990 to 2022 and was sourced from the Turkish Statistical
Institute (TUIK). Results indicate that wheat, barley, maize, and oats will experience
an increasing production trend, while rice, rye, millet, and spelt show a decreasing
trend. This study highlights the importance of accurate forecasting models in
developing effective national food security policies and strategies, ensuring
sustainable agricultural production and stability in the face of global challenges such
as climate change and population growth.

*{Igili Yazar, email: ismet.soylemez@agu.edu.tr

1. Giris

Tarim binlerce yildir Tirkiye'de 6nemli bir sektér olmustur. Anadolu topraklar1 tarih boyunca cesitli
medeniyetlere ev sahipligi yapmis ve tarimsal faaliyetlerle ayakta tutulmustur. Topluma gelir kaynag saglayarak
Tiirkiye'nin ekonomik ve sosyal yapisinda 6nemli bir rol oynamistir. Ttrkiye, elverisli cografi konumu, farkl iklimi
ve verimli topraklari nedeniyle tarimsal iiretim agisindan zengindir. Tarimin Tirkiye icin stratejik 6nemi, sadece
gecmiste degil giiniimiizde de devam etmektedir. Diinyanin 6nde gelen tiilkeleri, sadece kendi gida ihtiyaclarini
karsilama konusunda degil, ayn1 zamanda kiiresel tarimsal iiretimde karar verici konumundadirlar. Gelismis
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tilkeler, tarimin stratejik 6nemini kavramis ve sektort destekleyici politikalar gelistirmistir. Arastirma, teknoloji
ve egitim gibi alanlara yapilan yatirimlar, tarimsal iiretimin verimliligini artirmis ve siirdiriilebilirligini
saglamistir. Ayrica, uluslararasi ticaret anlasmalari ve tarim politikalarindaki uyum, bu tilkelerin kiiresel tarimsal
tiretimde etkin rol oynamasini saglamistir. Bu ¢abalar, diinya genelinde gida giivenligi ve istikrari icin 6nemli bir
katki saglamaktadir. Tarim, insanlarin temel gida ve giyim ihtiyaclarinin karsilanmasinda énemli bir sektordiir.
Tarih boyunca vazgecilmez olmus ve stratejik dneme sahip olmaya devam etmektedir [1]. Iklim degisikligi, dogal
afetler, kuraklik, kaynak belirsizligi ve niifus artisi, kiiresel gida giivenligine yonelik giderek artan tehditler
olusturuyor. Diinya niifusunun 2050 yilinda 9,7 milyari asacagi, bunun da yaygin acliga ve gida giivensizligine yol
acacagl tahmin ediliyor. Gida tedariki yerli iiretim ve ithalat olmak lizere iki ana kaynaga dayanmaktadir. Bir
boélgenin gida iiretme kapasitesinin farkindaligi, gida giivenligi konusunda bilingli politikalarin gelistirilmesi
acisindan c¢ok oOnemlidir. Bu nedenle gida yonetisimi ve is modelleri icin dogru tahmin modellerinin
gelistirilmesinin gerekli oldugu diistinilmektedir. Ulusal gida giivenligi politikalarinin ve stratejilerinin
gelistirilmesi ve uygulanmasi biiytik dl¢iide gida iiretimini dogru bir sekilde tahmin etmek i¢in gelismis modellerin
kullanilmasina baghdir. [2,3]

Literatiirde gida iirtinlerinin tiretim tahminlemesi ile ilgili farkli calismalar mevcuttur. Nosratabadi ve arkadaslari
[2] tarim iirtinlerinin tiretim tahminlemesinde uyarlanabilir ag tabanh bulanik ¢ikarim sistemi (ANFIS) ve ¢ok
katmanli algilayic1 (MLP) yontemleri kullanmaktadir. Bunun yaninda, Baswaraju ve arkadaslari [3] AROA tabanli
hibrit derin 6grenme modelini tarim irtinlerin tretim miktarinin tahminlemesinde, Abraham ve arkadaslari [4]
ise yapay sinir aglarin1 soya fasulyesi lretimi tahminlemesinde kullanmistir. Olowa ve Olowa, Wenjun ve
arkadaslari [5,6] lineer regresyon yontemini tarim, balik ve hayvancilik taleplerini tahmin etmek i¢in kullanmistir.
Wang ve arkadaslar1 [7] yapay sinir aglarini kullanarak Cin’deki balik ve piring tiretim miktarlarini, Kharal ve
arkadaslar1 [8] karar destek vektorlerini kullanarak bugdayin verimini tahmin etmeye calismistir. Ayrica,
literatiirde tarimsal tiriinler ile ilgili farkli tahminleme ¢calismalari da bulunmaktadir. Mittal ve Zhang [9] gidalarin
donma siirelerinin tahminlenmesi i¢in sinir aglarini, Lutoslawski ve arkadaslar1 [10] islenmis gidalarin tiiketim
miktarlarinin tahminlemesi i¢in dogrusal olmayan otoregresif eksojen yapay sinir agini, Mamoudan ve arkadaslari
[11] bozulabilir gidalar i¢in fiyat tahminlemesi icin yapay sinir aglarini, Fahrudin ve arkadaslar1 [12], Rana ve
arkadaslar1 [13] gida fiyatlarinin tahminlemesi icin Uzun kisa siireli bellek (LSTM) yontemini kullanmistir. Buna
ilaveten, Wu ve Weng [14] gida giivenligi risk tahmini i¢in toplu 6grenme modellerini kullanmistir. Diger yandan,
Ye ve arkadaslar1 [15] ¢ok degiskenli zaman gecikmeli ayrik gri model kullanarak Cin’deki gida endiistrisinin
tiretim tahminlemesi; Shi ve arkadaslar1 [16] lineer regresyon, yapay sinir agy, karar destek vektorleri ve rassal
orman kullanarak Kuzey Kore’deki yer alt1 verisi seyrek olan bolgelerde piring verimliliginin tahminlemesi; Raihen
ve Akter [17] GaussianNB, karar agaci, K-En yakin komsu algoritmasi, rassal orman, , karar destek vektorleri
XGBoost, LightGBM, AdaBoost, lojistik regresyon, yapay sinir ag1 ve derin 6grenme yontemleri kullanilarak
kurutulmus iiziimlerin siniflandiriimasi; Unlii [18] karar destek vektérleri, agirhiklandirilmis destek vektorleri
kullanilarak sarap kalitesi tahminlemesi tizerine ¢alismislardir. Calismalarda kullanilan metotlar ve ¢alismalarin
amagclari 6zet seklinde Tablo 1’de gosterilmistir.

Tiirkiye'deki tarimsal iiretimin bilyiik bir béliimiinii tahil {iriinleri olusturmaktadir. Ornegin, bugday ve arpa gibi
triinler hem i¢ tiiketimde hem de ihracatta 6nemli yer tutmaktadir. Tahil iirtinleri hem Tiirkiye icinde hem de
kiiresel pazarda yiiksek talep goren triinlerdir. Bu nedenle, bu triinlerin iretim miktarlarinin dogru bir sekilde
tahmin edilmesi, ekonomik planlama ve ticaret stratejileri acisindan kritiktir. Bu calisma, Tiirkiye'de 2023-2030
yillar1 arasinda 9 farkli tahil iriiniiniin dretim miktarlarim tahmin etmek i¢in ¢esitli tahmin modelleri
kullanmaktadir. Tarimsal iiretim tahminleri, ulusal gida giivenligi politikalarinin ve stratejilerinin gelistirilmesi
icin hayati 6neme sahiptir. Bu ¢alisma, tarim sektdriiniin siirdiiriilebilirligi ve istikrarini saglamak adina dogru
tahmin modellerinin kullanilmasinin 6nemini vurgulamaktadir. Ayrica, bu ¢alismada farkli tahmin modellerinin
karsilastirmali analizini sunarak, hangi modelin Tiirkiye'deki tahil iiretimini en dogru sekilde tahmin edebilecegini
gostermektedir. Elde edilen sonuglar, tarimsal iiretim ve planlama alaninda yapilacak sonraki ¢alismalar i¢in bir
referans kaynagi olma potansiyeline sahiptir.

“Materyal ve Metot" boliimiinde, Tiirkiye'deki tahil Giretim verilerinin nasil 6n islendigi, ayrica kullanilan tahmin
modelleri ayrintili bir sekilde agiklanmaktadir. "Bulgular” baslig1 altinda, farkli tahmin modellerinin performans
karsilastirmalar1 ve bu modellerin tahil iretim tahminleri sunulmaktadir. "Tartisma ve Sonug¢" kisminda, elde
edilen sonuclar tartisilmakta ve bu sonuclarin Tiirkiye'nin tarim politikalarina ve gida glivenligi stratejilerine olan
etkileri degerlendirilmektedir. Ek olarak, farkli tahmin modellerinin gelecek ¢alismalarda nasil gelistirilebilecegi
konusunda 6nerilerde bulunulmaktadir. Ekler kisminda ise, kullanilan veriler ve modellerin gegerlilik testlerine
dair detaylar yer almaktadir.
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Tablo 1 Calismalarin Ozet Tablosu

Referans No. Kullanilan Metotlar Calismanin Amaci
2] Ag Tabanli Bulanik Cikarim Sistemi (ANFIS) ve Tarim Uriinleri Uretim Miktar1
Cok Katmanli algilayici (MLP) Tahminleme
[3] AROA Tabanl Hibrit Derin Ogrenme Modeli Tarlm. Uriinleri Uretim Miktar
Tahminleme
o Soya Fasulyesi Uretim Miktar
[4] Yapay Sinir Aglar1 Tahminleme
. Tarim, balik ve hayvancilik Talepleri
[5] Lineer Regresyon Tahminleme
. Tarim, balik ve hayvancilik Talepleri
[6] Lineer Regresyon Tahminleme
o Balik ve Piring Uretim Miktar1
[7] Yapay Sinir Aglar1 Tahminleme
[8] Karar Destek Vektorleri Bugday Verimi Tahminleme
[9] Yapay Sinir Aglari Gidalarin Donma Siiresi Tahminleme
[10] Dogrusal Olmayan Otoregresif Eksojen Yapay islenmis Gidalarin Tiiketim Miktarini
Sinir Aglan Tahminleme
[11] Yapay Sinir Aglar1 Bozulabilir Gidalar i¢in Fiyat Tahminleme
[12] Uzun kisa siireli bellek (LSTM) Gida Fiyatlarini Tahminleme
[13] Uzun kisa siireli bellek (LSTM) Gida Fiyatlarini Tahminleme
[14] Toplu Ogrenme Modelleri Gida Glivenliginde Risk Tahminleme
[15] Cok Degiskenli Zaman Gecikmeli Ayrik Gri Gida Endiistrisi Uretim Miktar1
Model Tahminleme
Lineer Regresyon, Yapay Sinir Aglari, Karar o AEURTRAU .
[16] Destek Veitér}lleri ve gazsal Ormgan Piring Verimliligini Tahminleme
GaussianNB, Karar Agaci, K-En Yakin Komsu
Algoritmasi, Rassal Orman, Karar Destek
[17] Vektorleri XGBoost, LightGBM, AdaBoost, Kurutulmus Uziimlerin Siiflandiriimasi
Lojistik Regresyon, Yapay Sinir Aglar1 ve Derin
Ogrenme Yéntemleri
[18] gigisz‘iz’f{ing:Etorlerl ve Agirliklandiriimis Sarap Kalitesinin Tahminlenmesi

2. Materyal ve Metot

Bu ¢alismada Tiirkiye’de iiretilen 9 farkl tahil {iriiniiniin (Bugday, Arpa, Misir, Celtik, Cavdar, Yulaf, Kaplica, Dar,
Mahlut) 1990-2022 yillari arasindaki iiretim verileri kullanilmistir. Veri TUIK sisteminden alinmis olup iiretim
miktarlari ton olarak kullanilmistir (Ek A.). Verinin 6n isleme ve analiz islemleri Python 3.11.2 siirtimii kullanilarak
olusturulmustur. Veri 6n islemesi i¢cin “Pandas”, “Numpy”, “Sklearn” kiitiiphaneleri; tahminleme modelleri igin
Python icerisinde yer alan “Statsmodels” kiitiiphanesi; modellerin performansinin kiyaslanmasinda “Sklearn”
kiittiphanesi; verilerin gorsellestirilmesinde “Matplotlilb” kiitiiphanesi kullanilmistir.

Tahminleme modelleri olarak “Ustel Diizeltme”, “Holt Dogrusal Yéntemi (Holt Linear Trend)”, “Holt Sénme Egilim
(Holt Damped Trend)”, “Hareketli Ortalama” ve “Biitliinlesik Otoregresif Hareketli Ortalama (ARIMA)”
kullanilmigtir. Ustel diizeltme, zaman serisi verilerindeki kisa vadeli tahminler icin yaygin olarak kullamilir ve
ozellikle mevsimsellik ve trend bilesenlerini yakalamada etkilidir. Holt dogrusal yontemi, trend igeren veriler i¢in
uygundur ve zaman serisi verilerinde belirgin trendlerin oldugu durumlarda iyi sonug verir. Holt sénme egilim
yontemi, uzun vadeli tahminlerde trendin sdniimlenmesini saglar, bu da asir1 tahmin riskini azaltir. Hareketli
ortalama basit ve anlasilir bir yontemdir, verideki giiriiltiiyli azaltmak ve genel egilimi gérmek i¢in kullanilir.
ARIMA, zaman serisi verilerinde yaygin olarak kullanilan, gecmis verilerden gelecekteki degerleri tahmin eden
glclii bir modeldir. Ayrica, se¢ilen modellerin uygulanabilirligi, anlasilabilirligi ve sonug¢larin tarimsal iiretimle
ilgilenen paydaslar tarafindan kolayca yorumlanabilmesi acgisindan o6nemlidir. Buna ilaveten, modellerin
performans kiyaslamasi i¢in veri seti egitim ve test olarak ikiye boéliinmiistiir ve test degerleri i¢in ortalama hata
karesi (MSE) ve ortalama mutlak hata (MAE) degerleri kiyaslanmistir. Ayrica, egitim veri seti verinin ilk 0,8
verisinden, test veri seti verinin son 0,2 verisinden olusmaktadir.

2.1. Veri 6n isleme

Veri setlerinde analize baslamadan 6nce verinin duragan (stationary) olup olmamasi analiz edilmistir. Serinin
deterministik 6zellikleri sabit, trend ve mevsimsellik bilesenlerinin varlig1 veya yoklugu ile belirlenir. Bir serinin
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stokastik oOzellikleri oncelikle degiskenlerin duragan olup olmadigiyla ilgilidir. Ancak zaman serisi analizi
yapilirken analiz edilen serilerin duragan oldugunun belirlenmesi biiyiik 6nem tasimaktadir [19]. 9 tahil {iriinti
icin duraganlik analizi yapilmistir. Bu analiz i¢in Dickey-Fuller testi kullanilmistir. Dickey-Fuller testi, otoregresif
(AR) bir zaman serisi modelinin birim kok icerip icermedigini belirlemek i¢in kullanilan istatistiksel bir testtir.
Alternatif hipotez, kullanilan testin versiyonuna bagh olarak degisir, ancak genellikle ya duraganligi ya da trend-
duraganhig igerir [20]. Her bir tahil driini icin 0,95 giiven aralifi i¢in Dickey-Fuller testi uygulanmistir ve p
degerlerine gore duragan olup olmadig1 Tablo 2.de gosterilmistir.

Tablo 2. Tahil iiriinleri duraganlik tablosu

Tahil Duragan / Duragan degil
Uriinii
Bugday Duragan
Arpa Duragan
Misir Duragan degil
Celtik Duragan degil
Cavdar Duragan degil
Yulaf Duragan degil
Kaplica Duragan degil
Dar1 Duragan
Mahlut Duragan

Duragan olmayan verileri duraganlastirmak icin Farklilastirma (Differencing) ve Doniisiim (Transformation)
yontemleri kullanilmistir. Farklilagtirma, degisimi ortadan kaldirmak ve duraganligi saglamak i¢in duragan
olmayan serilerin bir, iki, hatta {i¢ kez farkinin alinmasi yontemidir. Fark alma, duragan olmayan biitiinlesmis
seriler icin uzun hafizali zaman serisi analizinin hafiza parametresini tahmin etmek icin kullanilir [21]. Celtik
Cavdar ve Yulaf icin mevcut bir kez farki alinarak mevcut veriden ¢ikartilarak yeni veri elde edilmistir. Dahasi,
Misir verisi i¢in ii¢ farki alinarak mevcut veriden c¢ikartilarak yeni veri elde edilmistir. Kaplica verisinin
duraganlastirilmas1 icinse Doniisim yontemi kullanilmistir. Literatiirde zaman serilerindeki duraganlik
sorununun iistesinden gelmek icin cesitli doniisim yontemleri onerilmistir. Ancak belirli bir zaman serisi
uygulamasi i¢in uygun yontemin secilmesi basit bir is degildir. Her yontemin 6zelliklerini ve beklenen faydalarini
analiz etmek ¢ok 6nemlidir. Onemli hususlar, baslangigtaki veri varsayimlarini ve ydéntemin kendine 6zgii
ozelliklerini igerir [22]. Veriyi duraganlastirmak igin Kaplica verisinin logaritma 10 tabaninda degerleri
olusturulmustur. Daha sonra, olusturulan bu verinin 3 farki alinarak ilk veriden ¢ikarilmistir. En son olusturulan
tiim veriler i¢in Dickey-Fuller testi ile tekrar test edilmis 0,95 giiven araliginda tiim veriler duragan oldugu tespit
edilmisgtir.

Analize baglamadan 6nce veri seti normalize edilmistir. Veri normallestirme yonteminin temel amaci, herhangi bir
6grenme algoritmasina beslenebilecek yiiksek kaliteli veriler iiretmektir. Zaman serisi verileri genis bir deger
araligina sahip olabilir, dolayisiyla 6grenme siirecini hizlandirmak i¢in ayni deger araligina 6lgeklendirilmesi
gerekir [23].

2.2. Ustel diizeltme

Ustel diizeltme, agikhigl, uyarlanabilirligi ve seffafligi nedeniyle yaygin olarak kullanilan bir tahmin yéntemidir
[24]. Ustel diizeltme, hata, egilim ve mevsimsellik degiskenleri olmak iizere 3 temel bileseni icerir. Yéntemin
calisma prensibi giincel veri ve gozlemlerin eskilere gore daha fazla énem tasimasidir [25]. Ustel diizeltme,
ozyinelemeli bir formiil kullanarak tiim gézlemlerin agirliklarini hesaplar ve bu bilgiyi gelecege iliskin tahminlerde
bulunmak i¢in kullanilir. [26].

Xe=xxY 1+ (1-x) xX;_4 (D

Denklem 1’de tstel dlizeltme denklemi gdsterilmistir. X;, t zamaninda tahmin edilen degeri, X;_;, t - 1 zamaninda

tahmin edilen degeri, Y;_;, t - 1 zamanindaki ger¢ek degeri ifade etmektedir. Ayrica « degeri 0 ile 1 arasinda
belirlenen verinin yumugsatma faktoriinii belirtmektedir. Bu ¢alismada, o« degeri 0,01 ile 1 arasindaki 0,01
arttirarak her bir tahil iiriinii i¢in tahminlemesi yapilmis ve ortalama hata karesi degerleri hesaplanmistir.

2.3. Holt dogrusal yontemi

Ustel agirlikh hareketli ortalama, rastgele degiskenligi yumusatmaya yonelik bir yéntemdir. Eski verilere daha az
agirlik vermesi, hesaplamanin basit olmasi ve veri kiimesi i¢cin minimum diizeyde veri gerektirmesi bu metodun
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avantajlarindandir [27]. Holt iistel diizeltme, trend verilerini dogrudan diizelten ve ikincil tstel diizeltmeyi
kullanmadan orijinal zaman serisini tahmin eden dogrusal bir iistel diizeltme y6ntemidir. Bu ydntemin en belirgin
avantaji, zaman serilerindeki trendin degismesi, trend verilerini dogrudan yumusatmasi ve ikincil iistel diizeltme
kullanmadan orijinal zaman serisini tahmin etmesidir. Esnekligi nedeniyle yaygin olarak kullanilmaktadir [28].
Holt listel diizgiinlestirmenin iki temel yumusatma formiili ve bir tahmin formiilii vardir (Denklem 2).

Xevr =Leg +key xT
Ly = x Yy + (1= x (Le—y — k¢—1)

(2)
ke=Bx(Le—Le—)) + (A —=B)xkey

Denklem 2’de Holt Dogrusal Yonteminin denklem hesaplari gosterilmistir. X;, t zamaninda tahmin edilen degerini;
L;, t zamanindaki seviye degerini; k;, t zamanindaki trend degerini ve T ise tahmin dénemi periyodunu ifade
etmektedir. Buna ilaveten, « ve B degerleri 0 ile 1 arasinda sirasiyla seviye yumusatma faktoéri ve trend
yumusatma faktoriidiir. Bu ¢alismada, her bir tahil {iriini icin o« ve 3 degerleri, 0,01'den 1'e 0,01 artirilarak
tahminleme ¢alismasi. yapilmistir. Daha sonra ortalama hata karesi degerleri hesaplanmistir.

2.4. Holt s6nme egilim yontemi

Holt'un dogrusal yontemi, gelecekte siiresiz olarak artan veya azalan sabit bir egilim sergileyen tahminler iretir.
Ancak ampirik kanitlar, bu yéntemlerin 6zellikle daha uzun tahmin ufuklari i¢in asir1 tahmin yapma egiliminde
oldugunu gostermektedir [29]. Gelecekte bir noktada trendi diiz bir ¢izgiye 'soniimleyen’ bir parametre tanitti.
Soniimlii trend iceren yontemler bir¢ok serinin otomatik tahmininde basarili ve poptlerdir [30].

Xewn =L+ (G +J2 45 4+ M2 key
Ly = x Y+ (1—c) x (Ley + ( x keo1))

, (3)
ke=pFx(Le—Li—)+A=B)xj xkey

Holt S6nme Egilim yonteminde kullanilan denklemler Denklem 3’te gosterilmistir. X;,j, t zamanindan h zaman
sonrasinin tahmin edilen degerini; L;, t zamanindaki seviye degerini ve k,, t zamanindaki trend degerini ifade
etmektedir. Holt Dogrusal Yonteminden fakli olarak trend degeri bir soniimleme degeri (j) ile carpilmaktadir. Bu
deger 0 ile 1 arasinda deger almaktadir. Bu ¢alismada, her bir tahil {iriinii i¢in «, $ degerleri, 0,01'den 1'e 0,01
artirilarak farkli parametreler icin ortalama hata karesi degerleri hesaplanmistir. Buna ilaveten Soniimleme
katsayisi her o« ve § kombinasyonu i¢in optimize edilerek hesaplanmistir.

3.5. Hareketli ortalama

Basit Hareketli Ortalama, zaman serisi verilerinde dnceki n veri noktasinin ortalamasini hesaplamak i¢in yaygin
olarak kullanilan bir yéntemdir. Zaman serisindeki her veri noktasina herhangi bir ek agirliklandirma faktéri
uygulanmadan esit agirlik verilir [31]. Veriler ortalamanin etrafinda merkezlenmemisse, basit bir hareketli
ortalama, en son verinin 6rnek genisliginin yaris1 kadar gerisinde kalacaktir. Ek olarak, bir Basit Hareketli
Ortalama, eski verilerin azalmasindan veya yeni verilerin gelmesinden orantisiz bir sekilde etkilenebilir. Basit
Hareketli Ortalamanin bir 6zelligi, eger veriler periyodik dalgalanmalar gdsteriyorsa, o déneme ait bir Basit
Hareketli Ortalama uygulanmasinin bu varyasyonu ortadan kaldirmasidir. Ancak miikemmel derecede diizenli
dongiilere nadiren rastlanir [32].

X_Y1+Y2+"'+Yn
- n 4

Denklem 4’te X, tahmin edilen degeri ifade etmektedir. Buna ilaveten, Y degerleri X'den n periyot dncesine kadar
olan degerleri ifade etmektedir. Bu ¢alismada ise n degeri 2,3 ve 4 olarak alinmis ve her bir tahil iiriint ve her bir
n degeri icin ortalama hata karesi degeri hesaplanmistir.

3.6. Biitiinlesik otoregresif hareketli ortalama (ARIMA)

Otomatik Regresif Entegre Hareketli Ortalama (ARIMA), zaman serisi verilerini tahmin etmek i¢in yaygin olarak
kullanilan olasiliksal bir yontemdir. Finans sektoriinde hisse senedi ve hava durumu tahminlerinin yani sira sinyal
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islemede de yaygin olarak kullanilir [33]. ARIMA y6ntemi zaman serisi analizinde en ¢ok bilinen yaklasimdir. Bu
yontem, bazen Box-Jenkins modelleri olarak da adlandirilan ARMA modellerinin analizini biiyiik o6l¢ciide
kolaylastirir [34]. Yapy, otoregresif AR(p), hareketli ortalama MA(q), otoregresif hareketli ortalama ARMA(p,q) ve
otoregresif entegre hareketli ortalama ARIMA(p,d,q) modellerini igerir [35]. Orijinal veriler iteratif olarak
dontstiirildiikten sonra istatistiksel olarak duragan zaman serisi verileri elde edilebilir. Cogu durumda, gecmis
tahmin hatalar1 da dahil olmak lizere mevcut ve gecmis durumlar icindeki dogrusal veya dogrusal olmayan iliskiyi
temsil edecek uygun bir ARIMA modelinin tanimlanmasi gerekir [36].

Vi=c+PixYig+BoxYi o+ -+ — Y1 X K q—Y X Xpp— -+ (5)

Denklem 5’te belirtilen modelde Y;, t zamanindaki degeri; c sabit bir degeri, B otoregresif sabitini (p); ;, t
zamanindaki tahmin hatasi; y, hareketli ortalama katsayisini ifade etmektedir. Bu ¢alismada her bir tahil diriini
icin 0 ile 8 arasindaki p, d ve q degerleri icin kombinasyonlar1 olusturulurmustur ve bu kombinasyonlar ARIMA
modeli i¢in parametre degeri olarak kullanilmistir. Her bir model i¢in ortalama hata karesi degeri hesaplanmustir.

3. Bulgular

2. boliimde belirtilen modellerin gecerlemesi (validation) i¢in veri seti egitim ve test olmak tizere ikiye boliinmiis
ve her model icin ortalama kare hata degeri hesaplanmistir. Her bir model i¢in en diisiik ortalama hata kare
degerini veren parametrelerin birbirleri ile kiyaslamasi Tablo 3’te gosterilmistir. Buna ilaveten, parantez iginde
kullanilan parametrelerin degerleri belirtilmistir. Ayrica, her bir tahil tiriinii icin her modelin en kiiciik ortalama
kare hatas1 degeri veren parametresine gore karsilastirmali degerleri gosterilmistir (Ek B.). Grafiklerdeki verilerde
normalize edilmis degerler kullanilmistir. Sonuglar incelendiginde Mahlut iiriiniinde Holt Dogrusal yontemi Holt
Sonme Egilim Yontemi ve ARIMA modellerinin negatif deger tahminlemesi yaptig1 gézlemlenmistir. Bunun sebebi
olarak Mahlut {riiniiniin Uretiminin disis trendinde olmasi ve son yillarda iiretim yapilmamasi oldugu
disiiniilmektedir. ARIMA ve Hareketli Ortalama modellerinin tahmin dogrulugu agisindan o6ne ¢iktigini
gostermektedir. Bugday tretimi tahminlerinde, ARIMA modeli ve Hareketli Ortalama modeli en diisitk MSE
degerlerini vermistir. Arpa Uretimi tahminlerinde de Hareketli Ortalama ve ARIMA modelleri en diisiitk MSE
degerlerini saglamistir. Dar1 iiretimi tahminlerinde en diisiik MSE degeri ARIMA modelinden elde edilmistir. Celtik
iretimi tahminlerinde ise Hareketli Ortalama modeli en diisiik MSE degerini vermistir. Cavdar tiretimi i¢in ARIMA
modeli en diisiik MSE degerini vermis ve bu iirtin i¢in en uygun model olarak belirlenmistir. Yulaf ve Misir liretim
tahminlerinde de Hareketli Ortalama modeli en diisiik MSE degerlerine ulasmis, bu da bu tiriinlerin iiretiminde en
dogru tahminleri sagladigini ortaya koymaktadir. Son olarak, Kaplica liretimi tahminlerinde de en diisitk MSE
degeri Hareketli Ortalama modelinden elde edilmistir.

Tablo 3 Ortalama hata karesi degerleri 6zet tablo

{iriin Ady Ustel Holt Dogrusal Holt Sénme Egilim ARIMA I(—)I?tr;;l;i?;
Diizeltme () Yontemi (oc; 8) Yontemi (; 8;j) (p,d,q) (n)
Bugday (0,03) 0.0462 (0,22; 0,01) 0.0374 | (0,08;0,45;0,8) 0.0735 | (5,0,6) 0.024 (3) 0.0222
Arpa (0,36) 0.0549 | (0,2;0,77) 0.0479 | (0,17;0,99; 0,8) 0.0504 | (2,2,5) 0.0412 | (3)0.0378
Dart (0,01)0.1268 | (0,19; 0,86) 0.0174 | (0,99; 0,99; 0,8) 0.0305 | (5,3,4) 0.0084 | (2)0.0117
(0,99 0.0005 (0,68; 0,37) 0 (0,77;0,17; 0,91) 0 (5,2,0) 2)0
Mahlut 0.00004
Celtik | (0:96)0.0413 | (0,07;062)0.0356 | (0,75;0,98,0,8) 0.0386 | (0,23)0.038 | (2)0.0204
Cavdar | (023)0.0678 | (0,18;0,11)00677 | (006;099;0,8)0.0671 | (7,14)0.039 | (2)0.0428
Vulaf (0,25) 0.0941 | (0,08;0,9) 0.0639 | (0,11;0,98; 0,8) 0.0795 | (4,2,2) 0.0546 | (3) 0.0447
Musir (0,01)0.1118 | (0,01;0,38)0.101 | (0,98; 0,01;0,8) 0.1125 | (2,1,2) 0.0609 | (2) 0.0168
Kaplca | (05)00751 | (0,14;0,98)0.0524 | (0,18;09908)0.0609 | (0,15)0.0879 | (2)0.0358

Diger yandan, Tablo 4’de tiim {iriin tipleri icin tahminler gerceklestirilmis olup, en kiiciik MAE degerini veren
tahmin degerleri hesaplanmistir. MAE degerleri analiz edildiginde en kii¢iik olan parametrelerin hareketli
ortalama, iistel diizeltme ve Holt sénme egilim yontemi i¢cin de MSE sonuglari ile uyumlu oldugu gortlmiistiir.

Gegerlemede kullanilan modeller ile 2023-2030 yillar1 arasindaki tiretim miktarlarinin tahmin edilmesi
yapilmistir (Ek C.). Daha iyi ve giivenilir tahminleme sonuglari elde edebilmek i¢in sonuglarin bir araya getirilmesi
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amaglanmistir. Bu ylizden, Tablo A2’de belirtilen modellerin tahmin sonuglarinin aritmetik ortalamasi alinarak
her bir tarim {riini i¢in 2023-2030 yillar1 arasindaki tiretim tahminleri Tablo 5’te belirtilmistir. Ancak, Mahlut
tiriintinde Holt Dogrusal yontemi Holt S6nme Egilim Yontemi ve ARIMA modellerinin negatif deger tahminlemesi
yapildig icin Mahlut {iriiniin tahminlemesinde bu modellerin sonuclari ortalamaya dahil edilmemis ve sifir kabul
edilmistir. Buna ilaveten Kaplica iiriiniinde Holt Dogrusal yontemi Holt S6nme Egilim Yontemi modellerinin
negatif deger tahminlemesi yapildigi icin Kaplica liriiniin tahminlemesinde bu modellerin sonuglari ortalamaya
dahil edilmemis ve sifir kabul edilmistir. Ortalama sonuglari yukar1 yuvarlanmistir.

Tablo 4 Ortalama Mutlak Hata degerleri 6zet tablo

N o i o Hareketli

i | oserbwmereo | LD | | sy |oraim
Bugday (0,07) 0,165 (0,26; 0,01) 0,145 (0,08; 0,45; 0,8) 0.206 (50,2)0,131 | (3)0,122
Arpa (0,36) 0,198 (0,2;0,77) 0,158 (0,17; 0,99; 0,8) 0,178 (2,2,5)0,176 | (3)0,151
Dar1 (0,01) 0.325 (0,24; 0,55) 0,086 (0,99; 0,99; 0,8) 0,165 (5,3,0)0,082 | (2)0,093
Mahlut (0,99) 0,020 (0,69; 0,36) 0,004 (0,77, 0,17;0,9) 0,003 (5,2,0) 0,006 (2) 0,002
Celtik (0,96) 0,186 (0,78;0,98) 0,175 (0,75; 0,98; 0,8) 0,186 (0,2,2) 0,180 | (2)0,129
Cavdar (0,23) 0,184 (0,06; 0,99) 0,172 (0,08; 0,98; 0,8) 0,176 (4,1,2)0,153 | (2) 0,149
Yulaf (0,25) 0,243 (0,08; 0,99) 0,200 (0,11;0,98; 0,8) 0,212 (6,2,2) 0,179 (3)0,171
Misir (0,01) 0,276 (0,01;0,31) 0,259 (0,98;0,01; 0,8) 0,277 (3,0,0)0,174 (2) 0,115
Kaplica (0,99) 0,195 (0,24; 0,53) 0,144 (0,21; 0,99; 0,8) 0,149 (4,3,2) 0,139 (2)0,131

Tablo 5 2023-2030 yillar1 aras1 Tahil Uriinleri Uretim Tahminleri (Milyon Ton)

Yil ARPA MISIR | DARI | YULAF | CELTIK | CAVDAR | KAPLICA | BUGDAY
2023 | 7,906 7,171 10,0044 | 0,338 0,989 0,282 0,0042 19,557
2024 | 7,907 7,327 10,0043 | 0,352 0,982 0,282 0,0037 19,645
2025 | 7971 7,379 10,0042 | 0,367 0,981 0,275 0,0036 19,719
2026 | 7,968 7,473 10,0041 | 0,377 0,978 0,267 0,0037 19,754
2027 | 8,135 7,553 [0,0039] 0,392 0,975 0,266 0,0036 19,724
2028 | 8,210 7,634 10,0038| 0,409 0,973 0,261 0,0036 19,774
2029 | 8,347 7,720 |0,0037| 0,425 0,970 0,258 0,0036 19,738
2030 | 8,422 7,797 10,0035| 0,442 0,968 0,250 0,0036 19,735

4. Tartisma ve Sonug¢

Birlestirilmis tahmin degerleri incelendiginde, Arpa, Misir, Bugday ve Yulaf {iretimden artis trendi gozlenmistir.
Diger yandan, Celtik, Cavdar, Dar1 ve Kaplica iiriinlerinde azalis trendi gézlemlenmistir. Mahlut iiriiniinde ise son
5 senedeki gibi liretim olmayacag1 tahmin edilmektedir. Arpa, Misir ve Yulaf iriinlerinde Tiurkiye'nin 32 yillik
ortalama iiretim miktarinin iizerinde liretim yapacagi tahmin edilmistir. Ancak, Birlesmis Milletler Gida ve Tarim
Orgiitiiniin [37] verilerine gére 2022 yilinda Tiirkiye’'nin Arpa, Misir ithalat: sirasiyla 1,6 milyon ton ve 3,4 milyon
ton olarak gerceklesmistir. Tiikketim miktarinin ayni kaldigi var sayilirsa Arpa ve Misir liretimindeki artis ile ithalat
miktarinin azalacag 6ngoriilmektedir. Diger yandan, Bugday liretiminin Tiirkiye'nin 32 yillik ortalama iiretim
miktari ile yaklasik olarak ayni kalacagi 6ngorilmektedir.

Son dénemde Arpa, Misir, Bugday ve Yulaf gibi stratejik iirtinlerdeki artis trendi, tarimsal iiretimin potansiyelini
ve ¢esitliligini ortaya koymaktadir. Bu artis egilimi, tarim politikalarinin ve ciftgilere saglanan desteklerin etkili bir
sekilde uygulanmasiyla elde edilmistir. Uretimdeki artis trendi, tarimsal {iretimin siirdiiriilebilirligini ve ulusal
gida giivenligini gliclendirmektedir. Arpa, Misir ve Yulaf gibi iriinlerdeki artis, Tiirkiye'nin disa bagimhihigin
azaltarak ekonomik bagimsizhigin1 giiclendirecektir. Ayni zamanda, bu triinlerin i¢ piyasada bol miktarda
bulunmas;, tiiketiciye daha saglikli ve uygun fiyath gida erisimi saglayacaktir. Ancak, azalis trendi gosteren Celtik,
Cavdar, Dar1 ve Kaplica gibi tiriinlerde ciftcilere yonelik desteklerin artirilmasi ve verimliligi artiracak tedbirlerin
alinmasi énemlidir. Bu iiriinlerdeki azalisin tersine dénmesi, tarimsal ¢esitliligi artirarak ekonomik kalkinmaya
katki saglayacaktir. Tarim sektoriiniin desteklenmesi, sadece ¢iftcilerin refahini1 artirmakla kalmayacak, ayni
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zamanda kirsal kalkinmay1 tesvik ederek is imkanlar1 yaratacaktir. Bu nedenle, tarim politikalarinin ve
uygulamalarimin ¢iftcilerin ihtiyaglarina ve sektdriin gereksinimlerine gore sekillendirilmesi biiyiik 6nem
tasimaktadir. Turkiye'nin tarimsal potansiyelini tam anlamiyla degerlendirebilmesi icin siirdirilebilir ve
kapsayici bir tarim politikasinin benimsenmesi elzemdir. Bu politikalarin ¢iftcilerin yani sira cevreyi de koruyacak
sekilde tasarlanmasi, gelecek nesillere daha yasanabilir bir diinya birakilmasina katki saglayacaktir.

Tahil tiriinleri Tirkiye’'nin her doneminde 6nemli bir tiiketim ve ihracat Uriini olmustur. Tahil iiretimi stratejik
acidan bakildiginda sadece Tirkiye'nin kendi gida ihtiyacini karsilamay1 degil, ayn1 zamanda kiiresel tarimsal
tiretimde Kilit karar vericilerden biri olmak icin de 6nemlidir. Bu ¢alismada, 9 farkl tahil tiriiniiniin 2023-2030
yillar1 arasindaki {iretim miktarinin tahminlenmesi amaclamistir. Tahminleme modelleri olarak “Ustel Diizeltme”,
“Holt Dogrusal Yontemi”, “Holt Sonme Egilim”, “Hareketli Ortalama” ve “Biitiinlesik Otoregresif Hareketli Ortalama
(ARIMA)” kullanilmistir. Modellerin farkli parametrelerdeki performanslari ortalama hata karesi degerlerine gore
kiyaslanmistir. Her bir modelin en diisiik ortalama hata karesi degerini veren parametreleri ile diger modellerin
kiyaslamasi yapilmis ve 2023-2030 yillar1 arasinda tahminlemesi yapilmistir. Buna ilaveten, daha tutarli sonug
alinabilmesi i¢in her bir modelin tahmin degerlerinin aritmetik ortalamasi alinarak tahminler olusturulmustur.

llerleyen calismalarda, yapay sinir aglari, derin 6grenme gibi farkli makine égrenmesi teknikleri ile tahminleme
calismalar1 yapilabilir. Modellerin performanslarinin kiyaslamak i¢in farkli anahtar performans gostergeleri
kullanilabilir. Ayrica, modellerin sonuglar: birlestirilirken her modelin tahminlerine bir agirlik atayarak ve bu
agirlikll tahminlerin ortalamasinmi alarak birlestirilebilir. Agirliklar, modellerin ge¢mis performansina veya
glvenilirligine gore belirlenebilir veya bir¢ok farkli modeli birlestirmek i¢cin daha karmasik teknikler (istifleme
veya artirma) (Stacking ve Bagging) yontemleri kullanilabilir.
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Ekler

Ek A. Tarim Uriinleri Uretim Miktarlari (Ton)

Yil Bugday Arpa Misir Celtik | Cavdar Yulaf | Kaplica | Dar1 | Mahlut

1990 | 20000000 | 7300000 | 2100000 | 230000 | 240000 | 270000 22000 6200 | 33000

1991 | 20400000 | 7800000 | 2180000 | 200000 | 256000 | 255000 18500 | 5000 | 33000

1992 | 19300000 | 6900000 | 2225000 | 215000 | 230000 | 240000 18000 | 4100 | 25000

1993 | 21000000 | 7500000 | 2500000 | 225000 | 235000 | 245000 16000 3950 | 24000

1994 | 17500000 | 7000000 | 1850000 | 200000 | 195000 | 230000 14000 | 3600 | 21500

1995 | 18000000 | 7500000 | 1900000 | 250000 | 240000 | 250000 15000 6000 | 22000

1996 | 18500000 | 8000000 | 2000000 | 280000 | 245000 | 275000 14000 | 5750 | 23000

1997 | 18650000 | 8200000 | 2080000 | 275000 | 235000 | 280000 13400 5300 | 21600

1998 | 21000000 | 9000000 | 2300000 | 315000 | 232000 | 310000 11000 | 4700 | 14000

1999 | 18000000 | 7700000 | 2297000 | 340000 | 233000 | 290000 8800 4600 | 12000

2000 | 21000000 | 8000000 | 2300000 | 350000 | 260000 | 314000 8600 5300 | 10560

2001 | 19000000 | 7500000 | 2200000 | 360000 | 220000 | 265000 7000 6700 | 11650

2002 | 19500000 | 8300000 | 2100000 | 360000 | 255000 | 290000 8000 7200 | 10000

2003 | 19000000 | 8100000 | 2800000 | 372000 | 240000 | 270000 8200 7000 9000

2004 | 21000000 | 9000000 | 3000000 | 490000 | 270000 | 275000 8500 7000 7500

2005 | 21500000 | 9500000 | 4200000 | 600000 | 270000 | 270000 7400 7200 6700

2006 | 20010000 | 9551000 | 3811000 | 696000 | 271000 | 208787 6341 6955 3971

2007 | 17234000 | 7306800 | 3535000 | 648000 | 240540 | 189099 6977 7094 2826

2008 | 17782000 | 5923000 | 4274000 | 753325 | 246521 | 196099 7361 6995 4126

2009 | 20600000 | 7300000 | 4250000 | 750000 | 343330 | 218286 7524 7171 1673

2010 | 19674000 | 7250000 | 4310000 | 860000 | 365560 | 203870 7675 6772 1100

2011 | 21800000 | 7600000 | 4200000 | 900000 | 365750 | 218040 7018 6253 1005

2012 | 20100000 | 7100000 | 4600000 | 880000 | 370000 | 210000 6565 4759 990

2013 | 22050000 | 7900000 | 5900000 [ 900000 | 365000 | 235000 13658 | 5906 993

2014 | 19000000 | 6300000 | 5950000 | 830000 | 300000 | 210000 6152 6744 827

2015 | 22600000 | 8000000 | 6400000 | 920000 | 330000 | 250000 4700 6219 825

2016 | 20600000 | 6700000 | 6400000 | 920000 | 300000 | 225000 4549 5327 615

2017 | 21500000 | 7100000 | 5900000 | 900000 | 320000 | 250000 6610 4737 495

2018 | 20000000 | 7000000 | 5700000 | 940000 | 320000 | 260000 13071 | 4397

2019 | 19000000 | 7600000 | 6000000 | 1000000 | 310000 | 265000 3006 4765

2020 | 20500000 | 8300000 | 6500000 | 980000 | 295681 | 314528 2820 5711

2021 | 17650000 | 5750000 | 6750000 | 1000000 | 200000 | 276000 4069 4320

o O ©o| o ©

2022 | 19750000 | 8500000 | 8500000 | 950000 | 273000 | 365000 3447 4168
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Ek B. Gegerleme i¢cin Modellerin Karsilastirilmasi
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Ek C. 2023-2030 yillar1 arasindaki tahmin edilen degerleri

. Ustel Holt Holt Sonme Hareketli
Uriin Ad YIL Diizeltme D?grusa.l [jllgilim . ARIMA Ortalama
Yontemi Yontemi
2023 7515116 7800057 7811926 8882825 7516667
2024 7515116 7925521 7900488 8939100 7255556
2025 7515116 8050986 7988165 8543985 7757407
2026 7515116 8176450 8074964 8564847 7509877
ARPA 2027 7515116 8301914 8160896 9190701 7507613
2028 7515116 8427378 8245969 9269356 7591632
2029 7515116 8552842 8330190 9799569 7536374
2030 7515116 8678307 8413570 9959267 7545207
2023 3996405 6954712 8520408 8758823 7625000
2024 3996405 7141237 8574588 8862212 8062500
2025 3996405 7327761 8628226 9097369 7843750
2026 3996405 7514286 8681328 9219569 7953125
MISIR 2027 3996405 7700810 8733899 9437345 7898438
2028 3996405 7887334 8785944 9573007 7925781
2029 3996405 8073859 8837469 9777967 7912109
2030 3996405 8260383 8888479 9923207 7918945
2023 5691 4406 3959 3703 4244
2024 5691 4296 3763 3431 4206
2025 5691 4185 3568 3432 4225
2026 5691 4075 3373 3276 4216
DARI
2027 5691 3964 3180 2361 4220
2028 5691 3853 2988 2097 4218
2029 5691 3743 2796 1855 4219
2030 5691 3632 2606 1212 4218
2023 0 0 0 0 0
2024 0 0 0 0 0
2025 0 0 0 0 0
2026 0 0 0 0 0
MAHLUT
2027 0 0 0 0 0
2028 0 0 0 0 0
2029 0 0 0 0 0
2030 0 0 0 0 0
2023 290876 331256 360947 387608 318509
2024 290876 360151 385530 402150 319836
2025 290876 389046 409867 409019 334449
2026 290876 417941 433961 419986 324265
YULAF 2027 290876 446835 457814 439692 326183
2028 290876 475730 481428 467420 328299
2029 290876 504625 504806 499155 326249
2030 290876 533519 527950 530498 326910
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Ek C. 2023-2030 yillar1 arasindaki tahmin edilen degerleri (devami)

. Ustel Holt Holt Sonme Hareketli
Urtin Ad1 YIL Diizeltme Dc")grusa.l }?g“;ilim . ARIMA Ortalama
Yontemi Yontemi
2023 951969 1122586 928535 966575 975000
2024 951969 1123660 893219 979743 962500
2025 951969 1124734 858256 1000123 968750
. 2026 951969 1125808 823643 1020504 965625
GELTIK 2027 951969 1126883 789376 1040885 967188
2028 951969 1127957 755451 1061265 966406
2029 951969 1129031 721866 1081646 966797
2030 951969 1130105 688617 1102026 966602
2023 283701 305911 308713 276332 236500
2024 283701 305268 285965 278749 254750
2025 283701 304624 263444 275758 245625
2026 283701 303981 241149 255465 250188
GAVDAR 2027 283701 303338 219076 274498 247906
2028 283701 302694 197224 274206 249047
2029 283701 302051 175590 277818 248477
2030 283701 301408 154173 263906 248762
2023 3879 2417 2445 4985 3758
2024 3879 1330 1481 3485 3603
2025 3879 243 527 3267 3680
KAPLICA 2026 3879 -843 -417 3452 3641
2027 3879 -1930 -1351 3222 3661
2028 3879 -3017 -2277 3222 3651
2029 3879 -4104 -3193 3222 3656
2030 3879 -5191 -4100 3222 3654
2023 19781324 19796765 20756507 18150815 19300000
2024 19781324 19803102 20625476 19114147 18900000
2025 19781324 19809439 20495756 19191730 19316667
g 2026 19781324 19815776 20367332 19635227 19172222
BUGDAY 2027 19781324 19822112 20240193 19647616 19129630
2028 19781324 19828449 20114325 19942218 19206173
2029 19781324 19834786 19989716 19915270 19169342
2030 19781324 19841123 19866353 20017661 19168381
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Abstract: Ecballium elaterium is a native species of the south of Europe and the
Mediterranean catchment, occasionally cultivated for its use as a medicinal plant. In
this study, it was investigated to phytochemicals profiles, cucurbitacin content,
antioxidant, DNA cleavage properties and anticancer activity of E. elaterium seed,
fruit peel and juice ethanol extracts. Phytochemical components of all extracts were
determined by the phytochemical analysis methods. Quantitative cucurbitacin
content was determined by GC-MS, the free radical scavenging activity of the
extracts was determined by the DPPH method, separation ability on pBR322 DNA
was determined by agarose gel electrophoresis and cytotoxic effects were
determined by MTT analysis on the HepG2 liver cancer line. Phytochemical and GC-
MS analysis results indicate cucurbitacins containing glycoside molecules that can
be evaluated as a drug in the structure of the plant. The highest cucurbitacin content
of 3.73 % was found in E. elaterium fruit peel. DPPH activity of juice, fruit peel and
seed extracts were determined to be 29.39%, 54.12%, and 79.45%, respectively at
the highest concentration. All of the extracts effected on the superhelix structure of
plasmid DNA. There was a decrease in the viability of HepG2 liver cancer cells due
to the increased concentration. After 48 hours of incubation, ICso values for juice,
fruit peel and seed extracts were determined as 309.02 pg/ml, 525.43 pg/ml and
549.54 pg/ml, respectively. It seems that E. elaterium juice, fruit peel and seed
extracts have promising potential as future natural anticancer agents in the food
industry..

Ecballium elaterium (L.) A. Rich bitki parcalarinin etanol ekstraktlarinin antioksidan,
antikanser, DNA ayirma aktivitesi ve GC-MS analizi iizerine calismalar

Keywords
Ecballium elaterium,
Kukurbitasin,
antioksidan,
antikanser,

pBR322 DNA

Oz. Ecballium elaterium, Avrupa'nin giineyinde ve Akdeniz havzasinda bulunan yerli
bir tiirdlir ve bazen tibbi bitki olarak kullanilmak {izere yetistirilir. Bu ¢alismada E.
elaterium tohumu, meyve kabugu ve meyve suyu etanol ekstraktlarinin fitokimyasal
profilleri, cucurbitacin icerigi, antioksidan, DNA ayirma o&zelligi ve antikanser
aktiviteleri arastirildi. Tiim ekstraktlarin fitokimyasal bilesenleri fitokimyasal analiz
yontemleriyle gerceklestirildi. Kantitatif kukurbitasin igerigi GC-MS, ekstraktlarin
serbest radikal temizleme aktivitesi DPPH yontemiyle, pBR322 DNA iizerindeki
ayirma oOzelligi agaroz jel elektroforezi ve sitotoksik etkileri HepG2 karaciger
kanseri hatt1 lizerinde MTT analizleri ile belirlendi. Fitokimyasal ve GC-MS analiz
sonuglari bitkinin yapisinda ilag¢ olarak degerlendirilebilecek glikozit molekiilleri
iceren kukurbitasinlerin varligina isaret etmektedir. En yiiksek cucurbitacin icerigi
%3,73 ile E. elaterium meyve kabugunda bulunmustur. Meyve suyu, meyve kabugu
ve tohum ekstraktlarinin DPPH aktivitesinin en ytliksek konsantrasyonda sirasiyla
%29,39, %54,12 ve %79,45 oldugu belirlendi. Ekstraktlarin tiimii plazmid DNA'nin
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stiperheliks yapisi iizerinde etkili olmustur. Konsantrasyon artisina bagli olarak HepG2
karaciger kanseri hiicrelerinin canlilifinda azalma meydana gelmistir. 48 saatlik
inkiibasyonun ardindan meyve suyu, meyve kabugu ve tohum ekstraktlarinin 1C50
degerleri sirasiyla 309,02 pg/ml, 525,43 ug/ml ve 549,54 pg/ml olarak belirlendi. E.
elaterium meyve suyu, meyve kabugu ve tohumunun gida endiistrisinde gelecekteki dogal
antikanser ajanlari olarak umut verici bir potansiyele sahip oldugu goriilmektedir.

*[lgili Yazar, email: fozturk@erciyes.edu.tr

1. Introduction

Plants are one of the most important sources of natural remedies used in traditional therapy methods. Since the
bioactive substances in plants are very rich and effective, the variety of plants that can be used as herbal medicine
has increased rapidly between scientific environments . Medicinal plants and herbal medicines are widely used in
traditional cultures worldwide, and are becoming increasingly popular as natural options to artificial chemicals in
the modern lifestyle [1].

Phytochemicals, which are useful in the treating of some diseases with their individual or synergistic effects, are
of vital in developing of new drugs and preparing therapeutic agents in the pharmaceutical industry. [2,3].
Screening of plant extracts, which are natural sources, in the developing of new drugs, is a new approach to finding
therapeutically active ingredients. [4,5]. Phytochemicals such as flavonoids, tannins, saponins, alkaloids and
terpenoids have many biological properties, including antioxidant, anti-inflammatory, anti-diarrheal, anti-ulcer
and anticancer activities. [5].

Ecballium elaterium (L.) A. Rich, known as ' squirting cucumber' from the Cucurbitaceae family, is abundant in the
Mediterranean region and its fruit juice is used by the public in to treat of sinusitis in Anatolia [6]. All cucurbit
species produce a class of triterpenoids known as cucurbitacins. Cucurbitacins, derived from the cucurbitane
skeleton, are a group of tetracyclic triterpenoids found mainly in the Cucurbitaceae family. Triterpenoids, found
in free or glycosidic form, give the plant a hot taste and are probably produced as a defense mechanism against
pests [7]. These molecules are known to possess a broad spectrum of pharmacological activities such as anti-
inflammatory, antipyretic, anticancer, analgesic, antimicrobial, antitumor, immunomodulatory, and
hepatoprotective activities [8-11].

The aim of our study is to determine the cytotoxic effects of E. elaterium fruit peel, seed and juice by detecting the
phytochemical content, especially cucurbitacins, using GC-MS analysis. Also, in study the antioxidant activity of the
plant extract and its cleavage effect on pBR322 plasmid DNA were investigated. Our study will contribute to the
developing new strategies for using of herbal resources to prevent, prevent, delay or cure cancer.

2. Material and Method
2.1. Plant extraction and fractionation

E. elaterium plant samples were collected from Istanbul province between October and November 2019. Fruit peel,
juice and seed parts of the plant were used. Seed, fruit peel and juice ethanol extracts of E. elaterim were prepared
according to the method of Adwan etal. (2011) [11].

Fruits peels were homogenized and dried in an incubator at 37 °C. Exposure to light was avoided to prevent loss
of effective ingredients. The samples were then mixed well with magnetic stirrer in 80% ethanol for 24 hours at
room temperature. The insoluble materials were centrifuged at 10000 rpm at 4 °C for 10 minutes. Then the liquid
was evaporated in the oven at 37 °C.

Seed samples were dried at room temperature before extraction, and the same process was performed. The juice

was drawn directly, mixed in 80% ethanol and left for one day at room temperature. Centrifugation was then
carried out at 10000 rpm for 10 minutes at 4 °C. Extracts were kept in the refrigerator at 4 °C.

305



Studies on antioxidant, anticancer, DNA cleavage activity and GC-MS analysis of the ethanol extracts of Ecballium elaterium (L.) A. Rich., plant parts

2.2. GC-MASS analysis of E. elaterium extracts

Gas chromatography-mass spectrometry (GC/MS) was used for quantitatively analyze of E. elaterium seeds, fruit
and juice ethanol extracts. The analysis was performed using a GC (SHIMADZU 2010 Plus) interfaced with a mass
select or detector (MSD, SHIMADZU QP2010 Ultra) equipped with a polar Rtx-5ms (5%
phenylmethylpolysiloxane) capillary column (30 m x 0.25 mm id and 0.25 pm film thickness). Helium with a linear
velocity of 1.15 ml/min was used as the carrier gas. The components were identified by comparing the mass
spectra and retention times with those of the organs and the computer mapping with the NIST and WILEY library,
and the fragmentation model of mass spectral data. GC/ MS analysis was done in Erciyes University Technology
Research and Application Center (TAUM).

2.3. Phytochemical analysis of E. elaterium extracts

To obtain more details about the composition of E. elaterium, the following qualitative analyses were made
according to the Teli et al. (2017) method [12].

Saponin and Tannin Test: 1 ml extract was placed in the test tube and vigorously mix with vortex. If foam
formation is observed in the tube, the presence of saponin in the extract will be determined.

Phenol and Tannin Test: By adding 2 ml of 2% FeCls solution onto 1 ml of extract and mix, if the formation of a
blue-green or black color in the mixture is observed. The formation of these colors indicates the presence of phenol
and tannin in the extract.

Terpenoids Test: 2 ml of chloroform and 2 ml of concentrated sulfuric acid were mixed on 1 ml of plant extract.
Formation of a red intermediate phase indicates the presence of terpenoids in the extract.

Flavonoids Test: 1 ml extract was mixed with some zinc powder and concentrated hydrochloric acid was added
drop by drop. The observation of a red color after a few minutes indicates the presence of flavonoids in the extract.

Glycoside Test: The mixture obtained by adding 2 drops of 2 % FeCls to 1 ml of glacial acetic acid was mixed with
to 1 ml of extract and transferred to the tube containing 2 ml of concentrated sulfuric acid. Formation of a brown
ring in the intermediate phase indicates the presence of glycoside in the extract.

2.4. Antioxidant activity determination of E. elaterium extracts

The antioxidant activity of E. elaterium fruit peel, seed and juice extracts was evaluated using the 2,2’-diphenyl-1-
picrylhydrazyl (DPPH) free radical scavenging assay. The method is based on the measurement of the colour
change in the characteristic purple colour of the radical using a spectrophotometer at a wavelength of 517 nm [13]
Briefly, dilutions of 30, 15, 7.5, 3.75, 1.87, 0.93, 0.46 and 0.23 mg/ml concentrations of E. elaterium fruit peel, seed
and juice extracts were prepared and 50 pl of these dilutions were taken into test tubes. After adding 1 ml of 0.1
mM DPPH radical prepared with methanol, it was mixed with vortex and keep at room temperature for 2 hours in
the dark. The same process was repeated simultaneously for a blind tube containing solvent instead of compound.
The absorbance values of the mixtures were read on a 517 nm wavelength in spectrophotometer. Measurements
were repeated three times for each compound and the results averaged. The free radical scavenging effect of the
solutions is indicated as % inhibition of DPPH absorption.

This value is calculated according to the formula:
Radical removal activity (% Inhibition) = [100 x (A control-A sample) / A control].

ICso values (indicating the concentration of the extract (mg/mL) providing 50% radical scavenging) were
calculated from the graph plotted scavenging percentage against extract concentration.

2.5. DNA cleavage activity on pBR322 plasmid DNA of E. elaterium extracts

Agarose gel electrophoresis was used to observe the effects of E. elaterium extract on pBR322 plasmid DNA [14].
3 pl plasmid DNA (0.5 pg / ml)was added over 30 pl of fruit peel, juice and seed ethanol extracts prepared at
different concentrations (100, 50, 25, 12.5 and 6.25 ppm). Samples were incubated at 37 °C for 24 hours in a dark
place. After incubation, 10 pl of the sample-DNA mixture was mixed with loading buffer and loaded into 1%
agarose gel, and electrophoresis was performed for 2 hours at 60 V in TAE buffer. After electrophoresis, gels were
stained with ethidium bromide (0.5 pg/ml) and photographs were taken in the imaging system. Experiments were
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done in three replications.

2.6. Cytotoxic effect of E. elaterium ethanol extracts

In order to assess the cytotoxicity of E. elaterium the MTT assay was used [15]. We tested ethanol extracts of plant
on HepG2 (Human, Liver cancer cell line, Epithelial-like, hepatocellular carcinoma) cell line. The number of cells
required for the test was calculated and the cells were cultured until they reached this number. Cells were cultured
on high glucose DMEM (Sigma, USA) medium containing 10% FBS (Biological Industries, USA), 1% L-glutamine
(Biological Industries, USA) and 1% Penicillin Streptomycin (Biological Industries, USA). When the cells reached a
sufficient number, they were washed two times with PBS (Biological Industries, USA) and incubated with 0.05%
Trypsin-EDTA (Biological Industries, USA) for 5 minutes to leave the flask. Cells taken from the flask after
incubation were placed in sterile conical-based centrifuge tubes and centrifuged at 350xg for 5 minutes. The cell
pellet obtained was resuspended again with the culture medium.

Cell numbers were then calculated and cultivated in 96-well culture dishes based on "F", where MTT testing would
be performed, with 3x103 cells per well. Culture medium was added to each well with 200 pl and incubated ina 37
°C COzincubator. The next day, the cells were examined under an inverted light microscope, when the cells were
found to be adherent, plant extracts of different concentrations (1000, 500, 250, 125, 62.5, 31.25 pg/ml) were
added to the cells. Extracts were incubated with cells for 48 hours. At the end of 48 hours, MTT salt was prepared
with PBS and after sterilization it was added to the cells so that the final concentration was 0.5 mg/ml. Cells
incubated with MTT for 4 hours were examined under an inverted light microscope and the medium on the cell
was carefully aspirated when the formation of formazan crystals was seen. Then 100 pl of DMSO was added to
each well and incubated in the dark to dissolve the formazan crystals formed for 15 minutes. At the end of 15
minutes, 96-well culture vessels were read at 560 nm in an ELISA reader (Promega, Glomax) to read the purple
color formed by dissolving formazan crystals. Each experiment was performed in 3 replications as an independent
set. As the negative control in the experimental setup, plant extracts were not added to the determined wells. While
the absorbance of the cells used in the negative control is considered 100% alive, the ratio of the absorbance in
other wells to this absorbance gave the percent viability of the cells in that well.

3. Results and Discussion
3.1. GC-MS analyses the results of extracts

GC-MS showed hromatograms obtained as a result of the cucurbitacin content of E. elaterium seed, fruit peel and
fruit juice ethanol extracts. As a result of scanning the analysis results in the WILEY database, the names of the
possible main and other compounds in the Table 1. According to this screening result, Cucurbitasin B as the main
compound has been detected in fruit peel and fruit juice extracts, but not in seed extract. Other substantial
compounds detected in all extracts: Saturated fatty acids, unsaturated fatty acids, fatty esters, glycosides,
diterpenoids, diterpene, glycerolipids and organic compounds.

Table 1. Bioactive compounds found in ethanol extract of E. elaterium seed, fruit peel and juice

Compound Name Molecular | Classification RT Time Field%
formula
Fruit | Seed | Juice | Fruit | Seed Juice
Peel Peel
Ethyl alpha-d- CsH160s Glycosides 11.7 37.28
glucopyranoside
Tetradecanoic acid C14H2802 Saturated fatty 13.1 13.1 2.65 0.84
acid
Pentedecanoic acid C15H3002 Saturated fatty 14.2 0.99
acid
Hexadecanoic acid, methyl C17H3402 fatty acid methyl 14.8 0.84 0.26
ester (Methyl palmitate) ester
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n-Hexadecanoic acid C16H320 Saturated fatty 15.2 | 15.2 17.73 | 30.61 19.42
(Palmitic Acid) acid
Hexadecanoic acid, C18H3602 fatty acid ethyl 15,5 | 155 3.71 3.23 1.84
ethylester (Ethyl ester
palmitate)
9-Octadecanoic acid, C19H3602 unsaturated 16.6 8.47
methylester (Elaidic transfatty acid
acid)
Methyl stearate C19H3602 fatty acid 16.8 1.77
methylester
Octadecanoic acid C18H3602 Saturated fatty 172 | 17.2 5.22 13.00
(stearicacid) acid
Cucurbitacin B, C32H480s Triterpenoids 19.3 20.5 3.73 1.54
dihydro -
1-Heptacosanol C27H560 primary fatty 21.3 13.76
alcohol
. . 14.2
9-Octadecenoic acid C18H3402 unsaturated 14.2 1.11 0.51
(2) fattyacid
Heptadecanoic acid C17H3402 saturated fatty 16.2 16.2 1.19 0.61
acid
17.0
9,12- C18H3202 unsaturated 17.0 7.89 3.24
Octadecadienoic fattyacid
acid(Z, Z)
9,12,15- CasHeoOs | unsaturated 171 [179 1413 | 1150
Octadecatrienoic fattyacid
acid, (Z,Z,7)
Octadecanoic acid, C20H4002 fatty acid ethyl 17.5 4.20
ethylester ester
Hexadecanoic acid, C19H3804 Fatty esters 20.3 6.24
2- hydroxy-1-
(hydroxymethyl)
ethyl ester
Octadecanoic acid, C21H4204 Fatty esters 22.1 222 1.66 11.95
2,3-dihydroxypropyl
ester
Oxalic acid, C13H2204 Fatty esters 5.1 3.17
cyclohexylpentyl
ester
n-Decanoic acid C10H2002 Unsaturated 8.0 2.90
fattyacids
. N 9.8
Apocynin CoH1003 Phenolic acids 0.33
- 10.7
Undecanoic acid C11H2202 Unsaturated 0.26
fattyacids
. 11.6
Methyl beta-D- C7H1406 Monosacchari 1.37
galactopyranoside des
Tetradecanoic acid C14H2802 saturated fatty 13.1 0.84
acid
. . 13.9
Neophytadiene Cz20H3s diterpene 0.30
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2-Pentadecanone, C18H360 Diterpenoids 14.0 0.30
6,10,14-trimethyl
. . 15.1
Oleic Acid C18H3402 Unsaturated 0.42
fattyacids
. . 17.2
Octadecanoic acid C18H3602 Unsaturated 10.20
fattyacids
Heptadecanoic acid, ethyl C19H3802 Fatty esters 17.5 2.23
ester
Hexadecanoic acid, 2- C19H3804 Fatty esters 20.3 17.74
hydroxy-1-
(hydroxymethyl) ethyl ester
9,12-Octadecadienoic acid C21H3804 Glycerolipids 21.9 2.01
(Z,Z) -, 2,3-dihydroxypropyl
ester
Octadecanoic acid, 2,3- C21H4204 Glycerolipids 22.2 11.95
dihydroxypropyl ester

309




Studies on antioxidant, anticancer, DNA cleavage activity and GC-MS analysis of the ethanol extracts of Ecballium elaterium (L.) A. Rich., plant parts

2.7. Phytochemical analyses result of E. elaterium extracts

In the qualitative phytochemical content analysis, it was determined that the extracts contain glycosides and
terpenoids but not saponins, phenols, and flavonoids. As seen in Table 2, it has been qualitatively determined that
there are no phenolic, flavonoid structures in the ethanol extracts of the seed, fruit and juice parts of the E.
elaterium plant, but only dense glycoside, terpenoid structures.

Table 2: Phytochemical contents of E. elateriium by qualitative analysis

E. elaterium Saponin Phenol-Tannin | Terpenoids | Flavonoids Glycosides
Seed - -—-- -—-- ---- -—--

Fruit + +

Juice + +

---: Absence +: Present

2.8. Antioxidant activity of E. elaterium extracts

We used DPPH free radical to determine the free radical scavenging activities of E. elaterium fruit, seed and juice
ethanol extracts. The result showed an increase in free radical scavenging activity due to the increase in
concentration. The free radical removal activity of the juice extract was the highest compared to the control (Figure
1). The % inhibition values of BHT, fruit, seed and juice extracts at the highest concentration (30 mg/ml) in free
radical removal activity were calculated as 98.78%, 29.39%, 54.12%, and 89.45%, respectively. The concentration
causing 50 % inhibition (ICso) of the extracts was determined. Among the extracts studied, fruit (1Cs0=53,48
mg/ml) had the lowest antiradical activity, while juice (ICs0=11,12 mg/ml), and seed (IC50=25,54 mg/ml) were
found to have the highest antiradical capacity (p<0.05).That agrees with the studies conducted by Gaballa et al.
(2017), Felhi et al. (2017) and Bourebaba et al. (2020), who showed using DPPH assay that E. elaterium extracts
have an antioxidant effect [16-18].

DPPH Activity

120

100 I - B = = = = .
< 80
: 60 I
g I I
g w I |
X} & I
£ 2 " 0

& II II III ITI IT-[
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o
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Figure 1. Free radical removal activity results of E. elaterium extracts
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2.9.DNA interaction of E. elaterium extract

According to the results of DNA interaction studies examined by agarose gel electrophoresis method, E. elaterium
fruit, seed and juice ethanol extracts were found to have a separating effect on plasmid DNA (Fig.2). All of the
extracts affected on the uncoiling of the supercoiled plasmid DNA structure. There was a decrease in form I density
and an increase in form II density. In addition, the formation of the linear DNA structure was determined by
observing the Form III structure (Figure 2). Therefore, E. elaterium fruit, juice and seed ethanol extracts affect on
DNA. These results agree with Abu-Hijleh et al. (2018) study that evaluated the genotoxic effects of E. elaterium
fruit and leaf ethanol extracts [19]. These effects were determined using ERIC-PCR and SDS-PAGE. It showed a
change in the DNA and protein profiles of Escherichia coli strains compared to control extracts. These changes
were among the decreased or increased intensity of some bands, the absence or appearance of newly amplified
fragments [20].

Juice Seed Fruit

1234567 § 91011121314 151617 18192021

Form Il
Form Il
Form I

Figure 2. E. elaterium extracts-DNA interaction results: (1-8-15) 10% pBR322 DNA control, (2-9-16) 100 ppm, (3-10-17) 50

ppm, (4-11-18) 25 ppm, (5-12-19) 12.5 ppm, (6-13-20) 6.25 ppm, (7-14-21) 3.125 ppm.

2.10. Cytotoxic effect of E. elaterium extract

Cytotoxic effects of E. elaterium seed, fruit and juice extracts were determined using MTT assay. In the study HepG2
liver cancer line were used. The cytotoxic effect of ethanol extracts of E. elaterium plant parts on human liver
cancer line (HepG2) is shown in Figure 3. Results determined that there is a decrease in the viability of HepG2 liver
cancer cells due to increasing concentrations of E. elaterium ethanol extracts, especially seed extract has a greater
effect on cell viability. As a result of the study, it was determined that juice, fruit and seed extracts caused a
decrease in cell viability due to increasing concentrations. Cell viability of juice, fruit and seed extracts at the
highest concentration of 1000 pg/ml was determined as 59.49%, 67.68% and 59.49%, respectively. The inhibitory
effect of tumor cell proliferation was dose-dependent with a half-maximal inhibition (ICso) of 309.02ug/ml,
525.43pg/ml and 549.54 pg/ml for juice, fruit and seed extracts respectively after 48-h incubation.
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Figure. 3. Cytotoxic activity of E. elaterium extracts on human liver cancer line (HepG2)

Ljubuncic et al. (2005) have previously reported the cytotoxic effect of an aqueous extract of E. elaterium on cell
line with an ICso of 1,000 pg/ml at 48-h incubation [20]. This concentration is close to ICso value of the extract on
the HepG2 cell line in our study (for fruit extract 525.43ug/ml at 48-h incubation).

Their results agree with Touihri et al (2019) study that determined that the seed oil had a strong antiproliferative
effect on human colon adenocarcinoma (HT29) and fibrosarcoma (HT1080) cell lines [21]. The presence of
glycoside (glucose ester, ether structures) detected in the extracts as a result of phytochemical analysis is
compatible with the presence of cucurbitacin in the GC-MASS analysis. The decrease in cell viability in the HepG2
cell line, based on increasing concentration, indicates that the extract will show the anticancer activity of
cucurbitacin B [22] (Berbard et al. 2010).

Similar results Karimi et al. (2016), Barakati et al. (2016), Bohlooli et al. (2012) and Hamidi et al. (2020) who
tested E. elaterium extracts against gastric cell line (AGS), human brain cancer cell line (U87), AGS (human gastric
carcinoma) and KYSE30 (human esophageal squamous cell carcinoma), (MCF-7, MDA-MB-468 and MKN-45)
cancer cell lines respectively [23-26]. Their results agree with our results and demonstrate the cytotoxicity of E.
elaterium against various cancer cell lines. In light of the data revealed by this study, it is necessary that the studies
can be made more specific by purifying the cucurbitacin B containing glycoside structure with more specific, exact
analyses to optimize the active ingredients and especially to observe the results of in vivo experiments in order to
use E. elaterium against cancer.

3.Conclusion
This study provides an overview of the chemical composition and biological activity of juice, fruit and seed ethanol
extract of E. elaterium. According to the results of the current study, cucurbitacin B, which is considered the most

effective component in the E. elaterium plant, was detected in fruit peel and fruit juice extracts. It was determined
that fruit juice, fruit and seed ethanol extract of E. elaterium showed antioxidant activity and nuclease activity on
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DNA. It has also been determined that the extracts have a cytotoxic effect on liver cancer cell lines by reducing cell
viability. According to the results, it is thought that fruit juice, fruit and seed ethanol extracts of E. elaterium can be
used as anticarcinogenic agents.
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Keywords Abstract: In this study, it was aimed to identify four lichenized fungi species from
Antarctica Horseshoe Island which is located in the west of the Antarctic Peninsula and where
Biodiversity

the temporary Turkish Science Base is located, through their morphological and
anatomical properties and DNA barcoding using the nriTS or mtSSU gene regions. In

Horsehoe Island o . . . .

Li : . this direction, DNA barcoding of samples belonging to Acarospora macrocyclos Vain.,

ichenized fungi . N ,

mtSSU Rhizocarpon grande (Florke ex Flot.) Arnold, Mastodia tessellata (Hook. f. & Harv.)

nriTS Hook. f. & Harv. and Verrucaria tesselatula Nyl. species carried out. Within the scope

of the study, nrITS data were obtained for the first time for A. macrocylos and R.

grande and mtSSU data was obtained for the first time for M. tessellata species and

uploaded to genBANK.

DNA barcoding

Horseshoe Adasi1 (Antarktika Yarmmadasi, Antarktika)'ndan Baz1 Likenlesmis
Mantarlarin DNA Barkodlamasi

Anahtar Kelimeler 0z: Bu calismada Antarktika Yarimadasi’'nin batisinda bulunan ve gegici Tiirk Bilim
Antarktika Ussii’niin bulundugu Horseshoe Adasr’'nda yayilis gésteren dért likenlesmis mantar
Biyocesitlilik

tiiriiniin morfolojik ve anatomik 6zellikleri araciligi ile teshis edilmesi ve nriTS veya
mtSSU gen bolgeleri kullanilarak DNA barkodlamalarinin yapilmasi amaglanmistir.
Horseshoe Adasi . AR ,
Likenlesmis Mantar Bu dogrultuda 11.<1nc1 yazar t.arafmdan Horseshoe Adasi’'ndan toplanan Acarospora
mtSSU macrocyclos Vain.,, Mastodia tessellata (Hook. f. & Harv.) Hook. f. & Harv,
nriTS Rhizocarpon grande (Florke ex Flot.) Arnold ve Verrucaria tesselatula Nyl. species
tirlerine ait orneklerin DNA barkodlamalar1 gergeklestirilmistir. Calisma
kapsaminda A. macrocylos ve R. grande icin ilk defa nriTS verileri elde edilirken, M.
tessellata tiirii icin ilk defa mtSSU verileri elde edilmis ve genBANK’a yiiklenmistir.

DNA barkodlama

*{Igili Yazar, email: amervekahramann@gmail.com

1. Introduction

Lichens are the most dominant organisms of Antarctic terrestrial vegetation. Studies on lichens of Antarctica have
a history of about two centuries, and especially recently, with the use of DNA-based molecular phylogeny stuides,
lichen biodiversity determinaton of the continent has accelerated [1-8]. It is known that the number of lichenized

fungi species reported from Antarctica today exceeds 500 [9].

Horseshoe Island is one of the largest islands in Marguerite Bay, west of the Antarctic Peninsula. The island is
located at the entrance to Square Bay on the west coast of Graham Lands, occupying it is 12 km long and 6 km
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wide. The total area of the island is about 60 km?, two-thirds of which is covered by glaciers or semi-annual ice
and snow. 29 lichenized fungi species and 15 moss species have been reported from Horseshoe Island. A
temporary Science Camp was established on Horseshoe Island during the TAE III expedition in 2019. The
preliminary work required to establish a Turkish Scientific Research Base in this region was completed in 2023
and one step further was taken in the process of establishing the base. Because of that determining lichen
biodiversity of Horseshoe Island is important.

In this study, it was aimed to DNA barcoding some lichenized fungi samples collected from Horseshoe Island
(Antarctic Peninsula, Antarctica) collected by the second author during the VI. National Antarctic Antarctic
Expedition. Collected specimens identified at the species level using morphological characters and these
identifications were compared with the species reported in the literature from Horseshoe Island and its
surroundings. After DNA isolation from the samples of the studied species, nrITS or mtSSU gene regions are
amplified and then sequence analyses were obtained. The obtained sequence analysis was compared with the
sequence datas of other species belonging to the related genus in the GenBank and phylogenetic trees obtained.
As aresult, in the study, four lichenized fungi species from Horseshoe Island (Antarctic Peninsula, Antarctica) were
identified by anatomical, morphological methods and DNA barcodings were made: Acarospora macrocyclos Vain.,
Mastodia tessellata (Hook. f. & Harv.) Hook. f. & Harv., Rhizocarpon grande (Florke ex Flot.) Arnold ve Verrucaria
tesselatula Nyl.

2. Material and Method

2.1. Materials and morphological observation

Lichen samples were collected by the second author during the 6th Turkish Antarctic Expedition. Lichen samples
deposited in Erciyes University Lichen Herbarium (ERCH). Stereomicroscope was used for morphological
determinations and light microscope was used for anatomical determinations. Macroscopic observations were
conducted using an Olympus S2X7 dissecting microscope equipped with an OLYMPUS SC30 image capture system.
Handmade sections of ascomata were analyzed using a Leica DM2500 light microscope, and microphotographs
were captured with a Flexacam C1 digital camera.

2.2, Isolation, DNA extraction, amplification, and sequencing

For DNA isolation DNeasy Plant Mini Kit (Qiagen) used and isolation carried out according to the manufacturer’s
instructions. PCR amplifications for the “internal transcribed spacer region (ITS1-5.8S-ITS2 rDNA) gene or
Mitochondrial small subunit (mtSSU) rDNA gene” were performed with total 50 pl standard reaction volume for
each sample. Optimum amplification conditions were obtained with “25 pl 2 x Taq PCR MasterMix in each tube
with 19 pl of distilled water, 2 pl of DNA extracts and 2 pl of the primers ITS1F and ITS4 or mrSSUI" and mrSSU2*”
[10-12]. The thermal cycling conditions included “an initial denaturation step of 95°C for 5min, followed by 35
cycles of 95°C for 45sec (denaturation), 54°C for 45sec (annealing), and 72°C for 60sec (extension) followed by a
final extension period of 72°C for 10min”. PCR products’ sequence analysis made by the EPIGEN laboratories
(Ankara, Ttrkiye). Thin-layer chromatography (TLC) for lichen substances made by following method of Orange
etal. [13].

2.3. Phylogenetic analyses

nriITS or mtSSU sequence results of fungi samples were edited and aligned using the Clustal W option in the BioEdit
V7.2.6.1 [14] program. Phylogenetic analysis of lichenized fungi samples were performed using the Maximum
Likelihood (ML) method of the Mega 11 (Molecular Evolutionary Genetic Analysis) software program with a rapid
1000 bootstrap replications [15]. For the ML phylogeny analysis method kimura two-parameter was selected.

3. Results

3.1. Acarospora macrocyclos Vain.

Thallus crustose, effigurate, areolate in the center and lobate in the margins, creamish brown, dark brown or
almost black, matt or shiny, up to 13 cm diam. Lobes mostly flat, fan shaped or extends paralelly, 1-1.3 mm wide,
2-5 mm high. Prothallus and vegetative propagules absent. Apothecia present, common, aggregated especially on
the center of thallus, roundish or sligthly angular, semi-immersed to the thallus, reddish brown, dark brown or
black, (0.2-)0.3-0.5-0.7(-0.8) mm (n=10) diam. Apothecial margin, prominent, concolorous with thallus, thicker
at the young ones. Epihymenium light brown, (20-)-50-(-75) um (n=5). Hymenium hyaline, sometimes with
brownish tinge, (65-)-140-(-170) pm (n=5). Hypothecium hyaline, sometimes with brownish tinge or beige
coloured, (50-)-120-(-260) um (n=5). Ascus poly-spored, more than 100, 130 x 25 pm. Ascospores simple,
hyaline, ellipsoid, (3-)-3.5-(-4.5) um (n=10). Ascospore 1/w ratio: (1.2-)-2.25-(-1.7) um (n=10). Paraphyses
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simple, unbranched, septate, tips are not enlarged, 2-3 pm. Pycnidium not seen. Algae green, chlorococcoid, algal
cells 9.5-12.5 x 8.5-12 um (Figure 1).

C = w0 T

Figure 1. Acarospora macrocyclos, A. Habitus, B. Apothecia section, C. Ascus, D. Ascospores.

57 nrITS rDNA sequences were used for the phylogenetic analysis of A. macrocyclos specimens. Final alignment of
the nriITS sequence of A. macrocyclos in the BLASTn search contained 560 bp after trimming. Glypholecia scabra
(Pers.) Miill. Arg. is used as outgroup. It is a Gylpholecia Nyl. genus member which phylogenetically related to
Acarospora A . Massal genus [16] (Figure 2).
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Figure 2. ML phylogeny based on nrITS gene region of Acarospora macrocyclos.
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A. macrocylos is a common species on the rocks in the shore and less common on the morens and rocks at inner
places. Itis especially very common near the penguin colonies and bird nests [9]. It is an Antarctic endemic species.
In Antarctica; it has been reported from South Georgia, Bouvetoya, South Sandwich Islands, South Orkney Islands,
South Shetland Islands [9].

Specimen examined: “Antarctica, Antarctic Peninsula, Sally Cove, Horsehoe Island: Bourgeois Fjord, Marguerite
Bay, near Y base, 67°48'30"S 67°17'39"W, alt. 10 m, 17 February 2022, on rock, leg. M. G. Halici, ERCH HS 0.003,
ERCH HS 0.159, ERCH HS 0.160; Lystad Bay, near Temporary Turkish Base, 67°50'09"S 67°14'18"W, alt. 14 m, 11
February 2022, on rock, leg. M. G. Halici, ERCH HS 0.032, ERCH HS 0.033; coast of Gaul Bay, 67°49'07"S
67°12'21"W, alt. 10 m, 23 February 2022, on rock, leg. M. G. Halici, ERCH HS 0.133.”

3.2. Mastodia tessellata (Hook. f. & Harv.) Hook. f. & Harv.

Thallus foliose, usually as a form of particles up to 2 cm with brownish black ascending and curved lobes. Lobes
4-8 mm thick and 10-20 mm wide. Perithecia present, usually on the lower surface, sessile. Ascospores simple,
hyaline, ellipsoid, 12-13.5 x 3-4 um, usually without septa, rarely 3-septate. No pycnidium observed (Figure 3).

Figure 3. Thalli of Mastodia tessellata.

22 mtSSU rDNA sequences was used for the phylogenetic analysis of M. tessellata specimen. Final alignment of the
mtSSU sequence of M. tessellata in the BLASTn search contained 800 bp after trimming. Heteroplacidium
imbricatum (Nyl.) Breuss is used as outgroup belonging to the same family with M. tessellata [17] (Figure 4).
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Figure 4. ML phylogeny based on nrnrITS gene region of Mastodia tessellata.

M. tessellata is usually abundant and widely distributed on rocks close to the shore and occurs on rock surfaces
exposed to sea spray and near bird nests. It can also be seen in moisty concrete parts of buildings. It has a bipolar
distribution. It has a wide distribution especially in Arctic Canada and North America. In Antarctica it has been
reported from South Georgia, Marion and Prince Edward Islands, Kerguelen Island, Macquarie Island, South
Sandwich Islands, South Orkney Islands, South Sandwich Islands, Antarctic Peninsula and Continental Antarctica

[9].

Specimens examined: “Antarctica, Antarctic Peninsula, Sally Cove, Horsehoe Island: Bourgeois Fjord, Marguerite
Bay, near Y base, 67°48'30"S 67°17'39"W, alt. 10 m, 17 February 2022, on rock, leg. M. G. Halici, ERCH HS 0.210.”

3.3. Rhizocarpon grande (Florke ex Flot.) Arnold

Thallus crustose, rimose-areolate, brown or brownish gray. Prothallus present, both around at the thallus and
areoles, very thick, black. Apothecia present, immersed between areoles or sessile on areoles, angular or roundish,
flat, 0.25-0.7 mm diam. Apothecial disc black. Apothecial margin present, prominent, black. Epihymenium brown,
25-60 pm. Hymenium hyaline, lower part brownish, 100-135 pm. Hypothecium brown, 75-140 pm. Ascus 8-
spored. Ascospores brown, muriform (22-)-27-(-41) x (11-)-15-(-18) pm (n=20). Paraphyses simple,
unbranched, oil droplets present, tips are slighlty enlarged, brown pigmented, 2-3 um. Algae green, chlorococcoid.
Pycnidium not seen. Gyrophoric acid detected by TLC (Figure 5).
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Figure 5. Rhizocarpon grande, A. Thallus and apothecia, B. Ascospores.
25 nrITS rDNA sequences was used for the phylogenetic analysis of R. grande specimen. Final alignment of the

nrITS sequence of R. grande in the BLASTn search contained 550 bp after trimming. Catolechia wahlenbergii (Ach.)
Flot. is used as outgroup belonging to the same family with R. grande [18] (Figure 6).
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Figure 6. ML phylogeny based on nrITS gene region of Rhizocarpon grande.

R. grande occurs on rocks and stones. It has a bipolar distribution. It has been known from North Europe, North
America and Antarctica. Recently it has been reported from South Korea and China too. In Antarctica, it has been
reported from South Orkney Islands, South Shetland Islands and Antarctic Peninsula [9].

Specimens examined: Antarctica, Antarctic Peninsula, Horseshoe Island, coast of Gaul Bay, 67°49'07"S
67°12'21"W, alt. 10 m, 23 February 2022, on rock, leg. M. G. Halici, ERCH HS 0.066; Southeast of Sally Cove,
67°48'58"S 67°18'9"W, alt. 65 m, 17 February 2022, on rock, leg. M. G. Halici, ERCH HS 0.067.”
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3.4. Verrucaria tesselatula Nyl.

Thallus effuse, matt grenish brown, rimose, medium thick, up to 3 cm diam. Cracks irregular, whitened, divides
thallus into small pieces. Perithecia immersed or semi-immersed, black 0.1-0.25 mm diam. Involucrum only at
upper parts, blackish brown, edges of the involucrum are hyaline. Ascus 8-spored. Ascospores ellipsoid, hyaline,
oil droplets present,, 9-12 x 5-7 pm. Pycnidia not seen (Figure 7).

I
, 45 {m

Figure 7. Verrucaria tesselulata, A. Thallus, B. Ascospores.

42 nrITS DNA sequences was used for the phylogenetic analysis of V. tesselulata specimen. Final alignment of the
nriTS sequence of V. tesselulata in the BLASTn search contained 665 bp after trimming. Heteroplacidium
imbricatum (Nyl.) Breuss is used as outgroup belonging to the same family with V. tesselulata [17] (Figure 8).
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97 KX720571.1 Verrucaria ahtii
35 KX720570.1 Verrucaria ahtii
] KX720579.1 Verrucarna vitikainenii
KX720580.1 Verrucaria vitikaineni
4 KF959787.1 Verrucaria weddelflif

24 99 — KX720592 1 Verrucaria viridula
KX720593.1 Verrucana viridula
KN 2432351 Verrucana nigrescens

1§
N KC496011.1 Verrucaria squamulosa
3-;-_ e — FJ645260.1 Verrucaria csernaensis

sk FJ664823.1 Verrucaria csernaensis
00 | KX720575.1 Verrucaria oulankaensis
KX720574.1 Verrucaria oulankaensis
8] 46 JX848567 1 Verrucaria macrostoma
s{ E JX848568.1 Verrucaria macrostoma
0Q918734.1 Verrucaria nigrescens
FJ664883.1 Verrucaria rosula

4331 3 KN243248.1 Verrucaria funcki
- 39 KM243243 1 Verrucara funckii
5 NMG242446. 1 Verrucara hunsrueckensis

MG242448.1 Verrucaria hunsrueckensis
66 [ JX848561.1 Verrucaria nodosa
‘= JX848560.1 Verrucaria nodosa
11 MN103180.1 Verrucaria rosula
0 MT146894. 1 Verrucaria margacea

97 Ol 457328 1 Verrucaria margacea

100 [ 0L 45739531 Verrucara muralis
OL 3966051 Verrucana muralis
MT229757.1 Verrucana foveolata
09 MT229756.1 Verrucana foveolata
ﬂ[ MT127216.1 Verrucaria aethiobola
MT127213.1 Verrucana aethiobofa
61 FJ664846.1 Verrucaria ditmarsica
4' FJ664845.1 Verrucana ditmarsica
L 100 [hffF88294?.T Verrucaria tesselatula
s1 & H50.218 Verrucaria tesselatula
F.J664868.1 Verrucaria madida
FJ664838.1 Verrucaria ceuthocarpa
66 KY697141 1 Verrucaria ceuthocarpa
60|\ FJ664840 1 Verrucana degefi

KYG697142 1 Verrucara degeli
MT674813.1 Heteroplacidium imbricatum

99

99

0.050

Figure 8. ML phylogeny based on nriTS gene region of Verrucaria tesselulata.
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V. tesselatula occurs on on rocks close to the shore and exposed to sea spray. It is Antarctic endemic species. In
Antarctica it has been reported from South Georgia, Marion and Prince Edward Island, Kerguelen Island,
Bouvetoya, South Orkeny Islands, South Shetland Islands [9].

Specimen examined: “Antarctica, Antarctic Peninsula, Horseshoe Island, Lystad Bay, North of the Temporary
Turkish Base, 67°49'49"S 67°14'03"W, alt. 14 m, 16 February 2022, on rock, leg. M. G. Halici, ERCH HS 0.218.".

4. Discussion and Conclusion

In this study, we performed DNA barcoding of some previously known and reported species from Horsehoe Island.
For this purpose, we studied Acarospora macrocyclos Vain., Mastodia tessellata (Hook. f. & Harv.) Hook. f. & Harv.,
Rhizocarpon grande (Florke ex Flot.) Arnold and Verrucaria tesselatula Nyl. species based on nriTS or mtSSU

phylogeny.

A. macrocyclos is a species characterized by its large, effigurate, dark brown thallus and semi-immersed apothecia
in the areoles. According to ITS phylogeny (Figure 2) six specimen of A. macrocyclos (ERCH HS 0.003, ERCH HS
0.032, ERCH HS 0.033, ERCH HS 0.133, ERCH HS 0.159 and ERCH HS 0.160) matches with each other with a high
BS support (BS>95). In GenBANK, there is no molecular data of A. macrocyclos [19]. Within this study, nrITS gene
data of A. macrocylos obtained and uploaded to GenBANK for the first time in the literature. In Figure 2, six
specimens belong to A. macrocylos is in the same clade with A. austroshetlandica (C.W. Dodge) @vstedal. A.
macrocyclos and A. austroshetlandica is also similar morphologically and anatomically. The two species are
distinguished from each other whether the lobes are convex or flat and the length of the ascospores. A. macrocyclos
has flatlobes and ascospores are mostly 4 pm, but A. austroshetlandica has convex lobes and ascospores are mostly
up to 3 um [9]. There is only one record in GenBANK for A. austroshetlandica species, and the specimens we
collected from Horseshoe Island are separated from this record. according to nriTS gene phylogeny. Although the
morphological difference between these two species is very controversial, we think that the samples we collected
from the study area belong to the A. macrocyclos species and molecular data confirms this finding.

M. tessellata is the type species of the Mastodia genus and is known to be the only lichenized fungus species that
establishes a symbiotic relationship with macro green algae of Prasiola genus [20]. In the literature, this species
was also called a lichen-like organism in the past and with studies conducted over the years, it was decided that it
i a lichenized fungus. And also it was decided that M. tessallata is synonymous with Mastodia mawsonii Dodge,
another species described by Dodge from Antarctica [9, 21]. Studies based on the nriTS gene region were carried
out on M. tessellata specimen (ERCH HS 0.210), but despite long efforts nrITS gene data could not be obtained.
According to mtSSU phylogeny (Figure 4) HS 0.210 matches with Mastodia sp. datas in GenBANK. There is no data
on the mtSSU gene region of the M. tessellata species in GenBANK. The datas matching our specimen uploaded to
GenBANK as Mastodia sp. is probably are M. tessellata. With this study, the first mtSSU data of M. tessellata species
has been obtained and uploaded to GenBANK.

R. grande is a species characterized by containing gyrophoric acid, barbatic acid, norstictic acids, stictic acid and
not containing rhizocarpic acid as secondary metabolite. According to ITS phylogeny (Figure 6), two specimens
(ERCH HS 0.066 and ERCH HS 0.067) matches with each other and seperated from other known Rhizocarpon
species. In GenBANK there is not data of R. grande. Within this study, ITS gene data of R. grande obtained for the
first time and uploaded to GenBANK. These two specimens also match with Rhizocarpon sp. data in GenBANK. This
data is uploaded to GenBANK by La Torre et al. [22]. Their specimen has a gray or light green thallus on a notorious
black prothallus, areoles scattered on the substrate, and lecideine and sessile apothecia. The gray, submuriform
ascospores were 28-32 um long, with up to four transverse and one longitudinal septa. They said their specimen
similar to R. grande species but comparison of characteristics to confirm the identity of the sample uploaded to
GenBANK was not possible. But we believe, it is probably R. grande too. According to ITS phylogeny R. grande is
closely related to Rhizocarpon intersitum Arnold species. Both species is also similar by their large ascospores.
Both species contain gyrophoricacid. However, R. grande generally differs from R. intersitum by its I+ blue medulla,
K+ red epihymenium, and larger ascospores compared to R. intersitum. Additionally, R. intersitum contains
atranorin in addition to gyrophoric acid [23]. Anatomically and morphologically R. grande is similar to R.
distinctum Th. Fr. and R. obscuratum (Ach.) A. Massal species, which are distributed in Antarctica too and have 8-
spored ascus like R. grande. However, the ascospores in Rhizocarpon grande are considerably larger than the other
two species (9).

V. tesselatula is an Antarctic endemic species. According to ITS phylogeny (Figure 8) HS 0.218 matches with V.
tesselatuladata in GenBANK. Phylogenetically V. tesselatula closely related to Verrucaria madida Orange. V. madida
is the only species which has 4-spored asci in Verrucaria genus. So it can be easily distinguished from other
Verrucaria genus members. Also V. tesselulata is similar to Verrucaria ceuthocarpa Wahlenb. ex Ach. and
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Verrucaria psycrophila 1. M. Lamb. In all three species, involucrum is only at upper part and there are cracks on
the thallus. While these cracks are black or white in V. tesselatula, they are concolorous with thallus in V.
ceuthocarpa and V. psychrophila [9].
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Appendices

Appendix A. Genbank numbers of used sequences in phylogenetic trees within this study. Newly generated data
within this study given in bold.
Species nriTS mtSSU Locality

ERCH HS 0.003 Acarospora macrocyclos OR687574 Horseshoe Island, Antarctica
ERH HS 0.032 Acarospora macrocyclos OR687575 Horseshoe Island, Antarctica
ERH HS 0.033 Acarospora macrocyclos OR687576 Horseshoe Island, Antarctica
ERH HS 0.133 Acarospora macrocyclos OR687579 Horseshoe Island, Antarctica
ERH HS 0.159 Acarospora macrocyclos OR687577 Horseshoe Island, Antarctica
ERH HS 0.160 Acarospora macrocyclos OR687578 Horseshoe Island, Antarctica
ERCH HS 0.210 Mastodia tessellata PP397045 Horseshoe Island, Antarctica
ERCH HS 0.066 Rhizocarpon grande OR687590 Horseshoe Island, Antarctica
ERCH HS 0.067 Rhizocarpon grande OR687591 Horseshoe Island, Antarctica
ERCH HS 0.218 Verrucaria tesselatula OR728797 Horseshoe Island, Antarctica
Acarospora anomala LN810758 Sweden

LN810759 Sweden
Acarospora atrata LN810760 Seden

LN810761 Norway
Acarospora badiofusca LN810762 Sweden

LN810763 Sweden
Acarospora bullata GU184114 [taly
Acarospora americana MH555371 US.A
Acarospora austroshetlandica DQ534451 King George Island, Antarctica
Acarospora bolleana MK372311 US.A
Acarospora cervina LN810764 Switzerland
Acarospora cervina LN810765 Sweden
Acarospora fusca MT809051 Germany
Acarospora fuscata LN810766 Sweden

LN810767 Sweden
Acarospora glaucarpa LN810769 Sweden

LN810770 Sweden
Acarospora gwynii MF138062 China
Acarospora heufleriana LN810774 Switzerland
Acarospora irregularis MK996290 Turkiye
Acarospora macrospora LN810779 Norway

LN810780 Sweden
Acarospora malouina MF138059 China
Acarospora molybdina LN810783 Sweden
Acarospora murorum LN810784 Spain
Acarospora nicolai LN810785 U.S.A
Acarospora obpallens LN810790 U.S.A

MG738305 Falkland Islands
Acarospora oligospora LN810791 Norway

LN810792 Sweden
Acarospora peliscypha LN810793 Sweden

LN810794 Norway
Acarospora rosulata LN810796 US.A

LN810797 Norway
Acarospora rugulosa LN810798 Norway

LN810799 Sweden
Acarospora sinopica DQ374138 Sweden

DQ374148 Sweden
Acarospora socialis LN810802 US.A
Acarospora stapfiana MF134870 China
Acarospora strigata LN810804 US.A

LN810805 U.S.A
Acarospora terricola LN810806 Sweden
Acarospora tianshanica MK503500 US.A
Acarospora tintickiana MH555413 US.A

MH555414 U.S.A
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Acarospora umbilicata
Acarospora wahlenbergii

Catolechia wahlenbergii
Glypholecia scabra
Heteroplacidium imbricatum
Hydropunctaria oceanica
Hydropunctaria orae
Mastodia sp. 1129
Mastodia sp. 1930
Mastodia sp. 1880
Mastodia sp. 1902
Mastodia sp.1910
Mastodia sp. 1911
Mastodia sp. 1959
Mastodia sp. 1973
Mastodia sp. 1884
Mastodia sp. 1927
Mastodia sp. 1937
Mastodia sp. 1891
Mastodia sp. 1866
Mastodia sp. 1867
Rhizocarpon amphibium
Rhizocarpon atroflavescens

Rhizocarpon badioatrum
Rhizocarpon bolanderi
Rhizocarpon copelandii
Rhizocarpon copelandii
Rhizocarpon disporum
Rhizocarpon distinctum
Rhizocarpon geminatum
Rhizocarpon haidense
Rhizocarpon hochstetteri
Rhizocarpon intersitum

Rhizocarpon jemtlandicum

Rhizocarpon leptolepis
Rhizocarpon petraeum

Rhizocarpon polycarpum

Rhizocarpon postumum
Rhizocarpon reductum

Rhizocarpon rubescens
Rhizocarpon sp.
Rhizocarpon subgeminatum
Rhizocarpon suomiense
Turgidosculum ulvae

Verrucaria aethiobola

Verrucaria ahtii

LN810808
LN810809
LN810810
HQ650649
LN810811
MT674813

AF483611
MK625448
MK629879
KU687450
MT102438
KU687451
KU687447
KU687455
HQ650708
KY680774
AF483615
MN959977
OP324605
0P324606
MN483143
AF483607
0Q626897
KU687445
KU687446
KU687449
AF483609
HQ605942
AF483616

MW443069
MT108260
AF483608
MH979414
MH979421
OP730856
KU687452
KU687457
AF483613
KU687448

MT127213
MT127216
KX720570
KX720571

FJ225679
JN638299
JN638298
MT877166
MT877167
MT877168
MT877169
MT877170
MT877171
MT877172
MT877173
MT877174
MT877175
MT877176
MT877177
MT877178
MT877179

MF970438
MF970439

Sweden
Sweden
Sweden

Norway

United Kingdom
Faroe Islands
Chile
Kerguelen Islands, France
Kerguelen Islands, France
Kerguelen Islands, France
Australia
Australia
Livingston Island, Antarctica
Rothera Point, Antarctica
Bounty Islands, New Zealand

King George Island, Antarctica

Kerguelen Islands, France

Antipodes Island, New Zealand

Princess Island, New Zealand
Princess Island, New Zealand
Norway
China
China
Norway
China
Norway
Norway
Norway
US.A
Russia
Norway
James Ross Island, Antarctica
James Ross Island, Antarctica
US.A
Norway
China
Norway
Norway
Finland
Norway
Tiirkiye
Norway
China
China
Norway

King George Island, Antarctica

Norway
Norway
Norway
Norway
US.A
US.A
Finnmark
Norway
Finland
Finland
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Verrucaria anziana
Verrucaria ceuthocarpa

Verrucaria csernaensis
Verrucaria csernaensis
Verrucaria degelii

Verrucaria ditmarsica

Verrucaria foveolata
Verrucaria funckii

Verrucaria hunsrueckensis

Verrucaria latebrosa
Verrucaria macrostoma
Verrucaria madida
Verrucaria margacea
Verrucaria muralis
Verrucaria nigrescens
Verrucaria nodosa
Verrucaria oulankaensis
Verrucaria rosula
Verrucaria squamulosa
Verrucaria tesselaluta
Verrucaria viridula

Verrucaria vitikainenii

Verrucaria weddelii

F]664838
KY697141
FJ645260
F]664823
F]664840
KY697142
F]664845
F]664846
MT229757
KM243243
KM243248
MG242446
MG242448

JX848567
F]664868
MT146894
0L457929
0L396605
0L457953
JX848568
KM243235
JX848560
JX848561
KX720574
KX720575
FJ664883
MN103180
KC496011
MF882947
KX720592
KX720593
KX720579
KX720580
KF959787

MT127193

MT127194

United Kingdom
Iceland
Iceland

United Kingdom

United Kingdom
Iceland
Iceland

United Kingdom

United Kingdom
Finland

Germany
Austria
Germany
Germany

United Kingdom

United Kingdom

United Kingdom

Germany
Czech Republic
Czech Republic
Czech Republic

United Kingdom

Germany

United Kingdom

United Kingdom
Finland
Finland

United Kingdom

China
[taly
Chile

Finland
Finland
Finland
Finland
France
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Anahtar Kelimeler Oz: Yiiksek teknolojili calisma ortamlar1 icin Giivenilirlik Analizi, tasarim
Guvenilirlik agamasinda MIL-HDBK-217F ve Telcordia SR-332 veya kullanim asamasinda saha
AAQS Analizi, verileriyle Weibull Dagitimi gibi bir¢ok farkli metodolojiye gore yapilmaktadir. Bu
Guvenilirlik Analizi,

makalenin amaci, daha dogru Arizalar Arasi Ortalama Siire (AAOS) degerleri i¢in bir
metodoloji elde etmek amaciyla AAOS hesaplama yontemlerini karsilagtirmaktir. Bu
makalede; Savunma Sanayiinde kullanilan sistemler icin MIL-HDBK-217F standardi
ve Weibull Dagilimi baz alinarak hesaplanan AAOS degerleri karsilastirilmistir.
Calismanin sonu¢ kisminda; sonuglar incelenmis olup daha giivenilir AAOS degerleri
icin MIL-HDBK-217F standardini daha iyi hale getirecek bir diizeltme katsayisinin
bulunabilecegi dnerilmektedir.

Entegre Lojistik Destek.

MTBF Analysis of Systems in Defense Industry

Keywords Abstract: For high technology working environment Reliability Analysis is
Reliability, implemented according to various methodologies such as MIL-HDBK-217F and
MTBF Analysis, Telcordia SR-332 in design phase or Weibull Distribution with field data in usage
Reliability Analysis,

phase. This paper aims to compare Mean Time Between Failure (MTBF) calculation
methods in order to establish a more accurate methodology for MTBF values. In this
article; MTBF values calculated based on MIL-HDBK-217F standard and Weibull
Distribution are compared for the systems used Defense Industry. In the conclusion
of the article; the results are examined and as a result, it is recommended that a
correction coefficient could enhance the accuracy of MTBF values derived from the
MIL-HDBK-217F standard.

Integrated Logistics Support.

*{Igili Yazar, email: cuarican@aselsan.com.tr
1. Introduction

Integrated Logistics Support (ILS) represents a methodology that emerged with the aim of providing
supportability features throughout the design and development processes of a system or product. The concept of
ILS encompasses support at all maintenance and repair levels of systems. The processes within the Integrated
Logistics Support methodology are fundamentally defined as 12 Integrated Logistics Support Elements. These ILS
Elements are Maintenance Plan, Manpower and Personnel, Supply Support, Support Equipment, Technical Data,
Training and Training Support, Computer Resource Support, Facilities, Packaging, Handling, Storage, and
Transportation (PHST), Design Interface, Continuous Engineering, and Product Support Management.

This article focuses on the Design Interface concept within these ILS Elements. The Design Interface element
covers how long a system will be in use before a failure, how much time it will take to repair in case of a failure,
and the development of maintainability methodologies. For instance, after designing the system, the design
engineer shares design documents to the ILS engineer for conducting the Mean Time Between Failures (MTBF)
analysis. The ILS engineer performs the analysis considering factors such as the operating temperature and
environmental conditions of the system in order to compare with the user's requirements. If the analysis indicates
that the obtained value does not meet the user's requirements, the ILS engineer gives feedback the designer about
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this issue and requests a revision in the design. The designer may improve the design by switching higher quality
level components or inserting redundancy blocks to the design. The Design Interface is implemented effectively
by this process.

Reliability, Availability, and Maintainability Analysis (RAM) based on Military Standards (namely MIL-HDBK-338B
Electronic Reliability Design Handbook and MIL-HDBK-217F Reliability Prediction of Electronic Equipment) are
commonly conducted in order to ensure the impact of ILS elements on design. RAM analysis is comprehensive,
bottom-up (part-component-device-system) analysis that rely heavily on statistical methods and are based on
failure and maintenance data. MIL-HDBK-338B Electronic Reliability Design Handbook is written for reliability
engineers and provides guidance. According to MIL-HDBK-338B, Reliability has two definitions: Firstly, Reliability
is the duration or probability of failure-free performance under stated conditions. Reliability also can be defined
as the probability that an item can perform its intended function for a specified interval under stated conditions.
In addition, availability is a measure of the degree to which an item is in an operable and committable state at the
start of a mission when the mission is called for at an unknown time. Lastly, maintainability is the relative ease
and economy of time and resources with which an item can be retained in, or restored to, a specified condition
when maintenance is performed by personnel having specified skill levels, using prescribed procedures and
resources, at each prescribed level of maintenance and repair.

This article specifically has a focus on Reliability Analysis, and Mean Time Between Failures (MTBF) which is the
fundamental parameter in Reliability Analysis. According to MIL-HDBK-338B, MTBF is a basic measure of
reliability for repairable items. The mean number of life units during which all parts of the item perform within
their specified limits, during a particular measurement interval under stated conditions. Reliability Analysis is
done based on the data gathering from design phase and usage phase in field. The results of Reliability Analysis
are used for spare parts planning, maintenance cost and many Integrated Logistic Support issues.

In the first section, the calculation methods for MTBF are explained according to MIL-HDBK-217F which is one of
the military standards giving information on reliability prediction procedures and Weibull Methodology.

The flow of the work in the rest of the paper is as follows. In the second section, the MTBF values for two defense
industry systems are calculated using the Weibull and MIL-HDBK-217F methodologies. The subsequent section
presents the results obtained from these calculations. Mean Time Between Failure (MTBF) values are obtained
according to MIL-HDBK-217F standard and Weibull Distribution for comparison. The final section provides
recommendations based on the results obtained.

2. Material and Method
2.1. Literature Review

For literature review, articles covering studies, analyses, and methodologies on Reliability Analyses focusing on
Mean Time Between Failure from 1995 to the present have been examined. The content of these articles explores
studies conducted in various sectors.

M. Kimura et al. (1995) predicted the reliability of a software system during arbitrary testing periods. The paper
introduced a method of software reliability prediction that leverages software failure-occurrence time data and
employs software reliability growth models represented by a nonhomogeneous Poisson process (NHPP) [1].

Wang H. and Pham H. (1996) addressed the challenges associated with evaluating the Mean Time Between
Failures, availability and reliability for complex large-scale systems. The paper explored the combination of Monte
Carlo technique and Bayes method [2].

Angus |. E. (1988) presented a method for finding out a methodology for Mean Time Between Failure in k-out-of-
n: G parallel system with unlimited repair (There are enough repairmen to repair simultaneously any number of
failed units) and exponential failure and repair times of the failed unit [3].

Crocker J. et al. (1998) suggested a new alternative measure, called Maintenance Free Operating Period, to MTBF
and Failure Rate since MTBF has main disadvantage; namely being impossible to predict MTBF if failure rate

distribution is not exponential [4].

Elerath J. G. (2000) recommended to analyze hazard rate with using Weibull distribution instead of analyzing
MTBEF using with exponential distribution for disk drive industry [5].
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Jia Y. et al. (2002) presented approach to analyze the time between failures for machining centers (MC). By
applying likelihood function, the authors fit the Weibull distribution to model the TBF of MCs. Additionally, the
study is conducted Goodness-of-fit tests employing Hollander's method, providing that the time between MC
failures adheres to the Weibull distribution [6].

Mondro M. J. (2002) described a simple technique for estimating a mean time between operational failure (MTBF)
that was measured at periodic intervals. This type of maintenance was appropriate in high perceptions, after the
missionaries' assignments are over. This approach could greatly simplify MTBF analysis for large systems. This
article provided the equations and limited the possible errors in this estimate [7].

Carlson |. et al. (2004) investigated the reliability of mobile robots used in hazardous environments, revealing a
MTBF of 24 hours and availability of 54%, with the control system being the most common source of failures [8].

Sharma R.K. and Kumar S. (2007) presented the importance of RAM (Reliability, Availability, Maintainability)
analysis, using a Markovian approach to model system behavior and estimate reliability and maintainability at
different mission times. The results have proven beneficial for plant personnel, leading to significant
improvements in system performance through the adoption of appropriate maintenance policies and strategies

[9].

Juang Y.S. at al. (2008), this article presented a genetic algorithm-based optimization formula aimed at improving
design efficiency in industrial system, with a focus on balancing system availability, reliability and cost [10].

Krasich M. (2009) determined that one item has “estimated, calculated, averaged” MTBF’s or MTTF’s since these
terms are dependent on various factors such as application stresses, the other items of the system, usage period,
stress level etc. [11].

Zhai]. et al. (2013) studied the Mean Time Between Failure, the failure and repair rate and the availability value
for Building Cooling Heating and Power (BCHP) System. Combination of the state-space method and Markov
model’s probabilistic analysis was used for this study [12].

Memon H.H. and Alam M.M. (2016) predicted the failure rate and RAM (Reliability, Availability, Maintainability)
of IGBT Triggering System in the marine environment by using MIL-STD 217 and MIL-HDBK 472 and by defining
the values of different parameters which includes stress factor, quality factor, temperature factor etc. These results
have been able to utilized by the designers and Integrated Logistics Support engineers for the input of resource
requirements and life cycle cost analysis [13].

Ferreira F.].T. E (2016) provided insights into the key considerations surrounding the reliability and operation of
high-efficiency motors. By presenting a comprehensive perspective, the advantages, drawbacks, and limitations
associated with high-efficiency industrial motors are examined [14].

Liu Y. et al. (2022) Black's mean time to failure (MTTF) equation was applied to predict electromigration life in
electronics. It was an empirical equation and at least three datasets have been tested under two temperatures and
two temperatures. Cost and time could be saved effectively with reliability tests to predict the electromigration
life of electronic products [15].

Duer S. etal. (2023) considered the time between failures as a function of maintainability and the dependability of
the Wind Farm as a function of service life [16].

2.2. MTBF Analysis Methodologies
2.2.1 Weibull

One of the key methods discussed in this article used for reliability analysis is Weibull Analysis. According to the
book named Practical Weibull Analysis Techniques - Fifth Edition by James A. McLinn; lots of methodologies for
Weibull analysis have been investigated. The major advantage of Weibull distribution is that it is widely applicable
to lots of reliability, maintainability, test and quality issues. Moreover, the Weibull distribution has widely
applicable to analyze Mean Time to Failure and Cycles to Failure.

Weibull formula can be stated commonly as Reliability plus unreliability; which totals equals to 1.0.

R +F(t) =10 (1)
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We may express “F(t) the unreliability function” by using Weibull distribution as following:

Q)

Fi)=1-e 1" @)

This formula can be also seen as:

=)
F(t)=1—¢e v (3)
This alternative formula shows that the offset has an impact on the characteristic life, 7.
“f(t) the probability density function” is the time derivative of the “F(t) the unreliability function”. This is:
—&=rB
f6) = pn PP te” 0 ©

,n and y are commonly used for standard Weibull parameters.
3 (Beta): Shape parameter. The shape of the time to failure distribution is shown by using (3.
71 (Eta): Scale parameter where 63.2% of the test units fail.
v (Gamma): Location parameter where the time to failure distribution actually begins. This value can be positive
or negative.

It can be shown Equation 5 that relation between n (characteristic life) and the mean depends on (3(Beta) by using
the Gamma function. This is:

Mean = MTBF = nI'(1+ 1/p) (5)

I' (The Gamma Function) depends on the value of 1 + 1/  and these values can be found from special Gamma
Function table. In general this correction value can be seen as a little correction to the value of ) (eta). Usually this
correction value varies between 0.88 and 1.00. And also this correction value can be greater than 1.0 when f3 is
less than 1.0.

2.2.2 MIL-HDBK-217F

The another method explored here is MIL-HDBK-217F. MIL-HDK-217F aims to establish and maintain general
methods for analyzing the inherent reliability for the electronic systems in military industry.

This handbook contains two types of method for reliability predictions; namely "Part Stress Analysis" and “Parts
Count” methods.

The Part Stress Analysis Method is applied at the later design phase when the detail information is gained. This
method also results in lower and close failure rate of system. On the other hand; the Parts Count Method needs
less information and is applicable in earlier design phase. This method also results in higher failure rate of system.

Part failure rate model of The Part Stress Analysis is difference from part to part. A typical example of the model
for discrete semiconductors:

Ap = AbIIT [TATIR TIS TIC T1Q [1E (6)

Ap :part failure rate,

Ab :the base failure rate,
[1E : the environment factor,
[1IT : the temperature factor,
I1Q : the part quality factor,
[1S : the stress factor.

In order to apply The Part Count Method part quantities, quality level and application environment information
are needed.

A=TETN; ATl (7
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A : total system failure rate (failures per 106 hours)

Ag : the failure rate of the ith part (failures per 106 hours)
[1Q : the part quality factor of the ith part

Ni : the quantity of the ith part

n : the number of diffent parts in the system.

Drake G. and Corradi G. (2020) determined that in general the probability of failure of electronic components and
systems during their useful lifetime tends to have an exponential distribution unit [19].

As a result; after calculating failure rate according to MIL-HDBK-217F, MTBF is calculated based on exponential
distribution with the following formula.

MTBF = 1/A (8)
3. Results

MTBF analysis conducted within the scope of reliability analysis, as mentioned in the previous sections, are
commonly performed during the design phase using the MIL-HDBK-217F methodology. The calculation of the
MTBEF value depends on the environmental conditions in which the system is used, the duty cycle of the subsystems
during their missions, the operation and maintenance plans of the system, and the design and quality levels of the
components that make up the system. Before the design phase, a reliability target or requirement is determined
based on the system's availability ratio or reliability data from existing systems.

The MTBF value of the system can be improved throughout the project with activities such as design revisions,
quality improvements, and preventive maintenance. The predicted MTBF value obtained during the design phase
serves as input for the work of design teams. The Part Stress Analysis method within MIL-STD-217F was used in
calculating the predicted MTBF. During this analysis, reliability block diagrams of the systems were created and
the systems of duty cycles, quality levels, operating temperatures, and stress factors of the components were
imported to analysis.

Itis important to verify MTBF values based on predictions during the design phase with data collected during tests
and field use. Because examined systems in the projects are used in the Non-Disclosure Agreements, limited
information sharing about the systems and system components was provided in the article. These systems are
mission-critical systems used in national defense, operating 7/24 under challenging environmental conditions.
These systems consist of varies electronic components like resistors, capacitors and connectors. According to user
requirements, these systems are subjected to heavy environmental conditions tests. These repairable systems are
expected to operate in very short time. Due to Non-Disclosure Agreements, detailed information about these
systems cannot be provided.

The failure data of the systems have been recorded for users since the delivery date. Users report faults through
Customer Relationship Management (CRM) and Failure Management System when they occur. The responsible
ILS support teams and their field teams intervene, resolve the failures, and track them through the Failure
Management System. In this context, the data for the systems covered in the article were collected through CRM
and Failure Management, as detailed in the following sections.

. Failure Number

. Part Number

. Part Description

. Serial Number

. Failure Description

. Start Date of Usage

. Start Date of Failure

. End Date of Failure

. Time to Failure (Hours)

The dataset collected for the two systems with the mentioned sections was used to calculate the field MTBF value
using the Weibull distribution. In order to perform this calculation, the relevant Weibull parameters were first
obtained. Using the parameters obtained in accordance with the Weibull formulation, the MTBF value was then
calculated.
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MTBFs of two systems in defense industry were calculated according to Weibull and MIL-HDBK-217F. When
calculating according to Weibull, the field data gathered from delivery time to analyze time was used. When
calculating according to MIL- HDBK-217F, the prediction data was used as described previous sections. The results
of the analysis can be seen from Table-1.

Table 1. The results of the analysis

Inputs* Outputs
Failure Numbers Predicted MTBF .
Part Number | For Field MTBF Sg?ﬁszaze E“Sa]i)litrz of (MIL-HDBK- F(‘s\l;iil\ﬁl%l:
Calculation & 217F)
System-1 190 2018 2023 3208 Hours 14452 Hours
System-2 150 2018 2023 10806 Hours 19998 Hours

* Due to Non-Disclosure Agreements, detailed information about these systems (Part Description, Serial Number,
Failure Description, Start Date of Failure, Time to Failure) cannot be provided.

According to the results of the analysis, Field MTBF values which are empirical information for systems are higher
than Predicted MTBF values. It can be stated that Field MTBF Calculation method may represent more accurate
values for these systems compared to theoretical Predicted MTBF.

4., Discussion and Conclusion

The activities of Integrated Logistics Support (ILS) are carried out to manage all supportability criteria that a
system will require throughout its lifecycle under a comprehensive view, ensuring cost effective use and directing
the design accordingly. This article, focusing on reliability analysis within the discipline of design interface,
addresses ILS activities that play a critical role in developing systems with reliable performance that are both cost-
effective and aligned with user expectations.

One of the fundamental parameters used in reliability analysis is MTBF. In this context, the article calculates MTBF
data for defense industry systems using two different methods; field MTBF obtained from the Weibull distribution
and predicted MTBF obtained from MIL-HDBK-217F. The resulting MTBF values are compared.

Field MTBF was obtained much bigger than predicted MTBF. This big difference was not expected. Because the
predicted MTBF is used for estimating spare parts, planning periodic maintenance schedules, planning
maintenance labor cost and other Integrated Logistic Support issues. Therefore; the predicted MTBF value is
expected to be close to field MTBF value. Probably there can be a correlation between predicted and field MTBF
values. In order to find out this kind of correlation, lots of data of systems must be gathered and analyzed. Obtaining
accurate data in the reliability discipline is a process that takes many years. Comparing predicted MTBF and field
MTBEF values is an ongoing controversial.
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Anahtar Kelimeler 0z: Mimaride ekoloji; Sanayi Devriminin beraberinde getirdigi insan merkezli
Eko_lo_ji, yaklasimlar nedeniyle yapi sektoriinde meydana gelen savurganliklar, tiiketim
'(1;3“}_“ Yapy, aliskanliklar1 ve ¢evresel sorunlara ¢oziim olarak ortaya c¢cikmistir. Yapilan
ami,

arastirmalarda glinlimiiz mimarisinin 6nemli bir parcasi haline gelen ekolojik
mimari yaklasimlari 2000 yil dnceki yapilasmalarda kullanildigina ulasilmaktadir.
Bu nedenle ekolojik mimari tasarim anlayisinin gelistirilebilmesi i¢in tarihi
yapilarda ekolojik yaklasimlarin incelenmesi gerekmektedir. Calismada zengin
cografi ve beseri ozelliklere sahip Ardahan’da yer alan tarihi camilerde ekolojik
yaklasimlar degerlendirilerek bu yapilarin gerek yerlesim gerek malzeme gerekse
de yapisal o6zellikleriyle iklimsel kosullar ve ¢cevresel 6zelliklere uyum sagladiginin
kanitlanmasi, bu noktada gercgeklestirilen yerlesim ve uygulama o6zelliklerinin
ortaya konularak gelecek tasarim ve arastirmalara érnek olmasi hedeflenmektedir.
Calisma sonucunda her li¢ camide de yerlesim, yonlenme, yonetim gibi ¢evresel
Olciitlerin genel olarak saglandigina ulasilmaktadir. Ancak yapilarin cati tipi,
riizgarlik gibi 6zelliklerinin iklimsel kosullar1 deneyimleme yoluyla giiniimiiz haline
geldigine ulasilmaktadir. Bunun yani sira yapilarin cephe tasarimlarinda iklimsel
kosullar dikkate alindigi malzeme kullaniminda da yerel, yeniden kullanima
uygunluk ve dayaniklihga dikkat edildigi goriilmektedir. Bu kapsamda yapilarin
6zglin veya sonradan eklemeli durumlariyla ekolojik tasarim olciitlerini genel
olarak sagladiklarini ve bu yoniiyle ekolojik mimari tasarima 6rnek teskil ettiklerini
soylemek miimkiindiir. Calismanin, yapilacak ve/veya onarilacak camilerdeki
tasarim ozelliklerine drnek olmasi beklenmektedir.

Tarihi Yapilarda Ekoloji

Ecological Traces in the Mosques Built in Ardahan in the Last Period of the Ottoman

Empire
Keywords Abstract: Ecology in architecture; Due to the human-centered approaches brought
E§Ology, . about by the Industrial Revolution, the wastes in the construction sector emerged
Historical Building, as a solution to consumption habits and environmental problems. Research shows

Mosque,

that ecological architectural approaches, which have become an important part of
Ecology in Historical Buildings 5 bb p P

today's architecture, were used in constructions 2000 years ago. For this reason,
ecological approaches in historical buildings need to be examined in order to
develop the understanding of ecological architectural design. In the study, ecological
approaches are evaluated in the historical mosques located in Ardahan, which has
rich geographical and human characteristics, and it is proved that these structures
adapt to the climatic conditions and environmental characteristics with their
settlement, material and structural features, and at this point, the settlement and
application features are revealed and set an example for future design and research.
It is intended to be. As a result of the study, it was concluded that environmental
criteria such as settlement, orientation and management were generally met in all
three mosques. However, it is understood that the features of the buildings such as
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roof type and windbreak have become what they are today through experiencing
the climatic conditions. In addition, it is seen that climatic conditions are taken into
account in the facade designs of the buildings, and local, reusable and durability are
taken into consideration in the use of materials. In this context, it is possible to say
that the buildings generally meet the ecological design criteria with their original or
newly added states and in this respect, they constitute an example of ecological
architectural design. It is expected that the study will be an example of the design
features of mosques to be built and/or repaired.

*{lgili Yazar, email: karakoyunesma88@gmail.com

1. Giris

ikinci Diinya Savasi’'ndan sonra meydana gelen endiistri devrimi, sagladig1 insan merkezli yaklasimlar sonucunda
cevresel tahribatlar, kirlilik ve kaynaklarin sinirsiz kullanimi gibi sorunlara yol agmistir. 1970’1i yillarin sonuna
dogru gerceklesen enerji krizi; ¢evreye verilen zararin farkina varilmasini ve dogal kaynaklarin yok olmasi
tehlikesiyle karsi karsiya kalinmasini saglayarak tiiketime dair birtakim dnlemler alinmasi gerekliligini ortaya
koymustur. Bu kapsamda, enerji tiiketiminde ve atik olusumunda 6nemli rol oynadig bilinen yap1 sektoriinde de
tiiketim yaklasimlarinin degistirilmesi gerekliligi dogmus ve ekolojik mimarlik kavrami ortaya ¢ikmistir [1, 2].
Ekolojik mimari, cevre-enerji ve insanin karsilikli fayda saglamasidir. Dogayla uyumlu mimarlik temelinde gelisim
gosteren ekolojik tasarimlar; geri doniisiim, yeniden kullanim, ekolojik malzeme kullanimi, akilli bina sistemleri,
binalarda yenilenebilir enerji kullanimi gibi olgular1 desteklemektedir [1, 3, 4].

Ekolojik mimarlik kavraminin 20. yiizyilda otaya ¢iktiginin séylenmesine ragmen “dogayla uyumlu mimarlik ve
ekolojik mimari tasarim” kavramlar: arastirildiginda ekolojik yaklasimlarin giiniimiizden yiizlerce yil 6nce yer
aldig1 kanitlanmistir [1, 5, 6]. Tarihi yapilarin yapim sistemleri incelendiginde; dénemin ¢evresel, ekonomik ve
sosyal o6lciitlerinin goz oniine alindig1 acikca goriilmektedir. Konumlari, yonlenme bicimleri, ¢evresel iliskileri,
yapim sistemleri ve malzemeleri, 1sitma-sogutma, aydinlatma ve havalandirma sorunlari siirdiiriilebilir tasarim
¢oziimlerini olusturmaktadir. Yapilarin boyut, form, yonlenme, mekin organizasyonu ve araziye yerlesimleri
yapinin bulundugu bélgenin iklimsel, topografik ve kiiltiirel 6zelliklerine gore gelisim gostermektedir. Ayrica bu
yapilar doneminin ekolojik yaklasimlarini yansitmaktadir [6]. Dolayisiyla geleneksel yapilarin cevresel olgtitler
dogrultusunda dogaya uyumlu olarak insa edilmesi ekolojik mimarinin 6énemli bir kriteridir [5]. Bu kapsamda
ekolojik mimarinin temelinde bir takim ekolojik mimari tasarim odlgttleri bulunmaktadir. Calismada oncelikle
ekoloji, ekolojik mimari, ekolojik mimari tasarim kavramlari arastirllmistir. Daha sonra yapilarda ekolojik
yaklasimlarin kontrol edilebilirliginde 6nemli olan ekolojik tasarim 6lgiitleri arastirilarak konu tizerinde yapilan
¢alismalarin analizleri sonucunda gevresel 6l¢iitler ve yap1 tasarimi kapsaminda enerji korunumu basliklari altinda
¢alismanin degerlendirme modeli olusturulmustur.

Calisma kapsaminda ekolojinin ortak kullanima sahip otel, ofis, askeri yapi, okul gibi bir¢cok yapida arastirildigina
ulasilmistir. Buna karsin farkl kullanim siireleri ve yogunluklariyla bu yapilardan ayri degerlendirilmesi gereken
camiler hakkinda herhangi bir ¢alisma bulunmamaktadir. Bu y6niiyle camilerin; tasarimdan yapima kadar olan
stireclerde bolgesel ve iklimsel faktorler géz 6niine alinarak ¢evresel ve yapisal 6lciitler baglaminda incelenmesi
gerekliligi ortaya ¢ikmaktadir.

Giliniimiiz cami yapilar1 kullanici sayisi, iklimsel kosullar, cevresel 6zellikler, topografyaya yerlesim gibi 6zellikler
goz ardi edilerek tasarlanmaktadir. Bu nedenle yapimlarinda 6nemli dl¢lide enerji harcanmaktadir. Bu durum,
yapilarin kullanim asamalarinda 1sitma, aydinlatma, akustik, gorsel konfor, havalandirma gibi sorunlara neden
olmaktadir.

Calismada zengin cografi ve beseri 6zelliklere sahip Ardahan’da ekolojik yaklasimlar degerlendirilerek bu yapilarin
gerek yerlesim gerek malzeme gerekse de yapisal 6zellikleriyle iklimsel kosullar ve ¢evresel 6zelliklere uyum
sagladiginin kanitlanmasi, bu noktada gergeklestirilen yerlesim ve uygulama o6zelliklerinin ortaya konularak
gelecek tasarim ve arastirmalara 6rnek olmasi hedeflenmektedir. Bu kapsamda Ardahan 18. yiizyil yapilarindan
Mevliit Efendi Camii (1701), Miiderrisoglu ibrahim Efendi Camii (1771) ve bu iki camiyle malzeme kullanimi,
cephe diizeni, yapim teknigi gibi yonlerden benzer 6zelliklerde olan 19. ytlizyil yapisi olan Dervis Bey Camii (1868)
belirlenmistir.

Calisma sonucunda camilerin giintimiizde genel anlamda ekolojik sartlara uyum sagladig1 sdylemek miimkiindiir
ancak camilerin birtakim yapisal 6zelliklerinin iklimsel kosullara ayak uydurmak amaciyla sonradan eklendigi
gorilmiistir. Bu durum yapilarin deneyimleme yontemiyle gelistirilerek glinlimiiz yap1 tasarimlarina 6rnek
olduklarini géstermektedir. Calismada olusturulan ekolojik mimari tasarim 6lgiitlerinin gelecek arastirmalara
ornek olmasi ve cami yapilarinda ekolojik yaklasimlarin yapilacak ve/veya onarilacak camilerdeki tasarim
ozelliklerinin belirlenmesi i¢cin temel olusturmasi hedeflenmektedir.
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2. Materyal ve Metot

Calismada ilk olarak “ekoloji”, “ekolojik mimarlik” ve “ekolojik mimari tasarim” kavramlar1 arastirilmis ve
sistematik literatiir taramasiyla giincel ulusal-uluslararasi literatiirde yer alan “ekolojik tasarim 6l¢iitleri” anahtar
kelimesiyle arastirma yapilarak belirlenen akademik ¢alismalar siniflandirilip tablo haline getirilmistir. Yapilan
arastirmada, arastirmacinin kullandig1 ydontem ile calismanin zayif yonleri analiz edilerek arastirmada kullanilacak
Olctitler belirlenmistir. Calisma kapsaminda secilen Ardahan ilinin ve camilerin tarihi-mimari 6zelliklerinden
bahsedilmistir. Belirlenen camilerin yerel mimari ve malzeme kullanimi baglaminda kent kimliginde 6nemli bir
yere sahip olmalary, literatiirde ekolojik acidan degerlendirilmemis olmalar: ve benzer mimari tasarimlara sahip
olmalar1 6nemli olmustur. Bu camiler; Ardahan 18. ylizy1l yapilarindan, 6zgiin islevinin kilise olabilecegi sdylenen
Mevliit Efendi Camii (1701) [8] ile ilk islevi cami yapisi olan Miiderrisoglu Ibrahim Efendi Camii (1771) ve bu iki
camiyle malzeme kullanimi, cephe diizeni, yapim teknigi gibi yonlerden benzer 6zelliklerde olan 19. yiizy1l yapisi,
ozgiin islevinin cami oldugu bilinen Dervis Bey Camii (1868)’'dir. Yapilan arastirmada secilen cami yapilari;
cevresel ve yapisal 6zellikleri ile ele alinmistir. Yapilarin analizinde giinlimiiz mevcut halleri dikkate alimak
durumunda kalimmustir. Bu 6zellikler ekolojik mimari tasarim 6l¢iitleri 1s18inda degerlendirilerek ¢alismanin yeni
yapilacak veya onarilacak camilere 6rnek teskil etmesi i¢in dnerilerde bulunulmustur.

3. Ekolojik Mimari Tasarim

Ekoloji, canli organizmalarin ¢evre ile arasindaki iligkiler biitiinlinlin incelendigi, insan ve doga kaynaklarinin
rasyonel olarak kullanimiyla iirtiniin yapimindan yok olusuna kadar gecen asamalarda cevresel zararlarin en aza
indirgenmesi ve gelecek nesillerin ihtiyaglarinin nasil karsilanacagi tizerine ¢alismalar yapan bilim dalidir [1, 9,
10]. Ekoloji kavrami 1960’larda cevresel sorunlarin bas gostermesiyle giindeme gelmeye baslarken ortaya
cikisindaki ana etken endiistri devrimidir. Ikinci Diinya Savasi’'ndan sonra meydana gelen endiistri devrimi,
insanlarin hayatlarini kolaylastirmak adina pek ¢ok alanda “insan merkezli yaklasim” anlayisini da beraberinde
getirmistir [11]. Ancak insan merkezli yaklasimlar sonucunda ¢evresel tahribatlar, kirlilik ve kaynaklarin sinirsiz
kullanimi gibi olumsuzluklarin 6nt agilmistir. 1970’li yillarin sonuna dogru ortaya ¢ikan enerji krizi; ¢cevreye
verilen zararin farkina varilmasini, kaynak yetersizligi ve kitlik kavramlariyla yiizlesilmesini saglayarak tiikketime
dair birtakim o6nlemler alinmasi ve tlretim odakli ¢alismalar yapilmasi gerekliligini ortaya koymustur. Bu
kapsamda, yapimindan yikimina kadar her asamasinda teknolojik yenilikler, kiiltiirel-sosyal ve ¢evresel kosullar
ile cagin gerektirdigi uygulamalar sebebiyle enerji tiiketiminde [11, 12] 6nemli rol oynadigi bilinen yapi
sektoriinde de tiiketim yaklasimlarinin degistirilmesi gerekliligi dogmus ve mimaride ekolojiyi tanimlamak adina
ekolojik mimarlik ve ekolojik mimari tasarim kavramlari ortaya ¢ikmistir [11]. Dolayisiyla mimaride ekoloji
konusu i¢in bu kavramlarin agiklanmasi énemli gérillmistiir.

Eneriji, “bir cisim tarafindan tasinan ve is iiretmeye yarayan gii¢c” olarak tanimlanmaktadir [13]. Bu yoniiyle enerjiyi
bir sistemin is yapabilme sinir1 olarak agiklamak miimkiindiir. Mimaride yapinin yapim-kullanim ve yikim
asamalarinda, yapt malzemelerinin iretiminde ve geri donistiiriilmesinde, atik ydnetimi gibi alanlarda
kullanilmaktadir [14, 15, 16].

Ekolojik mimarlik; enerji verimliliginin amaglandigy, etkin yalitimli, dogal aydinlatma ve geri doniisiimiin 6nemli
oldugu ve kendi enerjisini iiretebilen cevre dostu mimarlk yaklasimidir [13]. Kisa Ovali (2009) ¢alismasinda
Drings (1990) ve Hegger’in (1997) ekolojik mimarlig1 bina yapim, kullanim, yikim veya yenilenmesi sirasinda yapi1
malzemelerinin dogayla uyumlu olmasi ve ¢evreye zarar vermemesi olarak agikladiklarini belirtmektedir [3].
Wachberger ve Wachberger (1988) ise ekolojik mimarlig1 bolgesel iklim sartlarina ve topografyaya uyumlu,
yenilenebilir enerji kaynaklarinin etken veya edilgen olarak kullanimini amaglayan toprak, su, hava ve yesil
alanlara saygi temelli binalar insa etme anlayisi olarak ele almaktadir [17]. Geisler (1997) ekolojik mimarligin,
yasam dongiisii boyunca kullanicilarin glintimiiz ve gelecek ihtiyaclarinin karsilanmasini saglama odakli bir
yaklasim oldugunu belirtmistir [18]. Toniik’'e (2001) gore ekolojik mimarlik, bir ¢evrenin yapiminda ve
kullaniminda dogayla uyumlu mimarinin saglanmasidir [1]. Yilmaz ‘a (2007) goére ekolojik mimarlik, geri
doéniisiimiin esas oldugu ve binanin yapimindan yikimina kadar genis bir perspektifle ele alinarak ¢cevresel zararin
minimalize edildigi bir mimarlik konseptidir [19]. Bozdogan (2003) ve Uffelen (2009) ekolojik mimarligi, cevresel
etkilerin minimuma indirgenerek dogal kaynaklarin korunmasi, yasam kalitesinin arttirilmasi ve toplumsal
refahin saglanmasi olarak tanimlamistir [20, 21]. Tiirkmenoglu Bayraktar (2011) ve Alparslan vd. (2009) ekolojik
mimarligl, yapt ve yerlesimlerin tasariminda fiziksel ¢evre kosullarinin kontrol edildigi dogal ortamlarin
korunumuna 6nem verilen, saglikli, doniistiirtilebilir ve dogal malzemelerin kullanilarak az enerji tiikketen, bakimi
ekonomik ve kolay olan bina yaklagimi olarak agiklamistir [22, 23]. Porteous’ a (2013) gore ekolojik mimarlik,
ekosistem icindeki canli ve cansiz tiim unsurlar1 géz 6niinde bulundurarak bina tasarlama ve tliretme siirecidir
[24]. Kisa Ovali (2009) ise “insana duyarly, fiziksel cevreyi genis bir perspektifle ele alan, bina yasam doéngiist
boyunca tiim girdi ve ¢iktilarin ekolojik sistemle uyumlu oldugu, olgu olarak tanimlamaktadir [3]. David (1992) ve
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Ken (1996) calismalarinda ekolojik mimariyi yapilarin dogaya uyumlu sekilde entegre edilmesine yonelik bir
tasarim yaklasimi olarak tanimlamaktadir [25, 26]. Kleiner’a (2003) gore ekolojik mimarlik; 1sitma, sogutma,
havalandirma veya sicak su temini gibi enerji alanlarinda ve su kullaniminda tasarruf edecek enerji korunumlu
binalar insa etmektir. Kleiner bunun yani sira ekolojik mimaride yesilin korunmasi ve iyilestirilmesinin de énemini
vurgulamistir [27]. Buna ek olarak Crowther (1992) ekolojik mimarlikta yapinin araziye yerlesiminde arazinin
dogal formunun korunmasi, mevcut durumu bozacak hafriyat ve dolgu gibi maliyeti yiiksek uygulamalardan
kacinilmasi gerektigini [2], Roaf (2003) ise ekolojik mimarlik anlayisinda, binalarin ekosistemin bir pargasi ve
yasayan bir ortam olarak ele alinmasi gerekliligini vurgulamistir [28].

Literatiirde ekolojik mimariyi agiklamak iizere ortak veya birbirinden farkli yaklasimlar yer almaktadir. Bu
yaklasimlar belirli bir proje veya yapim isinin ekolojik mimariye uygun sekilde tasarlanmasinda ekolojik
prensiplerin temelini olusturmakta ve bina planlamasi, dogal aydinlatma, havalandirma, su kullanimi, enerji
verimliligi gibi unsurlari iceren detayli kriterler olusturulmasinda 6rnek teskil etmektedir [29]. Yapilan literatiir
taramalari sonucunda ekolojik mimariyi, ekosistemdeki her canliya saygi duyulmasi temeliyle ortaya ¢ikan iiretim
odakli, dogaya ve cevresel kosullara uyumlu, iklimsel verilerin 6énemsendigi, tasarim asamasinda verilen her
kararin yapinin kendi kaderi ve ekosistemin kaderinde 6nemli rol oynadiginin farkinda olunarak minimum enerji
tiikketiminin oldugu, geri doniistiriilebilir ve az maliyetli yap1 tasarlama olgusu olarak agiklamak miimkiindiir.

Ekolojik mimari tasarim élciitleri

Ekolojik tasarim; ekoloji-cevre ve enerji konularinda ortaya ¢ikan olumsuzluklara karsi “azaltmak”, “yeniden
kullanmak”, “geri dontstirmek” ve “iyilestirmek” yaklasimlariyla ¢6ziim aramaktir [30]. Giinlimiizde ekolojik
mimari tasarim, modern mimari yapim orneklerinde aktif sistemlerin kullanimiyla saglanmaya c¢alisiimaktadir
ancak eski yapilar incelendiginde geleneksel yapim sistemlerinin ¢cevreye herhangi bir zarar vermedigi aksine
dogayla biiylik bir uyum icerisinde olduguna ulasilmistir. Geleneksel yerlesimlerde amac¢ dogayla catismadan
mevcut kaynaklari kullanarak dogal dengeye zarar vermeyecek ¢ozlimler tretilmesi olup bu yoniiyle geleneksel
yapilarin ekolojik ve siirdiiriilebilir 6zellikler tasidiklarina ulasilmaktadir [31]. Bu dogrultuda geleneksel
yerlesimlerin ekolojik mimari ¢ercevesinde degerlendirilmesi gerekliligi dogmustur. Mimaride ekolojik tasarimin
yapilarla iliskilendirilmesi noktasinda ise ekolojik tasarim olciitleri devreye girmektedir [28]. Bu kapsamda
¢alismada ekolojik mimari tasarim odl¢iitleri ulusal-uluslararasi gilincel literatiirde (2000 yilindan sonrasi) yer alan
¢alismalar arastirilarak daha dnce olusturulmus kriterlerin neler oldugu ve belirlenme yontemleri hakkinda veri
toplanmis daha sonra ¢alismanin bu asamadaki zayif yonleri belirlenmistir (Ek 1).

Arastirma sonucunda ekolojik mimari tasarim o6l¢iitlerinin farkli yéntem ve basliklarla degerlendirildigi tespit
edilmistir. Calisma kapsaminda yapilan analizler sonucunda literatiir taramasinin daha sistematik ve genis oldugu
modeller harmanlanarak arastirmanin ekolojik tasarim 6lciitlerinin olusturulmasi saglanmistir (Tablo 1).
Calismada ekolojik mimari tasarim; fiziksel cevre olgiitleri, yapisal tasarim oOlgiitleri ve enerji etkin sistemler
basliklarinda irdelenerek tablolastirilmistir. Tabloda 6lgiitiin sinir1 genelden 6zele siralanmis daha sonra da
Olciitiin saglanmasi igin gerekli kriterler verilmistir (Tablo 1). Bu kapsamda ilk olarak yapinin arazi seg¢imi
degerlendirilmelidir. Arazi secimleri yapilirken ekolojik degerinin diisiik olmasi birincil kisastir. Daha sonra
yapinin secilen arazinin topografik 6zelliklere uygun insa edilmesi mevcut dogal ve yapay cevreyi bozmadan
yonlenmenin saglanmasi gerekmektedir. Yapilara toplu tasima ile ulasim saglanmasi, yaya ulasiminin
desteklenmesi ve kentsel donatilara uygun olmasi kirlilik ve kaynak tiiketimi bakimindan 6nemlidir. Bunun yani
sira yapinin tasarim-yapim-yikim ve yikim sonrasi asamalarinda yapilan planlamalarla yonetiminin saglanmasi
ekolojik mimari tasarimda 6nemli rol oynamaktadir. Yapilarda secilen malzemelerin kolay ulasilabilir/yerel
olmasi, dayanikliligy, geri doniistiirtilebilir ve tekrar kullanima agik olmasi kaynak tiiketiminin, yap1 kullanim 6mrt
ve is glicli kullaniminin, maliyetin ve bosa harcanacak hareketlerin minimalize edilmesini saglamaktadir [5, 11].

Yapisal tasarimda bina yakin ¢evresi ve binanin kendi tasarim 6zellikleri degerlendirilmektedir. Buna ek olarak
mekan dizilimi, binanin kabugu ve malzeme se¢imi de bu yoniiyle 6nemli olup bdlgenin iklimsel kosullarina
uygunluk saglamasi ekolojik mimari tasarimin gereksinimlerindendir. Yapilarda i¢ hava kalitesi yapida kullanilan
malzemenin giivenilirligini ve sagliga etkilerini gostermektedir. Yapinin termal ve akustik konforu ise yapida
yalitim, cephe tasarimi veya sonradan eklenen donatilarla insan konfor sartlarina uyumun gozetilerek ek maliyet
ve giderlerin engellenmesini hedeflemektedir. Buna ek olarak yapilarda kullanilan enerji etkin sistemler de enerji
korunumu ve kazaniminin saglanmasiyla ekolojik mimari tasarimi desteklemektedir [5, 25].
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Tablo 1. Ekolojik tasarim oélgiitleri

Fiziksel Cevre Olgiitleri

Topografya

Arazi se¢imi

Yapilagmis bir bolgede arazi se¢imi
Ekolojik degeri diisiik arazi se¢imi
Acik kamusal alana yakin arazi se¢cimi

Araziye yerlesim

Dogal ve yapay ¢evre ile uyum saglanmasi
Topografik yapiya uygun yerlesim saglanmasi
Yoénlenme

Kompakt gelismenin desteklenmesi

Ulasim

Toplu tasima erisilebilirliginin yeterli diizeyde saglanmasi
Yerel olanaklara ve kentsel donatilara yakinlik
Yakin cevrenin yaya kullanimina uygun olmasi

Politik

Yonetim

Yapinin siirdiiriilebilir yonetiminin saglanmasi (Yap: hakkinda verilen kararlar, mevcut isleyis
durumu)
Yagmur suyu yonetimi ve su tiikketiminde azaltma var olan yap1/yap1 alt bileseni/malzemenin yeniden
kullanilmasi
Atik yonetimi

. Yeniden kullanilabilir malzeme kullanilmasi

. Dontistiirilmiis icerikli malzeme kullanilmasi

. Kolay geri doniistiiriilebilir malzeme kullanilmasi

. Dogada kolay yok olan malzeme kullanilmasi

Ekonomi ve
maliyet

Yapim asamasinda fiziksel ve mali ytikler
Kullanim asamasinda gerekli tadilat ve enerji kayiplar1 (aydinlatma maliyeti- 1sitma maliyeti)
Yikim asamasinda harcanacak maliyet ve atik kaldirma

Bina yakin ¢evre
tasarimi

Bina araligy, yiiksekligi ve konumlandirilis durumlarinin giines 1simim1 bakimindan uygunlugu
Bina araligy, yiiksekligi ve konumlandirilis durumlarinin riizgar hareketi bakimindan uygunlugu

)
>
e Olceginde Bina aralig, yiiksekligi ve konumlandirilis durumlarinin ortalama sicaklik bakimindan uygunlugu
= Bina aralig}, yiiksekligi ve konumlandirilis durumlarinin ortalama yagis bakimindan uygunlugu
§ Peyzaj diizenlemesinin uygunlugu
8o - - — =y -
S» Bina tasarimi | Bina bi¢cim ve formunun iklimsel kosullara uygunlugu
= Olceginde Cat1 yiiksekligi, malzemesi ve tipinin iklimsel kosullara uygunlugu
= E - Bina cephe tasariminin iklimsel kosullara uygunlugu
g E‘ S Mekan tasarimi | Mekanlarin bina icerisindeki konumlandirilis durumunun uygunlugu
g £g Olceginde Mekanlarin plan organizasyonundaki yerinin uygunlugu
5 S é‘ Mekanlarin yonlendirilmesinin uygunlugu
E E = Mekanlarin boyut ve biciminin uygunlugu
'E i 2 Bina kabugu | Dis duvarlarin uygunlugu
E‘ a7 tasarimi Kapi/pencere bosluklarinin uygunlugu
) = olceginde Katmanli cam kullanimi
= g Yalitim
£ g Malzeme sec¢imi | Enerji etkin malzeme kullanilmasi
g a ve kullaniminda Yerel malzeme kullanilmasi
g E Uygun 1s1 depolama kapasitesine sahip malzeme kullanilmasi
= = Dogaya uyumlu malzeme kullanimi
% Dayanikli malzeme kullanimi
Er Gorsel konfor Mekanlarin uygun bir sekilde giin 1s181ndan yararlanmasi
© Calisma diizleminde gokytizii goriisii saglanmasi
E Disart ile gorsel iletisim kalitesinin yiiksek olmasi
& I¢ hava kalitesi Kirletici yaymayan malzeme kullanilmasi
= Mekanlarin dogal yolla havalandiriimasi
Tv‘: Termal konfor Yap1 tasarimina bagl olarak termal konforun saglanmasi
5 Akustik konfor Arazi seciminde ve yapi tasariminda dis sesi 6nleyici tedbirlerin alinmasi
= § Erisilebilirlik Bina girisinin erisilebilir olmasi
i5h Yapidaki piyes merdiveninin erisilebilir olmasi
§. Mekan ve cevre | Yapinin kullanicisina ait bahge, avlu vb. kisisel alan olmasi
=: kalitesi Yapi ¢evresinde rekreasyon alanlarinin olmasi
«3 Ulusal mekan standartlarinin saglanmis olmasi
=~ . N - .
) Esneklik ve uyarlanabilirligin miimkiin olmasi
E Yapinin afet riski tasimayan bir bélgede yer almasi
- Yap1 kullaniminin uygunlugu
5 Dogrudan kazan¢ | Saydam yuzeyler (Pencereler, Cati acikliklar)
5 |
'E g Dolayl kazang Trombe duvari
8 % Cat1 Havuzu
a = Giines odasi (Sera)
= 3 Cift cidarh cephesel sistemler
= | & Giines bacasi
E
= = Bu boliimde binaya entegre edilen sistemler yer almakta ve ¢alismanin ana konusu olmadig i¢in degerlendirilmeye
g | §€ alinmamaktadr.
S X o
= < 2
&
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4. Alan Calismasi

Ardahan ili, Dogu Anadolu Bélgesi'nin kuzeyinde yer almaktadir. Deniz seviyesinden 2000- 2200 m yiikseltide
plato 6zelligi gésteren Ardahan ili merkez yiizélglimii 1460 km? civarindadir (Sekil 1). Ardahan ili su kaynaklari
bakimindan zengin olup Kura Nehri, Cildir ve Aktas Goélleri ilin 6nemli hidrolik unsurlarindandir [32].

7 ERZURUM
‘\ p
—7 ) { e 150 25 0 50

e { wpe o o } | + + + 4 E

Sekil 1. Ardahan ilinin Tirkiye haritasindaki yeri

Ardahan ili Képpen-Geiger iklim siniflandirmasina gore kis mevsiminin soguk, yaz mevsiminin 1lik ve her mevsim
yagisli nemli orta enlem iklim tipi icerisinde yer almaktadir [33]. Alanda kislarin uzun ve sert, yazlarin kisa ve
yagisli oldugu sert karasal iklim o6zellikleri goriilmektedir. Kentin meteoroloji istasyonu verilerine gore yillik
ortalama sicakligi 3.8 °C; aylik ortalama sicakligiise 5 ay 0 °C altinda olan Ardahan, Ttrkiye’'nin en soguk kesimleri
arasinda yer almakta kisin yagan kar yagisi ve don olaylar1 kalict kar sinir1 ve siiresinin artmasina neden

olmaktadir. Bunun yani sira kentte ortalama sicakligin en yiiksek oldugu ay 16,4 °C ile Agustos; en diisiik oldugu
ay ise -11,4 °C ile Ocaktir [32] (Sekil 2).
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Sekil 2. Ardahan Ortalama Sicaklik Verileri [34]

Calisma alaninda yillik yagis miktar1 551 mm olup en fazla yagis1 Mayis (82 mm) ve Haziran (92 mm) en az yagisi
ise Aralik (22 mm) ve Ocak (19 mm) aylarinda aldigina ulasilmaktadir. Mevsimsel olarak yagisin %41’i yaz
aylarinda %30’u ise ilkbahar aylarinda diisen kentte yillik ortalama yagish giin sayis1 135 giindiir [32, 33] .
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Sekil 3. Ardahan Ortalama Yagis Verileri [34]

Ardahan ortalama riizgar hizi1 2.1 m/sn iken maksimum riizgar hizi 32 m/sn hiza kadar ulagmaktadir. Bu
degerlerden ortalama riizgar hizinin en fazla oldugu dénem Nisan ve Mayis aylaridir. Yapilan ¢alismalarda yagish
giin ve kuvvetli riizgarh giin sayisinda yiiksek korelasyon degeri(r=0.78) olduguna dolayisiyla yagish giinlerin
genel olarak riizgarh gectigine ulasilmaktadir. Buna ek olarak yillik ortalama esme sayilar1 dogrultusunda ilde
birden fazla hakim riizgar yoni bulunmus bu kapsamda en yiiksek degerlere %12, %9,5 ve %9,5 oranlariyla
WNW (bati- kuzeybat1), WSW(bati- gliney bati) ve SSE(gliney- glineydogu) yonlerinde ulasilmaktadir. Dolayisiyla
gliney ve bat1 yonli riizgarlarin egemen oldugunu séylemek miimkiindiir [34] (Sekil 4, 5).
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Cografi ve iklimsel verilerinin yani sira Ardahan ge¢misten giiniimiize bir¢ok uygarliga ev sahipligi yapmasiyla
cesitli kiiltlirlere taniklik etmistir. Uygarliklarin yerlesimi 12. yilizyillda Kipgaklar ile baslayip Atabekler,
AKkkoyunlular ve Tiirkmenler olarak 15. yiizyila kadar siirmiistiir [35, 36]. Daha sonra Osmanh imparatorlugunun
genisleme politikasi cercevesinde 16. Yiizyllda Osmanli hakimiyetine girmistir. 1828’de Ruslar Ahiska’y1 diisiiriip
Ardahan’t isgal etmis [37] ve kent kirk yil kadar Rus hakimiyetinde kalmis; 1877-1878 yillarinda gerceklesen
Osmanl Rus savasi ile sehir tekrar Osmanli imparatorlugu hakimiyetine girmistir. Cumhuriyetin ilanindan sonra
1992 yihinda il olmustur [37]. Uzun siire Osmanli imparatorlugu’nun hakimiyeti altinda kalan kent, mimari
ozellikleriyle zenginlesmis ve cografi konumuyla birlikte 6zellikle cami mimarisinde bolgeye 6nemli bir deger
kazandirmistir. Bu sebeple cami yapilarinin degerlendirilmesi 6nemli olup ¢alisma kapsaminda ilk olarak camiler
hakkinda kisa bir degerlendirme yapilmasi gerekliligi dogmaktadir.

Ik cami; kare planl, dért duvardan olusurken harim (Dis avlu, camilerde topluca namaz kilinan ana mekan),
harem (i¢ avlu), son cemaat yeri, minare, sadirvan ve imam-miiezzin odalarinin yer aldig1 bir kurguya
dontismistiir [13]. Yapildig1 donemin sanat ve mimari anlayisina gore sekillenen camilerde dénemin teknolojik
ozelliklerine, malzeme ve yapim tekniklerine, iklim, topografya, cografi ozellik ve ihtiyaclarina gore iislup
farkhiliklar1 ortaya ¢ikmistir. Bu kapsamda Emevi, Abbasi, Memliik, Selcuklu ve Osmanli dénemi camilerinin
birbirlerinden farkli oldugu goériilmektedir [37]. Ancak Tiirkiye’de yapilan son donem camilerinde genellikle
taseronlar tarafindan yapilan tip projeler ve birbirinin benzeri sekillerde siiregelen camiler goriilmektedir.

Camilerin tarihi gelisim silirecinde temel adimlar Selcuklu doéneminde atilmisken gilinlimiiz klasik cami
planlamasina Osmanl’'nin 6nciiliik ettigi bilinmektedir. Osmanlh cami mimarisini iznik ve Bursa gibi merkezlerde
baslayip; Erken Donem Osmanli (1299-1501), Klasik Dénem Osmanl (1501-1703) ve Ge¢ Donem Osmanh (1703-
1923) olarak dénemlere ayirmak miimkiindiir [37]. Erken ddnem Osmanli camileri, cami mimarisinin gelisiminde
onemli bir role sahiptir. Erken dénem Osmanli camileri tek kubbeli, ters T planli, ¢ok ayakli- cok kubbeli camiler
olarak ii¢ sekilde gelismistir. Klasik donem Osmanli camileri (1501-1703) icerisinde Mimar Sinan yapilar1 da yer
almaktadir. Bu camilerde ¢api biiyiitiilen kubbe yardimiyla i¢ mekan genisletilmistir [38]. Ge¢ Osmanli camileri
ise; III. Ahmet Donemi'nde (Lale Devri) insa edilmeye baslanmistir. Bu donemde Barok ve Rokoko iisluplari
benimsenmistir. Daha sonraki stireclerde farkli iisluplarin birlesiminden olusan eklektik ad1 verilen yeni bir tislup
gelismistir [39]. Calisma kapsaminda belirlenen camiler, Ardahan ilinde yer alan 18-19. Yiizy1l yapilari olup yapim
yillar1 Osmanli’'nin son dénemleri olarak belirlenmistir.

Ardahan il merkezinde dort tane son Osmanli Dénemi oldugu diisiiniilen cami bulunmaktadir. Bu camiler Mevliit
Efendi Camii (1701), Miiderrisoglu ibrahim Efendi Camii (1771), Dervis Bey Camii (1868) ve Halil Efendi Camii’dir.
Bu camiler Ardahan kent merkezi, Halil Efendi Mahallesinde, ikinci derece arkeolojik sit alani olarak tanimlanmus,
sehrin ilk yerlesim yerinin bulundugu eski kent merkezinin ¢eperindedir (Sekil 2). Halil Efendi Camii (Yanik Camii)
Osmanli Rus Savasi’'nda Rus ve Ermeni birlikleri tarafindan tahrip edilmis daha sonra da 1915 yilinda Ermeni
ceteler tarafindan yaklasik 300 Miisliiman Tiirk igindeyken yakilmistir [40]. Gliniimiizde Yanik Cami olarak bilinen
yapinin sadece sonradan yapilmis bir kitabesi bulunmaktadir. Dolayisiyla arastirmada yer almamistir. Calismada
18. ylizy1l, benzer mimari tasarim, yapim teknigi, malzeme kullanimi gibi 6zelliklerde, 6zgiin islevinin kilise oldugu
séylenen Mevliit Efendi Camii (1701) [8] ile orijinal kullanimi cami olan Miiderrisoglu ibrahim Efendi Camii (1771)
ve bu camilerle benzer dzelliklerde olan, 19. yiizyil yapisi, Dervis Bey Camii (1868) secilmistir (Sekil 6).
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Mevliit Efendi Camii (1701)

Sekil 7. Ardahan kent merkezi ge¢ Osmanli dénemi camileri
4.1. Mevliit Efendi Camii (1701)

Mevliit Efendi Camii, Ardahan Merkez Halil Efendi Mahallesinde, Ardahan Kalesi'nin yaklasik 150-200 m. batisinda
yer almaktadir (Sekil 6). Cami kitabesinden insa edilme tarihinin 1701 (H. 1113) olduguna ulasilmistir [41].
Giiniimiizde bu kitabenin sonradan kuzey cepheye yapilan ek b6liimden dolay: kapatildig1 diistiniilmektedir (Sekil
7-a). Bolge halki tarafindan yapinin aslen kilise oldugu ancak daha sonra camiye doniistiriildigi séylenmektedir
[8]. Caminin 1990’ yillarda gecirdigi restorasyonla tasiyici duvarlarinin bir kismi ve iist 6rtiisiiniin yenilenmesine
[41] ragmen 2011 [8] ve 2015 [42] yillarinda tekrar kapsamli restorasyon geg¢irdigi bilinmektedir. Ardahan Mevliit
Efendi Camii, dikdortgen plan tipine sahip olup girisi kuzey cephesinden ilk olarak riizgarlik daha sonra ana
kapidan saglanmaktadir. Cami girisinin sag tarafinda ayrilmis bir oda bulunmaktadir. Sol tarafinda sonradan
yapilmis ahsap merdivenle kadinlar mahfiline ulasim saglanmaktadir (Tablo 2). Caminin st ortiisii ilk insa
edildiginde toprak dam [43] olup iklim sartlar1 sebebiyle oluklu sac malzemeli kirma ¢at1 yapilmistir (Sekil 8).

Tablo 2. Mevliit Efendi Camii

Sonradan
é}glenen

m N

] 22222

]
01 2 3m

Yapim Yili: 1701 (H. 1113)

a. Vaziyet Plam
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Yapinin girisi kuzey cephesinden olup kis sartlarinin elverissiz olmasi sebebiyle bu cepheye sonradan tugla yigma
sistemli riizgarlik boliimi eklenmistir. Bu durum caminin kuzey cephesinin 6zgiinliigiinii kaybetmesine sebep
olmustur (Sekil 8-a). Giiney cephesi alt sirasinda 6zgiin oldugu diisiiniilen dikd6rtgen bazalt tas soveli, tek kanatli,
cift cidar iki pencere yer alirken iist sirada sonradan yapildig1 diistiniilen g c¢ift cidar pencere bulunmaktadir
(Tablo 2). Caminin bati cephesinde alt sirada iki; dogu cephesinde ise alt sirada iki, list sirada ii¢ pencere agiklig1
olmak lizere bes tane, orijinal oldugu diisiiniilen ¢ift cidar pencere bulunmaktadir (Tablo 2, Sekil 8-b).

Yap1 giinlimiizde dogal gazla calisan kaloriferli sistemle 1sitilmaktadir. Bunun yani sira yapi i¢cinde sonradan
eklenen bir oda bulunmakta ve soguk kis aylarinda bu oda elektrikli 1siticiyla 1sitilarak cemaatin kullanimina
sunulmaktadir.

a. )
Sekil 8. Ardahan Mevliit Efendi Camii cepheleri

Cami 0zgiin kapisy; dikdortgen tas silmelerle ¢evreli, yuvarlak kemerlidir. Giinlimiizde sonradan yapildig: bilinen
ahsap dolgulu, ¢ift kanath bir kapisi bulunmaktadir (Sekil 9). Kap1 kemerinin sag (Sekil 9-a) ve sol iizengi taslarinda
iki adet stitun bashg: yer alirken kilit tasina islenmis bir rozet goriilmektedir (Sekil 9-b).

N

a. Sol Uze%Ta,sl

s ANORE

b. Sag Uzengi Tas
Sekil 9. Ardahan Mevliit Efendi Camii ana kapisi

Cami girisinde Rus Déneminde 1887 yilinda eklenmis bir giinah ¢ikarma bdélmesi bulunmaktadir. Bolme
giliniimiizde kitaplik nisi olarak kullanilmaktadir (Sekil 10-a) [42]. Harim girisinin sag tarafinda yer alan imam
odasi ile sol tarafinda yer alan ahsap kaplama merdiven ve ahsap asma kat yapinin gecirdigi bir restorasyon
sonucunda eklenmistir (Sekil 10, 11). Caminin i¢gine yaklasik 1,50 m. ytiksekligine kadar ahsap lambri kaplamalar
yapilmis, gliney duvari hari¢ tiim duvar ve destekler beyaz algi ile kaplanmistir (Sekil 10, 11). Mihrabin da yer
aldig1 gliney duvarda ise boydan boya beyaz ve mavi renkli ¢ini kaplamalar yer almaktadir. Bu siislemeye sonradan
eklenen mihrap da dahildir (Sekil 10-b). Yapilan restorasyonlar sonrasinda yapinin i¢ mekani 6zgiinligin
kaybetmistir [42, 43].
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a. | b.
Sekil 10. Ardahan Mevliit Efendi Camii sonradan eklenen ahsap kaplama merdiven ve giinah ¢ikarma bolmesi
(a), gliney duvar i¢ goriiniis ¢ini kaplamalari (b)

: ...nigx,;l.;;;;nt;;;;i#ﬂ

L -

-

i

Sekil 11. Ardahan Mevliit Efendi Camii kuzey duvar i¢ goriintis sonradan eklenen kadinlar mahfili ve oda
4.2. Ardahan Miiderris Ibrahim Efendi Camii (1771)

Miiderris ibrahim Efendi Camii, Ardahan Merkez Halil Efendi Mahallesinde, Ardahan Kalesi’nin yaklasik 100 m.
kuzey batisinda bulunmaktadir (Sekil 6). Kentin 18. ylizy1ldan gliniimiize ulagabilen en 6nemli yapisi [8] olmasinin
yani sira Ardahan Dedesen Koyii Camii'nden sonra ayakta kalan en eski cami olarak bilinmektedir [41]. Kareye
yakin planlanmis caminin girisi Mevliit Efendi Camii'nde de oldugu gibi yuvarlak kemerli, dikdértgen silmelerle
cevrelenmis bir cerceveye sahiptir (Tablo 3). Giris kapisinin iistiindeki yuvarlak kemerin i¢cinde yer alan kabartma
kitabede Osmanlica “Amel-i Osman sene 1185 (M. 1771-72) yazilmakta ve bu tarihin caminin inga tarihi oldugu
diisiiniilmektedir. Bunu yani sira bu tarihin kap1 ustasi tarafindan atildig1 da tahminler arasindadir (Sekil 14-a)

[8].
Tablo 3. Ardahan Miiderris ibrahim Efendi Camii (b; [26], ¢; [8])

Miiderris ibrahim Efendi Camii

- /’«. r A __o /4 1
)
78 soni
14 :
0 L 2 3 dm {7
Yapim Yili: 1771 a. Vaziyet plani b. Plan c. Plan

Miiderrisoglu ibrahim Efendi Camii; Rus istilas1 déneminde, samanlik ve depo olarak kullanilmis olmasi sebebiyle
bazi bozulmalara maruz kalmistir [41]. 78 y1l 6nce acik artirmayla 15 liraya satilarak samanlik olarak kullanildig:
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bilinen bu tarihi cami, miilk sahipleriyle anlasma yapilip restore edilerek 2017 yilinda ibadete acilmistir (Sekil 9-
a) [44]. Miderrisoglu Ibrahim Efendi Camii'nin 6zgiin iist értiisii diiz dam (Sekil 12) olup sonradan oluklu sac
kaplamas: ile kirma ¢ati yapilmistir. Caminin bahg¢esinde sonradan eklenmis ek bir yapi1 (abdesthane) yer
almaktadir (Sekil 12-a). Bahge girisi kuzeybati yoniindendir. Miiderrisoglu Ibrahim Efendi Camii’ne ilk olarak bati
yoniindeki sonradan eklenen riizgarhiktan girilerek (Sekil 12, 13) kuzey cephesinde yer alan ana girise
ulagilmaktadir. Miiderrisoglu ibrahim Efendi Camii plan1 dikdértgen yapida olup iist drtiisii iki ahsap siitun ile
desteklenmektedir. Harim girisinin sag tarafinda ahsap asma kat kadinlar mabhfiline ulasim i¢in kullanilan ahsap
bir merdiven bulunmaktadir. Harim bat1 ve dogusunda ahsap korkuluklarla ¢evrelenmis son cemaat alani yer
almaktadir.

Sekil 12. Ardahan Miiderris ibrahim Efendi Camii kuzey cephesi restorasyon éncesi (a)[30], restorasyon sonrasi

(b)

Camide harimin giineybati kdsesinde yer alan mazgal pencerenin altinda gliniimiizde bulunmayan panoda H. 1315
(M. 1897) tarihi yazili ve bu tarihin caminin gecirdigi bir onarima ait oldugu diistiniilmektedir [41]. Miiderrisoglu
Ibrahim Efendi Camii malzeme ve teknik agisindan Mevliit Efendi Camii’ne benzemektedir. Cephelerinde bolgeye
6zgl volkanik bir tas olan kirmizi ignimbrit* ve bazalt kaba yonu taslarla kismen diizenli bir bicimde oriilmiis, kdse
noktalarinda kesme tas kullanilmistir (Sekil 13). Caminin giiney ve bati cephelerinde ii¢ (Sekil 13-a, b), dogu
cephesinde (Tablo 2) iki adet mazgal pencere (ice dogru acilan) yer almaktadir. Bat1 cephesi alt siradaki tas
dizilimiyle iist bolim arasinda farkliliklar yer almakta bu durum yapinin daha dnce gecirdigi onarimlari
gostermektedir (Sekil 13-a).

a. “ | b.
Sekil 13. Miiderris Ibrahim Efendi Camii bat1 cephesi (a), giiney cephesi (b)

Caminin mihrap nisinin ana kapi ile malzeme ve teknik bakimindan benzer olmalari, mihrap nisinin ilk halindeki
gibi oldugunu gostermektedir (Sekil 14-a, b). 2017 yilinda gecirdigi restorasyonla, yikilmis olan kadinlar mahfili
yeniden yapilmistir (Sekil 14-c). Harim duvarlarinda yer alan kalem isi siislemelerin de bu restorasyonla yapilan
siva uygulamasi sonrasi kayboldugu soylenmektedir (Sekil 14-c) [8].

* Gri ve kirmizi tonlarda yuzey alti ocaklardan gikarilan, kolay islenen ve gézenekli bir dokuda, Bknz. [31]
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Sekil 14. Ardahan Miiderris ibrahim Efendi Camii ana kapisi (a), giiney duvar mihrap nisi gériiniisii (b), kuzey
duvar kadinlar mabhfili gériintisii (c)

4.3. Ardahan Dervis Bey Cami (1868)

Ardahan Dervis Bey Camii (1868), Mevliit Efendi ve Miiderrisoglu ibrahim Efendi camileri gibi Halil Efendi
Mahallesinde, Ardahan Kalesi'nin giiney surlarina yaklasik 200 m. uzaklikta, Kura Nehri'nin 130 m. glineyinde yer
almaktadir (Sekil 6). Giinlimiizde Ardahan Merkez Camii (1970) ile karistirildig i¢in bircok yerde yanlis bilgiler
barindirilmaktadir. Ornegin cami, Google Earth iizerinde bile isimlendirilmemis; Dervis Bey Camii olarak Ardahan
Merkez Camii gosterilmistir. Caminin dogu cephesi, bahgesinde yer alan Ardahan Miiftiiliigii binasina yaklasik
1.00/1.50 m. mesafede bulunmaktadir. Bu durum caminin dogu cephesinin kismen kapatilarak biitiiniiyle
gorinmesine engel olmustur. Caminin dis avlusunun bir boliimii iist ortiiyle yar1 acik, diger boliimii de tamamen
olmak tlizere sonradan kapatilmis ve kapatilan bolime riizgarlik eklenmistir (Sekil 15). Dikdoértgen, dogu-bati
yonlii gelisim gosteren plan semasina sahip Dervis Bey Camii iist ortiist oluklu sac trapez kaplama basit kirma
catilidir (Tablo 4). Miiderrisoglu Ibrahim Efendi Camii’nde de oldugu gibi kuzey cephesine sonradan eklenen alan,
cephenin disaridan goriilmesini engellemektedir (Sekil 15, 16-b). Giinlimtizde bu cephe bir i¢ duvar niteliginde
karsimiza ¢cikmaktadir. Caminin kuzey cephesinde, giris kapisinin sol iist kdsesinde yer alan kitabede H. 1285
(1868) tarihi bulunmakta ve caminin insa tarihi oldugu diisiiniilmektedir (Sekil 15).

Tablo 4. Ardahan Dervis Bey Camii ([27]'den uyarlanmistir)
Dervis Bey Camii

.

Miiftiili

==
01234 6m

Yapim Yili: 1886 a. Vaziyet plani b. Plan

Caminin sonradan duvar oriilerek kapatilmis dis avlusuna bati cephesindeki, iist ortiisii oluklu sac olup yar1 agik
alanda yer alan riizgarhktan girilerek (Sekil 16-b); yaklasik 10 m. kuzeyindeki ana kapidan ulasilmaktadir (Sekil
15). Cami hariminin sol tarafindaki ahsap merdivenle kadinlar mahfiline ulasim saglanmaktadir (Sekil 17). Harim
girisinin hemen saginda ise cevresi korkulukla kapatilarak tanimlanmis bir alan bulunmaktadir (Sekil 18-b).
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Sekil 15. Dervis Bey Camii kuzey cephesi kitabe goriintisi

Caminin cephe koselerinde bazalt kaba yonu kesme tas kullanilirken orta kissmda kirmizi ve gri ignimbritler
kullanilmistir (Sekil 16-a). Caminin giiney cephesinde iki alt sirada iki iist sirada olmak {lizere dort adet, bazalt
soveli cift cidarli pencere yer almaktadir (Tablo 3, Sekil 16-a). Alttaki pencerelerin tiim kenarlarinda séve
bulunurken listteki pencerelerin sadece iist boliimiinde s6ve olmasi alt pencere agikliklarinin orijinal oldugunu
diistindiirmektedir (Tablo 3). Yapinin dogu ve bati cephelerinde dikdoértgen pencere ve birer mazgal pencere yer
almaktadir (Sekil 1, Sekil 17). Caminin bat1 cephesinde kare bir kaide iizerinde, silindirik gévdeli, diizgiin kesme
tas malzemeli, tek serefeli bir minare bulunmaktadir (Sekil 16-a).

a . ' b “ c.
Sekil 16. Ardahan Dervis Bey Camii giiney cephesi (a), kuzeybati cephesi (b), glineybati cephesi (c)

Sekil 17. Dervis Bey Camii bati (a) ve dogu (b) kadinlar mahfili mazgal pencere goriiniisi

Caminin kubbesinin ilk hali ahsap olup sonradan bir sira ahsap bir sira beyaz renginde boyanmistir (Sekil 18-a).
Caminin harim girisinin lizerinde yer alan kadinlar mabhfiline, girisin dogusunda yer alan ahsap kaplama
merdivenle ulasim saglanmakta ve yap1 icinde yer alan dort siitun, kadinlar mabhfili i¢in tasiyicilik yapmaktadir
(Sekil 18-b).
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a. A b.
Sekil 18. Ardahan Dervis Bey Camii Camii i¢i genel goriiniisii (a), kuzey cephesi i¢ duvar goriniisi (b) dogu
cephesi (c) i¢ duvar goriiniisi

Dervis Bey Cami giris kapisi tag kemerli olup Mevliit Efendi ve Miiderrisoglu ibrahim Efendi Camii’nde oldugu gibi
dikdortgen silmelerle cevrilmistir (Sekil 19). Caminin giris kapisi kemerinin sag ve sol list koselerinde iki adet
kitabe yer almaktadir, sagda“La serefe a’'la mine’l- islam” (islam’dan daha serefli bir sey yoktur.); solda ise “Hiivel
hallakii’'l-baki” (Baki olan Allah’tir.) yazmaktadir (Sekil 19).

Hiivel hallakii’l-baki (Baki
olan Allah’tir.)
P

La serefe a’la mine’l- slam
(Islam’dan daha serefli bir
S : sey yoktur.)

Sekil 19. Ardahan Dervis Bey Camii ana kapisi ve kitabeleri

5. Bulgular

Osmanli son dénem yapilarindan Mevliit Efendi Camii (1701), Miiderrisoglu ibrahim Efendi Camii (1771) ve
Dervis Bey Camii (1868) belirlenen ekolojik mimarlik tasarim olgiitleri yoniinde ele alinmistir. Yapilarin konum
ozellikleri (yonlenme, iklim ve topografyaya uygunluk, cevresel iliskiler, hakim riizgar), plan o6zellikleri (form,
boyut), malzeme kullanimi, yapim teknigi (agikliklar, yapim sistemleri, kaynak kullanimi) ve yapi kullanim
ozellikleri incelenerek mekansal ve gevresel verilerin izleri arastirilmistir (Tablo 5).
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Tablo 5. Mevliit Efendi Camii (1701), Miiderris I. Efendi Camii (1771) ve Dervis Bey Camii (1868) mekan ve
cevresel ozellikleri

Mevliit Efendi Camii

Miiderris I. Efendi Camii

Dervis Bey Camii

(1701) (1771) (1868)
Plan Tipi Kareye yakin dikdértgen Kareye yakin dikdértgen Dikddrtgen
Kat Adedi 2 (Zemin+ Asma Kat) 2 (Zemin+ Asma Kat) 2 (Zemin+ Asma Kat)
En 14,5 m 9,20 m 12 m
Boy 17 m 11,24 m 16,5m
Alan 245 m? 103,408 m? 198 m? (6zgiin boliim)
Duvar Kalinhgi 100 cm 70 cm 80 cm
Duvar Diizgiin Bazalt Kesme Tas, Diizgiin Bazalt Kesme Tas, Diizgiin Bazalt Kesme Tas,
ignimbrit Ignimbrit Ignimbrit
Zemin Sonradan kaplama hali Sonradan kaplama hali Sonradan kaplama hali
Cat1 Oluklu Sac Kaplamali Oluklu Sac Kaplamali Kirma Oluklu Sac Kaplamali Kirma Cati
— Kirma Cati Cati
é Kapi Dikdoértgen Silmeli Ahsap Dikdortgen Silmeli Ahsap Dikdortgen Silmeli Ahsap
ﬁ Malzeme | PVC (degistirilmis orijinal PVC (degistirilmis orijinal PVC (degistirilmis orijinal
g malzeme ahsap) malzeme ahsap) malzeme ahsap)
= Giiney 3 Adet Ust/ 2 Adet Alt 2 Adet Ust Mazgal Pencere 2 Adet Alt Pencere (Cift Cidar) /
& g pencere (Cift cidarli) 2 Adet Ust Mazgal Pencere
2 | Kuzey Yok Yok 1Adet Alt Pencere (Cift cidarli)
& | Dogu 1 Adet Pencere (Cift 3 Adet Ust Mazgal Pencere 1Adet Alt Pencere (Cift cidarh)
cidarl))
Bati 1 Adet Pencere (Cift 3 Adet Ust Mazgal Pencere 1Adet Alt Pencere (Cift cidarl) /
cidarl) 1 Adet Mazgal Pencere
Riizgarhk Sonradan Eklenmis Sonradan Eklenmis Sonradan Eklenmis
Isitma Sistemi Dogal gaz Dogal gaz Dogal gaz
Agaclandirma Caminin glineyinde heniiz Yok Caminin glineybatisinda bir tane
Calismasi kiigiik li¢ cam agaci ¢am agaci bulunmaktadir
bulunmaktadir
Yakin cevrede Var (2 katli lojman- Var (Konut) Var (batisinda 3 kath miiftiiliik
yerlesim abdesthane) binasi, dogusunda askeri tesis)
Arazi ekolojik Diistik Diisiik Diisiik
degeri
Erisilebilirlik Uygun (yaz) Uygun (yaz) Uygun (Yaz-kis)
Ulasim Yaya yolu-Toplu tasima Yaya yolu-Toplu tasima var Yaya yolu-Toplu tasima var
var
Bahce Var (Lojman ve Var Var (Miiftiiliik, Kur’an Kursu ve
abdesthane ortak Camiye ait.)
kullaniminda)
Yalitim Bilinmiyor Bilinmiyor Bilinmiyor
Yeniden Kullanim Evet Hayir Hayir

Dogal ¢evreye duyarli, topografik veriler ve iklimsel sartlarin dikkate alinarak uyumlu tasarimlarin yapilmasi
yoniiyle; Yapilarin ilk olarak konum ozellikleri incelenerek topografyaya olan yerlesimleri analiz edilmistir.
Ardahan sert karasal iklim bélgesi olup ayni zamanda daglik ve engebeli yapisinin getirmis oldugu mikroklimatik
ve iklimsel farkliliklar1 agisindan dikkat ¢ekicidir. Bu sebeple binalarin riizgardan ve iklimin getirdigi ayaz
havasindan korunmak i¢in al¢ak, korunakli alanlara insa edilmesi ve hakim riizgar yoniindeki (WNW (bati-
kuzeybat1), WSW (bati- giiney bati) ve SSE (giiney- glineydogu)) agikliklarin minimumda tutulmasi gerekmektedir.
Bu yoniiyle Mevliit Efendi Camii ve Dervis Bey Camii'nin ¢evre yapilasmalardan otiirii riizgara karsi korunakli
alanlarda olduklarini séylemek miimkiinken (Tablo 6, 8) Miiderris ibrahim Efendi Camii’nin konumunun riizgar
faktoriine acik oldugu goriilmektedir (Tablo 7). Mevliit Efendi ve Miiderris ibrahim Efendi Camii’nin bulundugu
alanlar az egimli arazilerken (Tablo 6, 7) Dervis Bey Camii onlara gore daha egimli bir alanda olup altinin
dolduruldugu diisiiniilmekte bunun yani sira rakim olarak digerlerine gore alcakta oldugunu soylemek
miimkiindiir (Tablo 8). Buna ek olarak cami yapilarinda ydonlenme kibleye gore yapildigi icin her {i¢ caminin de
arazideki yonlenme bicimleri giiney yonliidiir. Yapilarin yer aldig1 arazilerin, dogal yasam alanlari, ekosistem
hizmetleri, su kaynaklari, biyogesitlilik ve toprak kalitesi gibi faktérlerin géz oniinde bulundurulmasi sonucu
ekolojik degerlerinin diisiik oldugunu séylemek miimkiindiir. Yap1 yakin ¢evreleri incelendiginde her ii¢ caminin
de bahgesi olduguna ulasilmakta ve bahg¢ede bulunan peyzaj dgelerinin yagmur suyu disinda ekstra bir sulama
gerektirmedigi gorilmektedir. Buna ek olarak yapilarin yakin c¢evrelerinde agaglandirma g¢alismalari
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gozlemlenmis Mevliit Efendi Camii'nin glineyinde ve Dervis Bey Camii'nin gilineybatisinda agaglandirmalar
bulundugu gorilmiistir (Tablo 6, 8). Ancak agag¢larin heniiz kiiciik ve seyrek olmalar1 yapiya karsi herhangi bir
koruma saglama durumunu saglamamaktadir.

Arazi yerlesimi ve yakin ¢evreleri incelendikten sonra plan semalari irdelenen camilerin {i¢ii de dikdértgen, giiney
kuzey yonli gelisim gdsteren plan semasina sahip olup orijinalinde girisleri dogrudan disaridan almaktadir. Ancak
zaman icerisinde bolgenin soguk iklimsel sartlar1 geregince yapilara sonradan riizgarlik eklenmistir. Bu yoniiyle
i¢c ve dis mekan arasindaki 1s1 kayiplari 6nlenmeye calisilmistir (Tablo 6, 7, 8).

Daha sonra yapilarin cephe 6zellikleri incelenerek yap: lizerindeki ¢evresel verilerin izleri analiz edilmistir. Bu
bakimdan ilk olarak yapilarin iist ortiileri incelenmis ve giiniimiizde {i¢ yapinin da iist 6rtiisiiniin oluklu sac trapez
levha kaplamali kirma ¢at1 olduguna ulasilmistir. Bu durumun sebebi iklim 6zelliklerinin getirdigi yaz-kis yagis
alma durumu, kisin kalic1 kar siiresinin ve kar yagisi miktarinin fazla olmasidir. Mevliit Efendi Camii’'nin orijinal
halinde toprak dam olduguna ulasilmistir (Tablo 6). Yapinin su almasi ve malzeme bozulmalari sebebiyle onarim
sonrasi ¢atisinin degistirildigi disiiniilmektedir.

Bunun yani sira bina tasarimi él¢eginde enerji kazanimlari ve pasif sistemler icin cephesel 6zellikler incelenmistir.
Camilerin Ugiiniin de giiney cephesinde yer alan pencere sayilar1 diger cephelere oranla daha fazla olup bu
durumun sebebinin giin 1s181ndan dogrudan fayda saglanmasi oldugu diisiiniilmektedir. Ardahan Mevliit Efendi ve
Dervis Bey Camii'nde yer alan ¢ift cidarli pencere sistemiyle, cami cephelerinde tampon duvar ve 1s1 odalari
olusturulmasi saglanarak pasif giines sistemlerinden faydalanilmistir (Tablo 6, 8). Pencere sistemi yoniiyle farkl
yapida olan Miiderrisoglu ibrahim Efendi Camii’nde ise ice dogru agilan mazgal pencereler ile disaridan kiiciik
ylzey alaniyla alinan 1s181n iceride daha genis bir alana niifuz etmesi saglanmaktadir (Tablo 7). Bunun yani sira
mazgal pencerelerin dis cephede yiizeyi daha az oldugu icin pencere etrafi olusabilecek 1s1 gegisleri en diisiik
oranda tutulmustur. Ancak diger iki camiye kiyasla Miiderrisoglu ibrahim Efendi Camii’nin giin 15181n1 daha az
aldigini ve gorsel konforun saglanmadigini séylemek miimkiindiir (Tablo 7). Bu durumun sebeplerine caminin
giiney cephesinde yapilasmalarin olmasi sebebiyle giin 1s181indan yeterince faydalanamamasi gosterilebilir.

Secgilen camilerde daha sonra yapi malzemeleri incelenmistir. Bu bakimdan incelenen ii¢ camide de bolgeden
¢ikarilmakta olan diizgiin bazalt kesme tas ile kirmizi-gri ignimbrit tas goriilmesi yerel malzeme kullanildig i¢in
nakliyede ve dolayisiyla fiziksel olarak minimum enerji kullanildig: i¢in is giicii ile ekonomik ac¢idan fayda
saglandigini géstermektedir. Bunun yani sira kullanilan tas malzeme geri doniistiirtilebilir, dayanikli ve bolgeyle
uyumlu olup kullanicisina kislari sicak yazlari serin bir ortam sunmaktadir. Bunun yani sira kapi silmelerinde
kullanilan dikdortgen bazalt kesme taslar da bolgeden ¢ikarilmaktadir. Bunun yani sira yapi beden duvarlarinin
kalinlig1 yalitim ve dayaniklilik icin olumlu bulunup sandik duvar sistemi kullanildig1 diistiniilmektedir (Tablo 6,
7, 8).

Kullanic1 konforu yoniiyle; Camilerin formlari birbirlerine benzerken boyut olarak Dervis Bey Camii'nin kentteki
Merkez Camii'ne olan mesafesinden o6tiirti kullanici gereksiniminden daha biiyiik alana sahip oldugunu sdylemek
miimkiindiir. Buna ek olarak; yapi i¢ mekénlarinda bulunan stislemelere bakildiginda birbirinden farkh
stislemelerle 6n planda olduklar1 gériilmektedir. Dervis Bey Camii tavanda yer alan kubbe goriintiisii sebebiyle,
secilen diger camiler arasinda en gosterisli olanidir. Bunun yani sira Mevliit Efendi Camii'nde mihrabin yer aldig1
duvarin cinilerle kaplanmasi ve Mevliit Efendi Camii ile Dervis Bey Camii’'nin zemininden yiikselen ahsap lambri
kaplamalar da verilebilecek siisleme 6rnekleridir. Yapilarin i¢ mekanlarinda bulunan ahsap lambri kaplamalar;
ayn1 zamanda karasal iklimin yol actigi soguk havanin duvara yakin kisimlarda olusturdugu sicaklik farkini
azaltmak amaciyla kullanilmakta olup Miiderrisoglu ibrahim Efendi Camii’'nde bulunmamaktadir. Her ii¢ camide
de duvarlara yapilan hat sanati minimum seviyede tutulmustur. Bu durumun is giicii ve maliyeti olumlu y6nde
etkiledigi diisiiniilmektedir.

Camiler diger kamu yapilarinin aksine mahallelere hitap etmektedir. Bu sebeple ulasimin da mahalle bazinda
diisiiniilmesi gerekip her lic caminin de bu yoniiyle yaya ulasimini sagladigi diisiiniilmektedir. Buna ek olarak toplu
tasima ydntemiyle ulasim saglanabilmektedir (Tablo 6,7, 8). Kent merkezi bazinda irdelendiginde ana ulagim aksi
yoniyle Dervis Bey Camii disindaki diger iki cami de kamusal mekanlara ve merkeze uzak mesafelerde yer
almaktadir (Tablo 6, 7, 8).

Son olarak yeniden kullanim y6niinden degerlendirilen yapilardan Mevliit Efendi Camii'nin éncesinde kilise olup
giiniimiizde cami olarak islevlendirildigine ulasilmistir. Bu yoniiyle de Mevliit Efendi Camii’'nin siirdiiriilebilir bir
islevde kullanildigini s6ylemek miimkiindiir. Yapilarin uzun siire ayakta kalmasinda kullanilir durumda olmasinin
pay1 buyiiktir. Ulasilan bulgular sonucunda yapilar bir tablo iizerinde ekolojik mimari tasarim ol¢iitlerince
degerlendirilmistir (Tablo 6, 7, 8).
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Tablo 6. Mevliit Efendi Camii’nin Ekolojik Olciitler Kapsaminda Degerlendirilmesi

Arazi secimi

Ekolojik degeri diisiik ve acik kamusal alanlara yakin bir arazidedir.

Araziye Topografik yapiya uygun yerlesim saglanmistir. Yapi tiiriiniin gerektirdigi kosullar cercevesinde
yerlesim yonlenme saglanmistir. Ancak yakin cevresindeki yapilagsma yapiya gore gelistirilmis bu durum
yapinin glineslenme seviyesini olumlu etkilemistir.
Kompakt gelisme desteklenmemektedir.
Ulasim Toplu tasima ile ulasim kolaylikla saglanmaktadir.
Yerel olanaklara ve kentsel donatilara yakinligi olumsuzdur.
Yakin cevrede yayalar i¢in kullanim alanlari ve yaya yollar1 bulunmaktadir.
Yonetim Yapinin 6zgiin islevinin kilise olmas1 ve giinlimiizde cami olarak tekrar islevlendirilmis olmasi

olumludur.
Yapida ahsap ve tas gibi yeniden kullanilabilir ve hafriyati kolay kaldirilabilir malzemeler
bulunmaktadir.

Ekonomi ve

Yapim asamasinda malzemeler boélgesel o6zellikte oldugu i¢in nakliye maliyeti minimumda

maliyet tutulmustur. Yapr malzemesinin sik onarim ve temizlik gerektirmemesi maliyet icin olumlu bir
faktordiir. Yapinin giindiiz aydinlatmasi yeterli oldugu icin giindiiz aydinlatma kullanimina gerek
kalmamaktadir. Yapinin islevinden 6tiirii kullanim siklig1 ve yogunlugu 1sitma maliyetine olumsuz
etkimektedir. Herhangi bir yikim gerektirme durumunda yap1 malzemeleri yerel baska bir yapiya
entegre edilebileceginden atik kaldirma maliyeti de minimumdadir.
Yap1 siislemeleri minimum seviyede tutulmustur. Bu durumun is giicii ve maliyeti olumlu yénde
etkiledigi diistintilmektedir.
Bina yakin | Yapl1 konumlandirilma durumu giines 1sinim1 bakimindan uygundur ancak binanin hemen
cevre tasarimi | bitisigindeki lojman, yap1 bahgesinin kullanilirligini ve gérsel konforunu olumsuz etkilemektedir.
Olceginde Yapr araligt ve konumlandirilma durumu yapi yakin c¢evresinin riizgar hareketini engellemesi
bakimindan uygun ancak ortalama yagis bakimindan yap1 girisinin kuzeyde kalmasi ve kar yagisi
oldugunda erimesinin zor olmasi bakimindan uygun degildir.
Bahce diizenlemesinde yer alan bitkilerin ekstra sulama gerektirmemesi olumludur.
Bina tasarimi | Catilarin %33 egimli olmasi ve oluklu sac trapez kullanimi bélgenin iklimsel kosullarina uygundur.
Olceginde Bina cephesinde yer alan pencere agikliklarindaki pencere yiizey alaninin genis olmasi giines 1sinimini
olumlu etkilemektedir.
Bina  kabugu | Yapi dis duvarinin 1 m civarinda olmasi yapida sandik duvar sisteminin kullanilmis olma olasiligim
tasarimi gostermekte dolaysiyla yalitimin saglandigini sdylemek miimkiindiir.
Olceginde Yapida cift cam kullanimi 1s1 gecisinin engellenmesinde 6nemli rol oynamaktadir.
Malzeme Yapinin gerek duvarlari gerekse de kapisinda kullanilan tas malzeme kisin sicak yazin serinlik
secimi ve | saglamaktadir. Kapisindaki ahsap malzemeyle beraber dogaya uyumlu ve dayanikli malzemeler
kullaniminda kullanildigini séylemek miimkiindiir.

Gorsel konfor

Mekan uygun bir sekilde giin 1s1gindan yararlanmaktadir.
Disari1 ile gorsel iletisim kalitesi olumludur.

i¢ hava kalitesi

Kirletici yaymayan ahsap lambri malzeme kullanilmasi ve mekanin dogal yollarla havalandirilmasi
(pencerelerin karsilikli agilmasiyla hava akimi saglanmasi) olumludur.

Erisilebilirlik Bina girisi engelli erisimine uygun tasarlanmamigtir.
Mekan ve ¢cevre | Yapinin kullanicisina ait bahgesi bulunmakta ancak yakin gevrede yer alan lojman yapisi bahgeyi
kalitesi oldukea kiiciiltmektedir.
Yapi ¢evresinde rekreasyon alanlari bulunmamaktadir.
Yap1 2. Derece deprem riski olan bolgede yer almakta ancak kentteki fay hatti yapinin yakinindan
gecmemektedir. Yapi 6zgiin isleviyle kullanilmaya devam ettigi i¢in kullanim uygundur. Mekénin
camiye doniistiiriilmesiyle eklenen kadinlar mahfili ve kapatilan kiliseye ait bélmeler yapida esnek
kullanim oldugunu gostermektedir.
Dogrudan Saydam ytiizeyler; Pencere agikliklariyla saglanmaktadir.
kazang
Dolayli1 kazan¢ | Bina cephesinde yer alan pencere agikliklarindaki cift cidarli pencere sistemlerinin kullanilmasi
yapinin hem soguk iklim sartlarindan hem siddetli riizgarlardan korumakta hem de 1s1 kaybinin
minimuma indirilmesini saglamaktadir.
Ekolojik kriterleri
Sagliyor Saglamiyor

Mevliit Efendi Camii fiziksel ve cevresel 6zelliklerinin incelenmesi sonucunda; caminin yer seciminin ekolojik
mimariye uygun oldugu ve topografyayla uyumlu yerlesim gosterdigine ulasilmaktadir. Yapiya toplu tasima ile
ulasimin saglanmasi ve yaya yollarinin desteklenmesi dogaya saygili bir yaklasim sergilendigini gostermektedir.
Yapida kullanilan malzemelerin yerel, doniistiiriilebilir ve dayanikli malzemelerden secilmis olmasi; nakliye
maliyeti, toplam maliyet, is giicii ve hareketi minimalize ederken malzemede siirdiiriilebilirligi saglamakta ve
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yapinin kullanim 6mriini uzatmaktadir. Yapida kullanilan pencere agikliklar1 yapinin aydinlatma ve 1sitma
sisteminde etkin rol almaktadir. Bunun yani sira yapinin yeniden islevlendirme sonrasi giintimiizdeki islevine
kavusmus olmasi ekolojik mimari tasarima érnek olciitlerdendir. Yap: yakin c¢evresi incelendiginde ise yapinin
yerlesim planina miidahale edilerek bitisigine bina insa edildigi ve bu durumun yapinin topografik yerlesimine
olumsuz etkidigi goriilmektedir. Son olarak yapi erisilebilirligi incelendiginde yapi girislerinin ortopedik engelliler
icin kis mevsimi hari¢ uygun olduguna ancak gérme engelliler i¢in yaya gecidi/sar1 gegit gibi tanimlayici bir
isaretin bulunmadig1 gériilmektedir.

Tablo 7. Miiderris ibrahim Efendi Camii’'nin Ekolojik Olgiitler Kapsaminda Degerlendirilmesi

! Arazi se¢imi

Ekolojik degeri diisiik ve acik kamusal alanlara yakin bir arazidedir.

Araziye yerlesim

Topografik yapiya uygun yerlesim saglanmistir. Yapi tiiriniin gerektirdigi kosullar
cercevesinde yonlenme saglanmistir. Ancak yakin cevresinde giineyindeki yapilasma
yapinin glineslenme seviyesini olumsuz etkilemistir.

Kompakt gelisme desteklenmemektedir.

Ulasim Toplu tagima ile ulasim kolaylikla saglanmaktadir.

Yerel olanaklara ve kentsel donatilara yakinligi olumsuzdur.

Yakin ¢evrede yayalar icin kullanim alanlari ve yaya yollar1 bulunmaktadir.
Yonetim Yapinin iglevinin giiniimiizde halen devam etmesi ve kullanilir olmasi olumludur.

Yapida ahsap ve tas gibi yeniden kullanilabilir ve hafriyati kolay kaldirilabilir malzemeler
bulunmaktadir.

Ekonomi ve maliyet

Yapim asamasinda malzemeler bolgesel 6zellikte oldugu i¢in nakliye maliyeti minimumda
tutulmustur. Yapt malzemesinin sik onarim ve temizlik gerektirmemesi maliyet i¢in olumlu
bir faktordiir.

Yapinin giindiiz aydinlatmasi yeterli olmadig i¢in giindiiz aydinlatma kullanimina gerek
duyulmaktadir. Yapinin islevinden otiirii kullanim sikligi ve yogunlugu buna ek olarak
glindiiz giines 1si1nimindan az fayda saglamasi i1sitma maliyetine olumsuz etkimektedir.
Herhangi bir yikim gerektirme durumunda yap1 malzemeleri yerel baska bir yapiya entegre
edilebileceginden atik kaldirma maliyeti de minimumdadir.

Yapi stislemeleri minimum seviyede tutulmustur. Bu durumun is giicii ve maliyeti olumlu
yonde etkiledigi diisiintilmektedir.

Bina yakin cevre
tasarimi 6lgceginde

Yapr konumlandirilma durumu giines i1sinimi bakimindan uygundur ancak binanin
glineyinde yer alan yapi, caminin gorsel konforunu olumsuz etkilemektedir.

Yap1 yakin cevresindeki yapilasmanin az olmasi riizgar hareketinin engellenmesi
bakimindan uygun degildir.

Bahge diizenlemesinde yer alan bitkilerin ekstra sulama gerektirmemesi olumludur.

Bina tasarimi 6l¢eginde

Catilarin %33 egimli olmasi ve oluklu sac trapez kullanimi bélgenin iklimsel kosullarina
uygundur.

Bina cephesinde yer alan pencere agikliklarindaki pencere yiizey alaninin disar1 déniik dar
olmasi giines 1sinimini olumsuz etkilerken riizgar ve soguk kis kosullar1 icin
uygulanabilirdir.

Bina kabugu tasarimi
Olceginde

Yap1 dis duvarinin 70 m civarinda olmasi yapida sandik duvar sisteminin kullanilmis olma
olasiligini gostermekte dolayisiyla yalitimin saglandigini s6ylemek miimkiindiir.
Yapida cift cam kullanimi 1s1 gecisinin engellenmesinde dnemli rol oynamaktadir.

Malzeme secimi ve
kullaniminda

Yapinin gerek duvarlar1 gerekse de kapisinda kullanilan tas malzeme kisin sicak yazin
serinlik saglamaktadir. Kapisindaki ahsap malzemeyle beraber dogaya uyumlu ve dayanikli
malzemeler kullanildigini séylemek miimkiindiir.

Gorsel konfor

Mekan uygun bir sekilde giin 1s1gindan faydalanamamaktadir.
Disari ile gorsel iletisim kalitesi olumsuzdur.

i¢ hava kalitesi

Kirletici yaymayan ahsap korkuluklarin kullanilmasi olumlu ancak ahsabin uzun émiirli
olmasi i¢in boya ve cila kullanilmasi i¢ hava kalitesi i¢in uygun degildir.
Mekan havalandirmasi konusunda yapinin yetersiz oldugu diisiiniilmektedir. Ust katta yer
alan iki pencerenin karsilikli agilmasiyla havalandirma saglanmaktadir.

Erisilebilirlik

Bina girisi engelli erisimine uygun sekilde tasarlanmamaistir.

Mekan ve g¢evre kalitesi

Yapinin kullanicisina ait bahgesi bulunmaktadir.

Yapi ¢evresinde rekreasyon alanlar1 bulunmamaktadir.

Yap1 2. Derece deprem riski olan bolgede yer almakta ancak kentteki fay hatti yapinin
yakinindan ge¢gmemektedir. Yap1 6zgiin isleviyle kullanilmaya devam ettigi icin kullanim
uygundur.

Dogrudan kazang

Saydam ytizeyler; Pencere acikliklariyla saglanmaktadir.

Dolayh kazang

Saglanmamaktadir.

Ekolojik kriterleri

Saglamiyor

Sai“hior
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Miiderris ibrahim Efendi Camii fiziksel ve cevresel ézelliklerinin incelenmesi sonucunda; caminin yer seciminin
ekolojik mimariye uygun olduguna ulasilmaktadir. Yapiya toplu tasima ile ulasimin saglanmasi ve yaya yollarinin
desteklenmesi dogaya saygil bir yaklasim sergilendigini gostermektedir. Yapida kullanilan malzemelerin yerel,
doniistiiriilebilir ve dayanikli malzemelerden se¢ilmis olmasi; Mevliit Efendi Camii de oldugu gibi maliyet ve is
gliciinii azaltmakta malzemelerin yeniden kullanimini saglayarak ekolojik mimariye fayda saglamaktadir. Ancak
bunun yani sira yapinin yakin ¢evresinde yer alan yapilasmalar ve cephedeki pencere agikliklarinin boyutundan
otlird yapida ortaya ¢ikan aydinlatma ve 1sitma gereksinimi ekolojik mimariyi olumsuz etkilemektedir. Buna ek
olarak yapi girislerinin engelliler icin erisilebilir olmadig1 diistiniilmektedir.

Tablo 8. Dervis Bey Camii’nin Ekolojik Olciitler Kapsaminda Degerlendirilmesi

Arazi se¢imi

Ekolojik degeri diisiik ve acik kamusal alanlara yakin bir arazidedir.

Araziye yerlesim

Topografik yapiya uygun yerlesim saglanmistir. Yapr tiriiniin gerektirdigi kosullar
cercevesinde yonlenme saglanmistir. Yapinin ek béliimleri yapi biitiinliigiinii bozacak bicimde
kompakt gelismeye izin vermektedir. Ancak yapinin giiney cephesinin a¢ik olmasi giinese
yonlenme konusunda olumlu etkimistir.

Ulasim Toplu tasima ile ulasim kolaylikla saglanmaktadir.
Yerel olanaklara ve kentsel donatilara yakinligi uygundur.
Yonetim Yapiya sonradan eklenen béliimiin sadece cuma giinleri, bayram ve teravih gibi 6zel giinlerde

dolmasi yap1 eklentilerinin uygun olmadigini gostermektedir. Bu eklemeler gorsel agidan da
uygun degildir.

Yapida ahsap ve tas gibi yeniden kullanilabilir ve hafriyat1 kolay kaldirilabilir malzemeler
kullanilirken ek bdliim betonarmedir.

Ekonomi ve maliyet

Yapim asamasinda malzemeler bolgesel 6zellikte oldugu icin nakliye maliyeti minimumda
tutulmustur. Yapi malzemesinin sik onarim ve temizlik gerektirmemesi maliyet icin olumlu bir
faktordiir.

Yapinin giindiiz aydinlatmasi yeterli oldugu icin aydinlatma masrafi minimumdur. Yapinin
islevinden otiirii kullanim siklig1 ve yogunlugu buna ek olarak giindiiz giines 1sinimindan az
fayda saglamasi 1sitma maliyetine olumsuz etkirken ek boliimiin yapiya biiylikce bir riizgarlik
islevi gébrmesi bu maliyette azalmalara sebep olmaktadir.

Yap1 siislemeleri minimum seviyede tutulmustur. Bu durumun is giicii ve maliyeti olumlu
yonde etkiledigi diistiniilmektedir.

Bina yakin  cevre
tasarimi 6lgceginde

Yapi1 konumlandirilma durumu giines 1sinimi1 bakimindan uygundur.
Bahce diizenlemesinde yer alan bitkilerin ekstra sulama gerektirmemesi olumludur.

Bina tasarimi

olceginde

Catilarin %33 egimi ve oluklu sac trapez malzeme kullanimi iklimsel kosullara uygundur.
Bina cephesinde yer alan pencere agikliklarindaki pencere yiizey alaninin genis olmasi giines
1sinimini olumlu etkilemektedir.

Bina kabugu tasarimi
Olceginde

Yap1 dis duvarinin 80 m civarinda olmasi yapida sandik duvar sisteminin kullanilmis olma
olasiigini gostermekte dolayisiyla yalitimin saglandigini séylemek miimkiindiir.
Yapida cift cam kullanimi 1s1 gecisinin engellenmesinde énemli rol oynamaktadir.

Malzeme se¢imi ve
kullaniminda

Yapinin kullanilan tas malzeme kisin sicak yazin serinlik saglamaktadir. Kapisindaki ahsap
malzemeyle beraber dogaya uyumlu ve dayanikli malzemeler kullanildigini séylemek
mimkiindiir. Ancak ek béliimde kullanilan malzemelerle 6zgiin malzemeler arasindaki
uyusmazliklarin iklimsel kosullar etkisiyle zamanla ¢atlama, gézeneklenme ve tas kaybi gibi
sorunlara yol agmasi muhtemeldir. Bunun yani sira yapinin avlusunun ist ortiisii olan sac
trapez levha ve metal profil kullanimi yeniden kullanimlara entegre edilebilirligi bakimindan
olumludur.

Gorsel konfor

Mekan uygun bir sekilde giin 1s181indan faydalanmaktadir.
Disari ile gorsel iletisim kalitesi olumludur.

i¢ hava kalitesi

Yapinin kadinlar mahfilinde geri doniistiiriilebilir ve duvarin yalitilmasinda kullanilan ahsap
lambri kaplamalar bulunmakta ve bu malzeme ortama kirletici hava yaymamakla beraber
duvarin neminin i¢ ortamdan hissedilmesini engellemektedir. Mekanin dogal yollarla
havalandirilmasi (pencerelerin karsilikli acilmasiyla hava akimi saglanmasi olumludur.

Erisilebilirlik

Bina girisi yaz-kis engelli erisimine uygun sekilde tasarlanmamistir.

Mekan ve ¢evre kalitesi

Yapinin kullanicisina ait bahgesi ve avlusu bulunmaktadir.

Yapi ¢evresinde rekreasyon alanlari bulunmaktadir.

Yap1 2. Derece deprem riski olan bolgede yer almaktadir ve diger iki yapiya gore fay hattina
daha yakindir. Yapi 6zgiin isleviyle kullanilmaya devam ettigi icin kullanim uygundur.

Dogrudan kazang

Saydam ylizeyler; Pencere acikliklariyla saglanmaktadir.

Dolayli kazang Bina cephesinde yer alan pencere acgikliklarindaki c¢ift cidarlh pencere sistemlerinin
kullanilmasi yapinin hem soguk iklim sartlarindan hem siddetli riizgarlardan korumakta hem
de 1s1 kaybinin minimuma indirilmesini saglamaktadir.

Ekolojik kriterleri
Sagliyor Saglamiyor
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Dervis Bey Camii fiziksel ve cevresel 6zelliklerinin incelenmesi sonucunda; caminin yer seciminin ekolojik
mimariye uygun olduguna ulasilmaktadir. Yapiya toplu tasima ile ulasimin saglanmasi ve kentsel donatilara yakin
olmasi, yer secimi ve yerlesim konusunda dogru yaklasim sergilendigini gostermektedir. Yapida kullanilan
malzemelerin yerel, doniistiiriilebilir ve dayanikli malzemelerden secilmis olmasi; diger iki camide oldugu gibi
maliyet ve is gliclinii azaltmakta malzemelerin yeniden kullanimini saglayarak ekolojik mimariye fayda
saglamaktadir. Ancak bunun yani sira yapinin sonradan deforme edilerek kuzey duvarinin kismen tahrip edilmis
olmasi1 ve etrafinin ek boliimlerle sarmalanmasi sonucu hem maliyetten zarar edilmesine hem de kullanici
profiline hitap edilmemesine sebep olunmustur. Caminin yakin ¢evresinde yer alan bina, yapinin giineslenme
seviyesini ve gorsel konforunu azaltmaktadir.

4. Tartisma ve Sonug

Giinlimiizde artan niifus ve sanayilesmenin getirdigi plansiz yapilasma, bilingsiz enerji tiiketimini ve dogal kaynak
israfin1 da beraberinde getirmistir. Giin icerisinde etkilesimde oldugumuz pek ¢cok alanda goriilen bu tiiketim
artisinin dnemli Orneklerinden birisi de egitim, saglik, ibadet gibi toplumsal ihtiya¢larin karsilandigi kamu
yapilaridir. Bu yapilar arasinda camiler boyut, mimari, kullanim sekli ve saatleri yoniiyle digerlerinden farkl
olarak onemlidir. Camiler toplumun belirli bir kesimine hitap etmekte ve giin icerisinde diger kamu yapilarinin
aksine belirli saatlerde yogun olmak kaydiyla stirekli olarak kullanilmaktadir. Bu durum camilerde enerji
kullaniminin daha fazla olmasina neden olup cami tasariminda yapildiklar1 yerin arazi verileri ve c¢evresel
ozellikleri degerlendirilerek boélgeye uyumlu, ekolojik tasarimlar yapilmasinin énemli oldugunu séylemek
miimkiindiir. Ancak giiniimiiz cami mimarisinde birbirleriyle benzer tip ve biiytikliiklerde camilerin siiregeldigi
gorilmektedir. Bu durum, toplum ihtiyaci ve yapilasma arasindaki iliskiyi olumsuz yonde etkilemektedir. Tarihi
yapilar bu bakimdan giiniimiiz mimarisine yol gosterici niteligindedir. Bu sebeple tarihi camilerin enerji kullanimi
acisindan degerlendirilmeleri de 6nem arz etmektedir.

Calismada sert iklimi ve engebeli yapisiyla bilinen Ardahan ili kent merkezinden {i¢ cami yapisi secilmistir.
Giiniimiizde kitabelerine ulasilabilen Miiderrisoglu ibrahim Efendi Camii 18. yiizy1l ve Dervis Bey Camii 19. yiizyil
yapisl olup kitabesinin sonradan yapilan ek béliimle kapatildig: diisiiniilen Mevliit Efendi Camii kaynaklara gore
18. ylizy1l yapisidir. Camiler; yapim yili, mimari tasarimi, konumu, ¢evresel verilerden yararlanma 6l¢iitii, ekolojik
yansimalar ve veri temini konularina dikkat edilerek secilmistir. Yapilarin arastirilmasi stirecinde daha 6nceki
bilimsel arastirmalar, yaymlanmis haberler ve alan ¢alismalar1 kisas alinarak daha dnceki kullanimlari, mekan
organizasyonlari, gecirdigi restorasyon ve onarim siiregleri bilgilerine ulagilmigtir. incelenen yapilarin; plan
ozellikleri, yap1 malzemesi, yapim teknigi ve cephe diizeninden elde edilen veriler dogrultusunda ii¢ cami
tizerindeki ekolojik izler saptanarak 6neriler getirilmistir.

Calismada elde edilen veriler 1518inda; Her ii¢c caminin de ¢evresel veriler dikkate alinarak insa edildigini (arazi
kotlar1); iklim sartlarina uyum saglandigim1 (dogal aydinlatma ve 1sitma); geri doéniistiiriilebilir, ekonomik ve
dayanikli malzeme se¢imi yapildigini (bélgeden ¢ikarilan tas malzeme); i¢ ve dis cephe siislemelerinin (hat sanati
ve kalem isi siislemeler) asgari diizeyde tutularak is giicii ve maliyeti olumlu yonde etkiledigini séylemek
mimkiindiir.

Bunun yani sira yapilarin cephe duvarlarinin kalinhigiyla yalitim saglanmasi, pencerelerin ice dogru kii¢iilmesi ile
riizgarin ylizeyi daha az etkilemesi ve giines 15181n1n igeriyi aydinlatmasinin arttirilmasi, yapi malzemelerinin tas
ve ahsap gibi yerel, dayanikli ve dontstiiriilebilir malzemelerden segilmesi durumlarin1 da 6zgiin ¢evresel ve
yapisal 6zelliklerinin ekolojik yaklasimlari saglamasina 6rnek olarak géstermek miimkiindiir.

Yeni insa edilecek/onarilacak camilerin yasam déngiisii boyunca; ekoloji kriterlerinin saglanmasi durumunda
insan saglig1 ve konforu, aydinlatma-isitma problemleri, enerji tiikketimi, ekonomi ve kaynak kullanimini olumlu
yonde etkileyecegi aciktir. Belirli zaman araliklarinda yogun kullaniml olan ve gelecekte yapilmasi planlanan ya
da mevcutta olup yeniden bakim onarimi gercgeklestirilen camilerde, ekolojik mimari kriterler de géz 6niinde
bulundurularak ¢ikarilan, asagidaki dnerilerin goz ardi edilmemesi 6nemlidir:

Bulundugu sehir icerisinde kullanici yogunlugu g6z 6niine alinarak yer se¢iminin dogru yapilmasi ve yapilarin
arazi kotlarina yerlesiminde dogal kotlara uyumuna dikkat edilmesi gerekmektedir. Kentsel dokuya uyum
saglayan, kent yesiline miidahale etmeyen bir yapi olmasi gerekmektedir. Yapiin bulundugu bélgenin iklim
kosullar1 ve cevresel faktorleri dikkate alinmalidir. Yapilarin ana ulasim aksina olan mesafesine dikkat edilmeli,
toplu ulasim akslarina erisimi rahat olmali ve bunun yani sira yaya ulasimini da destekleyecek yonde planlamalar
yapilmalidir. Temel prensipler icerisinde planlanacak camilerin; insa edilecegi bolgede yer alan emsallerinin
gelisen mimari tarz ve tasarimlarinin incelenerek yeniden ele alinmasi gereklidir. Planlarinda kullanicinin
yorulmayacagl i¢ mekan erisimini etkileyecek boyutsal farklhliklarin pozitif yonde olmasi oOnemlidir.
Tasiyiciliginda tercih edilecek sistemlerin dogal kosullara uyumu ve gecilecek agikliklarin kullanici ve kullanim
amacina uygun olmasi 6nemlidir. Ayrica geri donistiirtlebilir ekolojik malzeme ve sistem tercihi konusu
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arastirilarak yapilmalidir. Camilerde kullanilacak tasiyict ve diger elemanlar icin malzeme secimi yerel
malzemelerden gerceklestirilmelidir. Boylece malzeme tedariginin farkli yerlerden tasinmasinda cevreye
verilecek zararlar azalacaktir. Uretimi sirasinda ortaya ¢ikacak atiklarin ¢evreye zarar vermemesi énemlidir.
Kullanim sirasinda gerekli olan enerji sarfiyatinin minimum diizeyde tutulmasi i¢cin kendine yetebilen, kendi
enerjisini dogaya zarar vermeden iiretebilen sistemler tercih edilmelidir.

Yapilarin vakit namazlari ile Cuma, bayram veya teravih namazlarinda kullanilma durumlar esit olmadigi i¢in
tasarimci yapinin alabilecegi en yiiksek kisi sayisina gore tasarim yapmaktadir. Bu sebeple ortaya biiyiik,
aydinlatmasi ve 1sitilmasi zor yapilar ¢ikmaktadir. Buna karsin yapilarda alttan isitma sistemine gecilmesi
onemlidir. Bu sistemle kullanilan yerlerin isitilmasiyla 6nemli 6l¢iide 1sitma maliyetinden kurtulmus olunur. Buna
ek olarak uygun cephesel tasarimlarla giin 1s18indan yeterince faydalanmasi da hem 1sinim hem de yapinin
1sinmasl yoniinde dnemlidir.

Bu calismada ortak kamu kullanimi icerisinde dnemli yeri olan camilerde ekolojik yaklasimlari artirmasi ve tarihi
camilerde deneyimlenerek diizeltilebilen veya diizeltilemeyen sorunlarin yeni yapilar1 yodnlendirmesi
amaclanmistir. Calismanin bundan sonraki tiim yapilarda kullanim amaglar1 dahilinde gerekli 6l¢iit ve hedefler
1s181nda yol géstermesi umut edilmektedir.
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Keywords Abstract: In this study, an antenna providing nearly perfect absorption in triple-
Plasmonic biosensor, bands operating in the mid-infrared region is proposed. The nearly perfect
perfect absorber, refractive  plasmonic absorber, featuring nanoring and nanocross antennas, demonstrated
index sensor, cancer high absorption efficiencies in numerical simulations. The triple-band absorber
detection exhibited absorption rates of 95.2%, 97.3%, and 98.1% at wavelengths of 2730 nm,

4609 nm, and 7510 nm, respectively. High absorption values explain that the
localized plasmon between the dielectric and metal layers of the antenna is quite
strong. These high-energy resonance modes generated by subwavelength particles
enable the sensor surface to respond robustly to varying environmental conditions.
The strong response highlights the capability of the sensor to detect pathogens,
biomolecules, chemicals, and organisms. The variable response of each resonance
mode supports the identification of biomolecules. In order to demonstrate the
sensitivity of the proposed three-band perfect absorber sensor, its responses to
varying refractive indices were examined, and its sensitivity was calculated. The
proposed three-band perfect absorber is shown to have sensitivity values of 112.23
nm/RIU, 497.17 nm/RIU, and 841.94 nm/RIU, respectively. According to the
changing refractive indices of each resonance mode, the figure of merit values was
calculated as 3.67 RIU'L, 1.369 RIU-, and 1.271 RIU-, respectively. The numerical
results show that the sensor can detect refractive index changes sensitively. A
change in the refractive index is observed between normal cells and cancer cells,
and it is tested whether the sensor can detect this change. To demonstrate the
sensing ability, changes in resonance modes with different cancer cells such as skin,
blood, cervical, adrenal gland and lung cells were examined. The proposed nearly
perfect absorber was able to detect these cancer cells at high sensitivity values of
3.67 RIU, 1.369 RIU-L, and 1.271 RIUL

Plazmonik Tabanh U¢ Banth Neredeyse Miikemmel Sogurucu ile Refractive Index
Sensorii ve Kanser Hiicresi Algilamasi

Anahtar Kelimeler O0z: Bu calismada, orta kizildtesi bélgede calisan iiclii bantlarda neredeyse
Plazmonik biyosensor, miitkemmel sogurum saglayan bir anten 6nerilmektedir. Nanohalka ve nanogapraz
mikemmel sogurucu, kirlma  gptenlere  sahip neredeyse miilkemmel plazmonik  sogurucu, sayisal
indisi sensdrd, kanser tespiti simiilasyonlarda yiiksek sogurum verimlilikleri gostermistir. Uclii bant sogurucu,
sirasiyla 2730 nm, 4609 nm ve 7510 nm dalga boylarinda %95.2, %97.3 ve %98.1
sogurum oranlar1 sergilemistir. Yiiksek sogurum degerleri, antenin dielektrik ve
metal katmanlar1 arasindaki yerellesmis plazmonun oldukg¢a giiclii oldugunu
aciklamaktadir. Alt dalga boylu pargaciklar tarafindan iiretilen bu ytiksek enerjili
rezonans modlari, sensor ylizeyinin degisen ¢cevre kosullarina gii¢li bir sekilde yanit
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vermesini saglar. Gli¢ll yanit, sensoriin patojenleri, biyomolekiilleri, kimyasallari ve
organizmalari tespit etme yetenegini vurgular. Her rezonans modunun degisken
yaniti, biyomolekiillerin tanimlanmasini destekler. Onerilen ii¢ bantli miikkemmel
sogurucu sensorin duyarlihigin1 géstermek amaciyla, degisen kirilma indislerine
verdigi tepkiler incelendi ve duyarlihgi hesaplandi. Onerilen ii¢ bantli miikemmel
sogurucunun sirasityla 112,23 nm/RIU, 497,17 nm/RIU ve 841,94 nm/RIU duyarlilik
degerlerine sahip oldugu gosterildi. Her bir rezonans modunun degisen kirilma
indislerine gore, deger rakami degerleri sirasiyla 3,67 RIU-1, 1,369 RIU! ve 1,271
RIU olarak hesaplandi. Sayisal sonuglar, sensorin kirilma indisi degisimlerini
hassas bir sekilde algilayabildigini gostermektedir. Normal hiicreler ve kanser
hiicreleri arasinda kirilma indeksinde bir degisiklik gézlemlenir ve sensoriin bu
degisikligi algilayip algilayamadig test edilir. Algilama yetenegini gostermek icin
cilt, kan, servikal, adrenal bez ve akciger hiicreleri gibi farkli kanser hiicreleriyle
rezonans modlarindaki degisiklikler incelendi. Onerilen neredeyse miikemmel
sogurucuy, 3.67 RIU-1, 1.369 RIU-1ve 1.271 RIU-! gibi yiiksek hassasiyet degerlerinde
bu kanser hiicrelerini tespit etmeyi basarmistir.

*{lgili Yazar, email: amerturan@ktun.edu.tr
1. Introduction

Metamaterials are artificially produced materials that show extraordinary optical characteristics [1]. Such
materials are sandwich structures consisting of metal and dielectric materials with dimensions much smaller than
the wavelength of light [2], [3]. Surface plasmon polaritons (SPP) propagating along these metal and dielectric
surfaces exhibit extraordinary optical properties by changing the classical diffraction behavior of light [4]. While
a flat metal surface reflects light strongly, a geometrically patterned metal surface exhibits intense light absorption
capacity when combined with a dielectric interface [5]. A strong optical near field occurs across the metal and
dielectric surface, thanks to a phenomenon called surface plasmon resonance (SPR). Moreover, patterning this
metal layer with subwavelength nanoparticles reveals Localized Surface Plasmon Resonance (LSPR), resulting in
tunable optical responses. In this way, light is localized around nanoparticles, creating high electrical and magnetic
regions in narrow areas. The ability to manipulate light has become very popular in different fields such as
biosensors [6], [7], [8], photodetectors [9], optical switches [10], optical filters [11], and photovoltaic systems [12].

Plasmonic-based structures are strong candidates for biosensing due to their advantages of strong
electromagnetic surface confinement and local field enhancement [13]. Subwavelength particles not only tune the
resonance mode over a wide area but also create electric and magnetic fields that are confined to the sensor surface
[14], [15]. These confined and strong fields absorb a large portion of the incoming electromagnetic wave when
they are compatible with the free space impedance. These high absorption points are called resonant modes. These
deep dips seen at certain wavelengths are very sensitive to changes in the environment. This sensitivity exhibits a
sensor behavior and gives different optical responses to changes on its surface. These features provide a significant
advantage among refractive index (RI) sensors. When incident light interacts with the surface, excited plasmons
produce electromagnetic fields that are highly sensitive to small changes in concentrations present at the sensor
surface, causing a spectral shift in the resonance mode. Precise detection of biomolecules can be achieved with
high sensitivity (S) and Figure of Merit (FoM) values based on the spectral shift occurring in the resonance mode
[16], [17]. The FoM and S values are important parameters for investigating the sensitivity of the RI sensor
platform and vary in direct proportion to the ability to measure RI changes. These parameters are directly affected
by the metals as they are known to cause high optical losses leading to relatively broadband spectral responses
[18]. It is possible to overcome this disadvantage in two ways: one way is to develop a multiband sensor platform
in the mid-IR region and examine the spectral shifts in multiple resonance modes and the other way is to develop
a sensor operating at the near mid-IR spectrum since the sensor shows narrow-band spectral responses at this
region [19], [20].

In this study, a plasmonic near-perfect absorber nanoantenna structure with perfect absorption capacity in three
different frequency bands was proposed. This absorber was configured and optimized with nanocross and a
nanoring geometry to achieve a high absorption rate simultaneously in three bands. Numerical analyses revealed
that the absorber showed an absorption performance of 95.2%, 97.3%, and 98.1% at wavelengths of 2730 nm,
4609 nm, and 7510 nm, respectively. The strong absorption allows the absorber to detect changes in the surface
more sensitively. To demonstrate the sensing capacity based on the spectral shift, the absorber surface was coated
with dielectric material with different refractive indices ranging from 1 to 1.8. The sensitivity values of the
absorber at each mode are 112.23 nm/RIU, 497.17 nm/RIU, and 841.94 nm/RIU, respectively. In addition, the FoM
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value of each resonance mode of the absorber was calculated as 3.67 RIU-!, 1.369 RIU-}, and 1.271 RIU-,
respectively. The detection capability of this absorber has been tested to demonstrate its potential for detecting
certain types of cancer. Cancer is a common disease worldwide and its mortality rate is quite high. A delay in
diagnosing cancer significantly increases the mortality rate. In addition, the late treatment of cancer disease also
leads to exposure to intense toxicity. For this reason, early diagnosis of cancer increases the chance of survival and
ensures that the treatment process is completed with less damage. Additionally, some types of cancer are
asymptomatic and can progress quite aggressively [21]. Therefore, frequent tests become very important for a
high chance of survival. All these reasons suggest that plasmonic biosensors may be strong candidates for the
detection of some types of cancer. Plasmonic biosensors facilitate molecular detection due to their sensitive, fast,
and label-free detection capabilities. There are significant differences between the RI values of normal and
cancerous cells in the human body. For example, the Rl value was measured as 1.401 in a blood sample originating
from MCF-7 breast cancer and 1.39 in a sample contaminated with T-type leukemia [22]. As an indicator of the
cancer detection ability of the nearly perfect absorber platform, changes in the spectral position of each resonance
mode were examined based on Basal, Jurkat, HeLa, PC-12, (MDA)-(MB)-231, MCF-7 cancer cells. The three-band
resonance modes of our proposed nearly perfect absorber platform responded to each cancer cell with specific
spectral shifts and demonstrated label-free detectability of these cells.

2. Materyal ve Metot

The proposed complex triple-band nearly perfect absorber structure is shown in Figure 1a. A nearly perfect
absorber structure consists of metal-dielectric-metal layers. A gold material is selected for both metal layers and
the dielectric plate is set for MgF2 material. The refractive indices and dielectric constants of all materials are taken
from Palik [23]. Numerical analysis of PPA was carried out using the Finite Element Difference in Time (FDTD)
method. The thick Au layer at the bottom serves as an optical mirror to prevent any possible light transmission.
The period of a single cell is 2600 nm for both the x- and y-axis. The thickness (t4) of the dielectric plate between
two gold layers is 150 nm. The top gold resonator is formed by placing two identical rectangles inside a ring to
provide near-perfect absorption in three bands, simultaneously. The length of the nano cross is L = 1300 nm and
their width is w = 200 nm. The thickness of these nano cross is optimized to tm = 100 nm. The outer radius of a ring
surrounding nano cross is determined as r2 = 900 nm and the inner radius is determined as r1 = 700. Therefore, as
shown in Fig. 1a., the width of the Au nanoring along the ring is stabilized at 200 nm (r2-r1). The nanoring and nano
cross resonators have 100 nm (tm = ta) thickness for optimum results. Numerical analyses were carried out with
commercial software, Lumerical FDTD. Periodic boundary conditions along the x and y-axis and perfectly matched
layer boundary conditions along the z-axis were used in the simulations. The absorption capacity of the proposed
absorber can be calculated using the A(w) formula given below in Eq. (1) [24], [25]:

Alw)=1-T(w) — R(w) 1)

Here; R(w) is the reflection, T(w) is the transmission coefficients and A(w) is the absorption value. The gold layer
at the bottom acts as an optical mirror and prevents transmission. If the reflection is zero, the absorption goes to
unity. The spectral response of reflection and absorption spectra obtained as a result of the numerical analysis of
PPA is shown in Fig. 2b. It is observed that the nanoantenna demonstrates nearly-perfect absorption at A1 (2730
nm), A2 (4609 nm), and A3 (7510 nm) three resonance modes, simultaneously.
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Figure 1. a. Model of the near-perfect absorber platform consisting of nanoring and nano-rectangular resonators.
b. resonance modes of the perfect absorber platform occurring in three bands in the mid-infrared region (blue
signal represents reflection, red signal represents absorption)

The resonance modes of the nearly perfect absorber consisting of nanoring and nano-rectangular resonators
depend specifically on these geometries. The electric field distributions are shown in Fig. 2 to physically explain
how resonance modes occur. Accordingly, the electric field distribution changes that occur during each resonance
mode are shown in Fig. 2a,, Fig. 2b., and Fig. 2c. According to the electric field distribution graphs, the narrow-band
first resonance mode (A1) developed around the ring-shaped nano-antennas. The confined localized electric field
distribution around ring nano-antennas is caused by plasmons oscillating between the metal and dielectric surface
leading to the first resonance mode of the platform. In the second and third resonance modes, strong field
enhancement is observed at the endpoints of the rectangular nano-antennas and the nanoring endpoints,
respectively, lying parallel to the x-axis. This effect showed a dipole distribution and caused strong electric field
confinement on both sides of each nanorod. A similar dipole effect was also seen at the ring ends in the final
resonance mode. The gap (100 nm) between the rectangular nanorod and the nanoring enables the surface
plasmons to be strongly localized and develop a strong field.
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Figure 2. Electric field distribution graphs at a. A1, b. A2, ¢. A3 resonance wavelengths of nanoring and nano-
rectangular resonators.

To more clearly analyze the dipole effect occurring in electric field distributions, the charge distributions of three
different resonance modes are examined in Fig. 3. The nano ring forming the system and the two nanorods (cross-
shaped) placed inside exhibit unique dipolar distributions at each mode. While the charge distributions rotating
around the nanoring formed a plasmonic dipole, the nanocross inside also exhibited their own dipolar resonances.
The fact that these charge distributions are drawn towards the regional endpoints of the nanorings and nanocross
shows that they are structurally compatible. Fig. 3a. shows that in the first resonance mode, the charge distribution
spreads throughout the nanoring and exhibits a rotating trend. Fig. 3b. clearly shows the dipole charge distribution
polarized to the end regions of the nano-cross by the electric field distribution in the second resonance mode.
Finally, the polarized charge distributions along the nanoring and nano cross for the third resonance mode are
shown in Fig. 3c. Based on these graphs, a physical explanation of the triple resonance mode is made.
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Figure 3. The charge distribution graphs at a. A1, b. A2, ¢. A3 resonance wavelengths of nanoring and nano-cross
resonators.

3. Results

To demonstrate the RI detection ability of our proposed sensor platform based on its spectral properties, different
refractive indices were examined. It is predicted that different resonance modes of the triple-band nearly perfect
absorber will give different spectral responses. These spectral responses can be specifically measured and their
sensitivity can be determined. High-sensitivity sensors respond to refractive index changes with a relatively larger
spectral shift and shift to larger resonance wavelengths. As a result, they can detect biomolecules, proteins,
chemical molecules, and different compounds, precisely. Sensitivity is one of the important factors as a measure
of the detection capability of a triple-band nearly perfect absorber. The sensitivity of the sensor can be expressed
as the change in wavelength per change in refractive index. To prove the sensitivity and performance of the sensor
measurably, the performance of the triple-band nearly perfect absorber proposed in this study was measured by
considering the RI change around it. The optical detection ability of the plasmonic RI sensor can be measured by
its sensitivity (S) (Eq. (2)) [26], [27].

_a
S—dn (2)

Here, dA value expresses the amount of spectral shift in the resonance mode. The dn value indicates the amount
of RI change that causes the spectral shift. Another important parameter used to determine the sensitivity of the
sensor is the Figure of Merit (FoM) value given in Eq. (3) [28], [29].

N
FWHM [3)

FoM =

Here, S denotes the sensitivity given in equation 2, while FWHM is the full width at half maximum of the resonance
mode. FoM indicates how effectively the sensor can measure small changes in RI. Generally, the FoM of plasmonic
sensors may be low due to the inherent losses of metals [30]. However, it is still very important to express the
detection performance of these sensors quantitatively. In addition, the FoM values were measured in each
resonance mode and characteristic changes were examined. Fig. 4a shows the spectral response of the proposed
triple-band nearly perfect absorber to changing medium refractive indices. Refractive indices were selected with
a total of 9 different values ranging from 1 to 1.8, and the spectral shifts in each resonance mode are shown for A1,
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A2, and A3. When the refractive index of the medium was 1, the first mode captured a resonance mode at 2730 nm,
the second mode at 4609 nm, and the third mode at 7510 nm wavelengths. With the increase in the refractive
index of the medium, spectral shifts occurred in the A1 (Fig. 4b), A2 (Fig. 4c) and A3 (Fig. 4d) resonance modes, and
these shifts are shown in detail for each mode.
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Figure 4. a. The refractive index of the surrounding medium was increased from 1.0 to 1.8, resulting in observable
spectral shifts in the resonance modes of the triple-band nearly perfect absorber, specifically b. A1, ¢. A2, and d. As.

The S and FoM parameters of the sensor were calculated based on the spectral shifts in the resonance mode of the
triple-band nearly perfect absorber against the changing medium refractive indices. All three resonance modes
are located in different wavelength regions of the mid-IR region. Resonance modes can exhibit different
characteristics of the spectrum. Note that the A1 wavelength resonance mode is in a rather narrow band compared
to the other two modes. A low FWHM value is important in the detection to have a high FoM value (Equation 3).
Although the A2 and A3 resonance modes exhibit broader spectral bands, they gave significant spectral responses
to varying refractive indices. Depending on the changes in the refractive index, the amount of shift in the resonance
mode was examined and the sensitivity was calculated for each resonance mode of the sensor. Fig. 5 shows
Wavelength shift plots occurring in three different resonance modes. When looking at all three resonance modes,
it is clear that they show a linear spectral shift depending on the changing refractive index of the medium.
Depending on this linear change, the sensitivities for all three modes are S1=112.23 nm/RIU (Fig. 5a.), S2=494.17
nm/RIU (Fig. 5b.), and S3= 841.94 nm/RIU (Fig. 5c.), respectively. The sensitivity values were calculated using
Equation 2. For FoM, which is another parameter of the detection ability of the triple-band nearly perfect absorber,
the FWHM values of each resonance mode were calculated and found to be 30.57 nm, 360.97 nm, and 662.42 nm,
respectively. Finally, FoM values were calculated for all three resonance modes as 3.67 RIU-1, 1.369 RIU*L, and
1.271 RIU for A4, A2, and A3, respectively. The obtained results showed the spectral responses of the medium to
the changing refractive index in all three resonance modes and proved the sensitivity ability of the sensor as shown
in Figure 5.
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Figure 5. The variations in the three resonance modes due to changes in the refractive index of the medium are

presented for a. A1, b. A2, c. A3. Additionally, the sensitivity, FWHM, and FoM values for each resonance mode are

provided.

To demonstrate the detection ability of our proposed nearly perfect absorber platform, different types of cancer
cells were considered, and the spectral responses of each resonance mode of the sensor were examined. The
difference in concentrations of normal cells and cancer cells causes changes in the refractive indices, increasing
the chances of detecting cancer cells using Rl sensors. Table 1 shows the refractive indices of normal cells and
cancer cells from skin, blood, cervical, adrenal gland, and lung tissues. These data were taken from references [31],
[32], [33], [34] and each type of cancer cell exhibited a specific increase in refractive index due to higher protein
density. Accordingly, our proposed three-band nearly perfect absorber platform was tested with both normal and
cancer cells. Each of the A1, A2, and A3 resonance modes exhibited spectral shifts depending on the different tissues.
These spectral shifts moved the resonance modes to specific spectral values, demonstrating the ability of the
platform to detect cancerous cells. Each resonance mode exhibited FoM values of 3.67 RIU-1, 1.369 RIU, and 1.271
RIU-, respectively.

Table 1. Changes in resonance wavelengths for A1, A2, and A3 due to varying refractive indices of (a) normal and (b)
cancer cells.

Cancer Type Cell Refractive A4 A, A3
Type Index (nm) (nm) (nm)

(a) Normal Cell

Skin Basal 1.360 2755.041 4788.221 7776.33
Blood Jurkat 1.376 2756.786 4796310 7789.801
Cervical HeLa 1.368 2755.898 4792.482 7783.066
Adrenal Gland PC-12 1.381 2757.427 4798.804 7794.011
Breast (MDA)-(MB)- 1.385 2757.831 4800.774 7797.379
Breast M2C3F1-7 1.387 2758.071 4801.768 7799.062
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(b) Cancer Cell

Skin Basal 1.380 2757.282 4798.306 7793.163
Blood Jurkat 1.390 2758.410 4803.255 7801.542
Cervical Hela 1.392 2758.636 4804.237 7803.179
Adrenal Gland PC-12 1.395 2758.94 4805.711 7805.671
Breast (MDA)-(MB)- 1.399 2759.419 4807.672 7809.424
Breast M2C3F1-7 1.401 2759.645 4808.669 7810.958

4., Conclusions

In this study, we propose a composite nearly perfect absorber composed of nanoring and nanocross structures.
The nanoscale geometry of this configuration has been optimized to support multiple resonance modes. Operating
in the mid-infrared region, this structure achieved nearly perfect absorption in three distinct modes at
wavelengths of 2730 nm, 4609 nm, and 7510 nm, with absorption rates of 95.2%, 97.3%, and 98.1%, respectively.
The basic physical phenomena underlying the resonance modes of the plasmonic structure are explained and the
sensitivity of the sensor to changing refractive indices is demonstrated. The refractive index magnitudes on the
sensor surface were changed with different values between 1 and 1.8, and linear spectral shifts were observed in
all three resonance modes of the sensor. The sensing capability of the sensor was analyzed by calculating the S and
FoM parameters separately for each resonance mode. The results show that the A1, A2, and A3 resonance modes
have 112.23 nm/RIU, 497.17 nm/RIU, and 841.94 nm/RIU sensitivity and 3.67 RIU-1, 1.369 RIU, and 1.271 RIU!
FoM values, respectively. The A1 wavelength resonance signal, located at the beginning of the mid-infrared range,
has a FWHM value of 30.57 nm and operates in a very narrow band. Accordingly, it responded very sensitively to
changing refractive indices and enabled the sensor to have a high sensitivity value. In order to test the detection
performance of the plasmonic biosensor, the changes caused by cancer cells with different refractive indices in
three resonance modes were examined. For this purpose, normal and cancerous cell refractive indices of skin,
blood, cervical, Adrenal Gland and lung cells were defined and tested on the sensor surface. The findings showed
that all three resonance modes caused a spectral response depending on the change in cancer cells and a shift in
the resonance mode occurred. These findings suggest a powerful solution to the diagnosis of cancer types whose
late diagnosis is known to cause high mortality. Thanks to our proposed triple-band nearly perfect absorber, many
biological and chemical molecules can be detected.
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Keywords Abstract: Solution-processable materials attract significant interest in the
Plant extract, development of high-efficiency, cost-effective optoelectronic devices. However,
Pumpkin seed, widely used high-performance materials often suffer from high toxicity, low
gﬁg‘égﬁ’gﬁefc’:gr";' biocompatibility, and synthesis procedures hazardous to human health and the

environment. As cost-effective, sustainable alternatives to the conventional
solution-processed semiconductors, here we evaluate the potential of plant extracts.
Within this framework, here we present photodetectors employing the extract of
Cucurbita pepo L. (pumpkin) seeds. The extracted material exhibits a strong
absorption peak in the UV region (~280 nm) and a weaker absorption band between
400-450 nm. Its fluorescence spectrum covers the blue-green region of the
spectrum and possesses sharp and dominant peaks at 650 nm and 730 nm. For
photodetector fabrication, we drop-cast the extract acting as the active material
between two electric contacts formed by treating a conductive film of silver
nanowires and zinc oxide nanoparticles using a surgical blade. The resulting device
demonstrates a maximum responsivity of ~1.61 mA/W at 5 V bias voltage. Being
fully solution-processed, transparent photodetectors, this proof-of-concept device
employing plant extracts showcases a new material system in active optoelectronic
devices as sustainable, inexpensive, and easy-to-handle alternatives to their
conventional counterparts.

Kolay, Ucuz, Tamamen Cézeltiyle islenmis ve Seffaf Fotodetektér Uretimi icin Cucurbita
Pepo L. Tohumlarinin Yar iletken Bitki Oziitleri

Anahtar Kelimeler Oz: Cozeltide islenebilen malzemeler, yiiksek verimli ve uygun maliyetli
Bitki ekstrakti, optoelektronik cihazlarin gelistirilmesinde biiytik ilgi gormektedir. Bununla birlikte,
Balkabagi ¢ekirdegi,

yaygin olarak kullanilan yiiksek performansli malzemeler siklikla yiiksek
toksisiteye, diisiik biyouyumluluga ve insan sagligina ve cevreye zararl sentez
prosediirlerine sahiptir. Geleneksel, ¢ozeltiyle islenmis yari iletkenlere uygun
maliyetli ve silirdiriilebilir alternatifler olarak, sunulan c¢alismada bitki
ekstraktlarinin potansiyeli arastirilmaktadir. Bu ¢ercevede, burada Cucurbita pepo
L. (balkabagi) cekirdegi ekstrakti iceren fotodetektorler sunulmaktadir. Balkabag:
cekirdeginden elde edilen 6ziitiimiiz, UV bolgesinde (~280 nm) gii¢lii bir sogurma
gosterirken, 400-450 nm arasinda daha zayif bir sogurma bandina sahiptir. Oziitiin
floresans spektrumu incelendiginde, 1sitmanin mavi-yesil spektrum bdlgesinde
ozellikle de 650 nm ve 730 nm'de keskin ve baskin tepe noktalarina sahip oldugu
goriilmektedir. Fotodedektor Uretimi icin, giimiis nanotellerden ve ¢inko oksit

Cucurbita pepo L,
Fotodetektor.
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nanopartikiillerinden olusan iletken bir filmin cerrahi bir bigak kullanilarak
islenmesiyle iki elektrik kontagi olusturulmus, daha sonra bu iki kontak arasina aktif
malzeme gorevi goren ekstrakt damlatilmistir. Ortaya ¢ikan cihaz, 5 V dngerilim
voltajinda ~1,61 mA/W'lik maksimum yanit vermistir. Bu ¢alismada iiretmis
oldugumuz tamamen c¢ozeltiyle islenmis, seffaf ve bitki 6zii iceren konsept ispati
fotodetektor cihazi, aktif optoelektronik cihazlarda geleneksel muadillerine gére
stirdiiriilebilir, ucuz ve kullanimi kolay alternatif yeni bir malzeme sistemi olarak
gelecek calismalara 1s1k tutacaktir.

*{Igili Yazar, email: zsoran@gmail.com

1. Introduction

Plants offer a vast array of bioactive compounds, such as flavonoids, alkaloids, carotenoids, saponins, and
polyphenols, which are widely utilized in the food, pharmaceutical, and cosmetic industries for their antioxidant
and antimicrobial properties [1], [2], [3], [4]. Another important property of some plant species is
autofluorescence which stands for the ability of the plants to emit visible light upon excitation at a suitable
wavelength [5]. Autofluorescence occurs owing to the presence of fluorescent, semiconducting pigments that are
densely produced in plant tissues [6]. Considering their semiconducting and eco-friendly nature, plant-based
compounds are promising alternatives to synthetic, non-biocompatible, and carcinogenic semiconductors. Owing
to these strengths, such natural semiconductors promise improved eco-friendliness and biodegradability of
optoelectronic devices. Nevertheless, despite their potential, these natural semiconductors currently remain
underutilized in optoelectronic technologies.

As part of our attempts towards achieving more sustainable optoelectronic technologies, here we study pumpkin
seed extracts. Pumpkins are members of the Cucurbitaceae family and the Cucurbita genus of gourd squashes, and
they are commonly grown worldwide for both decorative and culinary applications [7]. Approximately 44% of
their seeds consist of oil, with linoleic acid being the predominant fatty acid (42-59%) and oleic acid comprising
25% [7], [8]. Thanks to their high nutritional value and rich composition of essential fatty acids, vitamins, and
minerals, pumpkin seed oil (PSO) has great potential for use as a functional food and edible oil [9]. Their
fluorescence characteristics have also been studied in literature [7], [10]. For example, Borthakur and Barua [7]
studied the relation between the fluorescence changes of Cucurbita pepo L. and the ripening stage of the fruit.
According to their findings, the content of fluorophores in the fruit changes during growth, leading to variations
in the fluorescence spectra of pumpkin seed extracts. However, to the best of our knowledge, the use of pumpkin
seed extracts in optoelectronic devices remains unexplored.

Optoelectronic devices heavily rely on inorganic materials including silicon, germanium, or gallium-containing
compounds (e.g., GaAsP, AllnGaN) that are expensive and environmentally hazardous to produce [11], [12].
Finding alternatives to these conventional materials has become crucial for making optoelectronics industry more
sustainable. Solution-processed materials step forward as an important class of materials that eliminate the need
for costly and energy-consuming growth methods. Perovskites [13], colloidal quantum dots (CQDs) [14],
semiconducting organic molecules [15], and polymers [16] have been widely employed as active materials in these
devices. However, the Cd content in the CQDs, the Pb content in the perovskites, and the toxic solvents such as
dimethylformamide and dimethyl sulfoxide used during the synthesis of polymers substantially decrease the
environmental compatibility of these solution-processed semiconducting materials. Therefore, environmentally-
friendly alternatives are sought for achieving sustainable optoelectronics. At this point, semiconductors obtained
from natural sources step forward. Since plant extracts like the pumpkin seed extract we employ in this work have
a natural origin and are considered biodegradable, they are decomposable by natural processes without causing
long-term environmental harm.

To make optoelectronic device fabrication more sustainable, optimization of materials is not enough. Instead, the
whole fabrication system needs to comply with the principles of sustainable production. With this motivation, our
team has recently presented a low-cost fabrication method for fully solution-processed, colloidal quantum dot
(CQD) photodetectors [17], [18]. While the active material in these devices were Cd-based colloidal quantum dots,
we employed a surgical blade to define the electrical contacts instead of using conventional lithography techniques
[19], [20], [21], making the fabrication significantly cheaper and energy-efficient.

In this study, we further improve the sustainability of solution-processed photodetectors by introducing plant
extracts for the first time as the active material of a photodetector instead of conventional environmentally
harmful substances. To achieve this, we extracted the seeds of Cucurbita pepo L. which can absorb light over a
broad wavelength range and emit orange-red light at around 630 nm and utilized its extract as the active material
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in our proof-of-concept photodetector. Similar to our previous work [17], [18], we formed electric contacts by
opening a 30 pm wide gap on a conductive film made of silver nanowires and zinc oxide nanoparticles.
Subsequently, we completed the device structure by drop-casting the extract of the seeds of Cucurbita pepo L.
between the electric contacts. The resulting proof-of-concept device exhibited responsivities up to 1.61 mA/W
proving that simple, sustainable photodetectors can be produced using plant extracts. Considering that this is the
first example of a photodetector relying on plant extracts, we believe that there is a substantial room for
performance improvements through material and device optimization. With further improvements, we conceive
that plant extracts will find applications in photodetectors as environmentally friendly, cost-effective, solution-
processed semiconductors.

2. Material and Method

2.1 Chemicals and materials

Pumpkin seeds (Cucurbita pepo), n-hexane (296%, Merck), Whatman qualitative filter papers, Syringe Filters PTFE
Membrane 0.22 pm pore size (ISOLAB USA). Polyvinylpyrrolidone (PVP, Mw = 40000, powder), silver nitrate
(AgNOs3, 99.0%), sodium chloride (NaCl, 99.5%), potassium bromide (KBr, 99.0%), ethylene glycol (EG, 99.0%),
ethanol absolute (299.9%, Isolab), acetone (EMSURE, Merck), methanol (299.7%, Sigma-Aldrich). Zinc acetate
dehydrate (ZnAc.2H20, 99.999%), dimethyl sulfoxide (DMSO, Merck), tetramethylammonium hydroxide
pentahydrate (TMAH, =97%, Sigma-Aldrich), ethanol absolute (299.9%, Isolab), acetone (EMSURE, Merck), n-
hexane (296%, Merck). Cucurbita pepo seeds were collected from a local grocery store, and all other chemicals and
reagents were purchased from Sigma-Aldrich unless otherwise stated and used without further purification.

2.2 Preparation of pumpkin seed extract

Prior to extraction, pumpkin seeds were dried, peeled, and then ground using a mortar. Subsequently, 5 g of the
ground pumpkin seeds were mixed with 25 mL of hexane, and the extraction was carried out in a 50 ml round
bottom flask at 60 °C with continuous stirring and refluxing with nitrogen for 2 hours. Afterwards, the extract was
allowed to cool to room temperature (RT) and was cleaned in three steps. For this purpose, first, the extract was
filtered using a Whatman paper, and then the solution was centrifuged at 10.000 rpm for 10 min twice. Finally, the
supernatant was filtered using an ISOLAB PTFE hydrophobic syringe filter with a 0.22 um pore size, and the extract
was stored at 4°C until they were used in experiments.

2.3 Synthesis of silver nanowires

Silver nanowires were prepared using a polyol process, presented by Kim et al., with some modifications [22].
Initially, 1.6 g of PVP was added to 50 mL of EG in a two-necked flat-bottom flask and stirred at 450 rpm using a
magnetic stirrer until PVP was completely dissolved in EG. The mixture was then heated to 170 °C, and 0.05 g of
NaCl, 0.025 g of KBr, and 0.7 g of AgNO3 were added to the solution as soon as it reached 170 °C and conserved
stirring. Next, the solution was kept at 170 °C for 3 h to allow the Ag nanowire growth reaction to take place and
then was cooled down to room temperature by moving the flask into a water bath. To clean, the nanowire solution
was centrifuged with methanol and acetone twice. The collected Ag NWs were finally dispersed in ethanol
according to the desired concentration.

2.4 Synthesis of zinc oxide nanoparticles

ZnO nanoparticles were synthesized using the modified sol-gel method developed by Jin et al. [23] Two different
solutions were prepared for the synthesis. For the first solution, 30 mL of dimethyl sulfoxide (DMSO) was used to
dissolve 0.6585 g of zinc acetate dihydrate. The solution was then left to stir. Second, a tetramethylammonium
hydroxide pentahydrate (TMAH) solution in ethanol was prepared (0.5 M, 10 mL). The TMAH solution was added
to the zinc acetate dihydrate solution at a rate of 8 mL/min while stirring. Then, without pausing the mixing
process, the solutions were allowed to react for an hour under ambient conditions. After the reaction was
completed, the resulting solution was equally divided into three 50 mL falcon tubes, which were then filled with
acetone [24], and the content was centrifuged for 5 minutes at 5000 rpm. The precipitate was preserved once this
process was finished, and the supernatant was poured out. Each falcon tube was then filled with 1 mL of ethanol
and sonicated in a cold sonicator for 10 minutes. Subsequently, each 1 mL solution was mixed with 24 mL of
acetone and 25 mL of hexane, and the solutions were centrifuged at 5000 rpm for 10 min. Similarly, the liquid
portion of the falcon had been drained after the centrifugation process, and 1.5 mL of ethanol was added. Before
further use, they were sonicated for 15 minutes in a cooled sonicator.

2.5 Fabrication of the photodetector

To prepare photodetectors with PSE, Ag NW and ZnO NP loadings were fixed at 2 mg mL! and 5 mg mL,
respectively. The fabrication process starts with cleaning 2.5x2.5 cm? glass substrates. The substrates were
initially cleaned in an ultrasonic bath with isopropanol for 7 min. After drying with N2, the glass substrates were
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treated in a Harrick Plasma Expanded Plasma Cleaner System for another 7 min for further cleaning. The Ag NWs
were spun at 2000 rpm for 60 s. This deposition procedure was repeated 10 times to obtain a conductive and
transparent film and then the substrate was annealed at 150 °C for 15 min. ZnO NPs were spin-coated at 1000 rpm
for 30 s onto the resultant substrate and annealed at 150 °C for 20 min. To deposit PSE between the Ag NW
electrodes, a gap was opened by mechanically scratching the Ag NW-ZnO film using a surgical blade that had been
heated using the tip of a soldering iron prior to scratching. Finally, the semiconducting purified PSE was drop-
casted onto this gap and annealed at 60 °C for 15 min. The whole fabrication was carried out under ambient air
conditions.

2.6 Optical characterizations

To measure the absorbance spectrum of the synthesized materials, a Thermo Genesys 10S UV-vis
spectrophotometer was utilized. The absorption spectrum of PSE was obtained between 200-700 nm wavelengths
with an interval of 1 nm. The samples were added to the hexane-filled quartz cuvettes and absorbance data was
collected in arbitrary units (a.u.). The absorbance spectra of silver nanowires and zinc oxide nanoparticles were
measured between 400-700 nm wavelengths with an interval of 1 nm. The samples were added to the ethanol-
filled quartz cuvettes and absorbance data was collected in arbitrary units (a.u.). The photoluminescence (PL)
spectrum of PSE was measured by Agilent-Cary Eclipse fluorescence spectrophotometer 400-700 nm range with
an interval of 1 nm wavelengths. The samples were added to the hexane-filled quartz cuvettes, and
photoluminescence intensity data was collected in arbitrary units (a.u.).

2.7 Structural characterizations

The surface morphology of the silver nanowires (Ag NW)-zinc oxide nanoparticles (ZnO NP) films was imaged by
Zeiss Gemini scanning electron microscope (SEM) and Zeiss Axiocam 506 color optical microscope. Obtained
images were characterized using Image | program. The thickness of the films was measured by using a Bruker
Dektak XT stylus profilometer. Fourier transform infrared (FT-IR) spectroscopy analyses of pumpkin seed extract
was measured by Thermo Scientific Nicolet 6700 FT-IR Spectroscopy.

2.8 Electrical characterizations

Electrical conductivity of the Ag NW-ZnO NP films was determined by measuring sheet resistance of these Ag NW-
ZnO NP films, using a handmade four-point probe. For each sample, the average sheet resistance value was
determined by measuring five different points. Current-voltage (I-V) measurements were taken using a Keithley
2400 source meter illuminated by hand-held lasers with different wavelengths and monitored the current by using
a software. The photocurrent (Iph) is determined by subtracting the dark current (ldark) from the total measured
current (lwtal). The equation used is: Iph=ltotai~ldark Where liotal is the current measured when the photodetector is
illuminated, and ldark is the current measured in the absence of light. The responsivity of the fabricated
photodetectors was measured by the responsivity measurement setup (Keithley 2400 source meter) irradiated by
a monochromator-equipped broadband light source was used to measure current-voltage and responsivity of
fabricated photodetectors. While measuring the photocurrent under irradiation at various wavelengths between
400 and 650 nm, which are generated with the help of a white light source and a monochromator, a bias voltage is
applied to the photodetector.

3. Results and Discussion

Fabrication of optoelectronic devices following simplified processes and employing environmentally friendly
materials can lead to a more sustainable and cost-effective technology. Within this framework, pumpkin seeds
have a great potential for use in optoelectronics owing to the semiconducting character of their extracts.

In this regard, here we present a new device employing the extracts of Cucurbita pepo L. seeds as the active material
in a fully solution-processed, transparent metal-semiconductor-metal photodetector architecture. We first
prepared the extracts of the pumpkin seeds in hexane with continuous stirring at 60 °C under argon reflux.
Following the cleaning procedure, we obtained a clear and greenish oily liquid under daylight and a red-emitting
liquid under ultraviolet (UV) light (Figure 1a). The concentration of the final material turned out to be 182 mg/mL.
We conducted absorbance and photoluminescence measurements to characterize the optical features of pumpkin
seed extracts (PSE). PSE absorbs light at a broad range of wavelengths between 200-650 nm and emits a red light
under UV excitation, mainly due to the presence of riboflavin and protochlorophylls in pumpkin seeds (Borthakur
and Barua, 2014) [7]. As observed in Figure 1a, PSE has a strong absorption peak between 250-300 nm and much
weaker absorption bands around 410-450 nm and 550-650 nm. When excited at a wavelength of 420 nm, PSE
possesses a weak, broad blue emission in addition to strong emission peaks at ~650 and ~730 nm (Figure 1b).
We measured the fluorescence quantum yield of the extract as 21%. Following optical characterizations, we
conducted FT-IR measurements within a range of 4000-500 cm™ to identify the chemical groups of the active
components found in our extract (Figure 1c). Previously, Berezin and V. V. Nechaev reported that Pumpkin Seeds
primarily contain triacylglycerols, along with phenolics and tocopherol in trace amounts [25]. Similar to that study,
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our analysis confirmed the presence of hydroxyl groups (0-H) between 3450-3250 cm, likely originating from
carbohydrates or other bioactive compounds such as carboxyl acids and ketones. We also observed a peak around
3120-3030 cm1representing the presence of N-H groups found in amide compounds, as well as the bands at 1105-
1010 cm! corresponding to lipids, and 2950-2850 cm! corresponding to C-H vibrations. Finally, the vibrations
around 1450 cm! suggest the anti-symmetric deformation of CHz and CHz groups [26].
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Figure 1. (a) The absorbance spectrum of the PSE. Inset pictures show the photos of the PSE under daylight
(above), where the extract reveals a light green color, and under excitation with ultraviolet light (bottom), where
the extract has a red emission. (b) The photoluminescence spectrum of the PSE when excited at 420 nm. (c) FT-IR
transmittance spectrum of PSE.

Following the optical characterizations of PSE, we carried out the fabrication of an environmentally friendly and
cost-effective photodetector. Initially, we implemented the techniques described in our previous publications [17],
[18] for the electrode preparation process. Instead of conventional methods involving metal evaporation and
lithography, we preferred employing silver nanowires (Ag NW) and zinc oxide nanoparticles (ZnO NP). The silver
nanowires synthesized following the procedures reported in Reference [22] exhibited absorption maxima at 350
and 380 nm, corresponding to the longitudinal and transverse modes of plasmon peaks, respectively (Figure S1).
These findings align with the observations reported by Meenakshi et al. [22], [27], [28]. The synthesized Ag NWs
were characterized by using scanning electron microscopy (SEM) and Image ] software. The SEM images revealed
that the Ag NWs possess an average length exceeding 5 pum + 1.08 pm (Figure S2 (a)) and an average diameter of
approximately 42 nm + 4.46 nm (Figure S2 (b)).

Since ZnO NPs were found to enhance the stability and conductivity of the films of silver nanostructures [29], we
synthesized ZnO NPs using the recipe adapted from Jin et al. [23] The absorbance spectrum presented in Figure
S$3 indicated a peak at a wavelength of 350 nm, which can be attributed to the intrinsic band-gap absorption of
zinc oxides [30], [31], [32]. Subsequently, Dynamic light scattering (DLS) measurements were performed on the
Zn0 NPs to investigate structural properties of the ZnO nanoparticles (NPs), and the results indicated a particle
size of 12 nm. This observation suggests that the NPs possess the potential to occupy the gaps existing between
the nanowires, thereby leading to an improvement in conductivity. Supplementary information, Figure S4,
provides a visual representation of this phenomenon.

To fabricate the proof-of-concept device, we spin-coated Ag NW (10 layers) onto a pre-cleaned glass substrate and
annealed it (Figure 2a). Afterwards, we spin-coated zinc oxide nanoparticles (ZnO NP) on top of the Ag NW films
(Figure 2b) to increase the electrical conductivity, transparency and adhesion of the film [17], [33]. To investigate
how the number of Ag NW layers affects transparency, we performed multiple spin-coating cycles of the Ag NW
solution, followed by five spin-coating cycles of the ZnO NP dispersion. As depicted in Figure S5, the transmittance
of the Ag NW-ZnO NP films decreases as the number of spin-coating cycles increases. However, even after two
spin-coating cycles, the transmittance remains above 90%. Even after ten spin-coating cycles, the transmittance is
still higher than 85% in the spectral range over 580 nm. In comparison, commercially available indium tin oxide
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films (ITO) have transmittances of around 90% in the visible range [34]. These results indicate that the levels of
transparency we achieved are similar to what has been reported in the literature [35]. Afterward, we examined
the sheet resistance of the 10 layers of Ag NW-coated film. Characterizations conducted by a four-probe
measurement set-up demonstrated that the sheet resistance of the Ag NW/ZnO NP transparent film is 154
ohms/square. When we compare this sheet resistance with commercially available ITO, we realized that with the
same thickness of 165 nm, our conductive film has slightly higher sheet resistance (154 ohms/square) than ITO
(60-90 ohms/square) [36], [37], [38], [39]. Therefore, this result shows that the levels of sheet resistance we
obtained are comparable with the transparent conductive films in the literature. Then, we scratched this layer with
a surgical blade and drop-casted the semiconductive plant-based solution into the resulting gap as the active layer
(Figure 2c). Subsequently, we annealed the device at 60 °C for 15 min. The actual image of our photodetector is
shown in Figure 2d. To examine potential chemical alterations in the Pumpkin Seed extract following thermal
treatment at 60°C, we conducted FTIR analysis. The results indicated no significant changes in the structure of the
PSE concerning the locations of vibrations (Figure S6).

(a) (b)

(c) (d)

Figure 2. (a-c) Schematic representation of the metal-semiconductor-metal PSE photodetector fabrication
procedure. (d) Photograph of the fabricated device.

The structure of the scratched surface prior to PSE deposition was characterized using both optical microscopy
and SEM (Figure 3). Results reveal the width of the gap as ~30 um, which is wider than the typical gaps opened
using lithography but narrow enough to observe variations in the resistance upon exposure to light [17], [18].
Profilometer measurements indicate the thickness of Ag NW-ZnO NP film to be ~165 nm; the film thickness was
measured as ~22 pm after drop-casting PSE on top of the Ag NW and ZnO coated film (Figure S7).

10 ym

Figure 3. (a) Optical microscope and (b) SEM images of Ag NW-ZnO NP electrodes after scratching with a
surgical blade.

After the fabrication of the photodetectors (PDs), optoelectronic characterizations were conducted to
quantitatively assess their performance. For this aim, photocurrent measurements were performed on the
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fabricated PDs by exciting the pumpkin seed extract (PSE) at different wavelengths and bias voltages. Additionally,
responsivity calculations were carried out, which is a metric that characterizes the ability of the photodetector to
convert light into electricity and calculated according to Equation 1 [40] where Iph and P, stand for the
photocurrent and incident optical power, respectively [41].

R, = ’;’—" (A/W) 1)

As shown in Figure 4a, the applied bias and wavelength of the incident light significantly affect the responsivity
of the fabricated photodetectors. The maximum responsivity recorded was measured as ~1.61 mA/W at 5 V bias
voltage under 620 nm light exposure. With increasing voltage, the stronger electric field between the electrodes
makes it simpler to collect charges which enhances the photocurrent and responsivity. On the hand, the recorded,
relatively low responsivity can be attributed to the PSE extract that did not fully dry due to the oily nature of the
extract even after treating it at 60 °C. When we compare this wavelength dependence with the absorbance of the
PSE, we observe that the responsivity decreases at shorter wavelengths, whereas the absorbance of PSE increases.
This demonstrates that the contacts cannot collect the generated electron-hole pairs at shorter wavelength
exposures as effectively as the ones generated at longer wavelength exposures. We attribute the observed
difference to the thickness of the PSE layer, which is approximately 22 micrometers due to the drop-casting
method, in combination with the not fully-dried film causing exciton formation far away from the contacts upon
excitation with short-wavelength photons. Since the PSE absorbs light at shorter wavelengths stronger than light
at longer wavelengths, light at shorter wavelengths has a substantially smaller penetration depth. Therefore, the
highly energetic photons are only absorbed in the first few microns of the top portion of the device and are unable
to reach the active region to be harvested, reducing the responsivity of the photodetector. When these results are
compared with the quantum dot-based photodetectors and organic photodetectors, still our plant-based
photodetector needs improvement in their responsivities. This performance difference results from the broader
absorption spectra that QDs have, making them more efficient at absorbing specific wavelengths of light. Quantum
dots also tend to exhibit a higher quantum efficiency, representing the proportion of absorbed photons that
contribute to photocurrent by generating charge carriers.

When these results are compared with the quantum dot-based photodetectors and organic photodetectors [42],
[43], [44], [45], [46], our plant-based photodetector still requires enhancement in its responsivity. Quantum dot-
based photodetectors typically exhibit responsivities in the range of 0.1 to 1 A/W, with some advanced devices
reaching up to 109 A/W depending on the specific material and device architecture [47]. Organic photodetectors,
on the other hand, usually show responsivities between 0.1 and 0.5 A/W [48]. In comparison, our plant-based
photodetector currently demonstrates a responsivity of ~1.61 mA/W at 5 V bias voltage under 620 nm light
exposure. While this is lower than the typical values for QD and organic photodetectors, it is important to note that
this is a preliminary result, and there is significant potential for improvement through further optimization of the
device structure and material properties. This performance disparity is attributed to the broader absorption
spectrum inherent to quantum dots, which enables them to absorb specific wavelengths of light more efficiently.
Additionally, quantum dots tend to demonstrate higher quantum efficiency, reflecting a greater proportion of
absorbed photons contributing to photocurrent by generating charge carriers [49], [50]. As a result, quantum dot
photodetectors generally offer superior responsivity compared to their organic counterparts.
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Figure 4. (a) The responsivity of the PSE photodetectors at different bias voltages in the range of 400-620 nm.
(b) The responsivity spectrum of PSE photodetectors at a bias voltage of 5 V as a function of wavelength.
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4., Discussion and Conclusion

Here, we introduced semiconducting plant extracts as a sustainable alternative to conventional semiconductor
materials for optoelectronic applications. In particular, we demonstrated the potential of plant extracts in metal-
semiconductor-metal photodetectors using the extract of Cucurbita pepo L. (pumpkin) seeds. To further elaborate
the environmental-friendliness, we employed solution-processed electric contacts made of Ag nanowires and ZnO
nanoparticles patterned using a surgical blade instead of lithography. The resulting conductive films exhibited a
sheet resistance <100 ohms/square while keeping the optical transparency above 85%. By simply drop-casting
the extract between the electrodes, we completed the photodetector structure. To the best of our knowledge, our
device is the first active optoelectronic device made of plant extracts. Our proof-of-concept device exhibited
responsivities up to 1.61 mA/W. Through thickness, material, and device architecture optimizations, the
performance of the device can be further enhanced such that it can compete with the materials used ubiquitously
in literature. We believe that our results potentially form the building blocks for realizing a more sustainable and
cost-effective material system to be employed in active optoelectronic devices.
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Anahtar Kelimeler Oz: Hizli yayilan ve 8liimciil olan cilt kanserine melanom denir. Cilt kanserinin erken
Deri Kanseri, evrelerinde tedavi edilmezse 6liim orani ¢ok yiiksektir ancak erken evrelerinde
Transfer Ogrenme, dogru bir sekilde tanimlandiginda hastalarin hayatlar: kurtarilabilir. Dogru ve hizh

Ablasyon bir teshis ile hastanin hayatta kalma sansi artabilir. Bilgisayar destekli bir tani

destek sisteminin olusturulmasini gerekir.. Bu calismada Dense201, DarkNet19,
EfficientNet melanom siniflandirmasi icin 3 farkli derin transfer 6grenme modeli
sunmaktadir. Buna ek olarak, transfer 6grenmesinde kullanilan filtre boyutu
acisindan ablasyon ¢alismasi yapilmistir. Filtre boyutunun etkisine bakmak icin her
bir modelde farkli sayida filtre boyutu olusturulup sonug¢ alinmistir. Calismada 1792
iyi huylu ve 1464 koti huylu gorinti iceren ISIC veri seti kullanilmistir. Bu
calismaya gore, DenseNet201, boyutlarina bakilmaksizin farkl filtre boyutlarinda
dogru ve giivenilir sonuglar saglamistir. Bu nedenle, cilt lezyonlarinin
siniflandirilmasin1 iceren c¢alismalarda DenseNet201 kullaniminin segilmesi
onerilir.

Dermatolojik Goriintii Analizi icin Derin Ogrenme Modellerinin Karsilastirilmasi:

EfficientNet Zirvede
Keywords Abstract: Skin cancer that spreads quickly and is deadly is called melanoma. If skin
Skin Cancer, . cancer is not treated in its early stages, the mortality rate is very high, but when it is
Xlr)zlmts'fer Learning, correctly identified in its early stages, patients' lives can be saved. With an accurate
ation

and fast diagnosis, the patient's chance of survival can be increased. A computer-
aided diagnostic support system needs to be created. In this study, Dense201,
DarkNet19, and EfficientNet offer 3 different deep transfer learning models for
melanoma classification. In addition, an ablation study was conducted in terms of
the filter size used in transfer learning. To look at the effect of the filter size, different
filter sizes were created in each model and the results were obtained. The ISIC
dataset containing 1792 benign and 1464 malignant images was used in the study.
According to this study, DenseNet201 provided accurate and reliable results at
different filter sizes regardless of their size. Therefore, it is recommended to use
DenseNet201 in studies involving the classification of skin lesions.
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1. Introduction

Melanoma is the least common but most deadly type of skin cancer, accounting for only 1% of all skin cancer cases.
It is estimated that 200,340 cases of melanoma will be diagnosed in the United States in 2024 [1]. Of these cases,
99,700 will be noninvasive (in situ) and 100,640 will be invasive. Of these invasive cases, 59,170 will be in men
and 41,470 in women. It is estimated that 8,290 deaths from melanoma will occur, 5,430 in men and 2,860 in
women. Melanoma is associated with UV exposure, especially during adolescence, such as sunburn and indoor
tanning [2]. People with fair skin and those with lighter eyes and skin tones are at higher risk. The incidence of
melanoma has been steadily increasing in recent years. The number of new invasive melanoma diagnoses per year
has increased by 46% in the last 15 years, 32% in the last 10 years, and 16% in the last 5 years [3]. The incidence
of melanoma varies by age. It is higher in women before the age of 50, twice as high in men as in women after the
age of 65, and three times as high in women at the age of 80 [4], [5]. In young adults, especially those between the
ages of 15 and 29, melanoma is the second most common cancer. Pediatric melanoma is rare and is usually due to
different causes, such as large, hairy moles present at birth [6]. The relationship between UV exposure and
melanoma is well established. Even one severe sunburn during childhood or adolescence doubles the risk of
developing melanoma later in life [7]. The use of indoor tanning devices is also a significant risk factor, and the
risk increases significantly in those who use these devices before the age of 35 [6], [8]. Indoor tanning is more
common among women, and this habit significantly increases the risk of melanoma [9].

Melanoma is usually diagnosed by biopsy. Dermoscopy and other imaging techniques are used to evaluate lesions.
Pathologic examination provides information about tumor thickness and other prognostic factors[10]. Accurate
staging of melanoma is vital to determining appropriate treatment strategies [11]. An exhaustive analysis
emphasizes the potential of artificial intelligence (Al) in the field of dermatology for the early diagnosis of skin
cancer [12], [13]. The study highlights the importance of validating Al systems in clinical environments to
guarantee their efficacy and safety. Furthermore, it explores the significance of taking into account genetic and
ethnic variation in patients when using Al applications. The utilization of the MobileNetV2 network for melanoma
classification has demonstrated encouraging outcomes. The primary objective of this study is to utilize transfer
learning to accurately categorize melanoma photos as either benign or malignant. The study proposes that deep
learning models can be efficiently employed in mobile applications to offer accessible diagnostic tools [14]. The
findings suggest that Vision Transformers (ViTs) hold significant promise in the detection of skin cancer,
particularly in improving the identification of melanoma. The report provides suggestions for future research,
including investigating the potential of hybrid models that integrate CNN and ViT technologies, as well as applying
ViTs to various medical image categorization tasks [15], [16].

The study [17] examines many publicly accessible skin imaging datasets and their corresponding algorithms for
the diagnosis of skin cancer. Another study employs convolutional neural networks (CNNs) to predict skin cancer
at an early stage, integrating approaches for data augmentation [18]. This article examines the most advanced
deep-learning models used for detecting skin cancer, with a particular focus on the utilization of the ISIC dataset
[19]. A new study has integrated many advanced deep-learning models to improve the accuracy of melanoma
detection using ISIC datasets [20]. In the literature on ablation research, commonly employed models include
Googlenet, Inception3, Densenet201, Inception-ResNetV2, and a deep convolutional neural network (CNN) model
called Darknet19. The work utilizes fine-tuning techniques on the ISIC 2019 skin cancer dataset, which comprises
eight distinct classifications. The study presents a comparison of the performance of different models on the
dataset, with Darknet19 demonstrating competitive outcomes [21][22]. This study conducts a comparative
analysis of DenseNet201, DarkNet-19, and other neural networks in the context of skin cancer detection and
classification. The analysis is conducted on a sample of 4000 images from the ISIC archive collection. DenseNet201
exhibited robust performance, while DarkNet-19 and other models also displayed noteworthy outcomes [23]. This
article examines the utilization of networks such as AlexNet, DarkNet19, GoogleNet, and DenseNet201 that have
been trained on the ISIC 2017 and HAM1000 datasets to detect skin cancer. The DenseNet201 model achieved the
highest accuracy rate of 82.9% and had a balanced precision and recall, as indicated by its F1 score [24]. The paper
compares DenseNet201 and an enhanced version of DarkNet-19 for the classification of skin lesions using the ISIC
2019 and PH2 datasets. DenseNet201 had superior performance in terms of both accuracy and resilience
compared to other models [25]. Different research examines different convolutional neural networks, such as
DenseNet201 and Darknet-19, to diagnose melanoma using the ISIC 2017 dataset [26]. The paper provides precise

384



Benchmarking Deep Learning Models for Dermatological Image Analysis: Efficientnet Takes The Lead

metrics that demonstrate the great performance of DenseNet201 and other deep-learning models. This article
examines the current developments in melanoma detection by comparing the performance of DarkNet-19,
EfficientNet, and other models using ISIC datasets. The utilization of EfficientNets and ensemble approaches
resulted in significant enhancements in classification accuracy [27]. The importance of artificial intelligence (Al) in
skin cancer diagnosis is becoming increasingly evident, particularly in addressing the limitations of traditional methods.
Al offers significant advantages, including the ability to analyze large datasets quickly and efficiently, which accelerates
the diagnostic process and increases the capacity to serve more patients. Deep learning models, trained on extensive
and diverse datasets, can achieve high accuracy and precision, crucial for the early detection of conditions like
melanoma. Al systems capture subtle and complex details within skin lesions that might be overlooked by the human
eye, providing a more comprehensive diagnostic tool. Furthermore, Al can standardize the diagnostic process, reducing
the likelihood of human error and ensuring a more consistent approach across various cases. In contrast, traditional
diagnostic methods such as dermoscopy and biopsy, while effective, have several limitations. These methods can be
time-consuming and require specialized expertise, leading to delays and potential accessibility issues, especially in areas
with a shortage of dermatologists. Human error is another concern, as factors like fatigue and distraction can impact
diagnostic accuracy. Traditional approaches also struggle with the analysis of large volumes of data, as each image must
be evaluated manually, which can be inefficient and prone to oversight. Additionally, variability in imaging techniques
and equipment can affect the consistency of results. Overall, while traditional methods have been foundational in skin
cancer diagnosis, Al presents a promising advancement by addressing these limitations and offering enhanced accuracy,
efficiency, and standardization in the diagnostic process. A review of the literature reveals that no studies have compared
only these three models and additionally performed ablation analysis—where parameters are altered in various layers of
the models to observe changes in results. This study’s originality lies in its unique approach of both comparing these
specific models and conducting ablation experiments to gain deeper insights into their performance. There is no study in
the literature examining the impact of filter size on skin cancer detection in the applied models.

2. Material and Method
2.1. Data

In this study, 3256 images were obtained from the ISIC archive skin cancer detection using pytorch | Kaggle. The
distribution of data from the training, validation, and test sets used to diagnose skin cancer is shown in this table.
There are 924 malignant and 1144 benign samples in the training set. We analyze the model's performance during
training using the validation set, which consists of 288 benign and 240 malignant samples. The test set evaluates
the final performance of the model and consists of 360 benign and 300 malignant samples. Understanding and
evaluating this distribution is critical to assess the model's performance across various data sets. The model can
be thoroughly tested thanks to the total of 2068 samples in the training set, 528 samples in the validation set, and
660 samples in the test set.

TABLE 1 SAMPLE OF SKIN CANCER DATASET

BENIGN MALIGN
TRAIN 1144 924
VALIDATION 288 240
TEST 360 300
TOTAL 1792 1464
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Figure 1. Examples from the dataset.

2.2. Model and Parameters

The categorization of diseases based on medical images was thoroughly examined by employing various
recognized transfer learning architectures. The designs were pre-trained on the ImageNet dataset, and any
modifications to the models and networks were made using the MATLAB environment [28]. Darknet19,
EfficientNet, and DenseNet-201 are models used in the field of deep learning, each with different architectural
designs. Each of these models has certain advantages and is optimized for various applications. Darknet19 was
developed by Joseph Redmon and Ali Farhadi as part of the YOLO (You Only Look Once) object recognition system
[29]. Darknet19 is a 19-layer convolutional neural network (CNN) and is optimized for fast and efficient object
detection. Darknet19 has 19 convolutional layers followed by max pooling layers. Convolutional layers are used
to extract features from the image while pooling layers provide more efficient computation by reducing the size of
these features. The last layers contain fully connected layers and a softmax activation function for classification.
This structure enables Darknet19 to perform fast and accurate object detection [29]. EfficientNet is an approach
that optimizes model scaling and was developed by Google. This architecture aims to achieve high performance
using combinations of width, depth and resolution. EfficientNet has a basic network architecture and this basic
network is extended using systematic scaling methods to create larger and more complex models. EfficientNet-BO
is a small and efficient model as a starting point and the larger EfficientNet models (B1, B2, ... B7) are versions of
this basic model at different scales. This systematic scaling method minimizes computational costs while
improving performance [30]. DenseNet-201 is a densely connected convolutional neural network and was
developed by Gao Huang et al. DenseNet-201 has 201 layers, and each layer receives information from all the
previous layers. This densely connected structure prevents gradient loss and increases the information flow,
allowing for more efficient learning. Another important feature of DenseNet-201 is that it reduces the number of
parameters, making the model more compact and efficient. Each layer uses the output of the previous layers to
create a stronger knowledge base, which increases the model's overall performance [31]. When these three
methods were compared all of them had advantages and disadvantages.

TABLE 2 PARAMETERS OF MODELS

COMPONENT/HYPERPARAMETER PARAMETERS
Test train split ratio 80-20
Input size (image) 227x227x3
'Initiallearnrate’, 3e-4
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Pooling layers Max
2x2
Filter size 3x3
5x5
Epoch number 6
Activation function RelLu
Batch size 10
Optimizer SGDM

In the ablation study, we have tested several kernel sizes, including 2 x 2, 3 x 3, and 5 x 5, to evaluate their impact
on performance. The skin lesion classification task was performed using the models DarkNet19, EfficientNet, and
DenseNet201. The following provides specifics on the hyperparameters that were used to train and assess the
models: Test-Train Split Ratio: 20% was utilized for testing and 80% of the dataset was used for training. 3 channel
(RGB) images with an input size of 227 x 227 pixels were utilized. Initial Learning Rate: 3e-4 was the calculated
value. This controls the speed at which the model updates its weights. As layers of pooling Max Pooling was
applied. By doing this, significant features are preserved while the feature map size is decreased. For the filter size,
three different filter sizes—2x2, 3x3, and 5x5—were used to compare the performances of the models. In the
epoch number six epochs were used to train the model. This indicates the number of times the entire dataset was
processed by the model. Rectified Linear Unit, or ReLU[32], activation function was applied. To improve the
model's capacity for learning, this function zeroes out negative values and passes positive values through. For the
batch size, ten was found to be the value. This is a reference to the quantity of data that is fed into the model at
every training phase. Stochastic Gradient Descent with Momentum (SGDM) [33] was the optimization algorithm
that was applied. To avoid local minima and accelerate learning, this method adds momentum. MATLAB software
in version 2024 was utilized for this research. MATLAB [34] is an effective tool for processing data, building and
evaluating models, and supporting a variety of deep-learning techniques. Carefully selected hyperparameters and
training methods were employed to maximize model performance and achieve beneficial classification accuracy
for skin lesions.

2.2.Performance Metrics

These metrics are used to evaluate the performance of the model in classifying skin cancer images. They help
measure the correct diagnosis rates, false diagnosis rates, and the overall accuracy of the model.

TABLE 3 CONFUSION MATRIX REPRESENTATION

Actual
T | TP | FP
ks
§
& | FN | TN

In machine learning and statistical models, it is a fundamental tool used to evaluate the performance of a
classification algorithm. Confusion matrix is the most commonly used evaluation method for binary classification
problems. It can also be used for multiple classification problems, but its interpretation is more complex. The table
3 explain TP: True positive (Refers to cases where a disease is present and accurately identified), TN: A true
negative refers to a situation where a person is healthy and is appropriately diagnosed as such. FP: False positive
(A situation when a person is healthy but is wrongly classified as having a medical condition), FN: False negative
(Refers to cases where a person has a disease but is wrongly identified as not having it).

TP + TN
Accuracy = 7o N TP+ N (D

Accuracy indicates how accurately the model classified. It is the ratio of true positive (TP) and true negative (TN)
results to the total number of tests.
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Sensitivity (Recall) = TP+ I @3

Sensitivity is a statistical measure that quantifies the proportion of genuine positive outcomes in relation to the
combined number of true positives and false negatives. It provides insight into the accuracy of accurately
identifying individuals with the condition.

TN
Specificity = TN-I-—FP 3)

Specificity is a statistical measure that quantifies the proportion of genuine negative findings in relation to the
total of true negatives and false positives. It provides information on the accuracy of identifying healthy
individuals.

TP

Positive Predictive Value = TP+ FP (©))

The positive predictive value measures the proportion of those categorized as positive who are indeed affected by
the disease. The term "precision” refers to the ratio of genuine positive findings to the combined number of true
positives and false positives.

3. Results

The results obtained at the end of this study can be evaluated in two different steps. One step is to compare the
classification success of three different types of transfer learning methods, and the second step is to apply ablation
to these three different transfer learning methods. The results obtained by changing the filter size as the ablation
application and the effect of the filter size are as follows. Accuracy performances of Darknet19, EfficientNet, and
DenseNet models in classifying benign and malignant tumors for skin cancer using different filter sizes. The
Darknet19 model generally has a lower accuracy rate compared to the other two models. Particularly, as the filter
size increases, the performance of Darknet19 noticeably decreases; the accuracy rate, which is 71.97% with a 2x2
filter size, drops to 67.88% with a 3x3 filter size and to 61.82% with a 5x5 filter size. This shows that the model
performs better with smaller filters but is overall less effective compared to other models. The EfficientNet model
stands out with its consistent and high accuracy rates. The accuracy rate, which is 83.48% with a 2x2 filter size,
slightly decreases to 83.03% with a 3x3 filter size, but exhibits its highest performance with 85.91% with a 5x5
filter size. These results demonstrate that EfficientNet performs better with larger filter sizes and has a
significantly superior classification ability compared to Darknet19. The DenseNet model stands out as the model
that achieves the highest accuracy rates. It starts with an accuracy rate of 84.39% at a filter size of 2x2 and achieves
its highest performance with an accuracy rate of 87.73% at a filter size of 3x3. If the filter size is 5x5, it still provides
a significantly high accuracy rate of 86.82%. It is often observed that when the filter size of DenseNet increases, its
performance tends to improve, but it reaches its peak at a filter size of 3x3. B This study shows that DenseNet gives
the most effective results with medium-sized filters and outperforms Darknet19 and EfficientNet in skin cancer
classification.

Overall, this comparison demonstrates that the EfficientNet and DenseNet models are superior to Darknet19 in
classifying skin cancer, particularly with DenseNet yielding the best results with a 3x3 filter size and EfficientNet
achieving the highest accuracy rate with a 5x5 filter size. This also demonstrates that the filter size is a significant
factor in model performance, and each model responds differently to different filter sizes. EfficientNet and
DenseNet get higher accuracy with larger filter sizes, but Darknet19 has lower accuracy rates even when working
with smaller filters and generally lags behind the other two models. The results of our analysis are summarized in
the Table 4 and 5. We compared the performance of three different deep learning models (DarkNet19, EfficientNet
and DenseNet201) using three different filter sizes (2x2, 3x3 and 5x5). The metrics used for evaluation are
sensitivity, specificity, positive predictive value (PPV) and accuracy.
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TABLE 4 PERFORMANCE METRICS ESULTS OF MODELS

Model FilterSize | Sensitivity | Specificity | PPV | Accuracy

2x2 0.67 0.92 0.97 0.72

DarkNet19 3x3 0.63 0.91 0.97 0.68
5x5 0.56 0.63 0.96 0.56

2x2 0.81 0.87 0.91 0.83

EfficientNet 3x3 0.81 0.87 0.91 0.83
5x5 0.87 0.85 0.88 0.86

2x2 0.82 0.89 0.92 0.84

DenseNet201 3x3 0.9 0.85 0.88 0.88
5x5 0.89 0.84 0.87 0.87

TABLE 5 THE ACCURACY RESULTS FROM DIFFERENT FILTER SIZES OF MODELS

MODEL 2x2 3x3 5x5
Darknet19 0.7197 0.6788 0.6182
Efficient-Net 0.8348 0.8393 0.8591
Dense201 0.8439 0.8773 0.8682

TABLE 6 THE CONFUSION MATRIX RESULTS FROM DIFFERENT FILTER SIZES OF MODELS

2X2 3x3 5x5
DarkNet19 349 11 350 10 344 16
174 | 126 202 98 273 27

EfficientNet 326 34 327 | 33 315| 45
75| 225 79 | 221 48| 252

DenseNet201 | 332 28 315 45 312 48
75 | 225 36 | 264 39 | 261

TABLE 7 THE F-MEASURE RESULTS FROM DIFFERENT FILTER SIZES OF MODELS

2x2 3x3 5x5
DarkNet19
0.79 0.76 0.70
EfficientNet
0.86 0.85 0.87
DenseNet201
0.72 0.67 0.66
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The Table 5 compares the performance of DarkNet19, EfficientNet and DenseNet201 models on 2x2, 3x3 and 5x5
grid sizes using confusion matrixes. The correct and incorrect classification numbers of the models are used to
evaluate their classification performance using confusion matrix. These results can be interpreted; while
DarkNet19 has higher accuracy in small grid sizes such as 2x2 and 3x3, it also exhibits many incorrect
classifications. The accuracy rate decreases in a 5x5 grid size as the number of misclassifications rises. These
findings indicate that DarkNet19 has a decline in performance as the grid sizes increase. EfficientNet had a well-
balanced performance across all grid sizes and achieved decreased misclassification rates compared to other
models. This demonstrates that EfficientNet is a reliable model for classifying skin lesions. DenseNet201 achieved
high performance when applied to grid sizes of 2x2 and 3x3. Nevertheless, while using a 5x5 grid size, the accuracy
rate showed a modest reduction while the number of misclassifications increased. Table 6 shows the confusion
metrics of the dataset and table 7 shows the F-measure (F1 score) performance of different convolutional neural
network (CNN) architectures using various kernel sizes. DarkNet19 achieves its highest F1 score with a 2x2 kernel size
(0.79), and performance decreases as the kernel size increases, with scores of 0.76 and 0.70 for 3 x3 and 5x5 kernels,
respectively. This suggests that DarkNet19 performs better with smaller kernels, which might capture local features
more effectively. EfficientNet, on the other hand, consistently shows high F1 scores across all kernel sizes, peaking at
0.87 with a 5x5 kernel. This indicates that EfficientNet is more robust to changes in kernel size and benefits from larger
kernels, potentially due to its efficient feature extraction capabilities. DenseNet201 exhibits the lowest F1 scores among
the architectures, with a decreasing trend as the kernel size increases, scoring 0.72, 0.67, and 0.66 for 2x2, 3x3, and 5x5
kernels, respectively. This suggests that DenseNet201 might struggle with larger kernels and does not perform as well
as the other models. Overall, EfficientNet demonstrates superior performance and adaptability across different kernel
sizes, while DarkNet19 is effective with smaller kernels and DenseNet201 shows limited performance improvements
with increasing kernel size. The results indicate that the EfficientNet model outperforms other models in the task of
classifying skin lesions. The EfficientNet model stands out in its high sensitivity, specificity, positive predictive
value, and accuracy across all filter sizes. This demonstrates the capability of EfficientNet in accurately classifying
skin lesions. The DenseNet201 model likewise achieved excellent performance. The sensitivity and positive
predictive value of the system are strong for both 2x2 and 3x3 filter sizes. Furthermore, the system maintains its
high performance even with a 5x5 filter size. Nevertheless, the level of specificity is relatively low for certain filter
sizes. The DarkNet19 model yielded inconclusive outcomes. Although the 2x2 filter size yields excellent specificity
and positive predictive value, the sensitivity and accuracy scores are only average. Although the sensitivity and
accuracy numbers are relatively low with a 3x3 filter size, they are significantly lower with a 5x5 filter size.

4., Discussion and Conclusion

This study aimed to answer these 2 questions:

1) Firstly, the objective is to compare the outcomes of transfer learning techniques that have not been
employed for the simultaneous classification of skin cancer.
2) Secondly, the objective is to conduct ablation experiments in transfer learning approaches by modifying

the filter size, and to analyze the impact of the filter size on the classification performance.

This study investigated the classification abilities of DarkNet19, EfficientNet, and DenseNet201 models in
the classification of skin lesions. The models were tested using three different filter sizes: 2x2, 3x3, and 5x5. The
EfficientNet model demonstrated better results compared across all filter sizes, exhibiting both balance and high
efficiency. EfficientNet attracted attention, especially with its low misclassification rates and high sensitivity, PPV,
and accuracy values. The DarkNet19 model demonstrated outperformed specifically with a 3x3 filter size but gave
inconsistent results with other filter sizes. The EfficientNet model is the preferred option for skin lesion
classification investigations. The study demonstrates the impact of various deep-learning models and filter sizes
on the effectiveness of skin lesion categorization. It offers significant insights that can inform future research. In
general, EfficientNet performs appropriately, although it does not achieve the same level of accuracy in classifying
data as DenseNet201. According to these findings, we can conclude that the DenseNet201 model is the most
efficient model for classifying skin lesions, as it exhibits low rates of misclassification and a well-balanced
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performance. DenseNet201 provided accurate and reliable results on different filter sizes, without regard for their
size. Thus, it is recommended to use DenseNet201 for studies including the classification of skin lesions.

Future research on data augmentation and diversity should prioritize these recommendations. Techniques for
augmenting data are essential to improving the model's capacity for generalization on small data sets. Generative
adversarial networks (GANs) [35], [36] can be used to generate synthetic data, which can be assessed in addition
to data augmentation techniques like color substitution, random cropping, and vertical and horizontal flipping.
Furthermore, a variety of ablation study designs can be used to investigate how particular model elements affect
output. The accuracy of the model on a variety of skin types and lesions can be improved by supplementing the
data set with information from other sources. The creation of more thorough and broadly applicable models will
be aided by such methods.
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Maksimum Olasilik

0z: Son yillarda gelistirilmis 6nde gelen iletim teknolojileri arasinda yer alan ¢oklu-
giris coklu-cikis - filtre bankasi ¢oklu tasiyici/ofset dordiin genlik modiilasyonu
(MIMO-FBMC/0QAM), kablosuz iletisime has birgcok problemi ¢6zme yetisine sahip
olmakla birlikte, alicisinda etkili bir sembol dedektoriine gereksinim duymaktadir.
Bu calismada, MIMO-FBMC/0QAM sistemi icin hem diisiik karmasikli hem de
yliksek sembol algillama performansina sahip yeni bir sembol dedektori
gelistirilmistir. Bunun i¢in, sembol vektorlerini kusursuz bir sekilde algilayabilen
ancak bu islemi oldukea yiiksek bir arastirma maliyetine sebep olan kapsamli arama
prosedirii kullanarak gergeklestiren klasik maksimum olasilik (ML) dedektori
modifiye edilmistir. S6z konusu modifikasyonda, yliksek maliyetli kapsamli arama
prosediirii devre dis1 birakilarak, yerine sembol vektorlerinin optimizasyon islemini
gerceklestirmek iizere ayrik karga arama algoritmasi (DCSA) entegre edilmistir.
Boylelikle, geleneksel ML yonteminin olduk¢a yiiksek olan arastirma maliyeti
diistiriilmekle kalmayip, optimuma yakin bir sembol algilama performansi elde
edilmistir.

An Advanced Symbol Detection Method Based on Discrete Crow Search Algorithm for

MIMO-FBMC/0QAM Transmission Technology

Keywords

Crow Search Algorithm,
FBMC/0QAM,

Symbol Detection,
MIMO,

Maximum Likelihood

Abstract: Although multiple-input multiple-output - filter bank multicarrier/offset
quadrature amplitude modulation (MIMO-FBMC/OQAM), which is among the
prominent transmission technologies developed in recent years, has the capability
of solving various problems peculiar to wireless communication, it requires an
efficient symbol detector at its receiver. In this study, a new symbol detector with
both low complexity and high symbol detection performance has been developed
for MIMO-FBMC/OQAM system. For this, the classical maximum likelihood (ML)
detector, which can detect the symbol vectors perfectly but performs this process
by using an exhaustive search procedure that causes a quite high searching cost, was
modified. In this modification, the high-cost exhaustive search procedure was
disabled and instead, discrete crow search algorithm (DCSA) was integrated to carry
out the optimization process of the symbol vectors. Thus, not only the pretty high
search cost of the traditional ML method was reduced, but also a near-optimum
symbol detection performance was achieved.
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1. Giris

Filtre bankasi ¢oklu tasiyici/ofset dordiin genlik modiilasyonu (FBMC/OQAM: Filter bank multicarrier/offset
quadrature amplitude modulation) [1, 2], gelecek nesil kablosuz sistemlerde geleneksel dikgen frekans bolmeli
¢ogullamanin (OFDM: Orthogonal frequency division multiplexing) [3, 4] yerini alma potansiyeline sahip énemli
dalga formlarindan bir tanesidir. FBMC/OQAM dalga formu, OFDM sistemine ait eksiklikleri ortadan
kaldirabilecek benzersiz 6zellikleri ile 6ne ¢ikmaktadir. Ornegin; énemli oranda semboller arasi girisime neden
olan yliksek seviyeli yan loblara sahip olmak, OFDM sisteminin en 6nemli dezavantajlar1 arasinda yer alirken, filtre
bankalarinin kullanimi sayesinde elde edilen diisiik yan loblar, FBMC/0QAM sisteminde neredeyse ihmal edilebilir
diizeyde semboller arasi girisime yol agmaktadir. Bunun yani sira, FBMC/0OQAM sisteminde dongilisel dnek
kullanimina ihtiya¢ duyulmamaktadir. Bu nedenle, OFDM sistemine gore daha yiiksek veri oranlarina ulasmak
miimkin hale gelmektedir. Ayrica FBMC/OQAM sistemi, iletim sinyalinin ¢ok diisiik bitisik kanal s1zint1 oranina
sahip olmasi sayesinde bilissel radyo uygulamalariyla tam olarak uyumludur. Ote yandan hem frekans hem de
zamanda iyi lokalize edilmis darbe sekli kullanimi, FBMC/OQAM'’yi mobil ortam i¢in daha uygun bir iletisim
sistemi haline getirmektedir [1, 2]. Yukarida bahsedilen tiim bu iistiin 6zelliklerin, ¢oklu antenler {izerinden veri
iletimi gerceklestirilerek ¢oklu-giris c¢oklu-cikis (MIMO: Multiple-input multiple output) teknolojisinin
avantajlariyla birlestirilmesi durumunda, FBMC/OQAM sisteminin kapasitesi ¢ok daha yiiksek bir seviyeye
ulagmaktadir [5, 6]. Sinyallerin ¢oklu anten yapisi lizerinden iletilmesi, sistem performansina énemli faydalar
saglamaktadir. Coklu anten kullaniminin saglamis oldugu en 6nemli faydalardan birisi, ¢cok yollu kanallarin
soniimleme etkilerinin ciddi oranda azaltilmasidir. Boylelikle, daha diisiik bit hata orani (BER: Bit error rate) ile
veri iletimi gerceklestirmek miimkiin hale gelmektedir. MIMO teknolojisinin bir diger 6nemli avantaji ise kapasite
artisidir. Anten sayisindaki artis, sistem kapasitesinin ylikselmesine yol agmaktadir. Bunun sonucunda, daha
yiiksek veri oranlarinda iletisim saglanabilmektedir [5, 6].

Diger taraftan, MIMO-FBMC/OQAM alicisinda sembol vektorlerini en az hata ile algilayan ve bunu ¢ok fazla islem
yukiine neden olmadan gerceklestirebilen verimli bir sembol dedektoriine gereksinim duyulmaktadir. Sifir
zorlama (ZF: Zero forcing) dedektort [7], kolay uygulanabilir yapisi nedeniyle sembol algilama problemini ¢ozmek
icin ilk akla gelen yontemlerden birisidir. Ancak s6z konusu dedektor, ¢ok basit yapisi sayesinde diisiik bir
karmasikliga sahip olsa da hicbir sistemde tolere edilemeyecek bazi kritik zayifliklara sahiptir. Zorlu kanal
kosullarina olan hassasiyet, ZF yonteminin dne ¢ikan zayifliklarindan bir tanesidir. Bu zayiflik, ilgili yontemin
sembol algillama performansini 6nemli olciide diistirmektedir. Bunun yami sira, anten sayisi arttikca ZF
dedektoriiniin sembol algilama performansi daha da kétiiye gitmektedir [7]. Maksimum olasilik (ML: Maximum
likelihood) stratejisi [8], ZF ile birlikte farkli iletim teknolojilerinde en ¢ok kullanilan yontemlerden birisi olmasi
sebebiyle, MIMO-FBMC/OQAM sisteminde sembol dedektorii olarak faydalanmak igin ciddi bir segcenek olarak
degerlendirilebilir. ZF dedektoriiniin aksine, sembol algilama performansi ML yonteminin en gii¢lii noktasidir. En
zaylf yani ise sahip oldugu yiiksek arastirma karmasikligidir. Kullanmis oldugu kapsamli arama prosediirii, ML
stratejisinin optimum ¢6ziime ulagsmasini garanti ederek kusursuz bir sembol algilama performansi sergilemesini
saglarken, ilgili arama prosediirii ayn1 zamanda arastirma karmasikliginda asir1 bir artisa neden olmaktadir [8].
Sistem karmasiklifinda minimum artisa neden olarak sembol vektorlerini en yiliksek dogrulukta algilama
kapasitesine sahip verimli bir sembol dedektori ihtiyact g6z oniinde bulunduruldugunda ne ZF ne de ML
dedektorii MIMO-FBMC/OQAM sistemindeki sembol algilama problemi i¢in ideal bir ¢6ziim olamaz.

Geleneksel ML yonteminde kapsamli arama prosediirii kullanilarak sembol algilama islemi gerceklestirilirken,
iletilme olasilig1 en yiiksek olan optimum sembol vektorii bulunmaya calisilir. Bunun i¢in iletilme olasiligi bulunan
her bir sembol kombinasyonu, kanalin bozucu etkisine maruz kalarak aliciya ulasan sembol vektorii ile arasindaki
Oklid mesafesi bakimindan test edilir. En diisiik Oklid mesafesine sahip olan sembol kombinasyonu, en yiiksek
iletilme olasiligina sahip sembol vektori olarak ML dedektorii cikisindan elde edilir [8]. Diger taraftan, ayrik
aragtirma uzayinda yer alan her bir sembol kombinasyonu icin Oklid hesab: gerceklestirerek optimum sembol
vektoriinii elde etmeye calismak yerine, sembol vektorlerini optimize ederek ¢ok daha diisiik bir arastirma
maliyeti ile optimuma yakin bir ¢éziime ulagsmak miimkiindiir. ML dedektdriindeki séz konusu optimizasyon
islemini yerine getirmek i¢in, diisiik aragtirma maliyetleriyle tatmin edici sonug¢lara ulasabilme yeteneklerinden
dolay1 metasezgisel algoritmalar en dogru secim olacaktir. Makalede ele alinan sembol algilama probleminde, her
biri farkli bir karmasik doérdiin genlik modiilasyonu (QAM: Quadrature amplitude modulation) sembol
kombinasyonundan olusan sembol vektorleri direkt olarak ayrik uzayda optimize edilmektedir. Bu amagla, sembol
vektoriinde yer alan her bir QAM sembolii, esdegeri olan ikili sayiya dontistiiriiliir. Boylelikle, her bir sembol
vektori ayrik uzayda optimize edilmek iizere ikili bit dizisi haline getirilmis olur. Elde edilen ikili bit dizilerini
optimize edebilmek icin metasezgisel algoritmalarin etkili ayrik versiyonlarina ihtiya¢ duyulmaktadir. Bu ihtiyag
gbz onlinde bulundurularak, ikili uzayda etkili bir arastirma yetenegine sahip olan ayrik karga arama algoritmasi
(DCSA: Discrete crow search algorithm) [9] 6nerilmistir. Bu ¢alismada, klasik CSA algoritmasinin [10] s6z konusu
ayrik varyant1 ML dedektoériine sembol optimizatorii olarak entegre edildikten sonra, DCSA-ML olarak adlandirilan
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yeni bir sembol algilama stratejisi gelistirilmistir. Gelistirilen bu yeni strateji, ML ve ZF gibi geleneksel sembol
dedektorlerinin yani sira ayrik ikili harmoni arama [11] tabanli ML (DBHS-ML: Discrete binary harmony search-
ML) ve ayrik yapay ar1 kolonisi [12] tabanli ML (disABC-ML: Discrete artificial bee colony-ML) gibi gelismis ML
stratejileri ile sembol algilama performansi bakimindan karsilastirilmistir.

Literatiirde farkli metasezgisel yaklasimlar kullanilarak cesitli iletisim sistemlerinde sembol vektorlerini
algilamaya yonelik bazi ¢alismalar mevcuttur. [13]'de, MIMO iletisim sistemlerinde sembol vektdrlerinin
algilanmasi icin pargacik siirii optimizasyonu (PSO: Particle swarm optimization) algoritmasinin standart ve ikili
versiyonlarinin kullanildig1 birkag¢ adet diisiik karmasikli ML stratejisi gelistirilmistir. [14]'te yazar, klasik ML
yonteminin sahip oldugu asir1 karmasiklig1 azaltip MIMO-dikgen olmayan ¢oklu erisim (MIMO-NOMA: MIMO-Non
orthogonal multiple access) sisteminde potansiyel olarak kullanilabilir hale getirmek i¢in geri izleme arama
algoritmasindan (BSA: Back-tracking search algorithm) yararlanmistir. [15]’te yazarlar, masif MIMO sistemindeki
sembol algilama problemini ¢6zmek icin ABC algoritmasinin dogrusal sembol dedektorii ile birlikte kullanildigi bir
sembol algilama stratejisi 6nermislerdir. [16]’te, genis-MIMO sistemlerde sembol dedektdrii olarak kullanabilmek
icin PSO ve karinca koloni optimizasyon (ACO: Ant colony optimization) algoritmalar: birlestirilerek hibrit bir
optimizasyon algoritmasi gelistirilmistir. [17] da yazarlar, MIMO-OFDM alicisinda sembol vektorlerini diisiik bir
hesaplama yiikii ile elde edebilmek i¢in farksal gelisim (DE: Differential evolution) algoritmasi tabanl ML stratejisi
gelistirmislerdir.

Bu calismanin literatiire olan temel katkilar1 asagidaki gibi 6zetlenebilir:

1. Ayrik karga arama algoritmasi, haberlesme alaninda karsilasilan sembol algilama problemine literatiirde
ilk defa uygulanmstir.

2. MIMO-FBMC/OQAM sisteminde sembol algilama probleminin ¢6ziimii icin DCSA-ML olarak isimlendirilen
geleneksel ML yonteminin modern bir versiyonu gelistirilerek yeni bir yaklasim sunulmustur. Bu
yaklasimda, DCSA isimli etkili bir ayrik CSA varyanti sembol optimizatori olarak kullanilmakta olup,
optimum sembol vektoriine ulasmak i¢cin sistematik bir arama islemi gerceklestirilmektedir.

3. Onerilen DCSA algoritmasinin ML dedektériine entegre edilmesiyle birlikte, biiyiik miktarda karmasiklik
kazanci elde edilmistir.

4. DCSA-ML yontemi, Ustiin yakinsama yetenegi sayesinde DBHS-ML, disABC-ML ve geleneksel ZF
dedektdrlerinden daha iyi bir bit hata orani performansi sergilemistir.

Makalenin bundan sonraki kismi su sekilde diizenlenmistir: 2. Boéliimde, MIMO-FBMC/OQAM sistemi
aciklanmistir. 3. Boliimde, MIMO-FBMC/OQAM sistemindeki sembol algilama problemi matematiksel olarak
tanimlanmistir. 4. Béliimde, DCSA algoritmasi sunulmustur. 5. Boliimde, gelistirilmis olan DCSA-ML stratejisi
anlatilmistir. 6. B6liimde simiilasyon sonuclari verilmis olup, 7. Boliimde makale sonlandirilmistir.

2. MIMO-FBMC/OQAM iletim Sisteminin Calisma Prensibi

Bu béliimde, MIMO-FBMC/0OQAM iletim teknolojisi kullanilarak sinyallerin nasil iletildigi ve iletilen sinyallerin
alicida tekrardan nasil elde edildigi en sade haliyle anlatilmigtir [5]. FBMC/OQAM sisteminde o, seklinde ifade

edilen gercek degerli sembollerin ¢oklu anten yerine tek bir anten kullanilarak iletilmesi durumunda, aliciya
ulagan vy, , sinyalinin matematiksel ifadesi agsagidaki gibi olmaktadir:

Yor = Dy '(an,t +1] ‘ﬂn,t)+0n,t (1)

Burada parantez igerisindeki ifadenin imajiner kismini olugturan g, igsel girisimi temsil ederken, ¢, alman
sinyale eklenmis olan giiriiltii bilesenine karsilik gelmektedir. h  ise kanal katsayilarini ifade etmektedir. Bunun

yaninda, yukaridaki denklemde alt simge olarak kullamlan n ve t, sirasiyla alt tasiyic1 ve zaman indisleridir. Ote
yandan, FBMC/0OQAM sisteminde ¢oklu anten tizerinden iletim gerceklestirmek {izere vericide Ar adet, alicida ise
Ar adet anten kullanildig: takdirde, alicinin j’inci anteninde elde edilen sinyal asagidaki gibi tanimlanmaktadir:

S ,
y =0 () + - B )+ O )
i=1

Burada i verici anten indisi, j ise alic1 anten indisidir. Ornegin, alic1 tarafta j'inci anten tarafindan alinan sinyal y'))
seklinde ifade edilirken, j'inci alic1 anten ile i'inci verici anten arasindaki kanal katsayis1 h{?’ tarafindan temsil

edilmektedir. Denklem (2)'nin matris tabanli gosterimi asagidaki gibidir:
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@ (11) AA) @ 4 @ (1)
Ynit hn,t e hn,t AT ﬂn,t en,t
A : i .
(Ar) (AR (ArAr) (Ar) 4 (Ar) (A)
yn,t hn‘t o hn,t an,t +]- ﬂn,t en,t
Yot Hy @+ By O ¢
Yoo =Ho (00, + 5By )+ 0, 4)

Burada alinan sinyaller, kanal katsayilari, i¢sel girisimli gercek degerli semboller ve giiriiltii bilesenleri sirasiyla
Arx 1, Ar x A1, AT x 1 ve Ar x 1 boyutlu matrisler ile ifade edilmektedir.

3. Problemin Tanimlanmasi
3.1. FBMC/0QAM i¢in matris tabanl sistem aciklamasi

FBMC/OQAM sistemini matris formunda ifade ederek sembol algilama problemini daha sade ve anlasilir kilmak
miimkiindir [6]. FBMC/OQAM vericisinde kullanilan prototip filtre, her biri D sayida zaman ornekli g, € cPe

iletim vektorlerinin birlesiminden olusan G e C>"" iletim matrisi seklinde asagidaki gibi tanimlanabilmektedir:

G:[gm 9210+« - Onsg 912 922 - - - OGNz - - - G Gor - - - gN,T:| (5)

Yukaridaki ifadeden de anlasilacagi tizere, G matrisinde yer alan g, iletim vektérlerinin toplam sayis1 N x T'ye

esit olmaktadir. Burada N alt tasiyici sayisina karsilik gelirken, T sembol sayisini belirtmektedir. Matris tabanlh
tanimlama, asagida gosterildigi gibi gercek degerli semboller i¢cin de yapilabilmektedir:

Gy o O
. B . T
a=vecs| i i lb=layy @ @y @y Gy e Gy s @y Gpp e Oyt (6)

R VR

Burada a e C"" ile temsil edilen sembol vektérii, Denklem (5)’te tanimlanan iletim matrisi ile carpilarak s e C®*
seklinde ifade edilen iletim sinyali liretilmektedir:

s=Ga (7)
iletim isleminden sonra alici girisine ulasan sinyalin matematiksel ifadesi asagidaki gibi olacaktir:

r=Hs+0=HGo+0 (8)
Burada H e C®® konvoliisyon matrisi, cok yollu kanali modellemektedir. r € C°* aliciya gelen sinyale karsilik

gelirken, @ Gauss giriltiisiinii sembolize etmektedir. Son olarak, asagidaki formiilasyon kullanilarak alinan
semboller elde edilmektedir:

y=G"r=G"HGa+G"0 9
3.2. FBMC/0QAM sisteminde blok frekans yayilimi

FBMC/OQAM sistemindeki diklik kisitlamasinin neden oldugu igsel girisim, OFDM sistemine kolaylikla
uygulanabilen MIMO yontemlerinin FBMC/OQAM sistemine direkt olarak uygulanmasimi imkansiz hale
getirmektedir. Diger taraftan, [6]'da dnerilen blok frekans yayilim stratejisi ile karmasik diklik yeniden saglanarak
FBMC/OQAM sistemini OFDM sisteminde kullanilan MIMO metotlarinin tamami ile uyumlu hale getirmek
miimkiindir. Bu ¢alismada, MIMO algilama metotlarinin klasik MIMO-OFDM sistemine oldugu gibi direkt olarak
MIMO-FBMC/OQAM sistemine de uygulanabilmesi icin, FBMC/OQAM sisteminde blok frekans yayilim
yaklasimindan faydalanilmistir [6].
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NT

Blok frekans yayilim yaklasimi kullanilan FBMC/OQAM vericisinde, yayma islemi icin P e (CNTX7 ile ifade edilen
NT

—x1
bir 6n kodlama matrisinden yararlanilir. S6z konusu yayma isleminde, XxeC2? QAM sembol dizisi, ilgili 6n
kodlama matrisi ile agagidaki gibi carpilarak a € C""* gercek degerli sembol dizisi elde edilir:

a=Px (10)

Alicida ise yayma isleminin tam tersi olan asagidaki islem yerine getirilir:

y=P"y (11)
Denklem (11)’i asagidaki gibi genisletilmis formda da ifade etmek miimkiindiir:
y =P"G"HGPx+P"G"0 (12)

3.3. Sembol algilama probleminin formiilasyonu
NT

—x1
Blok frekans yayilim prosediirii uygulanmigs tek antenli bir FBMC/OQAM sisteminde X e C ? matrisi, % adet

bilesene sahip QAM sembol dizisini temsil etmektedir. ilgili sistemde, QAM sembollerini Ar adet verici ve A adet
NT

—x1
alic1 anten iizerinden iletmek tizere MIMO anten konfigiirasyonu kullanilmasi durumunda, XxeC? sembol
x®©  x(@

nt * Mt o0t

.
matrisi icerisindeki her bir element, X =[ . X,ﬁﬁf)} seklinde tanimlanan Ar uzunluklu sembol

vektori haline doniismektedir. Burada n ve ¢, sirasiyla alt tasiyici ve sembol indislerini belirtmektedir. Benzer
sekilde, MIMO-FBMC/OQAM sisteminin Ar adet antene sahip alicisinda, X,; sembol vektériiniin aliciya ulasmis

N
olan formu, vy, =[yf11)t , yfft) e yff:):' seklinde ifade edilmektedir. Buna gore, iletilen ve alinan sembol

vektorlerinin icermis olduklar1 sembol sayilarn sirasiyla verici ve alici anten sayilarina esit olacaktir. Bunun
haricinde, X, vektoriinde yer alan QAM sembollerinden herhangi birinin alabilecegi karmagik deger sayisi, QAM

modiilasyon seviyesi tarafindan belirlenen yildiz kiimesi noktalarinin sayisina (yildiz kiimesi boyutu) esittir.
MIMO-FBMC/0OQAM sisteminde kullanilan QAM modiilasyon tekniginin yildiz kiimesi boyutu Q degiskeni ile

sembolize edilecek olursa, X, vektériinde yer alan her bir QAM semboliiniin alabilecegi deger sayis1 Q’ya esit
olacaktir. Ar uzunluklu X,, sembol vektoriiniin Ar adet QAM sembolii igerdigi géz oniinde bulunduruldugunda,
iletilebilecek olas1 sembol dizilerinin sayisi QAT olarak hesaplanacaktir. Geleneksel ML yonteminde, QAT adet

alternatif X, sembol dizisi arasindan maksimum iletilme olasiligina sahip olani bulmak amaciyla, s6z konusu

sembol dizilerinin her biri asagidaki esitlik vasitasiyla degerlendirilmektedir:

Yot — Hn,t X

n,t

* . 2
X, =arg nxun{‘ } (13)
Yukaridaki ifadede, olasi X, sembol kombinasyonlarinin her biri, ilgili Az x Ar boyutlu H,; kanal matrisi ile
carpilir. Bu ¢arpimlar sonucunda elde edilen vektérlerin her biri, alinan sinyale olan Oklid mesafesi bakimindan
test edilir. Son olarak, Hn,t kanal matrisi ile carpildiginda alinan sinyale minimum Oklid mesafesini veren Xt
vektord, iletilme olasilig1 en yiiksek olan optimum sembol vektdrii olarak belirlenir. Geleneksel ML dedektért, X:,t

ile sembolize edilen optimum sembol vektériini bulabilmek icin, olas1 her bir X,; kombinasyonu bagina bir Oklid
hesabi gerceklestirmek zorundadir. Buna goére, sembol algilama islemi sonug¢lanana kadar gergeklestirilen toplam

Oklid hesabi sayzis, olasi sembol kombinasyonlarinin toplam sayisina ( QAT ) ulasacaktir.

Denklem (13)’te yapilan varsayimin aksine, Hmt tarafindan temsil edilen gercek kanal katsayilar1 pratik

uygulamalarda alic1 tarafindan hatasiz bir sekilde kestirilememektedir. Diger bir ifade ile, gercek uygulamalarda
alici, Denklem (13)’teki gibi kusursuz bir kanal bilgisine sahip degildir. Bu nedenle bu ¢alismada, kanal kestirim
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hatalar1 da goz o6niinde bulundurularak, ML tabanli sembol algilama islemi asagidaki gibi yeniden formiile
edilmistir:

A

X . =arg min{ Y, —H, . -x
. o , .

} (14)

n,t

Burada I-Alm,
|:|n,t :Hn,t+e'a) (15)

asagida tanimi verilen hatali kanal katsayilarina karsilik gelmektedir [18].

Yukaridaki esitlikte, gercek kanal katsayilarina eklenmis olan e-w ifadesinde, e kestirim hatasini belirlerken, @
birim varyansa ve sifir ortalamaya sahip karmasik Gauss degiskene karsilik gelmektedir.

4. Ayrik Karga Arama Algoritmasi (DCSA)

Bilim diinyasina sunulmasinin iizerinden heniiz on y1l bile gegmemis olmasina ragmen karga arama algoritmasi
(CSA: Crow search algorithm) [10], cesitli alanlardaki basarili uygulamalari sayesinde popiilaritesini énemli
Olglide artirmistir. Ancak s6z konusu algoritma baslangicta siirekli optimizasyon problemleri icin gelistirilmis
olup, ML dedektdriinde QAM sembol vektorlerinin optimizasyonu gibi kombinatoryal bir optimizasyon problemini
dogrudan ayrik uzayda ¢6zmeye uygun degildir. Bu nedenle bu calismada, orijinal CSA algoritmasinin déngiisel bit
cevirme tabanli olduk¢a dinamik bir arastirma mekanizmasina sahip DCSA [9] isimli etkili bir ayrik versiyonundan
faydalanilmistir. DCSA algoritmasinda, D-boyutlu ayrik ¢6ziim uzayindaki karga pozisyonlari asagidaki gibi
tanimlanmaktadir:

W =[w® w? W] 2=12,..,Z (16)

Burada z karga indisini ifade ederken, Z siiriide yer alan toplam karga sayisin belirtmektedir. W’ € {0, 1} olup

w® vektoriniin her bir elemani ya “0” ya da “1” degeri almaktadir. Her bir karganin giincel en iyi yiyecek
pozisyonunu sakladig1 hafiza vektorii ise asagidaki gibi tanimlanmaktadir:

m® =[m® m®,..,m™] | z-=12,..,2 (17)

Mevcut karga popililasyonunda pozisyon giincellemesi gercgeklestirilirken su sekilde bir yol izlenmektedir:
Oncelikle siiriide yer alan Z adet kargadan her biri i¢in r, € [0,1] olacak sekilde rastgele bir say1 liretilir. Buradaki

r, degiskeni, Z'inci karga i¢in liretilen rastsal sayiya karsilik gelmektedir. Ardindan ilgili karga i¢in tliretilmis olan
r, sayisy, AP seklinde sembolize edilen farkindalik olasilif1 parametresi ile kargilastirilir. Optimizasyon islemine
baslamadan 6nce belirlenmesi gereken AP parametresinin deger araliginin [0,1] oldugu unutulmamalidir. Bu

noktadan itibaren ortaya ¢ikmasi muhtemel iki farkli durum mevcuttur:
Durum 1:

r, > AP olmasi durumunda, dongiisel bit ¢evirme mekanizmasi [19] kullanilarak z'inci karganin ayrik uzaydaki
pozisyonu giincellenir. Bunun i¢in 6ncelikle ilgili karga pozisyonu asagidaki gibi bit cevirme islemine tabi tutulur:
Wi = flip (wi® ) (18)

Burada w'* vektériiniin komsulugunda yeni bir pozisyon iiretmek igin, ilgili vektdriin ¢, ’inci boyutunda yer alan

elemana flip( + )C operatoril kullanilarak bit ¢evirme islemi uygulanmaktadir. Pozisyon vektorlerinin ikili bit

dizilerinden olugmasi sebebiyle, W' vektdriiniin ¢, inci boyutunda yer alan elemanin bit ¢evirme islemine tabi
tutulmasi demek, ilgili elemanin 0’dan 1’e ya da 1'den 0’a doniistiiriilmesi anlamina gelmektedir. Burada c,, z'inci
karganin bit ¢evirme indisini belirtmektedir. S6z konusu indisin baslangi¢c degeri, her bir karga i¢in ¢, =1 olacak
sekilde ayarlanir. Bit cevirme islemi gerc¢eklestirildikten sonra yeni ¢6ziim i¢in uygunluk hesabi yapilir. Eger yeni
tretilen W komsu ¢ézimii, W’ ¢dziimiine gére daha iyi bir uygunluk degerine sahipse, W) ¢éziimiiniin

yerini alir. Tersi durumda, W'’ ¢dziimiinde herhangi bir giincelleme yapilmaz. Bunun yan sira, séz konusu yeni
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¢oziim, z'inci karganin m(® hafiza vektoriinde saklanan giincel en iyi ¢oziimii ile uygunluk degeri bakimindan
karsilagtiriir. w¥%*" ¢oziimiiniin uygunluk degeri, m® hafiza vektdriinde kayith olan ¢dziimiin uygunluk
degerinden daha iyi ise, W ¢dziimii giincel en iyi ¢dziim olarak m* vektdriine kaydedilip z'inci karga igin

hafiza gilincellemesi gergeklestirilir. Tersi durumda ilgili karganin hafizasinda herhangi bir degisiklik
gerceklestirilmez. S6z konusu hafiza ve pozisyon giincellemeleri tamamlandiktan sonra, Z'inci kargaya ait bit
cevirme indisinin degeri asagidaki gibi 1 artirlarak gelecek iterasyonlarda r, > AP kosulunun Z'inci karga i¢in

yeniden saglanmasi durumunda, bit ¢evirme isleminin ayni eleman iizerinde gerceklestirilmeyip bir sonraki
vektor elemanindan devam etmesi garanti altina alinir:

c,=c,+1 (19)

Optimizasyon islemi boyunca bit ¢evirme isleminin her bir karga i¢in dongiisel bir sekilde siirmesini saglamak
amaciyla, Denklem (19)’da gergeklestirilen glincellemenin ardindan ¢, indisi, asagidaki kontrol mekanizmasindan

gegirilir:
¢, =mod(c, -1, D)+1 (20)

Burada mod(c, -1, D) operatérii, (¢, —1)’in D’ye bolimiinden kalanm vermektedir. Ornegin, z'inci karga i¢in
r, > AP sartinin saglandig1 her iterasyonda, ilgili karganin bit ¢evirme indisi Denklem (19)’da gosterildigi gibi 1
artirilir. Bu nedenle, iterasyonlar ilerledikge, ¢, indisinin D + 1 degerine ulasarak toplam vektér boyutu sayisini

(vektdr uzunlugunu) asmasi kaginilmaz hale gelecektir. Denklem (20)’de verilen kontrol mekanizmasi sayesinde,
¢, indisinin D’den daha biiyiik bir deger almasina izin verilmez. c, indisi D + 1 degerine her ulastiginda, ilgili
kontrol mekanizmasi ile hemen baslangi¢ noktasina yani 1 degerine dondiirtlir. DCSA algoritmasinda komsu
¢oziim tUretimi i¢in doéngiisel bit ¢cevirme prosediiriiniin kullanilmasi, ayrik ¢6ziim uzayinin olduk¢a yogun ve
sistematik bir sekilde arastirilmasini miimkiin kilmaktadir.

Durum 2:

r, < AP ise, Z'inci karga ayrik uzayda rastgele bir pozisyona kaydirilir. Bunun i¢in ilgili karganin pozisyon vektori
asagidaki gibi mutasyon islemine tabi tutulur:

(d), mutant __ (d)
We —1£T[1‘LJStD(WZ ' NB) (21)

Yukarida verilen mutasyon operatérii vasitasiyla, W pozisyon vektériiniin 1 < d < D araligindaki boyutlarinda
yer alan elemanlarindan rastgele segilen NB sayida bit mutasyona ugratilir (“0” ise “1”, “1” ise “0” yapilir). Bu
sekilde kontrolli olarak gerceklestirilen mutasyon islemi sayesinde, DCSA algoritmasinin yerel minimumlara
takilma olasili1 en aza indirilmektedir.

5. Ayrik Karga Arama Algoritmasi Tabanli ML Yontemi

Bir tiir ikili optimizasyon algoritmasi olmasi sebebiyle, DCSA algoritmasinin karmasik QAM sembollerinin
optimizasyonu i¢in ML dedektdriine dogrudan entegrasyonu miimkiin degildir. Diger taraftan, bu gibi ayrik
optimizasyon algoritmalarini sembol algilama probleminde etkili bir sekilde kullanmanin kolay bir yolu vardir.
Optimize edilecek sembol vektérleri karmasik degerli QAM sembollerinden olussa bile,

X :[x(l) x@

nt nt o A e X,(]ﬁf):r seklinde ifade edilen ilgili vektorleri direkt olarak ikili arama uzayinda optimize

etmek miimkiindir. x , sembol vektorinii ikili optimizasyona uygun hale getirmek i¢in yapilmasi gereken tek sey,

optimizasyon islemi boyunca s6z konusu vektoriin ikili esdegerini kullanmaktir. Diger bir ifade ile, QAM sembol
vektorlerini ikili arama uzayinda DCSA algoritmasi tarafindan optimize edilmeye uygun hale getirmek i¢in ikili bit
dizileri olarak temsil edebiliriz. x,, vektoriindeki her bir QAM sembolii tarafindan tasman bit sayis1 logs =k
olarak hesaplandigindan dolayi, sembol vektérlerinin ikili esdegerleri (k - A7) uzunlugunda olacaktir. Ornegin,
modiilasyon tiirii olarak 4-QAM kullanildig1 takdirde, her bir karmagsik degerli sembol log; =2 adet ikili bit

tasiyacaktir. Bu durumda, her bir sembol vektoriindeki toplam bit sayis1 (2 - Ar) degerine esit olacaktir. Bu
calismada onerilen DCSA-ML isimli sembol algilama stratejisinde, karmasik degerli QAM sembol dizileri ve bu
dizilerin ikili bit dizisi versiyonlari karga pozisyonlari olarak asagidaki gibi tanimlanmaktadir:
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xO =[x®, X, XNV 2=12,..,2 (22)

b =[b®, b ... BN, 2=12,..,Z (23)

z

Burada bz(” € {O,l} ‘dir. DCSA-ML stratejisi asagida adim adim anlatilmistir:

Adim 1: i1k olarak, baslangi¢ karga popiilasyonu olusturulur. Bunun i¢in Denklem (23)’te tanimlanan ikili bit dizisi
formunda Z adet rastgele pozisyonlarda ¢dziim vektorleri iiretilir. Rasgele bir sekilde iiretilmis olan s6z konusu
baslangi¢ pozisyonlari, ayni zamanda hafiza vektorlerine de kaydedilir. Asagida z'inci karganin hafiza vektori
tanimlanmistir:

m? =[m® m® . mE ] z=12,.,2 (24)

Adim 2: Baslangi¢ popiilasyon iiyelerinin rastgele iiretilmesinin ardindan, her birinin uygunluk degeri hesaplanir.
b seklinde ikili QAM sembol vektorii olarak tammlanan herhangi bir popiilasyon iiyesinin uygunluk degerini

hesaplamadan once, ilgili sembol vektoriiniin x seklinde tanimlanan karmasik esdegerine dénistiiriilmesi

gerekmektedir. S6z konusu dontisiim gergeklestirildikten sonra, ilgili popiilasyon iiyesini asagida verilen uygunluk
fonksiyonunda yerine yazip uygunluk degerini hesaplayabiliriz:

2

= () =y,

, z2=1,2,...,Z; i=1,2,..., A (25)
Burada f,, karga siiriisiindeki z'inci popiilasyon tliyesinin uygunluk degerine karsilik gelmektedir.

Adim 3: Popiilasyondaki her bir karga icin r, € [0,1] seklinde tanimlanan rastgele bir sayi tretilir ve liretilen bu

say1 daha sonra AP parametresi ile karsilastirilir.

Adim 4: r, > AP olmasi halinde, z'inci kargadan bir adet komsu ¢6ziim iiretmek icin, ilgili kargaya ait pozisyon
vektoriine asagidaki gibi bit cevirme islemi uygulanir:

b{»r' = flip (b)), (26)

7

Uretilen b ¢oziim vektori, ikili bit dizisi halinden karmagik degerli formuna karsihk gelen x**" vektériine
doniistirildiikten sonra, agagidaki fonksiyon vasitasiyla uygunluk degeri hesaplanir:

" . . A . 12
fzyem — ﬁt(Xil)'yem ) — ‘ ym _ ant . Xil),yem (27)

Burada f*",Zz'inci kargadan iiretilmis olan yeni ¢oziimiin uygunluk degerini ifade etmektedir. Uygunluk hesabinin
ardindan, sirasiyla hem b? ve b”*" arasinda, hem de m{’ ve b"**" arasinda uygunluk kalitesi bakimindan ag
gozli secim islemi gergeklestirilir. Daha sonra, bit ¢evirme isleminin optimizasyon islemi siiresince her bir
popiilasyon lyesi icin dongiisel bir sekilde ilerlemesini saglamak amaciyla, bit ¢evirme indisi olarak bilinen c,
parametresi asagidaki islemlerden gecirilir:

c,=c¢,+1 (28)
¢, =mod(c, -1, k- A )+1 (29)
Adim 5: r, < AP ise, Z'inci karga pozisyonuna agagidaki mutasyon operatérii uygulanir:

() mutant _ (i
b; = 1£r]n£ukt-Ar (bZ , NB) (30)
Denklem (30)’da verilen mutasyon operatorii, 1< j < k-A. araliginda rastgele belirlenen NB adet ikili biti 0’dan

1’e ya da 1’den sifira doéntistiirmektedir.
400



MIMO-FBMC/0QAM iletim Teknolojisi i¢in Ayrik Karga Arama Algoritmasi Tabanh Gelismis Bir Sembol Algilama Yéntemi

ikili bit dizisi formunda rastgele Z sayida ¢dziim vektdrii (karga pozisyonu) iiret
Baslangi¢ karga pozisyonlanni hafiza vektorlerine kaydet

ilk ¢dziimleri ikili bit dizisi halinden karmas ik esdegerine doéniistir

Donistm sonrasielde edilen vektéreri Denklem (25)'te yerine yazarak her bir
popilasyon Uyesinin uygunluk degerini hesapla

\ 4
iterasyon sayacr: t =1

A\ 4
Karga sayaci: z=1

) 4

\ 4

| Z kargaiginrastgele bir
r, € [0, 1] sayisi Uret

H Denklem (30) vasitasiyla
z. karga pozisyonunu mutasyon
isleminden gegir

Denklem (26) vasitasiyla z. kargadan bir adet komsu ¢oziim tiret

Komsu ¢6ziim ikili bit dizisi halinden karmasik degerli formuna donistiir
Denklem (27) vasitasiyla komgu ¢ozimin uygunluk degerinihesapla

z. karganin uygunluk degerinde iyilesme varsa pozisyon giincellemesi yap
z. karganin hafiza vektoriinde iyilesme varsa hafiza giincellemesi yap
Denklem (28-29) vasitasiyla z. karganin bit gevirme indisini glincelle

. Hafiza vektorlerinde saklanan ikili formdaki en iyi ¢6zim bul
. En iyi ¢6zUm vektorind ikili formdan karmasik QAM sembol vektdriine dontstiir

DUR

Sekil 1. DCSA-ML prosediiriiniin akis semasi.

Adim 6: Adim 3 - Adim 5 aras1 islemler her bir popiilasyon iiyesi icin tekrarlanarak ilk iterasyon tamamlanur. flgili
adimlar arasindaki islemlerin Z kere tekrar edilmesinin, DCSA-ML ydnteminin tek bir iterasyonuna karsilik geldigi
hesaba katilarak, 6nceden belirlenmis olan maksimum iterasyon sayisina (Isay) ulasilincaya kadar optimizasyon
islemine devam edilir. Durdurma kriteri saglandiktan sonra, hafiza vektoérlerinde saklanan en diisiik uygunluk
degerine sahip karga pozisyonu, ikili formdaki optimum sembol vektorii olarak tayin edilir. Sembol algilama
islemini tamamlamak i¢in, ikili bitlerden olusan s6z konusu sembol vektorti, esdegeri olan karmagsik QAM sembol
dizisine doniistiiriliir. Sekil 1’de DCSA-ML prosediiriiniin akis diyagrami verilmistir.
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6. Simiilasyon Sonug¢lar

Bu bélimde, 6nerilen DCSA-ML ve ele alinan diger sembol algilama stratejilerinin MIMO-FBMC/0QAM alicisinda
QAM sembol dizilerini elde etmedeki basarilari test edilmistir. Bu amacla, sz konusu yontemlerin 4x4, 6x6 ve 8x8
MIMO konfigiirasyonlarindaki bit hata orani basarimlari karsilagtirilmistir. Bunun yani sira, ilgili sembol algilama
stratejilerinin optimum ¢6ziime yakinsama yetenekleri, her birinin yakinsama egrisi elde edilerek birbirleriyle
kiyaslanmistir. Simiilasyonlarda kullanilan sistem parametreleri Tablo 1’de verilmistir.

Tablo 1. Simiilasyonlar i¢in belirlenen parametre degerleri.

Filtre tiiri PHYDYAS
FBMC sembollerinin sayisi T=30

QAM yildiz kiimesi boyutu Q=4

Alt tasiyicilarin frekans aralig 15 KHz
Ortiisme katsayisi 4

Anten yapisi1 4x4,6x6,8x8
Tastyici frekansi 2.5 GHz
Kanal tiiri SUI-6

Alt tasiyici sayisi N =64
Kestirim hatasi orani e=25%

Tablo 2’de, ML tabanli stratejilerin arastirma karmasiklig1 (AK) lizerine bir analiz gerceklestirilmistir. Geleneksel
ML yéntemi icin arastirma karmasikligi tanimi, sembol algilama islemi boyunca gerceklestirilen Oklid hesabi say1s1
dikkate alinarak yapilmaktadir. Metasezgisel yaklasimlara dayanan modifiye edilmis ML varyantlarinin arastirma
karmasikliklarinda ise, her biri tek bir Oklid hesabina karsilik gelen uygunluk degerlendirmelerinin sayis1 hesaba
katilmaktadir. Buna gore, s6z konusu ML varyantlarinin arastirma karmasikligini tanimlamak i¢in tek yapilmasi
gereken, sembol optimizasyonu siiresince gerceklestirilen uygunluk degerlendirmelerinin toplam sayisini
belirlemektir. Bu baglamda, DCSA-ML stratejisinin optimizasyon periyodu boyunca ka¢ adet uygunluk
degerlendirmesi gerceklestirdigini elde ederek ilgili yontemin arastirma karmasikligini tanimlayabiliriz. DCSA-ML
yonteminin her bir iterasyonunda, mevcut popilasyonda yer alan her bir karga i¢in bir adet uygunluk
degerlendirmesi gerceklestirilmektedir. Buna gore, toplam karga sayisint maksimum iterasyon sayisi ile carpacak
olursak, DCSA-ML stratejisinin arastirma karmasikligin1 AK = Z - [sy seklide elde ederiz. disABC-ML yénteminin
arastirma karmasikligi, ayni yol izlenerek AK = R - Dsay seklinde elde edilir. DBHS-ML yonteminde, her bir
arastirmada tek bir uygunluk hesabi gergeklestirildiginden dolayy, ilgili yontemin arastirma karmasikligi, Tablo
2’de gosterildigi gibi direk olarak optimizasyon siiresi boyunca gerceklestirilen toplam arastirma sayisina esit
olacaktir.

Sinyal iletimi i¢in daha yiiksek anten konfigiirasyonu kullanimi, optimum sonuca yakinsayabilmek i¢in ¢ok daha
yogun bir sekilde taranmasi gereken daha genis bir arama uzayina yol agmaktadir. Bu nedenle, daha ytiksek bir
MIMO konfigiirasyonu, metasezgisel algoritmalara dayali ML stratejilerinin her biri i¢cin hem daha fazla sayida
arastirma sayist hem de fazladan popiilasyon iiyeleri gerektirmektedir. Bu gereksinimi karsilamak i¢in, DCSA-ML
yonteminin 4x4, 6x6 ve 8x8 anten konfigiirasyonlarindaki arastirma karmasikliklar sirasiyla 150, 375 ve 860
olarak belirlenirken, DBHS-ML ve disABC-ML y6ntemlerinin ayn1 MIMO yapilari icin aragstirma karmasikliklari
220, 750 ve 1800 degerlerine esitlenmistir. Aym sekilde, 4x4’ten 8x8’e kadar artirilan séz konusu anten yapilari
icin, DCSA-ML prosediirtiindeki karga popiilasyonunun biiyiikligii 10, 15 ve 20 olarak ayarlanirken, DBHS-ML ve
disABC-ML yontemlerindeki popiilasyon boyutlari sirasiyla 20, 30 ve 40 seklinde belirlenmistir. Arastirma
karmasiklig ile bit hata orani basarimi arasinda bir édiinlesim oldugu unutulmamalidir. Onerilen DCSA-ML
stratejisi icin en uygun arastirma karmasiklig1 degerlerini belirlerken, bu ddiinlesim dikkate alinmistir. Ornegin,
MIMO-FBMC/0OQAM sisteminde tatmin edici BER sonuglarina ulasmak icin DCSA-ML dedektori tarafindan ihtiyag
duyulan uygunluk hesabi sayilari, s6z konusu édiinlesim géz oniinde bulundurularak sirasiyla 150, 375 ve 860
olarak belirlenmistir. Fazladan uygunluk degerlendirmeleri, DCSA-ML yonteminin BER performansinda kayda
deger bir iyilesme saglamadigindan dolayi, 150, 375 ve 860 olarak belirlenen s6z konusu uygunluk degerlendirme
sayilarindaki herhangi bir artis, dnerilen yontemin arastirma karmasikliginda gereksiz bir biiylimeye yol agacaktir.
Metasezgisel tabanli ML dedektorlerinde, uygunluk hesabi sayisinin direkt olarak arastirma karmasikligini
belirledigi unutulmamalidir. Diger taraftan DBHS-ML ve disABC-ML ydntemlerinin, optimizasyon siireci boyunca
¢ok daha fazla sayida uygunluk hesabi yapmasina miisaade edilerek ¢6zlim uzayini daha ¢ok arastirmalarina firsat
taninmistir. Rakiplerine gore dezavantajli bir pozisyona diistriilmesine ragmen, énerilen DCSA-ML stratejisi, her
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bir anten konfigiirasyonu i¢in optimuma en yakin BER seviyesine ulasarak DBHS-ML ve disABC-ML dedektorlerini
geride birakmay1 basarmistir. Bu c¢alismada ele alinan zeki optimizasyona dayali ML dedektdrlerinin diger

parametre degerleri Tablo 3’te gosterilmektedir.

Tablo 2. Makalede ele alinan ML tabanli sembol dedektérleri i¢in arastirma karmasiklig1 analizi.

Sembol Algilama Prosediirleri 4x4 6x6 8x8
Koloni boyutu R=20 R=30 R=40
Dongii sayisi Dsay =11 Dsay = 25 Dsay = 45
disABC-ML
Arastirma AK = R Deay = 220 AK =R Doay = 750 AK =R Doay = 1800
karmasikligi
12 dB SNR i¢in BER 0.03857 0.02942 0.01783
Popiilasyon boyutu Pop =20 Pop =30 Pop =40
Arastirma sayisi Asay = 220 Asay =750 Asay = 1800
DBHS-ML
Arastirma AK = Asay = 220 AK = Asay = 750 AK = Agay = 1800
karmasikligi
12 dB SNR i¢in BER 0.02770 0.02109 0.01123
Karga sayis1 Z=10 Z=15 Z=20
iterasyon sayisi fsay=15 fsay = 25 fsay = 43
DCSA-ML

Arastirma AK =7 lsay =150 AK =7 [y =375 AK = Z [y = 860
karmasikligi
12 dB SNR i¢in BER 0.02471 0.02049 0.006142
ﬁrast‘rma y AK = QM =4* =256 AK =Q" =4°=4096 | AK =Q* =4° = 65536

ML armasikligl
12 dB SNR icin BER 0.01845 0.01118 0.002702

Tablo 3. Zeki optimizasyon tabanli sembol algilama stratejilerine ait parametre degerleri.

Strateji Parametre Deger
Farkindalik olasilig AP =0.05
DCSA-ML
Mutasyona ugratilacak bit sayisi NB=3
Ton ayarlama orani PAR =0.05
DBHS-ML
Harmoni hafizasini kullanma orani HMCR=0.6
disABC-ML Maksimum deneme sayis1 30

Sekil 2’de, calismada ele alinan zeki optimizasyona dayali modifiye edilmis ML stratejilerinin yakinsama
kabiliyetleri, 4x4 anten konfigiirasyonlu MIMO-FBMC/0OQAM sisteminde teste tabi tutulmustur. S6z konusu
yakinsama analizinde, sistemin SNR degeri 12 dB’ye ayarlanmistir. Sekilden de agik¢a goriilecegi tizere, DBHS-ML
ve disABC-ML yontemlerinin optimum BER seviyesine yaklasmalar i¢cin 220 adet uygunluk hesabi bile yeterli
olmazken, onerilen DCSA-ML stratejisinin yakinsama egrisi sadece 150 uygunluk degerlendirmesi sonucu
neredeyse bu seviyeyle ortiismektedir. Ornegin DBHS-ML ve disABC-ML dedektérleri, sirasiyla 0.02770 ve
0.03857 BER degerlerine ulasabilmek icin 220 adet uygunluk degerlendirmesine ihtiya¢ duymaktadirlar. Ote
yandan, iist diizey yakinsama kabiliyeti sayesinde, DCSA-ML dedektorii ayn1 BER seviyelerine sadece 128 ve 97
uygunluk degerlendirme sayilari ile ulagabilmektedir. Bunun haricinde, dnerilen strateji ile 220 uygunluk hesabi
boyunca optimizasyon islemine devam etmenin gereksiz oldugu Sekil 2’den de agikca goriilmektedir. Bu durum
g6z Oniine alinarak, DCSA-ML sembol dedektdriiniin maksimum uygunluk hesabi sayis1 150’ye ayarlanmistir.

Sekil 3’te, 6nerilen DCSA-ML stratejisi, ZF ve ML gibi geleneksel yontemler de dahil olmak iizere ¢alismada ele
aliman diger sembol dedektorlerinin her biri ile 4x4 MIMO-FBMC/OQAM sistemindeki BER performansi
bakimindan karsilastirilmistir. Sekilden de kolaylikla anlasilacagi izere DCSA-ML ydntemi, bit hata orani seviyesi
olarak alt sinira en ¢ok yaklasan yontem olmustur. En yakin takipgisi olarak géze ¢arpan DBHS-ML dedektoriine
sembol algilama islemi sirasinda 70 adet daha fazla uygunluk hesabi1 gergeklestirme firsati verilmesine ragmen,
onerilen DCSA-ML prosediirii s6z konusu metasezgisel tabanl rakibine goére daha diisiik BER degerlerine
ulagmistir.
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Sekil 2. Zeki optimizasyon tabanli ML stratejilerinin 4x4 anten konfigiirasyonu icin yakinsaklik analizi.
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Sekil 3. Sembol algilama stratejilerinin 4x4 anten konfigiirasyonu i¢in bit hata orani bagarimu.

Sembol algilama stratejilerinin daha genis bir arastirma uzayindaki yakinsama davranislarini incelemek igin,
MIMO-FBMC/0OQAM sisteminin anten konfigiirasyonu 4x4’ten 6x6’ya yiikseltilmistir. Anten sayisindaki soz
konusu artisin ardindan, metasezgisel algoritmaya dayanan her bir sembol dedektériiniin yakinsama egrisi Sekil
4’te elde edilmistir. Daha biiyiik anten konfigiirasyonlarinda daha yiiksek sayida uygunluk degerlendirmesine
duyulan ihtiyac, Sekil 2 ve Sekil 4’te sirasiyla 4x4 ve 6x6 anten konfiglirasyonlari icin elde edilen yakinsama
egrilerinden rahatlikla anlasilabilmektedir. Bunun haricinde, Sekil 4'ten de agik¢a goriilecegi lizere, onerilen
DCSA-ML stratejisi oldukca basarili bir yakinsama performansi géstermektedir. Onerilen yéntemin DBHS-ML ve
disABC-ML dedektorlerini tam olarak geride birakmasi icin sadece 84 adet uygunluk hesabi yeterli olmustur. Bu
noktadan itibaren, optimum ¢6ziime hizla yakinsamaya devam ederek, diger yontemler ile arasindaki farki daha
da agmistir. Sekil 4’ten de acikga goriilecegi tizere, 375. uygunluk degerlendirmesinden itibaren, DCSA-ML
yonteminin yakinsama egrisinde 6nemli bir gelisim g6zlenmemektedir. Bu yiizden, gereksiz islem yiikiinden
kacinmak amaciyla, DCSA-ML dedektoriiniin maksimum uygunluk hesabi sayisi, 6x6 MIMO yapist i¢in 375 olarak
tayin edilmistir.
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Sekil 4. Zeki optimizasyon tabanli ML stratejilerinin 6x6 anten konfigiirasyonu icin yakinsaklik analizi.

Sekil 5’te, 4x4’ten 6x6’ya anten artisinin DCSA-ML ve diger karsilastirma yontemleri izerindeki etkisini incelemek
amaciyla, 6x6 MIMO-FBMC/OQAM sistemi i¢in her bir sembol algilama stratejisinin bit hata orani egrisi elde
edilmistir. Verici ve alic1 anten sayilarindaki artis, 6nerilen DCSA-ML stratejisinin ZF, DBHS-ML ve disABC-ML
dedektorlerine oranla optimuma daha yakin BER degerleri elde ederek iistiinliigiinii korumasina engel
olamamigtir. Ornegin, 10 dB SNR degerindeki BER sonuclar dikkate alinacak olursa, geleneksel ML yéntemine ait
optimum BER seviyesi 1.19x10-2 degerine esit olurken, onerilen DCSA-ML stratejisi 1.79x10-2 BER degerine
ulagarak optimuma yakin bir sonuc elde etmistir. flgili SNR degerinde DBHS-ML ve disABC-ML yéntemleri,
sirasiyla 2.13x10-2 ve 3x10-2 seviyelerine ancak ulasabilmislerdir.

T T T T
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Sekil 5. Sembol algilama stratejilerinin 6x6 anten konfigiirasyonu i¢in bit hata orani basarimu.

Sekil 6’da zeki optimizasyon tabanli gelismis ML dedektorleri, 8x8 gibi daha da yiikseltilmis bir anten
konfigiirasyonuna sahip MIMO-FBMC/OQAM sistemindeki yakinsama hizlarina goére karsilastirilmistir. Sekilde
gorildigii gibi, onerilen DCSA-ML stratejisi iistiin yakinsama kabiliyetini 8x8 anten konfigiirasyonunda da
gostermistir. Onerilen sembol algilama yéntemi, DBHS-ML ve disABC-ML dedektérlerini yaklasik olarak 170.
uygunluk hesabinda gectikten sonra optimum ¢6ziime dogru hiz kesmeden yakinsamaya devam ederken diger
yontemler, yetersiz yakinsama performanslarindan dolay1 optimum bit hata orani seviyesinden oldukg¢a uzakta
kalmislardir. DCSA-ML dedektériiniin optimuma yakin bir ¢6zlime ulasmasi i¢in yaklasik 860 adet uygunluk hesabi
yeterli gelmistir, bu nedenle 860’dan 1800’e kadar 940 adet gereksiz uygunluk hesabindan kag¢inmak icin,
maksimum uygunluk degerlendirme sayis1 860 olarak belirlenmistir.
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Sekil 6. Zeki optimizasyon tabanli ML stratejilerinin 8x8 anten konfigiirasyonu icin yakinsaklik analizi.

Anten konfigiirasyonunu 6x6’dan 8x8’e yiikselterek calismada ele alinan sembol algilama stratejileri igin isleri
daha da zorlastirdiktan sonra, ilgili stratejilerin 8x8 MIMO-FBMC/OQAM sistemindeki bit hata orani basarimlari
Sekil 7’de karsilastirilmistir. S6z konusu anten artisindan dolay1 arastirma uzayinda meydana gelen onemli
genislemeye ragmen, 6nerilen DCSA-ML stratejisi, sahip oldugu 6zel yakinsama yetenegi sayesinde bit hata orani
performansi bakimindan DBHS-ML ve disABC-ML metotlari ile arasindaki mesafeyi daha da agmistir. Ote yandan,
diger yontemlerin yakinsama hizlari, simiilasyonlarda 940 adet daha fazla uygunluk hesab1 yapmalarina izin
verilmesine ragmen DCSA-ML dedektoriiniin BER sonuglarina yaklasabilmeleri i¢in yeterli olmamistir.
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Sekil 7. Sembol algilama stratejilerinin 8x8 anten konfigiirasyonu i¢in bit hata orani bagarimu.

7. Sonug

Bu ¢alismada, karga arama algoritmasinin oldukea nitelikli bir ayrik varyanti (DCSA) sembol optimizatorii olarak
kullanilmak iizere klasik ML yontemine entegre edilerek MIMO-FBMC/OQAM sistemi i¢cin DCSA-ML isimli yeni ve
modern bir sembol algilama stratejisi gelistirilmistir. Sonrasinda bu strateji, MIMO-FBMC/OQAM sistemindeki bit
hata orani bagarim1 bakimindan cesitli anten konfigiirasyonlar icin teste tabi tutulmustur. Onerilen DCSA-ML
stratejisinin ilgili sistemdeki bit hata orani basarimini 6lgerek sembol algilama performansini degerlendirirken,
geleneksel ML ve ZF sembol dedektorlerinin yani sira, DBHS-ML ve disABC-ML isimli gelismis ML varyantlari
karsilastirma amagh kullanilmistir. Simiilasyon sonuglari, 6nerilen DCSA-ML stratejisinin tistiin performansini
acik bir sekilde ortaya koymustur. Calismada ele alinan sembol dedektorlerinin bit hata orani analizlerinden de
anlasilacag lizere 6nerilen strateji, her bir anten yapisi i¢in optimuma en yakin BER seviyelerine ulasarak, sadece
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klasik ZF dedektoriinden daha iyi sembol algilama performansi sergilemekle kalmayip, kendisiyle ayni kategoride
yer alan DBHS-ML ve disABC-ML isimli modern rakiplerini de geride birakmistir.
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Anahtar Kelimeler
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Mikroyapi,

Mekanik Ozellikler.

Oz: insaat sektoriindeki celik saclarin kaplamasi ve islenebilir fabrikasyon
pargalarinin liretimi gibi ¢ok genis bir uygulama alaninda aktif olarak kullanilan Zn-
%5.0 Al (ag.%) otektik alasiminin faz diyagrami tizerinde bileseninin belirlenmesi
sonrasinda dogrusal olarak katilastirma deneyleri, sabit sicaklik gradyaninda
(G=4.25 K/mm) ve genis bir katilastirma hiz1 araliginda (V=8.25-2032.19 pm/s)
Bridgman tipi katilastirma firini ile gergeklestirildi. Karakterizasyon ¢alismalari i¢cin
SEM (Taramali Elektron Mikroskobu) ve SEM-EDX (Enerji Dagitict X-Isim
Spektroskopisi) kullanildi ve mikrosertlik (HV) degerleri Future-Tech FM-700
model mikrosertlik cihazi kullanilarak elde edildi. Dusiik (V=8.25-165.68 um/s),
ylksek (V=516.23-2032.19 pm/s) ve tiim (V=8.25-2032.19 um/s) katilastirma hizi
degerlerinin (V) hem 6tektik mesafe (A) ve hem de mikrosertlik (HV) iizerine olan
etkisi lineer regrasyon analizi ile ayr1 ayri1 hesaplanarak arastirllmistir. Artan
katilastirma hizi (V) degerlerine baglh olarak 6tektik mesafe (A) degerleri azalma ve
mikrosertlik (HV) degerleri ise artma egilimi gostermektedir. Calismanin tiim
sonugclari literatiirdeki benzer hiz araliklarina sahip deneysel ¢calismalar ve Jackson-
Hunt 6tektik teorisi ile karsilastirildi. Sonug olarak, Jackson-Hunt otektik teorisinin,
standart katilastirma hizi arah@im (~V=7.5-300.0 um/s) asan yiiksek katilagtirma
hizlarina uygulanamadigi, ayrica alasimin 350.0 pm/s civarinda otektik teoriden
uzaklagsmaya bagladig kritik katilagtirma hizina sahip olabilecegi ifade edildi.

Investigation of Changes in Microstructure and Microhardness Properties of Zn-Al
Eutectic Alloy as a Result of Directionally Solidification at High Velocities

Keywords

Directional Solidification,
Zn-Al Alloy,
Microstructure,
Mechanical Properties.

Abstract: After determining its component on the phase diagram of the Zn-5.0% Al
(wt.%) eutectic alloy, which is actively used in a wide range of application areas such
as coating of steel sheets in the construction industry and the production of
machinable fabricated parts, directional solidification experiments were carried out
at a constant temperature gradient (G=4.25 K/mm) and an extensive growth rate
range (V=8.25-2032.19 um/s), using a Bridgman type solidification furnace. SEM
(Scanning Electron Microscope) and SEM-EDX (Energy Dispersive X-Ray
Spectroscopy) were used for characterization studies, and microhardness (HV)
values were obtained using the Future-Tech FM-700 model microhardness device.
The effect of low (V=8.25-165.68 um/s), high (V=516.23-2032.19 um/s) and all
(V=8.25-2032.19 um/s) growth rate values (V) on both eutectic distance (A) and
microhardness (HV) was investigated by calculating them separately with linear
regression analysis. Depending on the increasing growth rate (V) values, eutectic
distance (L) values tend to decrease and microhardness (HV) values tend to increase. All
results of the study were compared with experimental studies with similar rate
ranges in the literature and the Jackson-Hunt eutectic theory. In conclusion, it was
stated that the Jackson-Hunt eutectic theory could not be applied to high growth rates
exceeding the standard solidification rate range (~V = 7.5-300.0 pm/s) and that the alloy
may have a critical solidification rate around 350.0 um/s, where it begins to move away
from the eutectic theory.
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1. Giris

Cinko-Aliiminyum (Zn-Al) alasimlar1 farkli mikroyapisal davranislarinin yani sira yiiksek 1s1 direnci, asinma
direnci ve mukavemeti 6zellikleriile bircok insaat, havacilik ve otomotiv endiistrisi gibi ¢cok genis yapisal uygulama
alanlarinda dékiim alasimlari olarak kullanilmaktadir [1-4]. Zn-Al alasimlarinin teknolojik olarak ilgi ¢ekici mikro
yaplya sahip olmalarinin bir sonucu olarak, bu alasimlarin yliksek mukavemet, sertlik, preslenebilirlik ve
fabrikasyon pargalara ideal bir alternatif olmasi gibi ¢esitli 6zellik ve isleme avantajlar1 nedeniyle dokme demir,
bronz ve aliiminyumla rekabet edebilir duruma getirmektedir [5-6]. Bu alasimlar cesitli miihendislik
uygulamalarinda maliyet etkisi, cevre dostu olmasi ve enerji verimliligine katki saglamalari nedeniyle son yillarda
demirli ve demirsiz alasimlarin yerine gegebilecek alasimlar olarak giderek daha fazla ilgi gérmektedir [7-9].
Yaygin olarak kullanilan aliiminyum, bakir ve demir bazli diger d6kiim alasimlarina gore bircok avantajinin oldugu
bilinmektedir. Aliiminyumdan daha sert ve giiclii olmalari, bakirdan ¢ok daha ucuz olmalari ve islenebilirliklerinin
dokme demirden daha iyi olmalar1 bahsedilen avantajlara 6rnek olarak verilebilir [10]. Ayrica, butiin Zn-Al
alasimlari, standart ¢inko alasimlarina kiyasla ytiksek sicakliklarda iistiin bir korozyon direnci ve performans
sunar, bu sayede rulman 6zelliklerinin 6nemli oldugu yerlerde uygulanabilir [11-14].

Dogrusal (tek yonli) katilastirma lizerine ilk ¢alismanin 1960'lh yillarda tiirbin kanatlarinin iretilmesi i¢in
yapilmasindan sonra [15], bu metot yalnizca belirli teknolojik alasimlarin tiretim ve gelistirilmesinde degil, son
yillarda arastirmacilarin ikili ve ¢oklu alasimlarin [16-28] iiretimi icin teorik ve deneysel calismalarin da
merkezinde yer almaktadir. Bu ydntem, alasimlarin mikro yapilari, geometrik yapilar1 ve iiretim kosullar
arasindaki iliskiyi anlamak ve ortaya ¢ikarmak icin énemli bir aractir. Katilasma sirasinda ¢ekirdeklenme ve
biiylime hizlarinin kontrolii, kati malzemenin tane boyutu ve sekliyle homojenligini saglar. Ayni sekilde,
katilastirma hizinin kontrold, saflastirma siirecine katki saglar. Ayrica, katilasma mekanizmasinin bilinmesi,
malzemelerin termal, elektriksel ve mekanik 6zelliklerinin dogrudan kontrol edilmesine katkida bulunur
[16,17,29].

Otektik alasimlar, arastirmacilar ve dékiim endiistrisi tarafindan tercih edilen temel alasimlardir, ¢iinki iistiin
dokiim yetenekleri ve mekanik 6zelliklerinin yani sira diisiik erime noktalarina sahiptirler [30-32]. Bridgman tipi
kontrolli katilastirma teknigi, otektik alasimlarin yonlii katilastirmasi (kristal biiyiimesi) i¢cin kullanilan ana
tekniklerden biridir. Cinko ve aliiminyum esasli alasimlarin hacim kii¢iiltme sirasinda olusturdugu gerilmeler
nedeniyle olusan distorsiyon ve catlaklar gibi istenmeyen dokiim kusurlar, literatiirdeki ¢alismalarda [33-34]
ayrintilar1 verilen Bridgman tipi kontrolli katilastirma teknigi kullanillarak minimum seviyelere
indirilebilmektedir.

Literatiirde ikili 6tektik alasimlar lizerine yapilan ¢alismalarindan elde edilen sonuclara goére [35-42], dogrusal
katilagtirma ile ilgili ¢calismalar ¢ogunlukla ~7.5—300.0 um/s katilastirma hizi araligina sahip Bridgman tipi
kontrolli katilastirma ekipmani kullanilarak gergeklestirilmis olup, deney sonuglarindan Kkatilastirma
parametrelerinin (Co, G, V) belirlenmesi sonrasinda, katilagtirma hizinin mikroyapi, elektriksel ve mekaniksel
ozellikler lizerine olan etkisi incelenmistir. Buradan yola c¢ikarak dogrusal katilastirma g¢alismalarinda 450.0
um/s'den daha yiiksek bir katilastirma hizi ile kontrolli katilasmanin saglanmasinin daha zor oldugu
anlasilmaktadir. Bu nedenle, mevcut ¢alismanin amaci, Zn-%5.0 Al (ag.%) otektik alasimi icin, sabit sicaklik
gradyaninda (G=4.25 K/mm), hem yiiksek (V=516.23-2032.19 um/s) hem de literatiirdeki standart katilastirma
hiz1 araliginda (V=8.25-165.68 pm/s) deneysel ¢alismalari gergeklestirmek ve her bir katilastirma hiz1 araligina
bagh olarak 6tektik mesafe (A) ve mikrosertlik (HV) degerlerindeki degisimin iliskisini lineer regrasyon analizi
kullanarak ortaya ¢ikarmaktir. Otektik yapinin tercih edilmesi ile éncelikle alasimda ortaya ¢ikan mikroyapi
diizenindeki degisim gozlenecek, sonrasinda ise mikroyapidaki mevcut degisimin alasimin mikrosertligine olan
etkisi incelenecektir.

2. Materyal ve Metot

Bu ¢alismadaki deneysel siire¢lerin biiyiik bir kismi alasim hazirlama, dogrusal katilastirma deneylerinin yapimi,
mikroyapiy1 gozlemleme, 6tektik lamelsel mesafeler (A) ve katilastirma parametrelerinin (G ve V) o6l¢limi
asamalarini kapsamaktadir. Diger énemli bir kisim ise alasimin mekanik 6zelliklerinden biri olan mikrosertlik
(HV) 6lgtimlerinin yapilmasidir.

2.1. Homojen alasim iiretimi ve dogrusal katilastirma deneyleri

Deneysel siirecinin ilk asamasinda, araytizey yapisinin bozulmamasi ve safsizliklarin arayiizeyde birikmemesi icin
otektik alasimin lretilmesinde yliksek safliga sahip malzemeler (Alfa Aesar marka - %99.99 saf aliiminyum ve
%99.95 saf ¢inko), Zn-%>5.0 Al (ag.%) otektik alasimi i¢in hesaplanan miktarlarda +0.1 mg duyarllik ile 6l¢iim
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yapan hassas terazi ile tartildi. Erime boyunca metallerin oksitlenmesini engellemek ve homojen alasim
olusumunu saglamak amaciyla malzemeler vakumlu eritme firini icerisinde eritildi. Yiikksek erime sicakligi, metalik
malzemelerle tepkiye girmemesi ve en Onemlisi de kolay islenebilir olmasi gibi dzellikleri nedeniyle bu
calismadaki tiim deneysel ¢alismalarda (karistirici gubuk, numune kalibi, dékiim potasi) Morgan marka grafit
kullanildi. Daha sonra alasimin erime sicakliginin (~385°C) yaklasik 100 °C tizerinde olan baska bir 6zel tasarim
dokiim firininda 6nceden hazirlanmis grafit numune potalarina (dis ¢gap: 6.35 mm, i¢ ¢ap: 4 mm, uzunluk: 200 mm)
dokiildii. Eriyik alasim, dokiim boslugunun olusmamasi icin potalarin igerisini tamamen doldurulacak sekilde
yonlendirilerek 15 dakikalik periyotlar ile grafit gubuk kullanilarak katilastirildi. Béylelikle es zamanli olarak ayni
alasim ile biitiin numune potalarinin dolmasi saglandi ve numuneler kontrollii katilastirma deneylerine hazir hale

getirildi.

1. Su havuzu girisi

I 2. Sirkilator girisi I
I 3. Su havuzu ¢ikigt | Argon Cikis1
| 4. sirkilator c1kist I

| 5. Argon girisi |

| == iletim kablolar1 |

| Argonve suiletimhatlar1 |

Debi Metre

Gliserin |

&lastnma Firim

Kontrol Termal Cifti

% Argon girisi —

Argon

Bridgman-Tipi

Yon Kontrol Unitesi

Kontrolli
Dogrusal

Termal Cift
Cikislar:

Sicak Bolge

(a)

(b)

Numune (Alagim)
(o]
LO— Kat1-Siv1 Arayiizeyi

Q. Grafit Silindir
O¢— DssIsitict

O Termal Ciftler

O

Kontrol Termal Cifti
Is1 Koruyucu

L Kararli Su Seviyesi

Paslanmaz Celik
Numune Tutucu

| SuHawuzu

44— Celik Cubuk

Sekil 1.(a) Deney diizeneginin blok diyagrami, (b) Bridgman-tipi kontrollii dogrusal katilastirma firininin detaylari,
(c) Farkli senkron motorlar, (d) Yiiksek katilastirma hizlari i¢in tasarlanan motor-gekme sistemi.
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Deneylerin ikinci asamasinda, elde edilen her numune {ist kisminda koruyucu bir grafit silindir (dis ¢ap: 40 mm,
i¢ cap: 10 mm, uzunluk: 300 mm) bulunan Bridgman tipi katilastirma firinina konuldu, blok diyagram ve ayrintilar
Sekil 1.a ve 1.b’de verilmistir. Numunelerin dogrusal olarak katilastirma deneyleri, farkli gekme hizlarina sahip
senkron motorlar (Sekil 1.c) ve yliksek katilastirma hizlarina ulasmak i¢in 6zel olarak tasarlanan bir gekme motoru
(Sekil 1.d) kullanilarak (Sekil G=4.25 K/mm sabit sicaklik gradyaninda ve 8.25 um/s’den 2032.19 um/s'e kadar
genis bir katilastirma hizi araliginda gerceklestirildi.

Genel olarak deneylerde kullanilan senkron motorlarin ¢ekme hizlari 1 (~8 pm/s), 2 (~16 um/s), 5 (~40 um/s),
10 (~80 pm/s), 20 (~160 um/s) ve 60 rpm (~480 um/s)'dir ve en yliksek cekme hizindaki senkron motor ile (60
rpm) elde edilebilecek maksimum katilastirma hizi yaklasik degeri 450.0—500.0 pm/s’dir. Bu dogrultuda
amaglanan yiiksek katilagtirma hizlarina ulasmak igin, bir el matkab1 motoru modifiye edilerek farkli bir motor-
¢ekme sistemi tasarlandi (Sekil 1.d). Tablo 1'de, tasarlanan motor-¢ekme sistemi ile yapilan katilastirma deneyleri
sonucunda hesaplanmis, uygulanan gerilimlere karsi ¢ekme hizlari ve ayni1 zamanda ¢ekme hizlarina karsilik gelen
katilastirma hizi degerleri gosterilmistir. Alasim numunelerinin Uretilmesinden, Sekil 1'de verilen deneysel
prosediirler ve hesaplamalar ile Bridgman tipi katilastirma firinina ait bilgilere kadar pek ¢ok teknik bilgi 6nceki
calismalarda detayli olarak verilmistir [16,17].

Tablo 1.Yiksek katilastirma hizlar1 elde etmek i¢in dizayn edilen siiriicii sistemiyle uygulanan
gerilimlere karsi motor ¢ekme hizlar1 ve alagsim iizerinde 6lciilen katilastirma hizi degerleri.

Uygulanan Gerilim Motor Cekme Hiz1 Katilastirma Hiz1
(DC Volts) (um/s) (um/s)
1.0 987.48 516.23
2.1 2059.23 992.75
3.0 3127.65 1544.51
3.8 4074.12 2032.19

Katilastirma firini igerisinde ~10 cm kadar katilastirilan érnek, sicaklik gradyanini olusturmak i¢in tasarlanan i¢
su havuzunun bulundugu soguk bolgeye ¢ekilerek quench denilen ani sogutma islemi ile katilastirilmistir. Dikkatli
bir sekilde grafit potalardan ¢ikarilan tiim 6rneklerin arayiizeyini tespit etmek amaciyla, SiC kagidi (120, 320, 500,
1000, 2000 grit) ile bir yiizeyi boyunca énce zimparalandi ve daha sonra parlatildi. Araytizeyin bulundugu boyuna
kesitler ve arayiizeye yakin olabilecek yerdeki enine kesitler uygun mesafelerde kesildi. Sonrasinda metalografik
islemler icin bu kesitler 7/1 oraniile hazirlanan epoksi ve sertlestici kimyasallari kullanilarak kaliplanmasi yapildu.
Otomatik parlatma robotu (Struers TegraPol-15) ile parlatma ve zimparalama islemlerinin tamamlanmasi
sonrasinda mikroyapiya ait dzellikleri gdozlemlemek i¢in kimyasal daglama islemi uygulandi. Son olarak, Zn-%5.0
Al (ag.%) otektik alasimi, 90 ml su ve 10 ml hidroflorik asit (%10 HF) ile karistirilarak elde edilmis ¢ozeltiye 35-40
saniye boyunca daldirilarak daglandi ve mikroyapilarin ortaya ¢ikmasi saglandu.

2.2, Mikroyapinin gézlemlenmesi ile 6tektik lamelsel mesafeler (A) ve katilastirma parametrelerinin
olciimleri (G ve V)

Bu ¢alismadaki numunelerin karakterizasyon calismalari asamasinda, olusan mikro yap1 goriintiileri, hem faz
tanimlamasini hem de bilesimi belirlemek amaciyla SEM (Taramali Elektron Mikroskobu-Zeiss GeminiSEM 300)
ve SEM-EDX (Enerji Dagitic1 X-Isin1 Spektroskopisi) ile ¢ekildi. Zn-%5.0 Al (ag.%) o6tektik alasimi i¢in dogrusal
katilastirilmis 6rneklerde hem diisiik hem de yiiksek katilastirma hizlarina ait bazi mikroyapi resimleri Sekil 2'de
verilmistir. SEM cihaz ile goriintiileme yapmadan 6nce, érnekler Quorum-Q150R Plus marka kaplama cihazi
icerisine konularak 10 nm tabaka kalinligina sahip altin (Au) tabaka ile kaplanmistir. Bu islemin amaci, elektron
demetinin yiizeyden daha verimli sekilde sagilmasini saglamak ve goriintii ¢dzlintrliigiinii artirmaktir.

Alasim i¢indeki sicakliklar1 6l¢mek icin grafit pota igerisine 6nceden yerlestirilen ve kilcal seramik aliimina tiip ile
yalitilmis olan ii¢ adet K-tipi termalgiftin Bridgman tipi kontrolli katilastirma firin1 ve numune igerisindeki
konumu Sekil 3’'te gosterilmektedir. Bu termal ciftler 10 mm araliklarla sabitlenmis ve 0,25 mm c¢apina sahiptir.
Bilgisayara bagl data kaydedici ile kati-siv1 araytizeyi ikinci termal ¢iftte oldugunda, birinci ve ikinci termal ¢ift
arasindaki sicaklik farki (AT) ve kati-sivi arayiizeyinin Sekil 3’te gorseli verilen mesafelerle (AX) ayrilmis termal
ciftlerden gecmesi icin gegen siire (At) okundu. Her numune i¢in ayri ayri kaydedilen AT, AX ve At degerleri
kullanilarak, katilagtirma hizi (V=AX/At) ve sicaklik gradyani (G =AT/AX) degerleri belirlendi. Firinin sicak bolgesi
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ile soguk olan bolgesi ve aralarindaki mesafe sabit tutuldugu i¢in kati-siv1 ara yiizeyindeki sicaklik gradyan degeri
(G) katilastirma deneyleri boyunca sabit tutulabildi. G ve V’'nin hesaplanmasi ile At, AX ve AT degerlerinin elde
edilmesinin detaylari ilgili kaynaklardaki ¢calismalarda verilmektedir [16,17].

Aw |
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Sekil 2.Dogrusal olarak katilastirilan Zn-%>5.0 Al (ag.%) 6tektik alasimi i¢in enine kesitlerden alinan bazi SEM

gorintiileri.
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Sekil 3.Kontrollii katilastirma firini igerisinde konulan numune yapisi ve ayrintilari.
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Diisiik katilastirma hizlar1 (Ap), yiiksek katilastirma hizlar1 (Ay) ve tiim katilastirma hizlari icin (A1) lamelsel
yapidaki 6tektik mesafe degerleri en az 5 farkli bélgeden 50 6l¢iim yapilarak enine kesite (¢cekme yoniine dik) ait
SEM goruntiilerinden elde edilmistir. Bu goriintiilerin kullanilmasindaki odaklanilan 6nemli nokta; katilasan
ornek yiizeyi lizerinde mevcut lamelsel yapilarin tamaminin gézlenebilmesi sebebiyle enine kesitlerden alinan
Ol¢limler boyuna kesitlerde yapilan 6lgiimlerden daha giivenilir olmasidir. Enine kesitleri alinan dérneklerin Sekil
4’te sematik gosterimi verilen lineer kesisim (linear intercept) metodu [43] yardimiyla, SEM goriintiileri tizerinden
Image ProPlus programi kullanilarak birbirini tekrar eden diizenli yapilardaki lamelsel yapilarin toplam genisligi
olciildii. Otektik lamelsel mesafeler (1), asagidaki denklem yardimiyla hesaplandi:

X

1=
NL_]‘

(1]

Burada, Ni;6l¢lime dahil edilen lamel sayisi, X; toplam lamel genisligidir.

N.

(@) (b)

Sekil 4.0tektik alasimin enine kesiti {izerinde dar (a) ve genis (b) bélgeler icin lamelsel
mesafelerin 6lclimi sematik gdsterimi.

2.3. Mikrosertlik sonuc¢larinin elde edilmesi

Bu calismada katilastirma hizina bagh olarak mikroyapidaki degisimin ayni zamanda Zn-%>5.0 Al (ag.%) otektik
alasimin mikrosertligine olan etkisini de ortaya ¢ikarmak amaciyla, mikrosertlik degerleri Vickers-sertlik 6l¢iim
cihaz1 (Future Tech FM-700 ) kullanilarak elde edildi.

(@)

Kats faz Ani sogutulmug

s1va faz
" 5 Mikrosertlik 1zi
Katx-sn'x/ arayiizeyi =
Epoksi-resin kahx

Enine kesit
(b)

Boyuna kesit

Sekil 5.(a) Cihazin numune tizerinde biraktig1 izin detaylari, (b) Mikrosertlik 6l¢lim cihazi fotografi,
(c) Dogrusal katilastirilmis 6tektik Zn-5.0 Al (ag.%) alasimina ait optik mikroskop ile ¢ekilen
ornek sertlik iz goriintiisi.
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Sekil 5.a’dan 6rnegin enine kesiti lizerinde alinan sertlik 6l¢limiiniin biraktig1 izin detaylar1 ve Sekil 5.b’de ise
kullanilan cihazin fotografi verilmistir. Ol¢iimii kolay ve basit olan bu yéntemde, sekiz farkli katilastirma hizinda
katilastirilmis o6rnekler tizerine 10 sn siiresince 500 g yik uygulanmis ve ortaya ¢ikan 20-50 pm’lik iz
goriintiilerinden mikrosertlik degerleri cihaz araciligiyla tespit edilmistir. Sekil 5.c’de optik mikroskop ile ¢ekilen
érnek sertlik iz goriintiisii verilmistir. Olciim glivenilirligi goz 6niinde bulundurularak, bu islem farkli bélgelerden
25 kez tekrar edilmek suretiyle ortalama degerler alinarak gerceklestirildi.

3. Bulgular
3.1. Mikroyapinin degerlendirilmesi ve fazlarin karakterizasyonu

Bu ¢alismanin temel amaci, Zn—Al 6tektik alasiminda, diisiik (Vpku=8.25-165.68 pm/s), yliksek (Vyku=516.23-
2032.19 um/s) ve tiim (Vtkn=8.25-2032.19 um/s) katilastirma hizi degerlerinin (V) hem 6tektik mesafe (Apxn, Avkn,
Atkn) ve hem de mikrosertlik (HVpkn, HVyks, HVTku) iizerine olan etkisini lineer regrasyon analizi ile ortaya
koymaktir. Bu dogrultuda alasimin calisilmasi hedeflenen 6tektik noktadaki dogru kompozisyonunu belirlemek
amaciyla, Massalski [44] tarafindan belirlenen Zn—Al alasimina ait faz diyagrami (Sekil 6.a) dikkate alind1 ve bu
faz diyagraminda alasim sisteminin tek bir 6tektik nokta icerdigi goriilmektedir. Calisilmak i¢in seg¢ilen otektik
nokta ve reaksiyon denklemi su sekildedir: Zn-%>5.0 Al (ag.%), E: Le(p-Zn)+(a-Al). Kati-sivi araytizeyi de igeren
Sekil 6. b’de goruldigiu gibi, otektik alasim ile yapilan dogrusal katilastirma calismalari sonucunda faz
diyagramindan tanimlanan her bir faz birbirinden ayrismis ve bu fazlarin kantitatif kimyasal bilesim analizleri
SEM-EDX ile kullanilarak yapilmistir. Sekil 6.c ve 6.e’deki sonuglarda: Siyah renkli lamelsel fazin; Zn (n-Zn + o-Al)
cozelti faz1 (Zn-%23.27 Al (ag.%)) ve gri renkli fazin; n-Zn ¢ozelti fazi, Ana (matrix) faz (Zn-%1.40 Al (ag.%))
oldugu goriilmektedir. Sekil 6.d‘de verilen EDX sonucu (genel) alasimin 6tektik sivi bolgesinden alinmis ve ¢alisilan
Zn-%5.0 Al (ag.%) otektik kompoziyonu ile uyumlu olarak elde edilmistir (Zn-%7.08 Al (ag.%)).
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Sekil 6. Zn-Al ikili alasima ait faz diyagrami [44] (a). Otektik alasimda 43.54 um/s katilagtirma hizi ile elde edilmis boyuna
SEM goriintiisii (b).Zn-5.0 Al (ag.%) otektik alasimindaki fazlara ait SEM-EDX sonuglari (c-d-e).

3.2. Diisiik, yiiksek ve tiim katilastirma hizlarina bagh olarak otektik lamelsel mesafelerdeki (Aokn, Avku,
Atkn) ve mikrosertlik degerlerindeki (HVoxu, HVykn, HVrkn) degisimin incelenmesi

Sekil 2’de verilen SEM goriintiilerinden anlasilacagi gibi, katilastirma hizindaki degisiklikler 6tektik lamelsel
mesafeleri 6nemli dl¢lide etkilemektedir. Bu ¢alisma, sabit bir sicaklik gradyaninda (G=4.25 K/mm) katilagtirma
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hizlarinin artmasiyla o6tektik lamelsel mesafelerin azaldigi sonucuna varmistir. En ytiksek lamelsel mesafe
(3.87£0.21 pm), en disiik katilastirma hizinda (8.25 um/s) elde edilirken, en diisiik lamelsel mesafe (0.45+0.04
um), en yiiksek katilastirma hizinda (2032.19 pum/s) élgiilmiistiir. Otektik lamelsel mesafelerin ve mikrosertlik
degerlerinin logaritmik 6l¢ekte biiylime hizi ile degisimi belirli bir katilastirma hiz1 degerine (~300 pm/s) kadar
dogrusaldir ve orant1 denklemi lineer regrasyon analizi ile su sekilde elde edilebilir:

A= K.V " ve HV = K,.V™ (sabit G igin) [2]

burada, Ki ve Kz oranti sabitleri ve n ve m ise, katilastirma hizinin iistel degeridir.
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Sekil 7. Dogrusal olarak katilastirilan Zn-5.0 Al (ag.%) otektik alasiminin 6tektik mesafe (A) degerlerinin katilagtirma
hizlar (V) ile degisimi (a), diisiik (DKH), yiiksek (YKH) ve tiim katilagtirma hizlar1 (TKH) i¢in elde edilen bagintilar (b).

Diisiik (V=8.25-165.68 um/s), yiiksek (V=516.23-2032.19 pm/s) ve tiim (V=8.25-2032.19 um/s) katilastirma
hizlar ile enine kesitten elde edilen 6tektik lamelsel mesafeler arasindaki iliskilerin sonuglari, dogrusal olarak
katilastirilmis Zn-%>5.0 Al (ag.%) dtektik alasimi i¢in sirasiyla asagidaki denklemler ile belirlendi (Sekil 7):

Apkn = 11.44 V~050(diisiik katilagtirma hizlari) [3d]
Avry = 3.32 V7026(yiiksek katilastirma hizlari) [3b]
Arky = 7.22 V7937 (tiim katilastirma hizlar) [3¢]

Bu ¢alismada ayrica alasimin mekanik 6zelliklerinden biri olan mikrosertlik degerleri ve katilastirma hizlari
arasindaki iligkiler de lineer regrasyon analizi ile sirasiyla asagidaki denklemler ile tespit edildi (Sekil 8):

HVpgy = 48.15 VO10(diisiik katilastirma hizlarr) [4a]
HVygy = 60.03 V097 (yiiksek katilagtirma hizlart) [4b]
HVpgy = 50.98 V092 (tiim katilagtirma hizlari) [4c]

4. Tartisma ve Sonug

Onceki calismalarda otektik noktalar: iceren bilesimlere sahip alasimlarin standart katilastirma hizi araliginda
katilastirilmasiyla iiretilen ¢esitli mikroyapilari ortaya ¢ikarmaya yonelik bircok sonu¢ bulunmaktadir [35-42].
1966 yilinda Jackson ve Hunt (A2.V = Sabit veya A = k.V=°5°) [45] tarafindan yapilan calisma, ikili alasim
sistemlerindeki otektik yapiy1 ve bireysel fazlarin biiyiime kinetigini anlamamiza yardimci olan yararl deneysel
ve teorik bulgular icermektedir.

Sekil 7'den gortldiigi gibi, bu ¢alismada Zn-%>5.0 Al (ag.%) otektik alasimi i¢in diisiik (V=8.25-165.68 pm/s)
katilastirma hizlar ile elde edilen 0.50 iistel degerin (Apkn), sirasiyla Giindiiz vd. [36] AlI=%12.6 Si (ag.%) (V=8.3-
498.7 um/s), Kaya vd. [37] Al=%5.7 Ni (ag.%) (V=8.32-483.25 um/s), Kogak vd. [39] Bi—%44.8 Pb (ag.%)
(V=7.05-113.09 um/s), Kaya vd. [41] Sn—%8.9 Zn (ag.%) (V=8.30-165.13 um/s), Engin ve Biiytik [42] Al=%33.0
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Cu (ag.%) (V=8.3-498.7 um/s) otektik alasimlari i¢in hesaplanan 0.46, 0.50, 0.49, 0.50 ve 0.54 iistel degerleriyle
uyumlu oldugu goriilmektedir. Aynm1 zamanda Jackson-Hunt teorik modeli [45] tarafindan 6ngoriilen 0.50 degeri
ile uyumlu olmasi, 6tektik alasimlar icin beklendigi gibi 6tektik a-Al fazlarinin da artan katilastirma hizlariyla
orantili olarak birbirine yaklasma egiliminde oldugunu, diger bir deyisle 6tektik lamelsel mesafelerin giderek
azaldigini gostermektedir.

Yiiksek (V=516.23-2032.19 um/s) katilastirma hizlar ile yapilan deneyler sonucunda hesaplanan 0.26 {istel
degeri (Avykn), hem literatiirde ikili 6tektik alasimlar i¢cin benzer ¢alismalar (~V=7.5-300.0 um/s) [35-42] ve hem
de Jackson-Hunt [45] tarafindan belirlenen 0.50 degeri ile uyumlu olmadig1 ve sonug olarak da bu degerin yaklasik
yarisi kadar daha az oldugu ortaya ¢ikmaktadir. Bu énemli farkin alasimi olusturan Zn ve Al elementlerinden
ziyade yiiksek Kkatilastirma hizlarindan kaynaklandigi sonucu ¢ikmaktadir. Yaklasik olarak 300.0 um/s
katilastirma hiz1 degerine kadar katilastirma hizinin artmasiyla 6tektik lamelsel mesafenin orantili olarak azaldigi
fakat bu degeri asan katilastirma hizlarinda tane sinirlarinin goriildiigii ve bu sinirlar civarinda lamelsel yapilarin
kalinlastig1 hatta giderek daha diizensiz bir forma girme egiliminde olduklar1 goriilmektedir (Sekil 2). Disiik
katilagtirma hizlari i¢in (V=8.25-165.68 um/s); senkronize motorlarin ¢ekme hizlarinin katilastirma hizlarina
benzer oldugu bulundu; bunun nedeni metal numune tutucunun ve grafit potanin iyi bir termal iletkenlige sahip
olmasi olabilir. Fakat Tablo 1'den 300 pum/s katilastirma hizindan sonraki degerlerin (V=516.23-2032.19 um/s)
¢ekme hiz1 degerlerinin yaklasik yarisi kadar oldugu goriilmektedir. Literatiirde yer alan standart biiyiime hizi
degerleri asildiginda karsilasilan bu durum, cekme hizlarindaki artisa sivi haldeki alasim tarafindan yeterince hizlh
tepki verilmemesi nedeniyle mikro yapidaki diizensizligin de arttigini ortaya ¢ikarmaktadir. Deneysel sonuglardan
Zn-%>5.0 Al (ag.%) otektik alasiminin 350.0 pm/s civarinda Jackson-Hunt 6tektik teorisinden [45] uzaklasmaya
basladig kritik katilastirma hizi olmasi mimkiin olabilir.
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Sekil 8. Dogrusal olarak katilastirilan Zn-5.0 Al (ag.%) 6tektik alasiminin mikrosertlik (HV) degerlerinin katilastirma
hizlar1 (V) ile degisimi (a), diisiik (DKH), yiiksek (YKH) ve tim katilasma hizlar1 (TKH) i¢in elde edilen bagintilar (b).

Tim katilastirma hizlar i¢in 6tektik lamelsel mesafelerin dlglimlerinden elde edilen 0.37 degeri (Atkn), standart
katilagtirma hiz1 araliginda deneyleri gerceklestirilen bazi t¢lii 6tektik alasimlarin iistel degerleri ile uyumlu
oldugu goriildii. Bahsedilen ¢alismalarda arastirmacilar, sirasiyla Al—=Cu—Mn [46], Al—=Si—Co [47] ve Al—Si—Mg [48]
otektik alasimlariigin sirasiyla 0.36, 0.40 be 0.42 iistel degerlerini elde etmislerdir. Bu uyum g6z éniine alindiginda
su sonuca varilabilir: Jackson-Hunt 6tektik teori modeli [45], ikili 6tektik alagimlar haricindeki ¢oklu alasimlar da
hem yiiksek katilastirma hizlarinin bir sonucu olarak iistel degerin 0.50 degerinden uzaklagmasi ve hem de ikiden
fazla materyal iceren alasimin daha fazla diizensiz mikroyapiya sahip olmasi sebebiyle uygulanamadigi
anlasilmaktadir. Buradaki uyum: “ikili 6tektik alasimlar haricindeki coklu alasimlar da yiiksek katilastirma
hizlarinin bir sonucu olarak iistel degerin 0.50 degerinden uzaklasmasi, ayrica ikiden fazla materyal iceren bazi
alasimlarin diizensiz mikroyapiya sahip olmalar1 sebebiyle 6tektik teori modelinin [45] gecerliligini kaybetmesi”
seklinde yorumlanabilir.

Zn-%5.0 Al (ag.%) otektik alasimi icin elde edilen mikrosertlik degerleri, artan katilastirma hizlarina bagh olarak,
mikroyapidaki fazlar arasindaki mesafenin azalmasiyla birlikte beklendigi gibi artma egilimindedir. Diisiik
katilastirma hizlar1 (V=8.25-165.68 pm/s) araliginda dogru orantili olarak elde edilen sonuglara gére (HVpku); en
yuksek katilastirma hizinda (165.68 pm/s) en yliksek mikrosertlik degeri (85.73+1.82 kg/mm?2) ve en diisiik
katilastirma hizinda (8.25 pm/s) en diisiik mikrosertlik degeri (61.47+1.49 kg/mm?2) o6lgiildii. Belirlenen
katilastirma hizi araligindaki mikrosertlik degerlerinin % 40 civarinda hatiri sayilir derecede artis gosterdigi Sekil
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8.a’da verilmektedir. Elde edilen 0.10 iistel degeri, literatlirde daha 6nce benzer katilastirma hizi araliginda yapilan
calismalarda verilen 0.13 [38], 0.09 [49] ve 0.08 [42] Ustel degerleri ile uyumlu oldugu goriilmektedir.

Yiiksek (V=516.23-2032.19 pum/s) katilastirma hizlarinin mikrosertlik degerleri (HVvkn) iizerine -etkisi
incelediginde; diistiik katilastirma hizlarinda oldugu gibi nispeten daha az dogru orantili olarak artis gosterdi.
91.45+1.56 kg/mm? (V=516.23 um/s) degerinden yaklasik %10’luk bir artis ile 100.57£2.13 kg/mm? (V=2032.19
um/s) degerine ¢iktig1 ve matematiksel olarak da iistel degerin 0.07 oldugu sonucuna ulasildi. Tim katilastirma
hizlar1 (V=8.25-2032.19 pm/s) goz oniine alindiginda, mikrosertlik degerleri (HVkn) icin elde edilen toplam artis
0.09 iistel degeri ile yaklasik olarak %64 civarinda oldugu hesaplandi. Lamelsel mesafelerdeki degisim de oldugu
gibi, katilastirma hizlar1 ¢ok yiiksek degerlere ulasmasina ragmen mikrosertlik degerleri ayni oranda artis
gostermedi ve giderek azalan bir artis egilimine sahip oldugu goriildii. Diger taraftan, literatiirde yapilan deneysel
calismalarda ayni araliktaki katilastirma hizlar1 kullanilsa da mikroyapinin alasimin sahip oldugu bilesim tiiriine
gore (Otektik iisti, otektik alt1 ve otektik gibi) ve sonuc olarak ortaya ¢ikan mikroyapi olusumuna gore (flake,
hiicresel, lamelsel ve ¢ubuksal gibi) degistigi icin elde edilen mikrosertlik degerleri birbirlerinden oldukg¢a farklilik
gosterebilmektedir.
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Anahtar Kelimeler Oz: Son yillarda néropazarlama, tiiketici davranislarini anlamak i¢in nérobilim
N_dropa%arla}ma, yontemlerini pazarlamaya entegre eden 6nemli bir strateji olarak ortaya ¢ikmistir.
Fizyolojik Sinyal, Bu alanda, elektroensefalografi gibi beyin sinyali analiz yontemleri ve viicut

Sinyal isleme,
Smiflandirma,
Makine Ogrenimi

sicaklify, fotopletismografi, kardiyak ritim, elektro dermal aktivite, yiiz ifadeleri gibi
cesitli fizyolojik ve fiziksel parametreler kullanilarak tiiketici tercihleri analiz
edilmektedir. Bu g¢alismada, "NeuroBioSense" veri seti kullanilarak 18-70 yas
arasindaki 58 katilimciya, kozmetik ve moda, araba ve teknoloji, gida ve market
kategorilerine ait 35 farkli reklam izletilirken toplanan; kalp hacmi basinci, elektro
dermal aktivite ve viicut sicaklig gibi fizyolojik parametreler farkli makine 6grenimi
algoritmalariyla siniflandirilarak analiz edilmistir. Sonuglar, segmentasyon
teknikleri kullanilarak cikarilan kalp hacmi basinci 6zniteliklerinin yer aldig
oznitelik setinin ham verilerin yer aldig1 6znitelik setine gore daha yiiksek
siiflandirma dogrulugu sagladigini géstermektedir. Onerilen yéntem ve DVM
siniflandirial ile en iyi siniflandirma dogrulugu; kozmetik ve moda, araba ve
teknoloji, gida ve market, hepsi kategorileri icin sirasiyla %82.2, %86.6, %84.6,
%82.9 olarak elde edilmistir. Bu ¢alisma, néropazarlamada fizyolojik sinyallerin
analizinin tiiketici tercihlerini anlamada etkili bir yontem oldugunu ortaya
koymakta ve "NeuroBioSense" veri setini kullanacak arastirmacilara karsilastirma
olanagi sunmaktadir.

Classification of Consumer Preferences Based on Analysis of Physiological Parameters
During Advertising Viewing

Keywords Abstract: In recent years, neuromarketing has emerged as a significant strategy that
Neuromarketing, integrates neuroscience methods into marketing to understand consumer
Physiological Signal, behaviour. In this field, consumer preferences are analysed using brain signal

Signal Processing,
Classification,
Machine Learning

analysis methods such as electroencephalography and various physiological and
physical parameters such as body temperature, photoplethysmography, cardiac

rhythm, electrodermal activity, and facial expressions. In this study, physiological

parameters such as Blood Volume Pulse, Electrodermal Activity, and Body
Temperature, collected while 58 participants aged 18-70 watched 35
advertisements from the categories of cosmetics and fashion, cars and technology,

and food and market, were analysed using different machine learning algorithms

with the "NeuroBioSense" dataset. The results show that the feature set containing
the heart volume pressure features extracted using segmentation techniques

provides higher classification accuracy than the feature set containing the raw data.

The best classification accuracy with the proposed method and SVM classifier is
obtained as 82.2%, 86.6%, 84.6%, 82.9% for the categories of cosmetics and fashion,

car and technology, food and market, and all, respectively. This study demonstrates

that the analysis of physiological signals in neuromarketing is an effective method

for understanding consumer preferences and provides a comparison opportunity

for researchers using the "NeuroBioSense" dataset.
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1. Giris

Son yillarda, pazarlama diinyasi geleneksel araclarina ek olarak nérobilim ve bilgisayar biliminden yararlanarak
yeni stratejilere yonelmistir. Bu stratejilerden biri de "Noropazarlama" olarak adlandirilan alanin yiikselisidir.
Noropazarlama, tiiketicilerin gercek diisiincelerini ve duygularim1 anlamak icin fizyolojik aktivite o6lgerek
pazarlama stratejilerini optimize etmeyi amaglar. Bu alanda yapilan ¢alismalar, tiiketici tercihlerini anlamak i¢in
elektroensefalografi (EEG) gibi beyin sinyali analiz yontemlerinin kullanilmasini éne g¢ikarmaktadir [1],[2].
EEG’nin yani sira viicut sicakligy, fotopletismografi, kardiyak ritim, elektro dermal aktivite, mimik ve yiiz ifadesi
gibi fizyolojik ve fiziksel parametreler de tiiketici tercihlerini belirlemede kullanilmaktadir.

Noropazarlama, bir bireyin cesitli tiriinler ve medya ile olan deneyimlerine ve pazar reklamlarina verdigi yanitlara
icgoriiler saglamay1 amaclar. Tiiketici duygularimin karar verme siirecini etkiledigi bilinen bir gergektir. Ote
yandan, tiiketici duygular1 bir¢ok icsel ve dissal faktérden giiclii bir sekilde etkilenebilir. Dolayisiyla, bir tiiketicinin
duygusal durumunun tespiti ve taninmasi gergek tiiketici tercihlerini ortaya ¢ikarir [3]. Bu alandaki ¢alismalar,
tiiketici tercihlerini ve davranislarini anlamamiza yardimci olurken, bir alisveris karari nasil alindigin1 anlamamiza
da yardimci olur. Ayrica, pazarlamacilarin ve kuruluslarin miisteri memnuniyetini, olumlu miisteri deneyimlerini,
tiiketici sadakatini ve geliri artirmak icin harekete gegmelerine yardimci olur [3],[4]. EEG tabanli duygu tanima
iizerine bir¢ok ¢alisma yapilmis olmasina ragmen [4],[5], tiiketicilerde tercihleri tespit etmek icin fiziksel ve
fizyolojik veri 6l¢iim tabanli ¢calismalar heniiz ¢ok erken asamadadir [6]. Her ne kadar néropazarlama alani son
yillarda o6nemli Ol¢iide gelismis olsa da bu alan pazarlama arastirma alanlarinda heniiz tam olarak
uygulanmamistir [5]. Bu durum, pazarlama arastirmacilarinin noérobilimde sistematik bilissel uygulamalar
konusunda egitim eksikliginden kaynaklanmaktadir. Ayrica, pazarlama arastirmacilart daha 6nce, nérobilim
teknolojilerinin ticari amaglar icin kullanilmasi durumunda etik kurallarin ihlal edilmesinin ve tiiketicilerin
gizliliginin sonuglar1 konusunda siipheler tasimaktadir. Gerekli etik kurallarin gercevelerinin belirlenmesi ile bu
siipheler azalsa da pazarlama arastirmacilarinin hala néropazarlama kullannmina karsi hala cekinceleri
bulunmaktadir [7]. Dolayisiyla, iiriin tercihlerini ¢ikarmak icin pasif gozlemler sirasinda EEG verilerinin
kullanilmasi hala agik bir tartisma konusudur [8],[9]. Bu ¢ekince de g6z oniine alinarak, EEG dl¢iimiine alternatif
metotlar gelistirilme ihtiyaci duyulmustur.

Reklamlar arasindaki farklari karsilastirmak amaciyla, Murugappan ve arkadaslar1[10], EEG sinyalini kullanarak,
glic spektral yogunlugu (GSY), spektral enerji ve spektral merkez ile ilgili 6znitelikler ile her katilimcinin en sevdigi
{iriinii belirlemeyi amaglamistir. K-EYK gibi makine é6grenimi (MO) ve olasiliksal sinir ag1 (OSA) algoritmalari gibi
derin 6grenme modelleri olusturarak kullanicinin en ¢ok tercih ettigi iiriinii tespit etmede %96.6'ya kadar
dogruluk elde etmislerdir. Benzer bir amagla, Hakim ve arkadaslari[11] tarafindan frontal bant giicii ve hemisferik
simetri tabanli 6znitelik ¢ikarimi ve DVM, Lojistik Regresyon (LR), K-EYK ve Karar Agaclar1 (KA) gibi MO
algoritmalarini kullanarak ikili simiflandirmada %68.51 maksimum dogruluk elde etmislerdir. Néropazarlama
calismalarindaki bir diger hedef, reklamin kullanicilarda yarattigi ilgiyi veya begeniyi tahmin etmektir. Bu amacla
yapildig1 bilinen ilk ¢alisma, Soria ve arkadaslar1 [12] tarafindan gergeklestirilmistir ve EEG sinyalinin ham
verilerinden Yapar Sinir Ag1 (YSA) tabanl bir analizini yaparak, belirli bir reklamin kullanici tarafindan begenilip
begenilmedigini tespit etmede %68 dogruluk elde etmislerdir. Guixeres ve arkadaslar1 [13] EEG'ye KHB ve Goz
izleme (GI) parametrelerini de eklemislerdir. EEG sinyalinden elde edilen bilgiler, GSY kullanilarak gii¢ tabanl ve
Gl sinyaliicin ilgi Alami (IA) hesaplamiglardir. Bu bilgilerle, kullanicinin begendigi iiriinleri tanimak icin YSA tabanh
bir model ile %82.9 dogruluk elde etmislerdir. Garczarek [14] EEG, EKG, EDA ve G olmak iizere dért farkh
fizyolojik sinyali 21 katilmcidan toplamislardir ve farkli yontem kombinasyonlarinda en fazla %65.8 dogruluk
elde etmislerdir. Son olarak, Yadava ve arkadaslar1 [15] EEG sinyalinden ilgili bilgi ¢ikarmak icin Ayrik Dalgacik
Doniistimii (ADD) uygulayip Gizli Markov Modeli (GMM) algoritmasini kullanarak satin alma tercihlerini
siniflandirmiglardir. Bu algoritma secimiyle, siniflandirma dogrulugunu %95.33'e ¢ikarmislardir. Her ne kadar
norolojik degisimlerin degerlendirilmesinde altin standart olan EEG kadar yliksek basarimlar elde edilemese de
EEG yerine tiiketici davranislari konusunda bilgi iceren diger fizyolojik parametrelerden yararlanilabilir.

Bu ¢alisma Kalp hacmi basinci (KHB), Elektro dermal aktivite (EDA), Viicut sicakligi gibi fizyolojik parametreleri
kullanarak noropazarlamada tercih tespitine yol gostermeyi amaglamaktadir. Secilen parametreler, tiiketici
tercihinin birden fazla fizyolojik parametreyle baglantili oldugu gercegi dogrultusunda tercih edilmistir[1].
Parametrelerin tiiketici tercihindeki etkisini gostermek iizere elde edilen 6znitelikler, makine 6grenimi
algoritmalar1 kullanilarak tiiketici tercihlerini siniflandirmak i¢in egitilmistir. Kullanilan geleneksel siniflandirma
algoritmalar1 arasinda k-en yakin komsu (K-EYK), destek vektér makinesi (DVM) ve rastgele orman (RO) yer
almaktadir.

421



Reklam izlenimi Sirasinda Fizyolojik Parametrelerin Analizine Dayal Tiiketici Tercihlerinin Smiflandiriimasi

Calismanin geri kalani su sekilde dizenlenmistir: Bélim 2, bu calismanin ana kavramlarini ve arastirma
metodolojisini ve materyalleri tanimlar ve sunar; Bélim 3, degerlendirme sonuglarini ve tim bulgular1 sunar ve
son olarak, Boliim 4, gelecek ¢alismalar tartisir, sonucu gosterir.

2. Materyal ve Metot

Sinyal isleme agisindan, tiiketici tercihlerinin tespiti ve bu tespitin sonuglari, 6znitelik ¢ikarma ve siniflandirma
algoritmalarinin secimlerine baghdir. Bu calismada, 7 farkli duygusal diizeyi (Seving, Saskinlik, Ofke, Tiksinme,
Uziintii, Korku, Nétr) ayirt edebilmek icin sinyal isleme metotlarinin kullanilabilirligi arastirilmistir. Deneklerden
toplanan KHB, EDA, viicut sicaklig gibi fizyolojik parametreler kullanilarak farkli 6zellik ¢ikarma-siniflandirma
algoritmalarinin duygusal dizeyleri ayirt edebilme performansi karsilastirilmistir. Fizyolojik parametrelerden
Oznitelik ¢ikarma icin fizyolojik verilerden istatistiksel 6znitelik ¢ikarma metotlar1 kullanilmistir. Katilimci
tercihlerini etkili bir sekilde yansitabildigi icin geleneksel siniflandiricilar olan K-EYK, DVM ve RO smiflandirma
amaciyla kullanilmistir. Veri isleme prosediiriiniin tamami MATLAB R2023b aracilif1 ile gergeklestirilmistir.
Calismaya ait akis semasi Sekil 1'de gosterilmistir.

Veri seti

On isleme

-Veri setinin
diizenlenmesi

Oznitelik Cikarimi

-Kategorilere gore

deneklerin, izletilen \
reklamlarinve -Oznitelik hesaplanmasi Smiflandirma 4
fizyolojik olusturulmasi y
parameterelerin e = -K-EYK 4

ayrilmasi

. .. -DVM
-Her birreklam i¢in
sinif etiketlerinin = = === | -RO
diizenlenmesi e ool ol ol o

Sekil 1. Calismanin akis semasi
2.1. Veri seti

Bu ¢alismada kullanilan veri seti, dikkatle planlanmis bir deney tasarimi uygulanarak 18 ila 70 yas arasindaki 58
katilimcidan elde edilmistir. Katilimcilara kozmetik ve moda, araba ve teknoloji, gida ve market olmak tiizere {i¢
kategoriye ayrilmis 35 reklam gosterilmistir. Her bir kategoride yer alan denek ve reklam sayilar1 ve
isimlendirmeleri Tablo 1’de verilmistir.

Tablo 1. Veri seti kategorine gore denek ve reklam sayilari

Reklam kategorisi Denek No. Reklam No.

Kozmetik ve moda 1-18(18 denek) A01-A15(15 reklam)

Araba ve teknoloji 19-38(20 denek)  A01-A10(10 reklam)
Gida ve market 39-58(20 denek)  A01-A10(10 reklam)

“Empatica e4” giyilebilir sensor cihazi ile KHB, EDA, viicut sicaklig, ii¢ eksenli ivmelenme gibi fizyolojik sinyalleri
kaydedilmistir. Ayni anda, reklamlari izleme siireglerinde ytiz ifadelerinin yakalanma islemi yiiksek ¢oztintrlikli
kameralar kullanilarak gerceklestirilmistir. Katihmcilarin duygusal degerlendirmeleri duygu degerlendirme
6lcegi kullanilarak degerlendirilirken, demografik bilgiler anketler araciligiyla toplanmistir. Katilimcilarin
duygusal yamtlari, Yiiz Ifadeleri Coézme Sistemi (Facial Action Coding System -FACS) kullamlarak
degerlendirilmistir. 7 farkh duygu (Seving, Saskinhk, Ofke, Tiksinme, Uziintii, Korku, Nétr) smifi icin
degerlendirme yapilmistir. Bu duygu durumlarinin belirlenmesi i¢in kullanilan, deneklerin reklam izlemesi
sirasindaki video kayitlarindan rastgele elde edilen 6rnek gorseller Sekil 2°de yer almaktadir.
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Seving Saskinlik Ofke Tiksinme

Uziintii Korku Notr

Sekil 2. Reklam izlenimi sirasinda deneklerin video kayitlarindan elde edilen 6rnek gorseller

Bu ¢calismada veri setindeki bazi 6zel islemler ve sinyaller harig tutularak, tim katilimcilar i¢in, KHB, EDA, Sicaklik
parametreleri ile olusturulan oznitelikler, veri seti olusturuculari tarafindan belirlenen duygu yanitlar ile
siniflandirilmistir. Detayli bilgi “NeuroBioSense” veri seti agiklamalarinda yer almaktadir [16].

2.2. On isleme

Tiim katilimecilar igin, KHB, EDA, Sicaklik parametreleri sirasiyla 64,4,4 Hz 6rnekleme frekansi ile kaydedilmistir.
Oznitelik ¢ikarimindan kullanilacak tiim parametreler, her bir katilimci icin reklam ve sinif etiketi bilgisini icerecek
sekilde diizenlenmistir. Katilimcilarin ¢ogu bir reklam i¢in birden fazla duygu yaniti verdiginden, veri seti
olusturucular1 da yanitlar1 ve diger parametreleri dikkate alarak bazi reklamlar icin birden fazla sinif etiketi
olusturmuslardir. Bu nedenle toplam sinif sayisi, katilimcilarin izledigi toplam reklam sayisindan daha fazladir.

2.3. Oznitelik gikarimi

Fizyolojik sinyalleri kullanarak farkli uygulamalara yonelik 6zniteliklerin elde edilmesi icin Onerilen bir¢ok
yaklasim vardir [17]. Bu c¢alismada, KHB, EDA, Sicaklik parametreleri 6zelinde etkin o6zniteliklerin elde
edilebilecegi asagida hesaplari yer alan 6znitelikler kullanilmistir [18].

Oznitelik setlerinden birincisi, KHB parametresi, pencere uzunlugu sinyalin uzunlugunun dértte biri ve dértte bir
ortiisme olacak sekilde pencerelere ayrilarak bir 6znitelik seti olusturulmustur. Pencere uzunlugu ve ortiisme
uzunluguna karar vermek amaciyla farkli pencere ve ortiisme uzunluklar se¢imi icin optimizasyon ¢alismasi ile
tlim siniflandirma siireci tekrar edilmistir [19]. Bu amagla, belirlenen pencere uzunlugu ve ortiisme uzunlugu
parametreleri ve onlarin seviyeleri Tablo 2’de verilmistir. Optimum pencereleme siirecine ait detaylar [19]'de yer
almaktadir. Deneyler sonucunda DVM siniflandiricist icin, en yiiksek siiflandirma dogrulugu ve en disiik
zamanlama maliyeti i¢cin optimum pencere uzunlugu 3 s, drtiisme miktari 1 s olacak sekilde se¢ilmistir.

Oznitelik setlerinden ikincisi ise, KHB parametresine herhangi bir pencereleme ve értiisme uygulanmadan

olusturulmustur. Ayrica her iki 6znitelik setinde, EDA ve viicut sicaklig1 parametrelerine pencereleme ve ortiisme
uygulanmadan 6znitelikler elde edilmistir.

Tablo 2. Veri seti kategorine gore denek ve reklam sayilari

Parametreler Seviyeler
1 2 3
Pencere Uzunlugu (s) 3 5 7.5
Ortiisme Uzunlugu (s) 0 1 2
Maksimum deger:
Maks = max (x1, X, ..., Xp) (1D
Minimum deger:
Min = min (x1, x2, ..., Xp) (2)

423



Reklam izlenimi Sirasinda Fizyolojik Parametrelerin Analizine Dayal Tiiketici Tercihlerinin Smiflandiriimasi

Ortalama deger:
n
1
Oort= > > X (3)
i=1
Ortalama mutlak deger:
n
1
Ort Mut = —Y|x;] 4)
n

i=1

Standart sapma degeri:

n
Std Sapma = \i Y. (x; — Ort)? (5)
(L
Varyans degeri:

n

1
Var=— Y.(x; — Ort)? (6)
"
Entropi degeri:
n
Ent =—3.pilog2(p)) (7)

i=1

Esitlik 1, Esitlik 2 ve Esitlik 3’te x1, X2, ..., Xn n 6rneklemden olusan sinyalin zaman serisi 6rnekleridir. Esitlik 4
ve Esitlik 5 ve Esitlik 6’da x; sinyalin zaman serisi 6rneklerini temsil eder. Esitlik 5 ve Esitlik 6’da Ort 6rneklemin
ortalama degeridir. Esitlik 7°de p, sinyaldeki farkli degerlerin olasiliklarini temsil eder ve deger i ‘nin sinyalde

goriilme sayisinin toplam sinyaldeki 6rnek sayisina oranini gosterir.

Pik tespiti: Pik tespiti yontemleri sinyaldeki yerel maksimum veya minimum noktalarini belirler. Pik tespiti
yalnizca KHB parametresi i¢in hesaplanmistir.

Sonug olarak, tiim kategorilerin toplami (Hepsi) i¢in, birinci 6znitelik setinin boyutu 1288 x 118 iken ikinci
Oznitelik setinin boyutu 1288 x 22’dir. Burada, katilimcilara 670 video izletilmis olsa da katilimcilarin ¢ogu bir
reklam i¢in birden fazla duygu yanit1 verdiginden, bazi reklamlar icin birden fazla sinif etiketi mevcuttur. Bu
nedenle etiketli video sayis1 her iki 6znitelik seti icin de 1288’dir. KHB parametresine 3s pencere uzunlugunda 1s
ortlisme ile segmentleme uygulanmasi durumunda sinyal 13 epoktan olusmaktadir. EDA ve sicaklik i¢in pik tespiti
anlaml bir 6znitelik yansitmayacagindan yalnizca KHB parametresi i¢in pik tespiti hesabi da 6znitelik olarak
kullanilmistir. Bunun yani sira KHB ve diger parametreler igin yukarida agiklanan 7 6znitelik hesaplanmistir. Bu
durumda, birinci 6znitelik seti icin toplam éznitelik sayis1 118’dir. ikinci 6znitelik setinde ise ham veriler
kullanildigindan KHB, EDA ve sicaklik i¢in sirasiyla 6znitelik sayisi 8,7,7 olarak belirlenmistir ve etiketli video
sayisi da yine 1288’dir.

2.4. Siiflandirma

Bu ¢alismada, “NeuroBioSense” veri setinden elde edilen veriler icin 7 duygu durumu (Seving, Saskinlk, Ofke,
Tiksinme, Uziintii, Korku, Noétr) tespit edilmistir. Temel olarak, geleneksel simflandiricilar karsilagtirlmistir. En
iyi dogrulugu ve en uygun siniflandiriciy1 bulmak i¢in K-EYK, DVM ve RO siniflandiricilari 5 kat ¢apraz dogrulama
ile uygulanmistir.

K-EYK, temelde bir siniflandirma ve regresyon algoritmasidir. Bu algoritmanin temel prensibi, veri noktalarinin

etiketlerinin, cevrelerindeki k komsusunun etiketlerine bakilarak belirlenmesidir. Siniflandirma durumunda, bir
noktanin sinifini, ona en yakin olan k komsusunun etiketlerine bakarak belirler. Bu ¢alismada k, 5 se¢ilmistir.
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Regresyon durumunda ise, komsularin ortalama degerlerini kullanarak tahmin yapar [20]. K-EYK algoritmas,
ozellikle cok karmasik olmayan problemlerde oldukga etkilidir.

DVM, ozellikle siniflandirma problemleri i¢in kullanilan bir makine 6grenmesi algoritmasidir. DVM, veri
noktalarini siniflar arasinda bir hiper diizlemle en iyi sekilde ayiwrarak calisir. Bu, siniflar arasindaki mariji
maksimize etmeye calisirken, ayni1 zamanda siniflandirma hatasini minimize etmeyi hedefler [21]. DVM, 6zellikle
ylksek boyutlu veri setlerinde ve dogrusal olmayan simiflandirma problemlerinde gii¢lii performans gosterir. Bu
algoritma, farkli ¢ekirdek fonksiyonlari kullanarak veri noktalarini daha ytiksek boyutlu bir uzaya yansitabilir, bu
da smiflandirma dogrulugunu artirir. Bu nedenle ¢ogu siniflandirma problemi i¢in basarili bir modeldir.

RO, hem siniflandirma hem de regresyon problemleri i¢in kullanilan bir makine 6grenmesi algoritmasidir. RO,
birden ¢ok karar agacinin bir araya gelerek bir tahmin yapmasini saglar. Her bir agac, rastgele drnekleme ve
rastgele 6znitelik se¢cimi yaparak egitilir, boylece asir1 uyum riski azalirken, tahmin performansi artar. Bu yontem,
ozellikle biiyiik ve karmasik veri setlerinde gii¢lii bir genel performans sunar. Rastgele Orman algoritmasi, veri
setindeki cesitli degiskenlerin 6nem derecesini degerlendirebilme yetenegi sayesinde, 6znitelik secimi ve
siniflandirma modelinin a¢iklanabilirligi agisindan da degerli bir aractir [22].

Yontemin siniflandirma performansini dlgmek i¢in siniflandiricilarin dogruluk, duyarhlik, kesinlik ve F1-skoru
degerleri hesaplanmistir. Gergek Pozitif (GP): Dogru sekilde o sinifa ait olarak siniflandirilan 6znitelikler, Gergek
Negatif (GN): Dogru sekilde o sinifa ait olmayan olarak siniflandirilan 6znitelikler, Yanlis Pozitif (YP): Yanls sekilde
o sinifa ait olarak siniflandirilan 6znitelikler ve Yanlis Negatif (YN): Yanlis sekilde o sinifa ait olmayan olarak
siniflandirilan 6znitelikler olmak lizere:

Dogruluk, siniflandiricinin dogru smiflandirdigi érneklerin toplam 6rnek sayisina orani temsil eder. Esitlik 8’'de
gosterildigi gibi hesaplanir.

. GP + GN
Dogruluk = (8)
GP +GN +YP+YN

Duyarlilik, gercek pozitiflerin dogru bir sekilde tahmin edilme oranimi dlger. Esitlik 9'da gosterildigi gibi
hesaplanir.

D Lhilik G 9
uyarlik =
Y GP +YN ®)

Kesinlik, siniflandiricinin pozitif olarak tahminledigi orneklerin ne kadarinin gergekten pozitif oldugunun
Olciisiidiir. Esitlik 10°da gosterildigi gibi hesaplanir.

Lo GP
Kesinlik = (10)
GP +YP

F1 skoru, kesinlik ve duyarliligin harmonik ortalamasini ifade eder. Esitlik 11'de gosterildigi gibi hesaplanir.

Duyarlilik . Kesinlik
Duyarlilik + Kesinlik

F1 — skoru=2

(1)

Bu ¢alismada 7 farkli sinif oldugundan siniflandirici performanslari, tiim siniflar igin toplam GP, GN, YP ve YN
degerleri kullanilarak mikro ortalama ile hesap edilmistir.

3. Bulgular

Calismada elde edilen siiflandirma sonuclari Tablo 3, Tablo 4 ve Tablo 5'te 6zetlenmistir. Onerilen simflandirma
yonteminin etkinligini degerlendirmek amaciyla, pencerelere ayrilarak KHB verilerinden elde edilen 6zniteliklerin
yer aldigi siniflandirma sonuglari, ham verilerden dogrudan elde edilen 6zniteliklerin sonuglan ile
karsilagtirilmistir.

Tablo 3 pencerelere ayrilarak KHB verilerinden elde edilen 6znitelikler kullanilarak bulunan siniflandirma
sonuclarini gostermektedir. Ham verilerden dogrudan elde edilen 6zniteliklerle yapilan siniflandirma sonuglari
ise Tablo 4'te verilmistir. Tablo 3 ve Tablo 4 analiz edildiginde, pencerelere ayrilarak KHB verilerinden elde edilen
oznitelikler kullanilarak yapilan smiflandirmanin dogruluk performansini artirdigi goriilmektedir. Tablolarda
sonuglarin 4 kategoride degerlendirildigi goriilmektedir. “Kozmetik ve moda”, “Araba ve teknoloji”, “Gida ve
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market”; 3 farkli kategorideki reklamlar izleyen ayr1 denek gruplarinin 7 farkli duygu durumunun (Seving,
Saskinlik, Ofke, Tiksinme, Uziintii, Korku, Notr) siniflandirmasini gosterirken, "Hepsi" kategoriden bagimsiz olarak
tlim denek gruplarinin siniflandirma sonuglarini birlikte géstermektedir.

Tablo 3 ve 4'teki sonuglar1 degerlendirirken, DVM siniflandirma performanslarinin diger siniflandiricilara nazaran
“Kozmetik ve moda” kategorisi hari¢c olmak iizere, daha yiiksek oldugu goriilmektedir. “Kozmetik ve moda”
kategorisi i¢cin ise K-EYK ve DVM siniflandiricilart ayni performansi gosterirken RO siniflandirma basaris1 daha
dusiiktir. Ayrica, "Hepsi” siniflandirma performansinin, “Araba ve teknoloji” siniflandirma performansindan daha
diisiik oldugu “Kozmetik ve moda” ve “Gida ve market” siniflandirma performanslariyla ise yaklasik ayni oldugu
gozlemlenmistir. KHB verilerinin pencerelere ayrildigi 6znitelikler kullanilarak “Araba ve teknoloji”
kategorisindeki reklamlarin; ham veriler kullanilarak ise “Gida ve market” kategorisindeki reklamlarin diger
kategorilere gore daha yliksek dogruluk ile siniflandirildig gériillmektedir.

Tablo 3. KHB verilerinin pencerelere ayrildigi 6znitelikler icin siniflandirma dogruluklari

K-EYK DVM RO
Kozmetik ve moda 0.817 0.822 0.795
Araba ve teknoloji 0.845 0.866 0.845
Gida ve market 0.817 0.846 0.827
Hepsi 0.820 0.829 0.802

Tablo 4. Ham verilerle elde edilen dznitelikler i¢in siniflandirma dogruluklari

K-EYK DVM RO
Kozmetik ve moda 0.796 0.803 0.782
Araba ve teknoloji 0.807 0.827 0.808
Gida ve market 0.824 0.831 0.823
Hepsi 0.795 0.797 0.785

Pencerelere ayrilarak KHB verilerinden 6znitelikler kullanilarak elde edilen sonuglara goére smiflandiricilarin
diger performans metrikleri Tablo 5'te gosterilmistir. Ayrica her bir reklam kategorisinde en iyi dogruluk
sonuglarinin elde edildigi DVM siniflandiricisi i¢in konfiizyon matrisleri Sekil 3’te verilmistir. Calisma yer alan tiim
siniflandiricilar igin dogruluk, duyarhlik, kesinlik ve F1-skoru performans metrikleri verilmistir. Dogrulukta
oldugu gibi diger metriklerde de DVM siniflandiricisinin basarimi daha yiiksektir. Tablolardaki sonuglari
degerlendirerek, katiimcilarin begeni durumlarinin, ¢ikarilan 6znitelikler kullanilarak dogruluk, duyarhlik,
kesinlik ve F1-skoru metrikleri acisindan basariyla siniflandirildigi sonucuna varilmaktadir.

Kozmetik ve moda

Araba ve teknoloji

Ofke Ofke

Tiksinme Tiksinme

Korku Korku
H 5
@ B y
2 Seving 2 Seving
o '8’
8 8
Uzantd Uzanta
Saskinlk Saskinik
Notr Notr
Ofke Tiksinme Korku Seving Uzintd Saskinlk  Notr Ofke Tiksinme Korku Seving UzOntd Saskinlk Notr
Tahminlenen sinif Tahminlenen sinif
Gida ve market Hepsi
Ofke Ofke
Tiksinme Tiksinme
Korku Korku
E E
3 a
% Seving 2 Seving
8 g
Uzanta Uzantd
Saskinlk Saskinlk
Notr Nétr
Ofke Tiksinme Korku Seving Uzinti Saskinlk  Notr Ofke Tiksinme Korku Seving Uzintd Saskinlk  Notr
Tahminlenen sinif Tahminlenen sinif

Sekil 3. Her reklam kategorisi icin DVM siniflandiricisina ait konfiizyon matrisleri
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Tablo 5. Onerilen 6znitelikler ile elde edilen siniflandirma performans metrikleri

Performans Metrigi Dogruluk Duyarlihk Kesinlik F1-skoru
Siniflandirict EI\((K DVM RO EIS((K DVM RO EI;K DVM RO Els(n( DVM RO
Kozmetik ve moda 0.82 0.82 0.80 0.81 0.81 0.78 0.1 0.81 0.78 0.78 0.81 0.78
Araba ve teknoloji 0.85 0.87 0.85 0.84 0.85 0.84 084 0.85 0.84 084 0.85 0.84
Gida ve market 0.82 0.85 0.83 0.82 0.85 0.83 0.82 0.85 0.83 082 0.85 0.83
Hepsi 0.82 0.83 0.80 0.82 0.82 0.79 0.82 0.82 0.79 082 0.82 0.79

4. Tartisma ve Sonug¢

Bu ¢alismada, néropazarlama uygulamalarinda kullanilmak {izere duygu durumunun tespiti i¢in farkl 6znitelik
¢ikarma ve siniflandirma yontemleri dnerilmistir. 58 denek, 18,20,20 denekten olusan 3 farkli gruba ayrilarak 3
farkli kategoride reklam videolarini izlemeleri saglanmistir. Bu sirada deneklerden alinan fizyolojik
parametrelerden KHB, EDA, Sicaklik parametreleri bu siniflandirma ¢alismasi igin 6znitelik olusturmak amaciyla
kullanilmistir.

Ham verilerden dogrudan elde edilen 6znitelikler ile 6nerilen pencereleme ve segmentasyon ile ¢ikarilan KHB ve
diger oznitelikler K-EYK, DVM, RO gibi geleneksel siniflandiricilarla smiflandirilmistir. Tablo 3 ve 4'i
karsilastirdigimizda, Onerilen 6znitelik ¢ikarma yaklasiminin siiflandirma performansini  artirdigini
gozlemlenmektedir. Her iki yontemde de en ytksek siniflandirma dogrulugunu DVM siniflandiricisi saglamistir.
Sekil 3’te DVM siniflandiricisiyla her bir kategori icin elde edilen konfiizyon matrisleri 6nerilen yontemin en iyi
seving duygusunu ardindan ise saskinlik ve nétr duygulari ayirt edebildigini gostermektedir.

Bu ¢alismada, tiiketicilerin reklamlara karsi duygu durumu tahmini igin fizyolojik sinyallerinin analizi amaciyla
bir 6znitelik cikarma ve siniflandirma yéntemi 6énerilmektedir. Onerilen yéntemin ham sinyallere gére daha
yuksek siniflandirma performansi sagladigini goriilmektedir. Bu ¢alisma, Noropazarlama alaninda
“Neurobiosense” veri seti lizerinde fizyolojik parametrelerin analizi ve simiflandirilmasiyla tiiketici tercihlerinin
taninmasina yonelik yaklasim sunmaktadir. Elde edilen bulgular, pazarlama stratejilerinin gelistirilmesi ve
tiiketici davranislarinin anlasilmasi i¢in degerli bir katki saglayabilir. Ancak, gelecekteki calismalarda daha genis
veri setlerinin kullanilmasi ve farkli 6znitelik cikarim tekniklerinin test edilmesi gerekmektedir.

Devam eden ¢alismalarda, 6nerilen yaklasim farkl 6znitelikler dahil edilerek genisletilecektir. Ayrica, 6znitelik
¢ikarma ve siniflandirma igin yeni yontemlerin gelistirilmesine ¢alisilmaktadir. Veri setinin olduk¢a yeni olmasi
sebebiyle, her ne kadar bu ¢alismada elde edilen sonuglar literatiir ile karsilagtirilamasa da bu ¢alisma ile literatiire
ilgili veri seti icin karsilastirma olanag katkisi saglanmistir.

Tesekkiir

Bu ¢alismada kullanilan veri seti icin “Neurobiosense” veri seti saglayicilarina tesekkiir ederim. Bu ¢alismada yer
alan tiim veriler icin gerekli etik izinler “Neurobiosense” veri seti saglayicilari tarafindan alinmistir.
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Keywords Abstract: This paper introduces a mathematical model for skin cancer, formulated
Fractional-Order Differential by fractional order differential equations (FODE). Considering the importance of
Equations, the stress factor, it is included in the model and its effect on tumor cells is

Skin Cancer,
Numerical Solutions,
Existence and Uniqueness

scrutinized. The study examines the local stability of equilibrium points and
evaluates the impact of fractional derivatives on the dynamic behavior of the
system. In addition, numerical simulations are conducted to analyze the influence
of fractional order derivatives and distinct parameters on population dynamics.
The presentation of graphs based on various fractional orders and parameter
values aids in the visualization of the findings. The study further investigates the
impact of stress on tumor cells. The outcomes are expected to provide valuable
insights to medical researchers in developing appropriate measures for screening
and treating skin cancer.

Cilt Kanserinin Stres Etkisiyle Matematiksel Modellenmesi

Anahtar Kelimeler 0z: Bu calismada cilt kanseri igin kesirli mertebeli diferansiyel denklemler (FODE)
Kesirli Mertebeden ile formiile edilen matematiksel bir model sunulmustur. Stres faktériiniin énemi
Diferansiyel Denklemler, dikkate alinarak modele dahil edilmis ve tiimor hiicreleri tzerindeki etkisi

Cilt Kanseri,
Niimerik Simiilasyonlar,
Varlik ve Teklik

arastirillmistir. Denge noktalarinin yerel kararlihgl incelenmistir ve Kkesirli
tliirevlerin sistemin dinamik davranisi iizerindeki etkisi degerlendirilmistir. Ek
olarak, kesirli mertebeli tiirevlerin ve farkli parametrelerin popiilasyon
dinamikleri lizerindeki etkisini analiz etmek i¢in sayisal simiilasyonlar yapilmistir.
Cesitli kesirli mertebe ve parametre degerlerine dayal grafiklerin sunulmasi,
bulgularin gorsellestirilmesine yardimci olmaktadir. Ayrica stresin timor hiicreleri
tizerindeki etkisi de arastirilmistir. Sonuglarin, tibbi arastirmacilara cilt kanserinin
taranmasi ve tedavisi i¢cin uygun Onlemlerin gelistirilmesinde degerli bilgiler
saglamasi beklenmektedir.

*[lgili Yazar: semsettintunca@gmail.com
1. Introduction

Basal cell and squamous cell carcinomas are two examples of non-melanoma skin malignancies. Despite the
rarity of death, surgical treatment is both uncomfortable and disfiguring. It is hard to identify the temporal
trends in the occurrence of these malignancies since the proper recording of them has not been accomplished.
But particular studies from Australia, Canada, and the US show that the prevalence of non-melanoma skin
cancers grew by a factor of more than two between the 1960s and the 1980s. Despite being far less common than
non-melanoma skin cancers, malignant melanoma is the most common kind of skin cancer fatality and is more
frequently reported and appropriately diagnosed than non-melanoma skin cancers. Malignant melanoma
incidence has considerably grown in the US since the early 1970s, rising by an average of 4% yearly. A person's
UV exposure habits, genetic make-up, and attitude all have an impact on their risk of getting malignant
melanoma, according to several research. The incidence of skin malignancies, including melanoma and
nonmelanoma, has gone up recently. Every year, there are 2 to 3 million occurrences of non-melanoma skin
cancer and 132.000 cases of melanoma skin cancer globally. Data released by the Skin Cancer Foundation
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indicates that one in three cancer diagnoses are related to skin cancer, and one in five Americans will have skin
cancer at some time in their life. The atmosphere's ability to prevent dangerous solar UV radiation from
penetrating the Earth's surface declines as ozone levels drop. It is anticipated that there would be 4.500 more
incidences of melanoma skin cancer and 300.000 more cases of non-melanoma skin cancer for every 10% drop
in ozone levels (https://www.who.int/news-room/questions-and-answers/item/radiation-ultraviolet-
(uv)radiation-and-skin-cancer).

Skin cancer arises from the skin cells, which are the fundamental building blocks of the skin tissue. Normally,
these cells undergo a process of growth and division to produce new cells, while old and damaged cells are
naturally eliminated. However, in certain cases, this intricate balance is disrupted, resulting in an uncontrolled
proliferation of cells that form a tumor mass [1, 2]. Melanoma, the deadliest type of skin cancer, originates from
melanocytes and undergoes a distinct clinical course marked by two stages. Melanomas can specifically advance
to the malignant vertical growth phase (VGP) following an initial phase of radial development in the epidermis
[3]- The cells called melanocytes, which produce the pigment melanin that gives skin its color, give birth to
melanoma, a highly aggressive tumor. Melanoma continues to be one of the most aggressive types of cancer even
after much study [4]. Melanoma is a very aggressive form of skin cancer with a high death rate and an incidence
that is rising quickly. Melanoma is a desirable target for the development of therapeutic vaccinations since it is a
solid tumor. T-cell resistance to tumor-associated antigens (TAAs), however, may limit the spectrum of
functional tumor-reactive T-cells and so reduce the efficacy of such vaccinations. This may make it more difficult
for vaccinations to produce robust antitumor immunity [5]. Tumors can effectively evade the host's natural
defences through a multi-step process known as cancer immune editing. Changing from immunosurveillance to
immunotolerance of the tumor is the key stage in immunoediting, which greatly lowers the immune system's
capacity to combat cancer. As a result of this process, CD4+ T cells adopt a Type-2" T helper 2 (Th2) phenotype
rather than a Type-1" T helper 1 (Th1) phenotype, which favours humoral responses and inhibits cytotoxic
effector activities [6, 7, 8]. Tumor cells exploit host defence mechanisms to promote their progression, invasion,
and metastasis. One of these mechanisms involves the production of TGF-B cytokine, which exerts an
immunosuppressive effect by interfering with antigen presentation to lymph nodes and suppressing the effector
functions of CD4+ and CD8+ T cells, such as proliferation, differentiation, and acquisition of effector molecules
[9,10]. Although there is a wide range of medications under investigation for use in tumor immunotherapy
clinical trials, their primary therapeutic objectives involve the disruption or reversal of tumor-induced
immunosuppression [11, 12]. The potential of oncolytic viral therapies as a cancer treatment has been widely
recognized, primarily because certain viruses (known as oncolytic viruses) can reproduce within tumor cells
without causing harm to normal tissue cells [13]. Models represent a complex network of biological components,
incorporating a structure derived from existing knowledge and parameters based on available data [14].
Although many life scientists continue to rely on simple cause-and-effect relationships to expand their
understanding, leading researchers have observed that the direct connection between observation and insight is
becoming less clear [15]. Effective computer models can be important resources for cancer researchers; systems
biologists provide biochemical models of cancer, while physical oncologists provide tissue models. By using
systems biology, researchers may learn how the network structure and dynamic behavior of melanoma cells
influence the biochemical pathways involved in drug resistance, invasiveness, proliferation, and survival [16].

Researchers have studied various skin cancer system interactions. For example, partial differential equations
(PDEs) were used by Eikenberry et al. [17] to create a spatially explicit model that captured the dynamics of
melanoma invasion in the skin. In [18], presented a mathematical simulation of the immune response brought on
by the simultaneous administration of activated OT1 cytotoxic T cells (CTLs) and anti-CD137 monoclonal
antibodies. The treatment targets melanoma in B16 OVA mouse models treated with a particular
immunotherapy approach. Nikolov and Menov [19] studied how vaccinations, particularly those based on
antigens and dendritic cells, affect the control of melanoma micrometastasis. A mathematical model of tumor cell
interactions with M1 and M2 macrophages was presented by Shu et al. [20]. In [21], Ozkése et al. presented a
mathematical model of stem cells and chemotherapy for cancer treatment using fractional order differential
equations. Lai and Friedman [22], developed a mathematical model to address the question of how BRAF/MEK
inhibitors and PD-1 inhibitors interact in the treatment of melanoma. Ozkdse et al. [23], a novel fractional-order
mathematical model was investigated that incorporates the Caputo fractional derivative and accounts for the
population dynamics of tumor cells, macrophage cells, active macrophage cells, and host cells.

The purpose of this work is to construct a fractional-order mathematical model and analyze the effects of stress
on cancer cell proliferation, which is motivated by the preceding explanation. We have presented a model
motivated by Oztiirk and Ozkése's [24] work. A fractional differential equations model research that examines
the relationship between the immune system and the tumor was offered by [24]. In this model, we added the
stress effect in the model and analyzed it. Considering the importance of the stress factor, its effect on tumor cells
has been scrutinized. Consistent systems with coherent units of measurement on both sides of the equations are
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crucial tools in fractional systems. Modifying the variables on the right side of the equations, such as elevating
them to the power of «, is necessary to achieve dimensional consistency. This approach helps ensure
dimensional compatibility, providing a clearer demonstration of how the fractional order influences the
developed system. And from this point of view, we take into consideration this in terms of mathematical
perspective [25].
2. Preliminaries
Definition 1. [26] The fractional integral of order a > 0, of the function f(t), t > 0 is given by

t (t _ S)zx—l

1%f(t) = i Wf(s)ds,

and the fractional derivative of order @ € (n — 1,n), t > 0 is given by
d
D) = "p*f@) (D = 2),

where @ > 0 and I'(.) is the Gamma function.

Definition 2. [26] The Caputo fractional derivative of order @ > 0 of a function f: (0, ) — R is given by

¢ ()
1 dO"f (2)
— 0<n—-1<a<nn=]|[a],n €N,
EDEf(®) =T — @y (= D**idr, 0

n

(%) f (), a=nmn€EN.

Definition 3. [26] The Laplace transform (LT) of the function f(t) of order a« > 0 is defined by

n—-1

LISDEF()] = sF(s) = ). fW(0)s%. @
v=0

Definition 4. [26] The Laplace transform (LT) of the function f(t) = tﬁl‘lEﬁ_ﬁl(iwtﬁ) is defined as

9 9 s~

-1 + = :

L[t 1 E19n91(—wt )] 519 '|_' w (3)
Theorem 1. [27, 28, 29] Consider the following fractional-order system:

d%x

Jra = f(x), x(0) = xo, (4)
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with @ € (0,1] and x € R™. The zeros of the function f(X*) = 0 are the equilibrium points of the system (5) and
these equilibrium points:

(1) Asymptomatically stable < the eigenvalues 4; of the Jacobian matrix J(X*) satisfy that |arg (4;)| > az—n,
Vi,i =12, ..,n

(2) Unstable < 3i, such that the corresponding eigenvalue A; of J(X*) satisfy
an
larg Q) < =i =1.2,..,n.

Theorem 2. [30] Take into account the polynomial equation
PO ="+ A"+ +ap_ A + ay,.

(1) For n = 1, the condition for |arg (1,)] > <= is a; > 0,
2

(2) For n = 2, the condition for |arg (4;)| > az—n are either Routh-Hurwitz conditions [31] (a; > 0,a, > 0) or

a, < 0,4a, > a?, |tan"! (4a, > a?)| > %

3. Mathematical Modelling

The use of mathematical models in predicting the severity and progression of skin cancers, as well as forecasting
their future manifestations, has proven notably effective. Such models also hold promise in developing
treatments for a wide array of ailments. Several mathematical representations have been devised to elucidate
the nature of skin cancer and its detrimental influence on various chronic conditions. This study's objective is to
explore the association between stress and skin cancer using a distinct model. The evaluation of skin cancer
incorporates the consideration of three cell types: macrophage cells (M,), active macrophage cells (M,), and
tumor cells (7).

Consistent systems with coherent units of measurement on both sides of the equations are crucial tools in
fractional systems. Modifying the variables on the right side of the equations, such as elevating them to the
power of a, is necessary to achieve dimensional consistency. This approach helps ensure dimensional
compatibility, providing a clearer demonstration of how the fractional order influences the developed system.
The proposed fractional-order model can be represented as follows:

M,
oD My (8) = My (D)t (1 - 61‘(:)) — 8 M ()M () — yi' My (8) + 1 Mo (8) — s7' My (),

0D M, (8) = My (£)(8“My(8) — v5) — sy My (0), )

(%)
oDET(®) =T(O)e7 (1 — o T(OM,(t) + ¢,

_9;‘

with the initial conditions: M;(0) = M;, = 0, M,(0) = M,, =0, T(0) =T, = 0,wheret =20anda (0 < a < 1)
is order of model.

4. Existence and Uniqueness (E&U)

With the initial conditions M, (0) = M, , M,(0) = M, , T(0) = Ty, let's consider the system (5). It is possible to
express system (5) as follows:

<DaX(t) = {il(ii)()t)z-l-xl(\:ll (O)BX(t) + My ()B3X (1) + T(t)BX(t) +V 6)

432



Mathematical Modeling of Skin Cancer with the Effect of Stress

Table 1. The biological meanings of the parameters and numerical values

Par. Description Values Reference
6, The macrophages' carrying capacity 20 [24]
0, The tumor cells' carrying capacity 10 [24]
01 Macrophage cells' growth rate 0.5 [24]
@, Tumor cells' growth rate 0.4 [24]
Y1 The natural death rate of the macrophage cells 0.07 [24]
Y2 The active-macrophages cells' natural mortality rate 0.7 [24]
o The proportion of tumor cells being destroyed 0.3 [24]
) The proportion of inactive macrophages that become 0.201 [24]
c The transformation rate of normal cells to malignant ones 9.8 [24]
1 The rate at which activated macrophages transform into 0.05 [24]
51 Stress-related macrophage cell degeneration 0.02 Estimated
S, Stress-related active-macrophage cell degeneration 0.02 Estimated
Where
M, (t) M, (0) of —vi — st Ny 0
X(@) = My(8) |,  X(0) =| M(0) |, By = 0 —¥i—sz 0|,
T(¢) T(0) 0 0 P37
i _sa g 0 0 0 0 0 0 0
B=( % 0,B3=<6“ 0 o>,34= 0 _Oa é"h(%)'
0 0 0 0 00 0 =% % ¢

In view of [32, 33, 34, 35], the definitions required for E&U are given following:
Definition 5. Assume that C*[0, ] represents the class of continuous column vector X (t). The continuous

functions on the interval [0, 7] are represented by the components M;, M,, T € C*[0, 7]. The norm of X € C*[0, 7]
is

Il X II= suple ™M, (t)| + suple VM, (t)| + sup|e N T(t)|
t t t

when t > ¢ = m, we write Cy,[0, 7] and Cy [0, 7].
Definition 6. X € C*[0, 7] is a solution of the initial value problem (IVP) (6) if

(1) (t,X(t)) € D,t € [0,7] where D = [0,7] X K,K = {(M;,M,,T) € R3: M| <p,|M| <1,|T| <w};p,7,ware
positive constants.

(2) X(t) satisfy (6).
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Theorem 3. The initial value problem (6) has a unique solution X € C*[0, 7].

Proof. The FODE in (6) can be represented based on the characteristics of fractional calculus:
d
e EX(t) = B, X(t) + M;(t)B,X(t) + My(t)B3X(t) + T(t)B,X(t) + V.

Operating with /% we get

X(t) = X(0) + I9(B,X(t) + My (£)B,X(t) + My(£)BsX(t) + T(£) B X(£) + V). (7)
Now let F: C*[0,7] - C*[0, 7] be defined by

FX(t) = X(0) + 1%(B,X(t) + My (£)B,X(£) + M, (£)B3 X (t) + T(£)B,X(t) + V). (8)
Then

e NYFX —FY) = e ™MYB,(X(t) — Y (D) + My()B,(X(t) — Y (1))
+M, ()B3 (X (1) = Y () + T(E)B4(X (1) — Y (1))

< ﬁfot (t =) e N (X(s) = Y(5))

x e™NS(B; + pB, + rB; + wB,)ds

B, + pB, + B3 + wB. Lset
S(l pB; 3 4)IIX—Y||f
0

Ne T %

This implies that

By + pB, + rB; + wB
1 Fx -y i< B EP N Dyx_vy

If N is chosen such that:

N« >Bl+sz +TB3+WB4,
then we obtain
IFX—-FYI<IX-=YI

And the operator F has a fixed point. As a result, (7) has a unique solution X € C*[0, t]. From (7), it has been
concluded that:
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a

X)) =X(0)+ XCED) (B1X(0) + M;(0)B,X(0) + M,(0)B3X(0)
+T(0)B,X(0) + V) + I*"Y(B,X'(t) + M;(£)B,X(¢t)
+M; (t)B,X'(t) + My (t)B3X(t) + M, (t)B3X'(t)
+T'(t)B,X(t) + T(t)BX'(t))

and

dx() — t*!
FT m(le(O) + M,(0)B,X(0) + M,(0)B;X(0)

+T(0)B,X(0) + V) + I%(B,X' (£) + M. (£)B,X(t)
+My () B X' (t) + My (£)BsX (t) + My (£)B3 X' (1)
+T'(t)B,X(t) + T(t)B,X' (1))

a—-1

~Nt % (B;X(0) + M, (0)B,X(0) + M,(0)B;X(0)

+T(0)B,X(0) + V) + I%(B, X' (£) + M, (£)B,X(t)
+My () B X' (t) + My (£)Bs X (t) + My (£)B3 X' (1)
+T'()BX(t) + T(t)B,X'(t))]

o

e N X'(t) =

from here, the conclusion X’ € C;[0, 7] is reached. Then, from (7), we have

dx@) d
= [%(BX(t) + M, (£)BX(t) + My(t)BsX(t) + T(t)BX(t) + V),

_o X (®)
dt

11

=]« %I“(BlX(t) + M (t)B,X(t) + M, (t)B:3X(t) + T(t)B,X(t) + V),

D*X(t) = B1X(t) + My(£)B,X(t) + My(1)B3X () + T()BX() +V

and

X(0) =Xy +I*(B1X(t) + My ()B,X(t) + My (t)B;X(t) + T(t)B,X(t) + V),
therefore (7) is equivalent to the initial value problem (6).

5. Equilibrium Points and Their Stability (E&S)

To calculate the equilibria of system (5), let

§DEMy(t) =0,
§DEM,(t) =0,
SDET(t) = 0.

Thus
M,
Mypf (1 T = 8“M; M, — y{'M; +niM, — s{M; =0,
1
My(6°My —y5) — siM; =0,

T
T % (1 - 9—a) — 0% M, +c*=0.
2
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Then the equilibrium points are:

9% 1 % _% a @, ays
E1= 010l7_562§02 (4C +92(p2)2

63 1 % _% a @, ays
E, = O,O,7+262¢2 (4c* + 605 9p9)>

a [24

o 1 o ¢ 1
E; = <9f‘<pi"(—5f‘ — ¥ 9D, 0,— =269, *(4c + 9§‘<p5‘)5>

a

¢ 1 & _« 1
E, = (9{"<pi"(—5f‘ —yi + 7)), 0.72 + 5922902 ?(4c* + 95"4)5‘)5)

572 (s§ + y9)OT*(—(s§ + ¥ ef — 908 (sf +v{ — 9f))
S3 +vs =Nt

Es = (5‘“(55‘ +v5),
5—2a91—a(p2—a

2(s3 +vs —nf)

+6%%(s§ + y§ — 005 9§ — 524 (05 (4c¥(s§ + y§ — 202 + 54405 (52%n{ 67 5

1

2\ \ 2
— (55 +79)(0%((5 +VEIof + 60T (T +yE - 9D) + 5767 5) ) ))

(0%(s§ +vE)205pF + 6% (s§ +y£)0705 (s + v — o)

§72(s§ + ¥ (= (% + y$)pf — 8908 (sF + ¥ — 9f))
sy +vs —nf

Es = (5_‘1(5? +v7),
6—26{91—a(p2—a

2(s§ +v5 —nf)
+6%%(s§ + y§ —n)OL05 0% + 529 (05 (4c¥(s§ + y§ — 202 @ + 574405 (52%nT 67 95

(0%(s§ +v5)205pf + 8% (s§ + y§)O705 (s + v — of)

1

2\ \ 2
~(55 + Y9 (0((55 + Yok + 8705 (T +vf — 9) + 52°0505)) ))

5.1. Positivity and boundedness

The positivity and boundedness of the model (5) solution have been analyzed in this section. Let R3 = {(¢t) €
R3:{(t) = 0and {(t) = [M,(t), M,(t), T(¢)]". Let us reviewthe lemma that will be utilized to prove that the
solution to model (5) is non-negative.

Lemma 1. (Generalized Mean Value Theorem) [26] Assume that w(t) € C[a, b] and §DFw(t) € C[a, b] for 0 <

a <1,thenw(t) =w(a) + % ¢DEw(T)(t — a)*, where 0 < T < t,Vt € (a, b].

Remark 1. If w € C[a, b] and §D&w(t) = 0,Vt € (a, b], then the function w(t) is non-increasing for all t € (a, b].

Theorem 4. The solution of model (5) along with initial conditions is bounded in R3.
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Proof.

6DEM1 (O, (=0 = NTM2(t) = 0,
6D My (D) myy=0 =0 =0, (10)
6DET ()| 7ty=0 = ¢* 2 0.

If (M, (t), M,(t),T(t)) € R3, then from system (10) and Remark 1, the solution of model (5) can only be of high

hyperplanes M, (t) = 0, M,(t) = 0 and T(t) = 0. This concludes that the area R3 is a positive invariant set.

Theorem 5. The region Q = {M, (t), M,(¢t), T(t) € R3, 0 < M,(¢t), M,(t), T(t) < c*p; + N(0)p,} is a positive
invariant set for the system (5).

Proof. (5) yields the following:

(p(l
EDEN(D) = My()@f — 5 ME() — Y My (8) + i Ma(t) — sTMy ()
1

a
—VEM(6) = SEMy(0) + T(O9F = SETZ(0) = a“T(OM(6) +
2

This gives §DEN(t) < ¢® + M; () + n¥M,(t) + T(t)p5 < c* + N(t).

When LT is applied to the previous equation, the outcome is:

sPw(N) — s""IN(0) < c* + w(N)

a v—1
which further gives w(N) < ——— + > — N(0), from the definitions 3 and 4, we get that if (M, (t), M,(t),T(t)) €

T osvtl-o1 o s?
R3, then
N(t) < ¢ tVEypi1(t7) + t"71E, 1 (¢V)N(0) < c*py + N(0)p,

where p, and p, are constants.
Thus N(t) (the total cell) is bounded and M, (t), M, (t), T (t) are bounded.

5.2. Stability of the equilibria

Here, we outline the prerequisites for equilibria's stability.

Theorem 6. Let E; be the equilibrium points system (5). Then E; is unstable.

Proof. The Jacobian matrix of model (5) evaluated at equilibrium point E; is given by

(rpf‘ — st —yf n{ 0
0 —ys —s¥ 0
](El) = Qél 1 a a «a

@ _a 1 - = L
0 —a“<7—§922¢22(4ca+9§1<ﬂ§)5> 922(p22(4c“+9§‘<p‘2")5/
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The characteristic equation is |J(E;) — AI| = 0. Hence the eigenvalues of J(E;) are written as

o=—s3—V3
& a 1
Ay = 0,202 (4c” + 65 97)z,

A3 = —=sf —yi + ¢of.

We know that ¢4, ¢, 04,65, 8,v1,Y2, 11,0, € are positive. Since 4; < 0 and |arg (1,)| > %, A, > 0and

larg (1,)| < ? According to the Theorem (1), equilibrium point E; is unstable.

Theorem 7. Let E, be the equilibrium points system (5). Assume that ¢f < s + y{*. Then E, is locally
asymptotically stable (LAS).

Proof. The Jacobian matrix of model (5) obtained at E, equilibrium point is given by

oF —yE st ng 0
0 —y§ —s§ 0

J(Ey) = €2 1 5 S aaant B (AT 4 O T
0 o\ + 592 @, 2(4c + 07 95)2 | —0, @7 (4c + 05 F)?

The characteristic equation is |J(E,) — AI| = 0. Hence the eigenvalues of J(E,) are written as

— a a
A =-=53 =73,

_a a 1
Ay = =0,2¢2(4c* + 05 9%)z,
A3 = =s{ —yi + ¢f.

We know that ¢4, ¢, 0,4, 8-, 8,v1,Y2, 11,0, c are positive. Since 4; < 0 and |arg (4,)] > az—n, A, < 0and
larg (A,)] > ?, We assume that ¢f < s{ + y{f then 1; < 0 and |arg (13)| > ? Therefore, all eigenvalues satisfy

larg (4))] > 0;—” Hence by Theorem (1), E, is locally asymptotic stable.
Theorem 8. Let E; be the equilibrium points system (5). Then E; is unstable.

Proof. The Jacobian matrix of model (5) evaluated at equilibrium point Ej; is given by

st +yi —of Nt + 0716 (st +v{ — o) 0

0 —s5 —ys — 0FpT6%(sf +vi — o) 0
J(Es) = Y 1 & & 1 @ a 1
0 —a* (7 - EGZZ(PZ 2(4Ca + egfpza)i) 62 2(p22 (4Ca + gg(pg)i

The characteristic equation is |J(E3) — AI| = 0. Hence the eigenvalues of J(E;) are written as

& a 1
A =0,%07(4c” + 65 93)z,
Ay = st +yi —of,
A3 = —s3 —vy5 — 0716 (sT +¥{ — o1).
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We know that ¢4, ¢, 04,05, 8,¥1,Y2, 11,0, € are positive. ; > 0 and |arg (1,)] < az—n According to the Theorem

(1), equilibrium point E5 is unstable.

Theorem 9. Let E, be the equilibrium points system (5). Assume that s + y{ < ¢f and
—O%PT7 5% (sf + ¥ — @%) < s¢ + y£. Then E, is LAS.

Proof. The Jacobian matrix of model (5) evaluated at equilibrium point E, is given by

(s{’ +yE—of  nE+ 0F QT SU(sE + ¥ — of) 0
0 —s3 — vz —0fp1“ “(Si’ +yi — o) 0

](E4-) - ea 1 & _a 1 a a 1
0 —o“ (72 + 5922<p2 2(46“ + 9§‘<p§‘)5> =0, 2¢; (4c* + 95‘(;}‘2")2/

The characteristic equation is |J(E,) — AI| = 0. Hence the eigenvalues of J(E,) are written as

_a a 1
Ay = =0, %@; (4c® + 05 95)z,
=s{ +yi —of.
A3 = =S5 —yi — 07 1 “0%(s{ +vi' — 7).

o
N
|

We know that ¢4, ¢, 04,65, 8,v1,Y2, 11,0, € are positive. Since 4; < 0 and |arg (1,)| > E . We assume that
st+yr < (pf‘ and =07 @784 (sy + yif — o) < s§ +y5 then /12 < 0and |arg (1,)| > = /13 < 0and

larg (13)] > == Therefore, all eigenvalues satisfy |arg (1;)| > = Hence by Theorem (1) E, is locally asymptotic
stable.

Theorem 10. Let E; be the equilibrium points system (5). Assume that

sy +ys <ni,sy+vyy <=8%7e1%(st +vi —f)and
(s§ +v9)2pf <nf(2(s§ + ¥y F + 8908 (sf +v{ — of))

Then the E5 is locally asymptotically stable.

Proof.
jin nf—=(¥+ys) 0
](Es) =\|Jja 0 0
0 J32 J33

Where

095§ + y5)(89SEOF + 8YEOF + (5§ +y§ — 5768
Jur = —S{ = Vi + @f — 267(s§ +y)OT“of + ( 76t +yi)(Es7OF SZC Rl 1))>,
s; +ys =i

5707 (s§ + ¥ (—of(s§ +v5) — 5967 (sf + v — o))
s§ +vys —nf '

Jo1 =
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i _UaS_Zaefa(pZ_a afet ay2pa,,a A A aypapa(a a a
J32 = 262 + 7% — %) (0%(s3 +v2)* 0797 + 8% (s3 +v2)O7 67 (st + i — 1)
2 2 1

+6%%(s§ + 8 —nf)OFO5pF — 52%(05 (4c(s§ +v§ —ni)?07%¢F + 6~** 05 (52“n{ 61 ¢F
1

2\ \ 2
G55 V0 (GE + 10t + 561Gt + vt — o) + 5ot 09)) ) ) )

Jsz = 07707%(s§ +v5 —n)THOF (4c(s§ +v§ —ni)207%pF + 50T (52 nTOf ¢f
1

2\ \ 2
— (55 + ) (0%((s5 +YPF + 8°OF ST + ¥ — 9D) + 6765 95)) )) .

The characteristic equation is |J(Es) — AI| = 0. Hence
A+2)A%2+GA+R)=0

where

G = 579607 (s +¥£)20f — nf (205 +vE)pf + 5965 (s¢ + v — o)) (55 + 7§ =),
R = 67%(s§ +y)67%(= (s + s — 5908 (s¢ +vf — o)),

Z= —07"0;7(s§ +v§ —nH)THOF (4c(sf + v —nP)?0%0F + 6705 (52 NI 07 oF
1
2

2
—(s§ + ¥ (0% ((s8 +vE)pf + 5708 (8 +y{t — o)) + 62908 ¢%)) ))

an

Let 44, 4, and A5 be the roots of (11). Given the presumptions, we may say that ¢4, ¢,, 84,6,,3,v1,Y2, 11, 0, C are
positive. Therefore 1y = —Z < 0,G > 0,R > 0. Thus, from Routh-Hurwitz Criteria if G > 0, R > 0 then A4, and A,

am

are negative or have negative real parts. Due to this, all eigenvalues ensure |arg (1;)| > -

asymptotically stable.

Eigenvalues of J(Es) are:

A= B7U0(sE + 8 — )OS (Ac(s§ +vE — )07 + 565 (52N 0L oS
1
2\ \ 2
(s +75)(0%((s8 +v$)0f + 8075 + i — 9) + 62961 95)) )) :
1 - a a a a a -, a a a a
—m((s (sz +v2)(s7 +vs —2n1)01 %t —ni (st + ¥ — ¢1)
+(s§ +y5 —nf)(872407°* (46%(s5 +y$)07 ((s5 +y$)es + %67 (sf +y{ — 9f))
1

2 2
+((s§ + 208 —ni (208 +vE)f + 6965 (sF + v — o)) (o8 +v§ - ni")‘z)> :
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1
Ae= —— (=657 %(s% +y% & 4 yd _2nIPAp% + nI(s% + & — %
3 262 + 78 — 1% ( (s +v3)(sg +v3 nHOr“eT + ni(sf +vi —of)

+(s§ +vE —nH(672%072% (48 (s§ + yOF((sS +¥H) oy + 8707 (sf + v — 9f))
1

2 2
+ (s + 1520 —nf (25 +vE)0f +8°0F(F +7f —9D)) (55 +78 ~ 71‘1*)‘2)>

Theorem 11. Let E4 be the equilibrium points system (5). Assume that

sy +vs >nf,s8 vy < =871 %(sf +vi —of) and
(s§ +yH)2ef > nf(2(s§ + yHef + 5907 (sf + ¥ — o))

Then the Ej is locally asymptotically stable.

Proof.
jin nf—(sf+yy) 0
](Es) =1Ja 0 0
0 j32 j33

where

57%(ss +y)Or (= (s§ +vH) o — 8%08(sf + v — o))

j11 = _S{Z - ]/1a + (1 - 26—11(551 + yél)el—a)goix - ( Sg + yza _ nix

57%(s§ +¥HOT(—(s§ +yH e — 8%07(sf + vi — o))
s§ +ys —nf '

Jar =

7 _Gaé‘_zael_a(pz_a a a aN2pa ,,a a a a a ana a a a
J3z2 = 2(s% + y% — %) (0%(s§ +v5)? 0507 + 6% (s +y$)O{05(sT + v — 9f)
2 2 1

+62%(s§ + y§ — 09670505 + 674 (05 (4c*(s§ + v —nH)267pF + 505 (520§ 61 3

1
2\ \ 2
—(s§ +¥E)(0((s§ +¥E)f + 5705 (sF +vE — ) + 52968 5)) )) :

Jsz = —070;%(s§ +v5 — D) TH(OF (4c(s§ +v5 — )07 0F + 57105 (82 O 0

1
2\ \ 2
—(s§ +¥E)(0((s§ +¥E)f + 505 (sF +v§ — ) + 52°08 %)) )) :

The characteristic equation is |J(Eg) — AI| = 0. Hence

A+ K)(A?*+GA+R)=0

where

G = 67907 ((s§ + 2% —nf (208 +¥E)of + 6965 (sf + ¥ — ) ) (s§ +v§ =07,

R =6"%(s§ + v (—(s§ + yHpF — 8%0F(s8 + v — o)),
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— —ap—a(ct a a—-1lrpa Al a aN2pn2a ,,a —4apna(S2a.,anax QA
K= 0790;%(s3 +v5 —n1) 7 (03 (4c*(s5 + vy —n{)*07"p3 + 67405 (6°“nT 01 3
1

27\ 2
—(s§ +¥E)(09((s§ +¥E)f + 505 (sF +vE — ) + 52908 05)) )) :

Let 44, 4, and A3 be the roots of (12). By the assumptions, we know that ¢, ¢,, 04, 84, 8, ¥4, Y2, 1, 7, € are pozitive.
Therefore A, = —K < 0,G > 0,R > 0. From Routh-Hurwitz Criteria if G > 0, R > 0 then A4, and A; are negative or
have negative real parts. Due to this, all eigenvalues ensure |arg (4;)| > % by Theorem (1) and E is local

asymptotically stable.

Eigenvalues of J(E,) are:

M= —07%07%(s§ +vE —n)THOF (4c(sF + v —ni)?07%F + 67 05 (52 N1 67 pF

1
2\ \ 2
(s +v9)(0((s5 +yIf + 605 (T +¥E — 9D)) + 526 05)) )) :

1
/‘l= — é‘—[l 0{+0{ 0{+ 0{_20{9—(1 a __ ., (Z_l_ a __ a
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6. Numerical Scheme for the Provided Skin Cancer Model in the Caputo Fractional (CF) Derivative Sense

Using the CF operator, the dynamics of the proposed fractional-order model (5) are investigated. Using the
Adams-type estimator-corrector approach, we carry out numerical simulations for the suggested nonlinear
fractional-order system [36,37,38,39]. We examine the subsequent Cauchy-type ordinary differential equation
within the context of the a-order Caputo operator:

§DER() = f(t, (), @D (0)=P5, 0<a<10<t<T (13)
where b = 0,1, ...,n — 1,and n = [a] Equation (13) can be turned to the Voltera equation:

_ p) t? 1
D(t) = Nps o = + —

ot 5 (t — )T 1D(s, D(s))ds (14)

Considering the Adam-Bashforth-Moulton algorithm [37] along with the proposed predictor-corrector scheme to
provide numerical solutions for the model, we adopt h = %, t,=zh,andz=0,1,..,N € Z*, allowing ®, =~ ®(t,)

for discretization. The associated corrector formula is derived as per the reference [40].
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Where

q*™t — (g — a)(q + 1)%,ifz =0,

Drgi1 =3(Qq—2+2)* +(q—2)*" —-2(q—z+ 1)*,if1 <z <q, (15)

1,ifz =q+z.

The next step is to build the coincident predictor formula. Cbgil. The following formula can be used to compute

the predictor:

a-1 1, Lar1 h  a . af1_My,
g0 =  2z=oMi, o +m22=002,q+1) My, o7 (1— 2,

—6My M, —yi'My, + niM,, — SixM1z):

41 ,(2) ta+1 h® a ¢ . o (16)
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te h* T,
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where

jz,q+1 =(@+1-2)%—(q—2)~

7. Numerical Simulations and Discussion

We have used the Adams-Bashforth Moulton Predictor-Corrector technique to generate numerical solutions for
system (5) with initial conditions (Mlo, M,,, To) = (33,22,50) and parameters given in Table (1). The goal of the
numerical simulations is to investigate the effects of changing a values and parameter values on the dynamic
behavior of model (5). Table (1) provides specific information on the parameter values used in the numerical
simulations. We have performed numerical simulations using the parameter values from Table (1) to investigate
the temporal dynamics of each sub-population at various fractional parameter a values. And we have calculated
the equilibrium points as Eg = (M;, M,, T) = (3.58209, 1.71324, 14.2925) Additionally, graphics are produced to
emphasize how changes in particular parameter values can have a significant impact on cell behavior.
Considering different parameter values and fractional-order values, the dynamic patterns of the suggested skin
cancer model are shown in Figures (1), (2), (3), (4), and (5). In particular, Figure (1) illustrates how the
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fractional scenario affects tumor cells by showing how they behave at various a values. The tumor cells exhibit a
decreasing trend as a values rise.

We have performed numerical simulations using the parameter values from Table (1) to investigate the
temporal dynamics of each sub-population at various fractional parameter a values. Additionally, graphics are
produced to emphasize how changes in particular parameter values can have a significant impact on cell
behavior. Considering different parameter values and fractional-order values, the dynamic patterns of the
suggested skin cancer model are shown in Figures (1), (2), (3), (4), and (5). In particular, Figure (1) illustrates
how the fractional scenario affects tumor cells by showing how they behave at various a values. The tumor cells
exhibit a decreasing trend as a values rise.

Fig. (1) examines the evolution of the active tumor cells throughout time. As can be seen in the illustration, the
memory effect of the tumor cells increases when the fractional-order a lowers from the unit. In non-integer
settings, these cells therefore take longer to stabilize. Furthermore, the tumor cells behave in an unstable way
when « is a unit, but the system remains stable over the long run when a is not an integer, indicating one of the
essential properties of the fractional-order derivatives.
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Figure 1. Change of the tumor cells over time of the varying fractional-order derivative

444



Mathematical Modeling of Skin Cancer with the Effect of Stress

N
(&)

— =

N
o

a=0.8

_C¥=07

w
a

N N w
o ()] o

Active Macrophage Cells
o

10

40 50 60 70 80 90 100
Time (Days)

Figure 2. Change of the active macrophages cells over time of the varying fractional-order derivative
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Figure 3. Change of the macrophages cells over time with the varying fractional-order derivative
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Additionally, Fig. (2) shows that there are generally more active macrophage cells when @ = 0.7 than when a =
1. As a result, the fractional order predicts a higher number of active macrophage cells than the estimate
obtained in the integer-order scenario. Moreover, after 100 days, it is seen that the body still has active
macrophage cells when ¢ = 0.7. On the eleventh day, however, it can be seen that they begin to disappear in an
integer-order scenario.

The agreement between the distribution of active macrophage cells and the behavior of fractional derivatives is
evident from the effect of « = 0.7. The wider stability region of fractional differential equations compared to
integer-order equations, which implies that they are at least as stable as integer-order equations, is one of the
main reasons for employing FODEs. Moreover, all the necessary conditions for the existence of solutions to
fractional-order equations, as stated in [24, 41], must be met. Hence, Fig. (1) provides empirical evidence
supporting this theoretical finding, indicating that the stability zone of the proposed model increases as «
decreases from unity.
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Figure 4. Change of the tumor cells over time of the different s, values and ¢ = 0.8

Figure (3) showcases a trend akin to the one witnessed in active macrophage cells. With deviations of the
fractional-order parameter o from unity, there is a noticeable rise in the memory effect exhibited by
macrophagecells. In the context of fractional circumstances, this rise implies a decrease in the peak count of
macrophage cells, aiming towards stability over time. This behavior demonstrates how «a affects the dynamics of
the proposed system model for skin cancer.

Figure (4) depicts an increase in tumor cells under the fractional-order case @ = 0.8 as s; values increase.
Similarly, in Figure (5), it can be observed that s, has a substantial effect on the regression of tumor cells, with an
increase in s, resulting in an increase in the number of cancer cells.

The fractional-order derivative attenuates the oscillation behavior close to the positive equilibrium point, as seen
in Figure (1). The occurrence of periodic solutions is related to cancer models. It implies that tumor levels may
vary around an equilibrium point even in the absence of treatment. Clinical observations of the "Jeff's

Phenomenon" have been made [42], and it has been documented in several cancer model organisms [24, 43]. As
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seen in Fig. (4), the number of tumor cells grows with an increase in s;, and the number of tumor cells increases
with an increase in s, in Fig. (5).
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Figure 5. Change of the tumor cells over time of the different s, values and a« = 0.8

8. Conclusions

This paper focuses on the Caputo fractional order cancer-immune system model, which is a system of fractional
differential equations (5) with Caputo fractional derivatives. We investigate the local asymptotic stability of the
tumor-free and tumor-infection fixed points of the system and demonstrate that under certain conditions, the
equilibrium points of the model (5) are asymptotically stable. We then examine the existence and uniqueness of
the solution and provide numerical simulations to validate the theoretical results. To explore the effects of
varying the fractional order derivative and to analyze the behaviour of the system, we generate figures for
different a values. Our results show that as a decreases from 1, the cells reach equilibrium points more quickly,
and we conclude that the Caputo fractional derivative yields more realistic results than integer order derivatives.
It is observed that the density of tumor cells increases as stress increases. It is seen that the system is stable as
the fractional derivative value decreases from 1, which shows that the stability region of fractional derivatives is
wider than full-order derivatives. Our model differs from other studies in the literature on skin cancer by
examining the relationship between stress and skin cancer. Additionally, it differs from other models in terms of
the mathematical analysis presented here. Stress plays a significant role in cancer development, and our results
indicate that reducing stress leads to a decrease in the number of tumors. We also observe significant changes in
the number of macrophage cells, the number of active macrophage cells, and the number of tumor cells as «a
varies. We anticipate that this study will make valuable contributions to the fields of mathematics and medicine.
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