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Ug agirlikh Piezoelektrik Kirislerin ivmeélger Olarak Tasarimi ve Sayisal Analizi
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Anahtar Kelimeler 0z: Bu arastirma, MEMS tabanh ivmedélcerlerin tasarimi ve gelistirilmesi {izerine
Piezoelektrik, MEMS, yogunlasmaktadir. Giiniimiizde bir¢ok cihaz, hareket ve oryantasyon algilama
Algllayici tasarim yetenekleri sayesinde daha islevsel hale gelmistir ve bu yetenekler biiyiik 6lciide

ivmeolcerler sayesinde saglanmaktadir. Cogu durumda, cihazlarin hareketleri
belirgin eksenler boyunca gergeklesir ve bu nedenle, bu 6zel eksenleri algilayabilen
sensorlerin gelistirilmesi genellikle yeterlidir. Literatiirde, ¢cok eksenli hareketleri
algilayabilen sensdrlerin gelistirilmesi 6nemli bir arastirma alani olarak kabul edilse
de, pratikte, belirli eksenlere odaklanan ivmedlgerlerin tasarim ve iiretimi daha hizh
ve maliyet etkin olabilmektedir. Bu ¢alismada, hem dikey hem de dénme
eksenlerindeki ivmeleri algilayabilen yeni bir ivmedlcer yapisi tasarlanmistir. Kiris
yapilar1 kullanilarak gelistirilen bu sensor, yaklasimsal analizle incelenmis ve
geometrik etkiler detayli bir sekilde ele alinmistir. Elde edilen bulgular, farklh
eksenlerde ¢alisabilen daha ileri ivmedlger tasarimlarina yol gosterici olabilir.

Design and numerical analysis of a piezoelectric cantilever type accelerometer

Keywords Abstract: This research focuses on the design and development of MEMS-based
Piezoelectric, MEMS, Sensor  accelerometers. Nowadays, many devices have become more functional due to their
design ability to detect motion and orientation, largely enabled by accelerometers. In most

cases, the movements of these devices occur along distinct axes, making the
development of sensors that can detect these specific axes often sufficient. Although
the development of sensors capable of detecting multi-axial movements is a
significant area of research in the literature, in practice, the design and production
of accelerometers focused on specific axes can be faster and more cost-effective. In
this study, a new accelerometer structure capable of detecting both vertical and
rotational axis movements has been designed. Using beam structures, this sensor
has been examined through an approximative analysis, emphasizing geometric
effects in detail. The findings from this study could guide the development of more
advanced accelerometers capable of operating on different axes.

*lgili Yazar, email: Ibeker@ku.edu.tr

1. Giris

fvme 6l¢iimii, genisleyen mikrosensér teknolojileri alaninda ¢ok énemli bir segmenti olusturmakta ve bir dizi
uygulamada artan taleple deneyimlenen bir alan olmaktadir. Entegre bilesenler olarak ivmedlgerler, cep
telefonundan, otomotive, ¢esitli glinliik ve endiistriyel aktivitelerde vazgecilmezdir. Cok farkli alanlarda etkin
olarak kullanilmalarinin sebebi, sadece maliyet olarak ekonomik ve performans olarak giivenilir olmakla
kalmayan ayni zamanda kompakt bir form faktériine de sahip olmalarindan kaynaklanmaktadir [1].

Ozellikle otomotiv sektdriinde, saglam, yiiksek performansh ve ekonomik ivmedlcerlere olan talep ozellikle
belirgindir ve bu talep ulasim, havacilik, endiistriyel otomasyon, tiiketici elektronigi ve hatta biyotip alanina kadar
uzanan genis bir trendi yansitmaktadir [2]. Bu uygulamalarin genisligi, ivmedlgerlerin giiniimiizdeki ¢cagdas
teknolojideki merkezi roliinii net olarak vurgular.
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Yakin zamanda mikro-iiretim tarafindaki gelismeler ile mikro-elektro-mekanik sistemler (MEMS) ivmedlgerlerin
gelistirimesi ve minyatiirize edilmesinde énemli rol almistir. ivme 6l¢iimii icin esas olarak ii¢ ydntem
bulunmaktadir: piezodirengli, kapasitif ve piezoelektrik, her biri farkh nitelikler ve kisitlamalar icerir [3]. Ornegin,
piezodirengli teknik yiiksek hassasiyeti ile taninirken, kapasitif yontemler diisiik gii¢ tiilketimi ve entegrasyon
kapasiteleri agisindan faydalar sunar. Buna karsilik, piezoelektrik tabanli mekanizmalar basit iiretim teknikleri ile
tiretilebilmeleri, genis dinamik araliklari ve tepki hizlari ile 6n plana ¢ikmaktadir [4]. Farkli uygulamalara yonelik
kapsamli arastirma ve gelistirme ¢abalarina ragmen, evrensel olarak uygulanabilir bir optimal ¢éziim arayisi
stirmektedir [3].

Piezoelektrik ¢oziimler baglaminda, toplu piezoelektrik seramik ivmeolger sensorleri zaten ticari bir gergekliktir
[5]. Gectigimiz on yil, 6zellikle ZnO, AIN ve PZT (PbZrxTi1-x03) gibi malzemelerin sensér uygulamalarindaki
potansiyelleri nedeniyle piezoelektrik ince filmlere yonelik yogun arastirma ¢abalarina tanik oldu [6]. Bu filmlerin
dogal avantaji, sensor ve elektronik bilesenlerin tek bir altlik tizerinde bir arada bulundugu tek parca sistemlerin
olusturulmasini saglayan silisyum pul teknolojisi ile uyumluluklaridir, bu da giivenilirlikte gelismeler ve maliyet
ve boyutta azalmalar vaat eder [6].

Piezoelektrik ince filmlerin silisyum teknolojisi ile entegrasyonu, boyutlar kiiciiltme ve maliyeti diisiirme
yoniinde sanayi trendiyle uyumlu bir adimdir, performans etkinligini korurken sensor boyutlarim kiigiiltme
egilimi ile uyum saglar [7]. Bu ilerlemeler, hassas biyomedikal cihazlardan saglam otomotiv sistemlerine kadar
cok cesitli teknolojilerde hafif, minyatiir ivmeoélgerlerin bir kritik bir 6l¢iim cihazi haline gelecegini 6nermektedir

[7].

Buna ek olarak elektrostatik ivmelerdlgerler, ataletsel sensorler alaninda énemli bir kategori olusturur ve
genellikle uzay, otomotiv ve robotik uygulamalarda kullanilir [8]. Bu ivmeleroélgerler, ivmeye bagli olarak bir kanit
kiitlesi hareketinin kapasitans degisikligine neden oldugu elektrostatik kuvvet prensibi lizerine ¢alisir ve bu
degisiklik daha sonra bir elektrik sinyaline donistiriilir [9]. Bu ivmelerélgerler, ylksek hassasiyetleri, diisiik
glriilti seviyeleri ve genis bant genisligi ile bilinirler, bu da onlar1 dinamik ortamlarda hassas dl¢timler i¢in uygun
kilar. Son déonemde MEMS teknolojisindeki gelismeler, elektrostatik ivmelerélgerlerin kigiiltilmesini ve maliyet
etkinligini blyiik o6lciide artirmistir. Fakat kapasitans degisimini okumak icin gerekli devrelerin komplike
olmasindan otiirii dezavantajlidirlar [10].

Sonug olarak, ivmeoélcer teknolojisi alani bir kavsak noktasindadir, etkin, kii¢iik dlgekli ve ekonomik olarak
uygulanabilir sensorler i¢in siirekli artan talebi karsilamak iizere c¢esitli yollar arastirilmaktadir. Bu makale basit
bir mikro iiretim metodu ile tretilebilecek piezoelektrik malzeme tabanli bir ivmeoélgerin iiretim akisi ve
similasyonunu icermektedir. Varolan kapasitif algilayicilara gore daha az kritik boyut icermesi ve daha az kritik
yapidan olusmasi sebebiyle dinamik aralig belirli olan uygulamalara yonelik ivmedlcer gelistirilmesinde faydah
olmasi beklenmektedir.

Piezoelektrik tabanli ivmedlgerlerin modellenmesi farkl yazarlar tarafindan c¢alisilmis bir konudur [11-14].
Ornegin Lee ve digerleri piezoelektrik tabanli bir ivmeélgeri sonlu elemanlar ve meta-modelleme yaklasimiyla
modellemis ve ¢alismalarinda optimal sensor tasarimlari rezonans frekansinin gecerli araliginda (25-47,5 kHz)
onerilmektedir bu analizler yardimiyla rezonans frekansini optimize ederek elektrik gerilimini %46,1 artirmistir
[13]. Baska bir ¢alismada Altair sonlu elemanlar programi kullanilarak 4 kirise bagli bir agirligin yarattig1 etki ile
piezoelektrik ivmeodlger tasarim calismasi yapilmistir [14]. Calismada frekansa bagli deplasman sonuglari
verilmistir ve sonlimleme katsayisinin etkisine dikkat ¢ekilmistir. Fakat bu calismalardaki tasarimlar sonlu
elemanlar gibi 6zellesmis programlar gerektirmektedir. Bu ¢alismada ilk seviye analize uygun olacak sekilde
yaklasimsal bir analiz sunulmustur.

2. Materyal ve Metot

Bu calismada 6nerilen MEMS piezoelektrik ivmedlcer ince film teknolojisi veya tiraslanmis seramik teknolojisi
kullanilarak gelistirilebilen bir algilayicidir (Sekil 1). Bir eksenel sensor (33-modu) olmasinin yanisira, z
yoniindeki donel ivmelere de hassas olacak sekilde tasarlanmistir. Bu kabiliyeti ile bir cep telefonunun dénme ve
eksenel yondeki hareketlerinin algilanmasinda kullanilabilecektir. Eksenel ivme sirasinda sismik agirhk
piezoelektrik katman iizerine bir kuvvet uygular, bu kuvvet piezoelektrik etki dolayisiyla katmanda bir yiik
olusmasina sebep olur. Bu yiikk ve dolayisiyla elektrotlar arasindaki potansiyel fark uygulanan ivmenin
Olciilmesinde kullanilir. Ayni sekilde bir donel ivme olustugunda bir taraftaki piezoelektrik katmanda itme kuvveti
uygulanirken diger katmanda ¢ekme kuvveti uygulanir ve bu da ters fazli potensiyel olusumuna sebep olur. MEMS
sistemine ek olarak kullanilabilecek sinyal isleme bloklar: ile bu potensiyel farki ve biiyiikligi kullanilarak
uygulanan doénel ivmenin biiytkliigi belirlenir.
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Ust gériiniim

x
z

Sekil 1: Onerilen MEMS tabanli piezoelektrik ivme 6lger mimarisinin sematik olarak yandan ve yukaridan ¢izimi.

Yan gorinim U agirlik

AT kam

Onerilen MEMS algilayicinin bir diger avantaji da kolay bir mikro-iiretim akisina sahip olmasidir. Bu iiretim akig1
once bir silisyum puluna altin metali kaplayarak baslamaktadir. Ardindan piezoelektrik malzeme farkli metotlarla
kaplanabilir. Burada hem ince film hem de kalin film teknikleri kullanilabilir. Ardindan piezoelektrik malzeme
asindirilir ve tstiinden elektriksel kontak almak maksadiyla ikinci bir metal kaplama islemi yapilir. Bu islemin
ardindan sismik agirligin olusturulmasi icin gegici bir katman yapilmasi gereklidir. Bu asamada mikro tretim
tesisinde bulunan alt yapiya gore farkli malzemeler kullanmak olasidir. Sivi Asindiricilar ile kolaylikla
kaldirilabilmesi sebebiyle oksit buradaki kullanilabilecek malzemelerden bir tanesidir. Kaplama yapildiktan sonra
piezoelektrik katmanlardan kontak alinmasi sebebiyle ilgili kisim var litografi projesi ile asindirilir. Ardindan
sismik agirlig1 olusturan malzemenin kaplanmasi yapilabilir. Bu malzeme yine mikro iiretim tesisinde bulunan
altyapi cercevesinde diisiiniilerek farkli malzemeler kullamlabilir. Ornegin poli-silisyum malzemesi kullanilarak
bir kaplama yapildiktan sonra gegici oksit katmani kimyasal prensesler kullanilarak asindirir. Bu asindirmak
prosesi bir sivi kimyasal kullanilarak veya buhar fazinda bir kimyasal kullanilarak da yapilabilir.

1 2 3
I - Bl -
; ; T

Steum Al Pz poisi  [ORENN

Sekil 2: Sismik agirlikli ivmedlger tasariminin mikro-tiretim akisi.

2.1. ivmeélger tasarimi

fvmesélcerin tasariminda piezoelektrik malzeme kullanilmasi dolayisiyla ilgili malzeme denklemleri de hesaba
katilmalidir. Ornegin eksenel emegi diisiinecek olursak en énemli faktér piezoelektrik katmanin katihgidir.
Piezoelektrik katmanin katiligini k ile gdsterecek olursak asagidaki (1) numaral denklemi kullanabiliriz.
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i = Acsz B
l

Bu denklemde A toplam alani, L yiik olmayan durumda piezoelektrik katmanin kalinligini, c33 piezoelektrik
katmanin sabit elektrik alanda katilik katsayisini belirtir. Ilk yaklasimda kalinliklar1 piezoelektrik katmandan
birka¢ faktor diisiik olmasindan dolayr metal katmani katmadan da ilerlemek miimkiindir. Ayni sekilde
malzemenin hiza karsi olan direncini temsil soniimleme katsayisi, ¢, tasarimda kullanilmasi gereken bir
parametredir. Sekil 3'de parametreler kullanilarak olusturulmus sembolik olarak sismik agirlik iizerine uygulanan
kuvvetler ve elemanlar1 gosteren sembolik bir sema hazirlanmstir.

19NN
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Sekil 3: Sismik agirlikli iki eksenli ivmedélger tasariminin sematik olarak gésterimi.

Bu asamada silisyum substrata uygulanan deplasmani x1 ve sismik agirligin kendi deplasmanini xz ile gosterecek
olursak ve kuvvetler dengesini gozetirsek asagidaki (2) numarali denklemi elde ederiz.

mjéz + Ceq(xZ - xl) + keq(XZ — X1 — l) = 0 (2)

Bu ifadeyi deplasmanlar ve piezoelektrik katmanin kalinlig1 arasindaki iliskiyi diistinerek ve asagidaki ifadeleri
kullanarak sadelestirdikten sonra Fourier Transformasyonu uygulayarak sistemin frekans olarak dinamik yapisini
anlayabiliriz:

Al(w) 1
xl(w) (a)z — ke;q) — lwce;q
m m

(3)

Bu denklemi kullanarak yapinin farkli frekanslara cevabini goérebilecegimiz bir analiz yapilabildigi gibi ayni
zamanda yapinin dogal frekansini da bulabiliriz. Bir piezoelektrik malzeme tarafindan frekansa bagli olarak
iiretilen voltaj denklemini tim geometrik ve malzeme faktorleriyle biitiinlestirmek i¢in farkli parametreleri goz
oniinde bulundurmamiz gerekmektedir: 1) Piezoelektrik katsayilar (dij): Bu katsayilar, piezoelektrik etkinin
malzeme eksenlerine gore yonelimine baghdir; 2) Dielektrik gecirgenlik (&ij): Bu da piezoelektrik malzemelerde
yon bagimhidir ve tiretilen voltaji etkiler; 3) Elastik uyumluluk veya sertlik (Sijkl veya Cijkl): Bu tensér, malzemede
gerilimi sekil degistirmeye baglar ve mekanik titresimlerin elektrik enerjisine nasil doniistiiriildiigiinii etkiler. 4)
Malzemenin geometrisi: Piezoelektrik elemanin uzunlugu (1), genisligi (w), ve kalinlig1 (t) gerilim dagilimini ve
elektrik alan iiretimini belirler.

Piezoelektrik bir malzemedeki tam ii¢ boyutlu elektromekanik etkilesim tensér notasyonu ile ifade edilebilir.
Ancak basitlik adina, genellikle elektrik alanin uygulanan gerilimle ayni yonde iiretildigi uzunlamasina bir etki i¢cin
yaygin olan tek bir piezoelektrik katsay1 ds3 ile bir boyutlu bir durumu ele alabiliriz.

Bir kiriste, biikiilme momenti M nedeniyle olusan gerilim o su sekilde verilebilir:
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o) =7 @

Burada:
y, notr ekseninden olan mesafedir,
I, kiris kesitinin alan momenti inertisidir (I=wt3/12 dikdértgen bir kesit i¢in).

Kirise bagh veya kirise gomiilii bir piezoelektrik malzeme i¢in, malzemenin gerilimin maksimum oldugu bir
mesafede yerlestirildigini varsayabiliriz, genellikle yiizeyde (y=t/2).

Piezoelektrik malzemenin kalinligi t boyunca indiiklenen voltaj V, elektrik yer degistirmesi D ile su sekilde
iligkilendirilir:

D(t)t
V(t) = (5)
€33
Gerilim ve piezoelektrik etkiyi kullanarak D’yi, ve gerilme nedeniyle olusacak potansiyeli soyle ifade edebiliriz:
d3:sM dzsM(t)t/2
V() = 33 yt= 33 ()/t )

lesg wt3/12 €33

Bu ifadede M, biikilme momentini ifade etmektedir, ve basit bir durum i¢cin M = F.L ile iliskilendirilebilir. Sonug
olarak, zaman ve frekans cinsinden elde edilen voltaj soyle ifade edilebilir.

6d33 M, 0
V(t) = e (sin2nft) =

6ds5FL
wt

P (sin2mft) (7)
33

Belirli bir freakansta bir kuvvet uygulandiginda bu ifadeyi kullanarak, farkli geometrik ve malzeme
parametrelerinin nasil potansiyel iiretecegi hakkinda fikir sahibi olma firsat1 sunacaktir.

3. Bulgular

Boy (L), kalinlik (t) ve voltaj ¢ciktisi (V) arasindaki iliski, piezoelektrik malzemelerin temel 6zelliklerini yansitir.
Boy uzadik¢a, malzeme iizerine uygulanan kuvvetin etkisi artar, bu da voltaj ¢iktisim1 artirir. Kiris yapisinda
kullanilan u¢ agirligi bu etkiyi arttirir. Ote yandan, kalinlik arttikca, malzemenin icinden gegen elektrik alan azalir
ve bu da voltaj ¢iktisim1 diisiiriir. Bu iki faktoriin dengesi, piezoelektrik cihazlarin tasariminda kritik 6neme
sahiptir. Ideal voltaj ciktisini elde etmek icin, boy ve kalinhigin dikkatlice ayarlanmasi ve malzemenin piezoelektrik
ozelliklerine uygun olarak optimize edilmesi gerekir. Bu, piezoelektrik cihazlarin verimliligini ve etkinligini
dogrudan etkiler. MEMS tipi sistemlerin iiretim kosullar1 ve limitasyonlar1 hesaba alindiginda kirislerin boy aralig
25 ve 200 um, genisligi iki ila 10 um ve kalinhgi ise iki ila 10 um olarak belirlenmistir. Ornegin kalinhgi belirleyecek
liretim asamasinda yapisal bir malzeme kullanilacak oldugu var sayildiginda ve bunu yapabilecek iiretim
prosesleri diisliniildiigiinde belirtilen aralik makul bir iiretime sans tanimaktadir. Analiz bu limitasyonlara sinirh
olmadig1 gibi daha genis boyda iiretim yapilma kapasitesindeki cihazlar icin de yol gosterici olabilir.
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Boy ve kalinligin voltaja etkisi

Boy ve genisligin voltaja etkisi

12
1.0

0.8

Voltaj (V) [v]
Voltaj (v) [v]

0.6

0.4

0.2

Sekil 4: Geometrik parametrelerin voltaj cikisina etkisi.

Yukaridaki grafiklerde bu iligkinin nasil oldugu gosterilmistir. Kirisin boyu arttik¢a, artan momentden dolay1
piezoelektrik malzemedeki gerinim artmakta ve dolayisiyla potansiyel ¢iktis1 da artmaktadir. Yapilan numerik
yaklasimlarin sonucuna bakarak olursak potansiyel ¢iktisini arttirmak i¢in boyu arttirirken kalinligi azaltmak
gerekmektedir. Sebebi ise kalinlik arttikca piezoelektrik malzemedeki gerinimin kirisin katiliinin artmasi
dolayisiyla azalmaktadir. Benzer bir iliski boy ile genislik arasinda da goriilebilir. Bu iliskide de yine boy arttik¢a
ve genislik azaldik¢a potansiyel artmaktadir. Dolayisiyla bu iki ¢iktidan da anlasilacag: lizere piezoelektrik
malzeme secim yapildiktan sonra kullanilacak geometrik parametreler sisteme uygulanan ivmeyi voltaja
¢evirmede oldukca kritik olacaktir.

4. Tartisma ve Sonug¢

Bu ¢alismada MEMS sensérlerden birisi olan ivmedlgerler tizerine odaklanilmistir. Hareket ve oryantasyonun bir
cok cihazda algilanmasi bu sensorlerin tasarim ve gelistirilmesi sonucu olmaktadir. Bir ¢ok cihazda hareketler
belirli oryantasyonda olmakta ve dolayisiyla bu dominant eksenlerin anlasilmasi yeterli olmaktadir. Literaturde
bir ¢ok farkli eksenden gelecek inmeyi algilayan sensorlerinin gelistirilmesi oldukea popiiler bir aragtirma konusu
olsa da gercek hayatta kullanilan cihazlara bakildiginda bu dominant eksenlere odaklanan sensoérlerin tasarim ve
iretiminin ¢ok daha hizli ve az maliyetli olabilecegi goriilmektedir. Bu sebeple bu c¢alismada kiris yapilari
kullanilarak bir hem dik eksende hem de dénme eksenindeki ivmeleri algilayabilecek bir ivmedlger yapisi
Onerilmistir. Bu calismada 6nerilen yapinin yaklasimsal analizi yapilmis ve geometri etkileri 6n plana ¢ikarilmistir.
Bu ¢alisma temel alinarak farkli eksenlerde c¢alisabilecek ivmedlgerler gelistirilmesi olasidir.
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Anahtar Kelimeler Oz: Demans beyni etkileyen, hafiza ve diisinmede eksikliklere neden olan bir
Derin Ogrenme, - bulgudur. Demans tiirleri arasinda en sik rastlanilan Alzheimer hastaligi (AH)
Evrigimli Sinir Aglary, ozellikle yash bireylerde goriilen, beyinde hafiza kaybina ve giindelik hayati

Alzheimer hastahg) aksatmaya neden olan bir rahatsizliktir. Bu hastaligin tedavisi heniiz miimkiin

olmasa da ilerlemesini engelleyecek tedbirler alinabilmektedir. Erken teshis ile
beyinde kalici hasarlar olusmadan tedaviye baslanarak 6nemli 6l¢iide yol kat
edilebilir. Manyetik rezonans (MR) goriintileme AH teshisinde yaygin olarak
kullanilmaktadir, MR goriintiilerinin analizi ile beyindeki hacimsel degisimler
gozlemlenebilir ve AH siniflandirilmasi yapilabilir. Derin 6grenme yontemleri ile
gorlintii analizlerinde hizli ve basarili sonuglar alindig: literatlir taramasinda
gozlemlenmistir. Bu ¢alismada MR gorintileri ile AH siniflandirmasinda derin
6grenme yontemlerinin basarisi arastirilmistir. AH siniflandirmasi igin iki boyutlu
evrisimli sinir aglar1 (2D CNN) algoritmasi olan YOLO v4 ve ti¢ boyutlu evrisimli sinir
ag1 modeli (3D CNN) kullanilmistir. 2D CNN modeli i¢in MR verileri iki boyuta
indirgenmis ve oOnislemlerden gecirilmis haliyle egitilip siniflandirma islemi
yapilmistir. Siiflandirma sonuglarinda 3D CNN modeli 2D CNN modeline gore daha
basarili ¢ikmistir. 2D CNN modelinde dogruluk degeri %68 iken bu deger 3D CNN
modelinde %88’e yiikselmistir.

Alzheimer's Disease Detection Using Convolutional Neural Networks on MR Images

Keywords Abstract: Dementia is a disease that affects the brain and causes deficits in memory
Deep Learning, and thinking. Alzheimer's disease (AD), which is the most common type of dementia,
COHV‘?]“ti(’,nal_Neural Network, s 3 disorder that causes memory loss and disruption of daily life, especially in
Alzheimer's Disease elderly individuals. Although the treatment of this disease is not yet possible, make
provision for can be taken to prevent its progression. Thanks to early diagnosis,
treatment can go along way before permanent damage to the brain occurs. Magnetic
resonance (MR) imaging is widely used in the diagnosis of AD, with the analysis of
MR images, volumetric changes in the brain can be observed; With these analyzes,
it is possible to identify and classify the stages of the disease. It has been observed
in the literature review that fast and successful results are obtained in image
analysis deep learning methods. In this study, MR images were used and the success
of deep learning methods in AD classification was investigated. YOLO v4, a two-
dimensional convolutional neural network (2D CNN) algorithm, and a three-
dimensional convolutional neural network model (3D CNN) have been used for AD
classification. For the 2D CNN model, the MR data was reduced to 2 dimensions and
preprocessed, trained and classified. In the classification results, the 3D CNN model

* Bu ¢alisma "Derin 6grenme yontemlerine dayali beyin goriintiilerinin analizi ile Alzheimer hastalik
siniflandirmasi” bagslikli tamamlanan yiiksek lisans tezi esas alinarak hazirlanmistir.
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was quite successful compared to the 2D CNN model. While the accuracy value was
68% in the 2D CNN model, this value increased to 88% in the 3D CNN model.

*{lgili Yazar, email: sumeyyeaydin@Kkayseri.edu.tr

1. Giris

Alzheimer hastaligl (AH) bunama diger adiyla demans cesitlerinden biridir. AH daha ¢ok yaslhilarda goériinen bir
hastaliktir. 65 yasindan daha biiyiik yaslara sahip insanlarda AH’ye rastlanma orani %3 ila %11 iken, 85 yasindan
ileri yaslardaki insanlarda bu oran %20 ila %47’ye ylikselmektedir. Diinya niifusunun yaslanmasi sebebiyle yillar
icinde Alzheimer hastasi kisi sayisinin artacagi ongoriilmektedir. Uluslararasi Alzheimer Federasyonu yayimladigi
2015 Diinya Alzheimer Raporu’na gore diinya ¢apinda yaklasik 46,8 milyon AH oldugunu bildirmis ve bu sayinin
2030 yilinda 74,8 milyon, 2050 yilinda da 131.5 milyona ulasabilecegini tahmin edilmistir [1].

AH belirtilerinde baslica ilk goriilen semptom bellek bozuklugudur. Hastalik kiside unutkanliga, diisiinmede
eksiklige ve giinliikk hayatindaki aktivitelerde zorluk yasamasina sebep olur. ilk zamanlar hafif seyreden
semptomlar zamanla ilerler. Hastalik son evrelerinde hastanin baska birine muhta¢ yasamasini gerekli kilar.
Yataga bagiml hale gelen hasta baska rahatsizliklarin eslik etmesi ile kaybedilmektedir. AH giiniimiizde kesin
tedavisi bulunamamis bir hastaliktir. Fakat hastaligin ilerleme seyrini yavaslatabilecek 6nlemler uygun tedaviler
esliginde mimkiindiir. Bu sebeple erken teshis ile AH'nin ileri ve geri doniilmez asamalarina (néron kayiplari)
gelmeden hastaligin saptanip tedavi siirecine baslanilmasi ¢ok 6nemlidir.

AH noérodejeneratif bir hastaliktir. Hasta insanlarin beyninde amiloid beta protein plaklar birikimi ve tau
proteinlerinin beyinde yayilmasi gozlenir. Tau proteinleri bozulma sonucu yumak yapilarini olusturur. AH'nin
beyinde olusturdugu degisikliklerden en belirgin 6zelliklerinden biri de beyindeki kiiciilme ve hafiza ile ilgili olan
temporal lob ile limbik lob gibi bolgelerdeki hacimsel farkliliklardir. AH’nin beyinde neden oldugu degisiklikler
Sekil 1’de verilmistir [2]. Sekil 1'de gorildiigi iizere AH bireyin beyninde serebral korteks ve hipolampus
kiiciilmekte ve ventrikiil ad1 verilen bosluklar biiyiimektedir, bu da beyinde hacimsel kiiciilmeye neden olur.
Ayrica beyin néronlarindaki Tau proteinlerinden kaynaklanan bozulmalar da Sekil 2’de verilmistir.

Serebral korteks

Sagliki noronlar

/AN
Hipokampus

Saglikh beyin

Serebral korteksin Genislemis
kiculmesi ventrikuller 3 i/

b)

Tau norofibriler

Hipokampusun yumaklar :
Alzhimer hastasi kucUimesl
AB plakiari

beyin
Sekil 1. Beynin fizyolojik yapisi, (a) saglikli beyindeki ve (b) Alzheimer hastasi beynindeki néronlar [2]

Demans hastaliklarinin teshis ve degerlendirilmesinde klinik bulgular siiphesiz cok énemlidir. Ancak kesin ayirici
tani icin biyobelirte¢ olgtimleri gereklidir. AH tespit edilmesi i¢in beyin goriintiileme, beyin omurilik sivisi
proteinleri, kan ve idrar testleri, genetik risk profilleri gibi farkli biyobelirte¢ tekniklerinden faydalanilir. Bazi
calismalar nérogoriintiileme kullanilarak yapilan teshisler diger tekniklere gore daha popiiler ve basarili oldugunu
gostermistir. NoOrogoriintileme biyobelirtecleri de kendi icinde farkli tiirlere ayriir. Genel olarak
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norogoriintiileme teknikleri Yapisal goriintiileme (MRI ve BT), Fonksiyonel goriintiileme (fMRI ve PET), Molekiiler
goriintiileme (PET, fMRI ve SPECT) olarak siniflandirilir. AH tanisinda MR (manyetik rezonans) goriintiileme en
yaygin kullanilan yontemdir. AH sebebiyle meydana gelen beyindeki hacimsel degisimler ve dejenerasyon MR
goriintisiinden gozlemlenebilir.

AH teshisi icin literatiirde bilim insanlari farkli biyobelirtegler ve farkli yontemler ile calismalar mevcuttur. Gray
ve arkadaslar1 [3] AH’yi smiflandirmak icin rastgele orman algoritmasi tabanli bir yaklasim kullandilar.
Siniflandirma icin MR, florodeoksiglukoz (FDG) PET, beyin omurilik sivis1 (BOS) ve genetik bilgi biyobelirte¢lerini
birlestirerek kullanmislardir ve AH siniflandirmasinda %89 dogruluk elde etmislerdir. Hong ve arkadaslari [4] AH
tahmini icin tekrarlayan sinir agi (RNN) tiiri olan uzun kisa siireli bellek ag1 (LSTM) kullandilar. Freesurfer
yazilimi kullanarak MR, PET ve Diflizyon Tensor Gorilintiileme (DTI) verilerinden 6zellikler kullandilar. LSTM
modeli sayesinde hastanin zamansal verilerini kullanarak simiflandirmadan ziyade hastaligin gelecekteki
durumunu tahmini tizerine bir yaklasim 6nerdiler. Dukart ve arkadaslar [5] FDG-PET ve MR goriintiilerinden elde
ettikleri bilesik verileri kullanarak AH siniflandirmasinda destek vektér makinelerinin kullanilmasini énerdiler.
Calismalarinda modeli ADNI veri setinden 56 kisiye ait goriintiilerini ve bagka bir klinikten toplanilan 34 kisinin
gorintiisiinii kullandilar. Sonu¢ olarak MR ve FDG-PET bulgularini birlestirmenin AH tespitinde &nemini
vurguladilar. Shankar ve arkadaslari [6] AH teshisi icin grup gri kurt optimizasyon teknigi kullanarak karar agaci,
k-en yakin komsu algoritmasi ve CNN modeli kullandi. MR goriintiileri kullanilarak yapilan ¢alismada grup gri kurt
optimizasyon tekniginin basarimi artirdig1 gézlemlenmistir. Hosseini ve arkadaslari [7] 2016 yilinda ADNI veri
setinden 70 AH, 70 HBB ve 70 normal kontrol (NK) sMRI kullanarak AH biyobelirteglerini yakalayip genel
ozelliklerini 6grenebilen 3D CNN kullanan AH tespiti ¢alismasi yaptilar. 3D CNN modeli beyindeki degisimleri
yakalayabilmesi amaciyla onceden egitilmis 3D evrisimli otomatik kodlayici kullanmislardir. Calismalari
sonucunda 3D CNN modelinin diger klasik modellere gore daha basarili oldugunu kanitladilar. Payan ve Montana
[8] 2015 yilinda yaptiklar1 calismada ADNI veri setinden 755 AH, 755 HBB, 755 NK MR gortntiisii kullanarak
seyrek otomatik kodlayicilarla 6nceden egitilmis 2D CNN ve 3D CNN ile AH, HBB ve NK siniflandirmasi yapmustir.
2D CNN ile %85,53 dogruluk, 3D CNN ile yapilan ¢alismalarinda ise %89,47 dogruluk orani elde etmislerdir. AH
ve NK ikili siniflandirmada ise %95 dogruluk oranina ulagsmislardir. Sahumbaiev ve arkadaslari [9] 2018 yilinda
MR goriintilerinden Alzheimer siniflandirilmasi i¢cin 3D CNN (HadNet) mimarisini 6nerdiler. Istatistiksel
parametrik haritalama ara¢ kutusu kullanilarak MR gorintiileri normallestirilmis ve kafatasi soyma islemi
yapmislardir. Sonrasinda HadNet hipermetrelerini Bayes optimizasyon prosediirti uyguladilar. ADNI veri setinden
185 AH, 185 HBB, 160 NK MR goértintiisiiyle yaptiklari calismadan %88,31 dogruluk orani elde ettiler. Hon ve Khan
[10] 2017 yilinda OASIS (Open Access Series of Imaging Studies) veri tabanindan 100 AH ve 100 NK sMRI ile AH
siniflandirmasi yapmislardir. Calismalarinda dnceden egitilmis CNN mimarilerinden olan VGG16 ve Inception
modellerini transfer 6grenme ile kullanmislar ve Inception V4 modeli ile %96,25 degerinde yiiksek dogruluk orani
elde etmislerdir. Koroloev ve arkadaslari [11] ADNI 6nislenmis MR verilerini kullanarak AH tespitine yonelik
¢alisma yapmuslardir. 3D CNN tabanli ResNet ve VGGNet'e benzer VoxCNN mimarileri kullanarak AH KN
siniflandirmasinda iki modelde de %80 dogruluk orani elde etmislerdir. Sarraf ve Tofighi [12] AH’yi siniflandirmak
icin CNN mimarisi olan LeNet-5 agini kullandilar. ADNI tizerinden 28 AH ve 15 NK olmak iizere toplam 43 farkli
kisinin fMRI goriintii verilerini kullanarak yaptiklari calismada %96,85 dogruluk orani elde etmislerdir. Helaly ve
arkadaslar1 [13] 75’er farkli kisiye ait AH, ge¢ hafif bilissel bozukluk, erken hafif bilissel bozukluk ve NK MR
gorintiilerini ADNI'den alarak ¢alisma yapmislardir. Veri artirimi yaparak veri adedini 48000 MR goriintiisiine
cikarmislar ve veri normallestirme yapmislardir. 2D CNN, 3D CNN ve transfer 6grenme ince ayar yapilmis VGG19
modellerini kullanarak yaptiklari calismada ¢oklu siniflandirmada en yiiksek dogruluk oranini énerdikleri VGG19
modeli ile elde etmisler, ikili siniflandirmalardan AH ve NK siniflandirmasinda ise her modeldeki dogruluk orani
yaklasik %97 olmustur. Vu ve arkadaslar1 [14] MR ve PET gorintiilerini bir arada kullanarak AH teshisine
odaklanmislardir. Seyrek Otomatik Kodlayicilar ve CNN kullanilarak AH KN siniflandirmasinda %91 dogruluk elde
etmislerdir.

Literatiirde AH tespitine yonelik ¢alismalar olduk¢a yogun olmasina ragmen konunun dnemi sebebiyle halen
gelisime a¢ bir konudur. Dogru siniflandirma tekniklerini bulmak ve kiyaslamak dnem arz etmektedir. Bu
calismada AH smiflandirilmasi kapsaminda 2D CNN mimarilerinden olan YOLOv4 ve 3D CNN modelleri
kullanilmistir.

2. Materyal ve Metot
2.1. Materyal

Calismada kullanilan veriler ADNI (The Alzheimer’s Disease Neuroimaging Initiative) veritabanindan basvuru
slireci tamamlanarak elde edilmistir. Calismada ilk olarak orijinal MR goriintiileri kullanilarak 2D CNN y6ntemi ile
siniflandirma islemini kapsamaktadir. Elde edilen sonuglar neticesinde ¢alismanin sonraki asamasinda 6n
islenmis MR gorintiileri izerinde daha basarili sonuclar elde edilebilecegi 6ngoriilmiis ve 2D CNN yontemi yerine
3D CNN yontemi kullanilmistir.
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Calismanin ilk asamasinda 464 AH ve 864 NK olmak iizere; 1,5 T agirlikli 3 boyutlu orijinal MR goriintiileri veriseti
olarak kullanilmistir. Verinin orijinal MR goriintiisii olmasi sebebiyle veride kafatasi, goz, burun boslugu gibi
goriintiiler bulunmaktadir. Orijinal MR gorintiisiine ait 6rnegin gorsellestirilmis hali Sekil 2’de verilmistir.

=EEd 100D 0AC/7 QA% XaE O

Sekil 2. Kullanilan orijinal MR goériintiistiniin gorsellestirilmis hali

AH simiflandirmasinda beyin disinda kalan bélgelerin bulunmamasi gereklidir aksi halde siniflandirma basarisini
diistirecektir. Beyin goriintiilerinin siniflandirilmasinda kafatas1 soyma ve beyin ¢cikarma islemleri literatiirde
kullanilan tekniklerdir. Bu amagla Brain Exraction Tool (BET) ile FMRIB’s Software Library (FSL) yazilimlari
kullanilarak kafatas1 soyma ve beyin ¢cikarma islemi uygulanmistir [15]. FSL yaziliminin BET araci tiim kafa
gorintiisiinden beyin dis1 dokuyu esik deger alarak ¢ikarmakta ve beyin dokusunu vermektedir. MR goriintiileri
NIFTI (Neuroimaging Informatics Technology Initiative) dosya tipindedir ve 256x256x256 boyutlarindadir. Veri
modele girmeden 6nce 2 boyuta med2image yardimci programi ile indirgenmistir. Bu asamada her bir NiFTi
tipindeki MR goriistinden 2 boyutlu goriintiiler elde edilmistir ve bu goriintiiler aksiyal, sagital ve koronal beyin
eksenlerine ait ¢ok dilimli 3 farkl diizlem gorsellerinden olusmaktadir. Calisma i¢in digerlerine gore daha ¢ok bilgi
iceren aksiyal ekseni icerisinden orta dilim goriintiileri secilmistir. Ayrica bilgi icermeyen gortntiiler cikarilmistir.

Calismanin ikinci asamasinda onisleme sirasinda olusan veri kayiplarini en aza indirmek i¢in FreeSurfer yazilimi
ile islenmis 3D MR goriintiileri kullanilmistir. FreeSurfer programi yaygin olarak kullanilan atlas tabanl bir
yontemdir, MR goriintiistiinii yeniden érnekleme, beyin harici kisimlari ¢ikarma, atlas goriintiisii ile normalizasyon
gibi islemler gergeklestirir. ilgili verinin Brain Viewer Toolkit kullanilarak goérsellestirilmis hali Sekil 3’te
verilmistir [16].
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Sekil 3. islenmis MR gériintiisiiniin gérseli [59]

FreeSurfer ile islenmis olan MR goériintiileri farkli yastan ve cinsiyetten insanlara aittir. Ayrica ADNI calismasi
katilimcilarin genellikle 6 ayda bir yeni MR goriintiilerini almakta ve analiz etmektedir. Kullanilan veri setinde de
bir katilimcinin 1, 2, 3 veya 4 kez farkli zaman dilimlerinde MR gorintiisii vardir. Toplam 430 farkl kisiye ait 99
AD ve 231 NK MR goriintiisii varken birden fazla klinigi ziyaretleri sonucu toplam 1439 MR goriintiisii veri setine
eklenmistir ve bunlarin 602’si AH, 837’si NK bireylerine aittir. Veri setindeki yas ve sinif dagilimi Tablo 1'de
verilmistir.

Tablo 1. Kullanilan veri seti 6zellikleri

Yas Grubu AH NK
50-59 19 0
60-69 84 24
70-79 282 588
80-89 209 220
90-99 8 5

2.1. Metot

Yapay zeka insan zekasina 6zgii olan muhakeme, algilama, 6grenme, diistinme, sonug ¢cikarma ve karar verme gibi
yetenekleri sergileyebilen bir teknolojidir. Derin 6grenme yapay zekanin alt kiimesidir ve makine 6greniminden
farkli olarak veride 6zellik ¢ikarimi yapan bir uzmana gereksinim duymaz [17].

Yapay sinir aglar1 derin 6grenmenin temelini olusturur. Beyin néronlarinin taklit edilmesi evrisimli sinir agisina
dayanan yapay sinir aglar li¢ ¢esit katmandan olusmaktadir: girdi katmani, gizli katman, ¢ikis katmani. Girdi
katmani yapay sinir aglar1 mimarisinin ilk katmanidir ve verinin girdi olarak alinmasindan sorumludur. Gizli
katman kendine gelen veriyi isler ve kendinden sonra gelen katmana iletir; gizli katman sayis1 ve néron sayisinin
fazla olmasi durumunda mimari derin sinir aglar1 yapisi gergeklesir. Cikis katmani ise yapay sinir aglarinin en son
katmanidir, gelen veriyi fonksiyon yardimui ile isleyerek ¢iktiy1 belirlemekten sorumludur.

Evrisimli sinir aglar1 (CNN) 6zellikle goriintii verisi ile calisilan ¢alismalarda 6ne ¢ikan bir mimaridir. Yapay sinir
aglarinin bir sinifidir. Evrisim katmani, havuzlama katmani ve tam baglanti katmanindan olusan yapiya sahiptir.
YOLO (You Only Look Once) algoritmasi konvoliisyonel sinir aglari kullanarak nesne tespiti yapan bir algoritmadir.

2.1.1. YOLO Algoritmasi

YOLO 2015 yilinda Joseph Redmonn tarafindan tanitilmistir [18]. YOLO nesneleri gercek zamanli olarak
algilayabilen ve evrisimli sinir ag1 yontemi kullanan bir algoritmadir. “Sadece Bir Kez Bak” seklinde ag¢ilimi olan
ismini tek asamali nesne dedektorii olmasindan alir. Gériintiideki farkl bélgelerde siniflandirma islemini tekrar
yapmak yerine, YOLO giris goriintiisiiniin biitiin 6zelliklerini hesaplaylp tiim nesneler i¢in ayni anda
tahminlemeleri yapabilir. YOLO hem islem hizindaki basaris1 hem de yiiksek dogruluk oranlari ile popiiler hale
gelmistir. YOLO mimarisi Sekil 4’te verilmistir [18].
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Sekil 4. YOLO Mimarisi [17]

YOLO algoritmas girdi olarak verilen gortntiiyli S x S boyuttaki 1zgaralara bolmektedir. Izgaralarin her biri kendi
icerinde hedef olarak aranan nesne var mi kontrol eder, eger varsa nesnenin orta noktasi 1zgaranin icinde olup
olmadigini bulur. Nesnenin orta noktasina sahip olan 1zgara nesneye ait sinirlayici kutuyu (bounding box)
¢izmekle sorumludur. Bounding box nesnenin iginde bulundugu kapali cerceveye verilen isimdir.

Her bounding box’in tanimlayici 6znitelikleri vardir: bounding box’in merkez konumu (Bx, By), nesnenin genisligi
(Bw), nesnenin yiiksekligi (Bh), tahmin edilen sinif (obj), 1zgara icinde nesne bulunma tahminin olasilig1 (P(obj))
ve nesnenin varligini ve yoklugunu yansitan giiven skoru [19]. Giiven skorunun evrisimli sinir aglarinin
hesaplanmasi Denklem 1’de verilmistir. Bu sayede her 1zgaranin ayri tahmin vektorii olusmus olur.

Giwen Skoru = p(obj) * IoUgerser. (1
IoU (Intersection over Union) degeri tahmin edilen kutu ile gercekte nesnenin bulundugu kutunun ortiisme
oranini gosterir. loU degeri ne kadar yiiksekse tespit edilen nesnenin dogrulugu o kadar yiiksektir [20]. IoU
hesaplamasina ait gorsel Sekil 5’te verilmistir. P(obj) degeri 0 ile 1 aralifindadir, dolayisiyla deger 0’a ne kadar
yakinsa ilgili 1zgarada nesnenin bulunma ihtimali diisiiktiir ve giiven puani da 0’a yakin ¢cikacaktir.

Ortiisme alani
loU = =
Bilesim alani

Sekil 5. IoU (Intersection over Union) degeri hesaplamasi

YOLO algoritmasinda 1zgaralarin igerisinde nesne tahmini yapmasiyla gereksiz bounding box’lar olusabilir. Bu
problemi asmak icin Maksimum Olmayani Bastir (Non-Maximum Suppression) algoritmasi kullamilir [21].
Algoritma bounding box’larin giiven skorlarini kiyaslar. En yiiksek giiven skoru olan kutuyu referans alarak diger
bounding box’larin herbiri ile loU degerini hCNNplar. loU degeri 6nceden belirlenen esik degerini asiyorsa ilgili
bounding boxlarin cergeveledigi nesneleri ayni nesne olarak kabul eder ve diisiik giiven skoru olan bounding box’
eler. Bu sekilde ayni nesneyi tahmin eden gereksiz bounding boxlar kaldirilir [22].

YOLOvV4 ise, 2020'de piyasada tanitilan ve COCO veri setinde en yiiksek performansi saglayan gercek zamanl bir
nesne algilama modelidir [23]. Nesne tespit ¢alismalari incelendiginde YOLO v4’iin énceki versiyonlara kiyasla
daha basarili sonuglar iiretebildigi goriildiigii icin YOLO v4 bu ¢alismada kullanilmistir [24,25]. Kullanilan YOLOv4
mimarisi Sekil 6’da verilmistir [23]. Giris verileri goriintii ¢6zlniirligi 416x416 olarak degistirilmistir.
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Sekil 6. YOLOv4 mimarisi [22].
2.1.2. Ug boyutlu evrisimli sinir ag1

Calismada kullanilan MR gorintiileri ¢ok dilimli verilerden olugsmaktadir, bu tiir verilerde 2 boyutlu (2D) CNN
kullanilmasinin giivenilir olup olmadig tartisilmaktadir [26]. 2D CNN sadece egitilen dilimlere gore tahminleme
yapacak ve tahminleme islemini test verilerinde yine modele verilen dilimler tizerinde gerceklestirecektir. Ayrica
sayica az piksellerin degisimi bile yanlis sonuglar verilmesine neden olacaktir [27]. 2D CNN yo6ntemlerinde 2
boyutlu filtreler ve havuzlama islemleri kullanilir, bu da siire¢ ilerledik¢e o6zelliklerin hiyerarsisinin
karmasiklasmasina sebep olur [28]. 2D CNN yontemlerinin bir¢ogu MR goriintiilerindeki hacimsel bolgeleri
biitiiniiyle inceleyemez, sadece iki boyutlu dilimleri arastirabilir. Bu sebeplerle 3 boyutlu (3D) CNN y6ntemi, 2D
CNN yo6ntemine gore daha giivenilir olacaktir. Bu sayede MR gortntiisiindeki aksiyal, sagital ve koronal boyutlari
kullanilmis olur ve tiim beyin hacminin degerlendirilmesine olanak saglar. Ayrica 2D CNN isleminde gereken
uygun dilim se¢imi, dilimleri diizeltme ve eleme islemleri gibi onislemlere 3D CNN'de gerek kalmaz. 3D CNN
yonteminde 3D evrisimli filtreler kullanilarak beyin dokusundaki varyasyonlarda daha gii¢lii baglamsal 6zellikler
saglanir [29,30].

3D CNN zamansal veya hacimsel bilginin 6nemli oldugu problemlerde kullanilmasi gereklidir. Video gibi 2 boyutlu
bir¢cok goriintiiden olusan verilerde konumlandirma, nesne tespiti gibi uygulamalarda kullanilir. Benzer sekilde
MR verileri de 3 boyutlu oldugu i¢in 3D CNN ydntemi tercih edilmistir.

3D CNN mimarisinde 2D CNN mimarisinden en temel farki 3D filtreler ve 3D havuzlama teknigi kullanilmasidir.
Evrisim katmanlari arasinda x, y ve z diizlemlerinde hareket eden filtreler evrisim haritasin olusturur. Ornek bir
3D CNN mimarisi Sekil 7°de verilmistir [31].
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Sekil 7. Ornek 3D CNN Mimarisi [31]

3D MR gorintiilerini siniflandirmak icin 3D CNN modeli kullanilmistir. Kullanilan modelin mimarisi Tablo 2’'de
verilmistir.

Tablo 2. Kullanilan 3D CNN mimarisi

Katman (tip) Cikis Sekli Parametre
input_1 (InputLayer) (None, 128, 128, 64, 1) 0
conv3d (Conv3D) (None, 126, 126, 62, 64) 1792
max_pooling3d (MaxPooling3D) (None, 63, 63, 31, 64) 0
batch_normalization (BatchNo) (None, 63, 63, 31, 64) 256
conv3d_1 (Conv3D) (None, 61, 61, 29, 64) 110656
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max_pooling3d_1 (MaxPooling3) (None, 30, 30, 14, 64 0
batch_normalization_1 (Batch) (None, 30, 30, 14, 64) 256
conv3d_2 (Conv3D) (None, 28, 28, 12, 128) 221312
max_pooling3d_2 (MaxPooling3) (None, 14, 14, 6, 128) 0
batch_normalization_2 (Batch) (None, 14, 14, 6, 128) 512
conv3d_3 (Conv3D (None, 12, 12, 4, 256) 884992
max_pooling3d_3 (MaxPooling3) (None, 6, 6, 2, 256) 0
batch_normalization_3 (Batch) (None, 6, 6, 2, 256) 1024
global_average pooling3d (GI) (None, 256) 0
dense (Dense) (None, 512) 131584
dropout (Dropout) (None, 512) 0
dense_1 (Dense) (None, 1) 513

3D CNN modeline egitilmesi icin 562 NK ve 451 AH MR goriintiisii olarak toplaminda 1013 MR goriintiisii egitim
kiimesine secilmistir. Validasyon veri seti icin ise 126 KN, 90 AH olmak iizere toplamda 216 MR goriintiisi
secilmistir. Geriye kalan 216 MR goriintiisii de test veri seti olarak belirlenmistir.

Gorlntii verisinde modeli daha fazla veriyle destekleyebilmek icin veri artirimi yapilmistir. Veri artirimi egitim
veri setine %10 oraninda artirima yonelik dikey eksende ayna simetrisi alinarak yapilmistir.

Her veri egitim siirecine girmeden 6nce 128x128x64 boyutlarina indirgenmistir. Bu sayede modelin ¢alismasi
hizlandirilmistir.

3. Bulgular
YOLOv4 ile yapilan calisma sonuglarina iliskin karisiklik matrisi sonuglar1 Tablo 3’'te verilmistir. Calisma
sonucunda dogruluk degeri 0,68 bulunurken F1 skor degeri ise 0,67 olarak bulunmustur. 2D YOLOv4 ile yapilan

¢alismanin sonucu AH tespiti i¢in basarili olmamistur.

Tablo 3. YOLOv4 modeline ait karisiklik matrisi ciktisi

Karisiklik Matrisi Tahmin Edilen Simif
Pozitif (AH) Negatif (KN)
Gergek Sinif | Pozitif (AH) 62 8
Negatif (KN) 54 67

Elde edilen basari oranlarini ytikseltmek icin literatlirde 3D CNN modeli siklikla dnerilmistir. 3D CNN kullanilarak
MR goriintiileri aksiyal, sagital ve koronal olmak tizere 3 farkli diizlemde incelenebilir, herhangi bir dilim se¢imi
ve dilim kaybi yasanmasi gerekmez. MR goriintiileri 3 boyutlu diizlem seklinde ele alindiginda Alzheimer
hastaligindan kaynakli hacimsel degisimler de daha net saptanabilecegi 6ngoriilmiistiir. Bu sebeplerle ¢alismanin
devaminda 3D CNN modeli ile devam edilmistir.

3D CNN ile yapilan deney ¢alismasinin sonugclari Tablo 4’te karisiklik matrisinde verilmistir.

Tablo 3. 3D CNN modeline ait karisiklik matrisi ciktisi

Karisiklik Matrisi Tahmin Edilen Sinif
Pozitif (AH) Negatif (KN)

Gergek Simif | Pozitif (AH) 68 22

Negatif (KN) 4 122

3D CNN modeline iliskin her bir test MR goriintiisiiniin tahminlemede ettigi dogruluk oranlari Sekil 8’de
verilmistir, grafik her MR i¢in gercek sinifa ne kadar yakin degerde tahmin ettigini géstermektedir. Goriildigi
tizere 3D CNN modeli tahminlemede oldukga basarilir, yanlis tahmin ettigi siniflarda bile cogunlukla arada
kalmistir, yanlis tahminlerin ¢ok azinda ytiksek oranda yanlis olduguna karar kilmistir.
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Sekil 8. 3D CNN modeline her bir MR goriintiisiiniin dogru siniflandirilma orani

3D CNN modeline ait dogruluk grafigi ise Sekil 9'da verilmistir. Sekil 9°daki dogruluk grafigi incelendiginde
modelimizin diisiik epoch’larda bile yiiksek dogruluk oranina ¢iktig1 goriilebilir.
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Sekil 9. 3D CNN modeline epoch sayisina gére dogruluk degeri

Sistemin basarisini degerlendiren ve ilgili calismada kullanilan metriklerin esitlikleri asagida verilmistir. True
Positive (TP) ger¢ekte hasta olan ve sistemin hasta olarak tahmin etmesi durumudur. True Negative (TN) gercekte
saglikli olanlari sistemin de saglikli olarak siniflandirmasi durumudur. False Positive (FP) saglikli olan goriintiiyi
modelin hasta olarak tahmin etmesidir. False Negative (FN) ise gercekte hasta kisiye ait olan goriintiiyii modelin
saglikli olarak siniflandirmasidir.

Dogruluk metrigi hasta veya saglikli ayrimi gézetmeksizin tiim tahminlerin ne kadarinin dogru oldugunu veren
0l¢iidiir. Dogruluk metriginin hesaplanisi Denklem 2’de verilmistir.

TP+TN
TP+FN+FP+TN

Dogruluk = (2)

Kesinlik metrigi 6zellikle FP tahmininin 6nemi biiyiik oldugu durumlarda dikkat edilmesi gereken bir metriktir,
Denklem 3 kullanilarak hesaplanir.
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TP
Kesinlik =

=— 3
TP + FP (3)

Duyarlilik metrigi 6zellikle FN tahmininin 6nemi biiyiik oldugu durumlarda dikkat edilmesi gereken bir metriktir,

Denklem 4 kullanilarak hesaplanir.

Duyarlilik = —— 4)
WAt = rp Y FN

F1 skor, Dengesiz verilerde degerlendirme metrigi olarak tercih edilmektedir. Kesinlik ve duyarlilik metriklerinin
harmonik ortalamasidir, Denklem 5’te hesaplanmasi verilmistir.
Kesinlik X Duyarlilik

F1 Skor =2
or : Kesinlik + Duyarlilik (5)

Kullanilan YOLOv4 modeli ile 3D CNN modellerinin basarim metrikleri ile karsilastirilmasi yapilmis olup Tablo
5’te verilmistir. 3D CNN modelinin karsilastirilan biitiin metriklerde 2D CNN modeline kiyasla daha basarili
sonuglar iirettigi goriilmektedir.

Tablo 5. 2D CNN ile 3DCNN modellerinin karsilagtirilmasi.

Dogruluk Metrikleri 2D CNN (YOLOv4) 3D CNN
Dogruluk 0,68 0,88
Kesinlik 0,53 0,94
Duyarlilik 0,89 0,76
F1 Skor 0,67 0,84

4. Tartisma ve Sonug

Tip alanina yonelik yapilan yogun arastirmalar sayesinde tip ge¢cmisten bugiine biiylik gelisme gostermistir.
Glintimiizde tip alanindaki calismalar bilgisayar karar destek sistemleri ile daha iist seviyelere ¢ikmistir. Yapay
zeka sayesinde hastalik tanisy, tedavi siireci, hastaligin takibi gibi islemler yazilimlar araciligiyla yapilabilmektedir.
Bu sayede uzman doktorlara yardimei karar destek sistemleri olusturulabilir. Fakat saglik alaninda birgok calisma
yapilmasina ragmen bu arastirma konusu halen yeni calismalar ihtiyac duymaktadir. Ciinkii saglik, hata toleransini
affetmeyen sonu 6liimle sonuclanabilen bir alandir. Yapay zeka ¢alismalari suan popiiler oldugu gibi gelecekte de
gelismeye devam ederek insanlara yol géstermeye devam edecektir. Ozellikle tip alaninda yapilan ¢calismalar
insanliga katki sunmaktadir.

AH gilintimiizde tedavisi bulunmayan fakat erken teshisle ilerlemesi yavaslatilabilen bir hastaliktir. Bu nedenle
hastaligin erken teshis edilebilmesi biiyiik 6nem teskil etmektedir. AH siniflandirmasinda yapilan ¢alismalarin
yalnizca belli metriklere gore kiyaslanmasi objektif bir yaklasim degildir. Calismalarda kullanilan veri setleri ve
veri sayilar1 farklilik géstermektedir, ayrica verilerin her birinin farkli hastalara ait olup olmadig1 ¢cogu literatiir
calismasinda belirtilmemistir. Cogu ¢alisma ADNI veri setini kullanmis fakat ADNI veri seti ayn1 hastaya ait 1'den
fazla norogoriintiileme sunabilmektedir, bu ayrintinin sonuglar etkileyebilecegi diisiiniilmektedir. Bu ¢alismada
kullanilan veri setindeki farkh kisi sayis1 6zellikle belirtilmistir. Literatiirde yapilan ¢alismalarda siniflandirilan
veriler ¢ogunlukla homojen olmadig: i¢in dogruluk degerinin karsilastirma kriteri olarak kabul edilmesi de
yetersiz kalabilir. Ayrica yapilan c¢alismalardaki goriintiiye oOnislem uygulamalari birbirinden farkhilik
gostermektedir. Ozellikle noérogériintillerde 6nislem adimlarinin ¢alisma sonuglarimi dogrudan etkiledigi
bilinmektedir.

flgili cahsmada MR gériintiilerinden AH ve NK siniflandirilmasi yapilmistir. ADNI veri tabanindan farkh yas ve
cinsiyetlerden kisilere ait MR goriintiileri kullanilmistir. Yontem olarak CNN metotlarindan YOLOv4 ve 3D CNN ile
calisiimistir. 3D CNN modelinin elde ettigi sonuglar 2D CNN modelinin elde ettigi sonuglara gére basarili ¢ikmistir.
YOLOv4 modelinin siniflandirma metriklerinden dogruluk 0,68, kesinlik 0,58 duyarlilik ve F1 skor 0,67
oranlarinda simiflandirma sonucu gézlemlenirken, 3D CNN modeli ile ¢alisma sonuclarinda 0,88 dogruluk 0,94
kesinlik, 0,76 duyarlilik ve 0,84 f1 skor oranlari elde edebilmistir. 3D CNN modelinin giivenilirligi daha yiiksek ve
dogruluk metrikleri daha basarilidir. MR goriintiileri aksiyal, sagital ve koronal olmak iizere 3 diizlemden olusur.
2D modellerde bu diizlemlerden yalnizca aksiyal se¢ildigi icin ve dilimler arasinda en ¢ok bilgi icerdigi kabul edilen

orta dilim secildigi icin veri kayb1 olusabilmektedir, bu da modelin basarimini diisiirmektedir. 3D modellerde
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verinin tamamini 6grenme siirecine dahil edebilir. Ayrica AH tespitinde hacimsel degisimler tani tespitinde biiyiik
onem sahibidir. Hacimsel degisimler 3D modellerde daha iyi egitilebilir ve degerlendirilebilir. Bu sebeplerle 3D
CNN modeli 2D CNN modeline gére daha basarili ¢gikmistir.

Gelecek calismalarda Alzheimer’in ilerlemeli bir hastalik oldugu bilindigi icin ilerleyisinin tahmini lizerine
calismalar yapilmasi hedeflenmektedir. Bu sayede uzman doktorlar i¢in rehber niteliginde AH bireyin ilerleyen
slirecte ne tiir rahatsizliklar yasayacagini tahmin etmede kolaylik saglanabilir.
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Keywords Abstract: This paper presented the list of hazards of the response and recovery

Disaster Response, operations captured based on fact-finding mission performed in Malatya at the

EDle;Slter l\lfa“agement' ground zero in the aftermath of the Kahramanmaras, Tirkiye earthquake sequence
arthquake,

happened on February 6, 2023. The study presents the findings of semi-structured
interviews with four officials from Balikesir Metropolitan Municipality allocated to
Malatya for response and recovery with a team of approximately 200 people. As a
result of these interviews and field observations, hazards that impacted the ground
zero operations are categorised under three response and recovery activities: 1)
planning, 2) logistics and supply, and 3) communication and information
management. To mitigate these hazards and support ground-zero activities, a list of
low-cost digital solutions is developed based on a literature review and expert
validations with two experts. The outcomes of this study highlight an urgent need
for developing a systematic framework for emergency response and relief
supported by a set of low-cost digital solutions to improve coordination,
communication, and information management.

Digital Solutions

6 Subat 2023 Kahramanmaras Depremlerinden Sonra Sifir Noktasi Bulgularina Dayal
Acil Durum Yonetimi ve Yardimini Destekleyecek Dijital Céziimler

Anahtar Kelimeler 0z: Bu makale, 6 Subat 2023'te meydana gelen Kahramanmaras, Tiirkiye deprem
Afet Yonetimi, dizisinin ardindan deprem bolgesine intikal eden afet yonetiminden sorumlu
Deprem, biiytiksehir belediyelerinin yiirtittiigi acil durum yonetimi ve yardimi aktivitelerini
Dijital Coziimler Malatya 6zelinde incelemistir. Bu kapsamda c¢alisma, Malatya afet yonetimi

merkezinde acil durum operasyonlarindan sorumlu olarak bulunan Balikesir
Biiyiiksehir Belediyesine mensup yaklasik iki yiiz kisilik bir afet yonetimi ekibinden
dort kisi ile yapilan miilakatlarin bulgularinm1 sunmaktadir. Saha incelemeleri ve
miilakatlar sonucunda, sahada ytiriitiilen operasyonlari engelleyen tehlikeler {i¢ acil
durum yonetimi ve yardimi bashgi altinda listelenmistir. Bu engel ve tehlikelerin
o6nlenmesi ve acil durum yonetimi ve yardimi aktivitelerinin sahada daha etkin
sekilde yiirtatiilmesi icin literatiir taramasi ve iki uzman goériismeleri sonucunda orta
cikan ucuz maliyetli dijital ¢o6zlimler listesi Onerilmistir. Bu c¢alisma, saha
operasyonlarini diizenlemek, koordinasyonu, iletisimi ve bilgi paylasimini
arttirmak icin sistematik acil durum yonetimi ve yardimi yaklasima ihtiyag
oldugunu ortaya cikararak, saha operasyonlarinin dijital araglar ile desteklenmesi
gerektiginin altini cizmisgtir.
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1. Introduction

Post-earthquake response and recovery is a significant element of disaster management and risk reduction which
has different forms in different countries [1], [2]. The existing body for coordinating the disaster response and
supporting prefectural and local authorities is crucial for a single point of decision-making [3] Federal Emergency
Management Agency (FEMA) is the central disaster response agency in the USA responsible for preparing for,
responding to, recovering from, and mitigating disasters. While these activities are coordinated by FEMA, they are
conducted by the staff from federal, state, tribal and local government partners, as well as the private sector, non-
governmental entities and the wider public to effectively deal with the adverse effects of disasters [4]. On the other
hand, Japan, one of the countries in the world that experienced devastating earthquakes, has government-level
strategies for mitigating adverse effects and recovery; and local authority-level (municipalities) action plans for
carrying out other activities [5] [6]. However, the national government in Japan does not have a central agency,
leading to a lack of coordination and overlapping or duplication of the effort needed in time and/or space [7] [6].
In Tiirkiye, Afet ve Acil Durum Yonetimi Baskanligi (AFAD) reporting to the Ministry of Interior is the central
agency responsible for designing precautionary measures and coordinating the disaster response through 81
provincial branches and 11 search and rescue units [8].

On February 6, 2023, two very large earthquakes of magnitude (Mw) 7.8 and 7.5 occurred nine hours apart on
different fault lines in the southern region of Tiirkiye and northern Syria [9], [10]. The first earthquake occurred
at 04:17 Tiirkiye local time and its epicentre was Pazarcik (Kahramanmaras) which was about 35 km distant to
the northwest of Gaziantep (see Figure 1). The second major earthquake occurred at 13:45 Tiirkiye local time and
its epicentre was Elbistan (Kahramamaras) [9]. The two earthquakes and associated aftershocks caused
widespread damage in 11 out of 81 provinces of Tiirkiye in the south of the country which are Adana, Adiyaman,
Diyarbakair, Elaz1g, Gaziantep, Hatay, Kahramanmaras, Kilis, Malatya, Osmaniye and Sanliurfa [11]. The most severe
damage occurred in Hatay, Kahramanmaras, Gaziantep, Malatya and Adiyaman provinces, which are home to
around 6.45 million people (around 7.4 percent of the country’s population) [12]. The affected people were both
evacuated to other cities in Tiirkiye and accommodated in temporary shelters (see Figure 2).
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Figure 1. Epicentre and shake intensity of 6th February Kahramanmaras-Pazarcik ((Mw) 7.8) earthquake [46]

As presented in Figure 1, widespread coverage of the earthquake area with high-intensity ground shaking, the
characteristics of the built environment, and the geography and the human ecology combined with the damage
and social disruption made the emergency response difficult. The extent of the damage to the main highways and
the volume of the debris in the streets created major traffic congestion and blocked access for emergency and
rescue vehicles [13]. Disruption of communication systems and IT infrastructure made search and rescue and
emergency response challenging and water shortages due to the significant damage to the utility infrastructure
impeded the relief and rehabilitation activities.

This study aims to (i) identify the challenges of response and recovery activities from ground zero in the aftermath
of the 6% February Kahramanmaras earthquake series, and accordingly (ii) propose a set of low-cost digital
solutions to address the challenges related to response and recovery activities. In April 2023, a fact-finding mission
was performed in Malatya, one of the most affected cities during the earthquake as shown in Figure 1. Hence,
officials and staff from Balikesir Metropolitan Municipality (BMM), which is a city from the Aegean coast of
Tiirkiye, were allocated to Malatya for performing post-disaster response and recovery. The BMM team carried
out post-disaster activities such as restoration of essential services and debris removal, but not emergency
response actions such as search and rescue, thereby, challenges of emergency response were not captured in this
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study. The fact-finding mission in Malatya took four days (between 12 to 15 April 2023) and included field
observations and semi-structured interviews with four officials from the municipalities of Balikesir and Malatya
which are explained in Section 4. The challenges that BMM staff faced and the proposed digital solution to address
these challenges are presented in Section 5. The conclusions are drawn, and recommendations are provided in
Section 6.

Figure 2. AFAD emergency shelter camps in Malatya

2. Literature Review

A Disaster Management Framework (DMF) enables effective recovery support to disaster-impacted regions by
providing a flexible structure that enables different agencies to operate in a unified and collaborative manner.
Most DMFs usually have four key components that are defined as follows [14] :

1.

4,

Prevention is related to mitigation consisting of creating capabilities to reduce loss of life and property by
lessening the impact of disasters.

Preparedness is developing knowledge and capacities to effectively anticipate, respond to and recover
from the impacts of disasters. It can include early warning systems, contingency planning, stockpiling of
equipment and supplies, and creating coordination mechanisms.

Response is disaster relief including actions taken during or immediately after a disaster to protect lives
and property, reduce health impacts, ensure public safety, meet the basic subsistence needs of the people
affected and control secondary earthquake hazards. Typically, it includes rapid damage assessment,
search and rescue, emergency medical care, restoration of essential services, firefighting, communication,
crisis decision-making, evacuation, protection of lives and property, provision of emergency shelters for
the people affected, and debris removal.

Recovery aims to restore communities affected by a disaster. It involves not only reconstructing and
restoring physical infrastructure damaged during an earthquake but also rebuilding the economic
strength and social stability of a community, dealing with the disruption that the disaster caused and
mitigating future hazards.

DMFs are often supported by national-level risk assessments that typically consider a broad range of earthquake
impacts including water, transport and energy utility infrastructures alongside enabling services such as
information and communication technology (ICT) to identify vulnerable locations and services. [15], [16]DMFs
can also be employed for identifying suitable recovery strategies for restoring the infrastructure services in a
prioritised manner [17] and to ensure their resilience to further disasters.[18]. Several studies have compared
the DMFs of various countries such as Chile and Ecuador [19], Bucharest, Mexico and Turkey[20], Japan and
India [21] and Indonesia [22]. For the task in hand, the development of disaster management in Tiirkiye can be
divided into five periods [3][23] :

1923 to 1944 the focus was on immediate response,

1944 to 1958 the focus changed to disaster reduction,

1959 to 1999 saw the foundation of a dedicated ministry through law No.7269 on precautions to be taken
due to disasters affecting public life and assistance to be provided,

1999 to 2009 was the turning point for disaster management and coordination in the aftermath of the
1999 Marmara Earthquake with regulations established on construction in disaster areas and buildings
in earthquake-prone areas including materials regulation and fire prevention (2007),

Post-2009 was the period when institutional roles were redefined and organised into AFAD as part of law
No. 5902 passed in the Turkish Parliament; followed by the setting up of a disaster insurance law (2012)
and an update to the 2007 construction regulations (2018) to use high-quality concrete reinforced with
steel bars in earthquake-prone areas.
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While national frameworks are often quite distinct, focussing on different aspects, it was reported that legal, policy,
planning and organisational aspects form the key foundations for a systematic and coordinated response to
disasters. The need for a structured DMF was arguably established by the United Nations (UN) World Conference
on Natural Disaster Reduction in 1994, which came to be known as the Yokohama Strategy. This strategy
highlighted the close links between risk, disaster reduction, sustainable development, environmental protection
and poverty alleviation. A decade later, the Hyogo Framework [24] was introduced that focused on disaster
response and recovery and was composed of three strategic goals, several guiding principles, five priorities for
actions and considerations for implementation and follow-up. Succeeding this, the Sendai Framework [25] was
developed as a multilateral framework focusing on disaster preparedness and prevention, including priorities
dealing with governance to technical issues. It acts as an umbrella strategic framework that sets out
recommendations for national and local-level efforts by understanding the disaster risk, enhancing disaster
preparedness, strengthening disaster risk governance, and appraising investments in disaster risk reduction.
Whilst these frameworks and strategies provide a basis for designing a structured response to earthquakes, there
are several challenges at the ground zero that impede response and recovery. Communities are seldom able to
cope with the emergency when a disaster occurs, almost immediately losing the ability to judge, respond, and
adapt to the situation [26]. Information flow and cooperation between multiple agencies and personnel during the
response can also be challenging. Other challenges include overcoming barriers to medical delivery and
implementation [27], and the shortage of trained people and resources for rescue operations [28]. Finally, having
proper information about building structures, escape routes, and indoor-outdoor connections is crucial for
effective response strategies [29]. To this end, several Building Information Modelling (BIM) applications are
developed to be used in different phases of earthquake disaster management. The BIM-GIS integrated applications
combines the the micro-level internal structure of individual building simulation with the macroscopic landscape
and layout of the entire urban area. For instance, BIM-based simulations and 3D spatial environmental
demonstrations effectively simulate disaster scenarios for disaster forecasting and generate early warning in
disaster prevention and mitigation; and BIM-GIS integrated risk management system helps positioning of the
disaster and the corresponding 3D demonstration for disaster detection and warning and evacuation and rescue
[30]. In post disaster recovery, BIM is used for post-earthquake building condition assessment that includes
earthquake damage simulations and infrastructure reconstruction costs; for example FEMA P-58 that is a BIM-
based framework used for performing post-disaster reconstruction/refurbishment expenditure estimation [31].
BIM-based augmented reality (AR) applications also assist in identifying key infrastructure and utility systems to
prioritise resource allocation and restoration efforts to ensure the rapid recovery of essential services [32] .

The adoption of low-cost digital solutions has accelerated by Small and Medium Enterprises (SMEs) in various
industries such as manufacturing [33], construction [34]and logistics [35]. Studies in the literature highlighted
that these solutions generated a significant improvement in operational efficiency [36] and digital transformation
maturity of SMEs [37]. Digital solutions can significantly contribute to providing effective and rapid earthquake
response and recovery. For instance, early warning systems like ShakeMaps and TriNet have been reported to be
efficient [38]. They can be augmented with remote sensing technologies such as GIS and GPS, and Unmanned Aerial
Vehicles (UAVs) for rapid damage assessments, aiding in the distribution of relief materials and response teams
to the affected areas [39], particularly for densely populated cities. Wireless communication links using satellites,
two-way radios, the Internet of Things (10T), big data and mobile technologies have been widely applied to support
response and recovery operations [40] and often form the backbone for communication services due to their
adaptability [41]. Telehealth services have shown promising results for delivering healthcare during disasters
[42]. Moreover, social media has significantly coordinated response and recovery efforts during recent
earthquakes [43]. However, there is a gap in the literature that shows how low-cost digital solutions can be used
in disaster management and improve the efficiency of ground-zero activities. Additionally, the research gaps in
DMFs persist in areas such as cross-sectoral collaboration, community engagement, and dynamic risk assessment.
Traditional approaches often lack real-time data integration and communication. Digital solutions can bridge these
gaps by enabling data-driven decision-making to resource allocations and enhancing early warning systems. To
this end, this study frames the role of digital solutions in supporting post-earthquake response and recovery
activities for improved coordination, communication, and information management.

3. Fact-finding from Ground Zero after 6t February 2023, Kahramanmaras Earthquake Series

This study adopts case study research [44] to address two research objectives: 1) identify challenges that impede
post-disaster response and recovery and 2) propose a set of digital solutions to address these challenges. To
achieve these objectives, a fact-finding mission was conducted in Malatya to (see Figure 3): 1) identify challenges
of response and recovery operations from ground zero, 2) validate the identified challenges, and 3) propose a set
of digital solutions to address these challenges.
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Disaster Management Phases

Prevention Preparedness Response Recovery
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and recovery challenges identified solutions to mitigate
challenges these challenges
Steps of the Case Study

Figure 3. Disaster management phases and research steps

A response and recovery team from BMM was accommodated in a coordination centre in Malatya for 150 to 200
BMM staff with equipment, vehicles and inventory including food and water supplies for distribution to the
affected (see Figure 4). A part of the team was replaced with newcomers every two weeks for reinforcement. A
shopping mall in Balikesir was identified as the strategic point for people to drop off the relief materials that were
transferred regularly to Malatya every alternative day. The team was responsible only for the post-earthquake
response and recovery operations as presented in green in Figure 3 including receiving requests for relief
materials, planning deliveries based on urgent needs and route optimisation, and carrying out daily deliveries.
They were not responsible for emergency response actions such as search and rescue; hence, these emergency
actions were not analysed in this study to identify their challenges.

Figure 4. BMM coordination centre’s inventory in Malatya

For challenge identification, data was collected from two sources: 1) semi-structured interviews with four officials,
including three officials from BMM and the General Secretary of Malatya Municipality and 2) field observations
from ground zero in Malatya. Three BMM officials, who have different managerial roles and were responsible for
different response and recovery operations in Malatya, and the General Secretary of Malatya Municipality (a high-
level manager), were selected as interviewees, thereby ensuring the development of a comprehensive set of
challenges (see Table 1 for details). The first interviewee, who is an architect in BMM, was working as the
coordinator of a response and recovery team with 150 to 200 BMM staff and was responsible for coordinating
daily and longer-term response and recovery operations in Malatya. The second interviewee is a health and social
services expert who was working as the coordinator of rehabilitation to plan and support the performance of
mental and social health services in Malatya. The third interviewee was the mayor of Balikesir who was
responsible for arranging the logistics of the resources and relief materials between the two cities such as the
logistics of the municipality staff and delivery of the necessary equipment (see Table 1). The last interviewee was
the General Secretary of the Malatya Municipality who was responsible for local organisation and decision-making
capacity though outside technical assistance i.e., external response and recovery teams coming from other city
municipalities across Tiirkiye.

The interviews and field observations lasted four days i.e., between the dates of 12 to 15 April 2023 at ground zero
in Malatya. In the first day of fact-finding mission (on 12t April), a quick trip across Malatya was completed with
the coordinators of the team and the rehabilitation staff to understand the impact of the earthquake not only on
the physical infrastructure but also the economic strength and social stability of the community in Malatya.
Moreover, planning and coordinating the daily response and recovery operations were analysed in detail. Data
was collected about receiving requests for relief materials, planning deliveries based on urgent needs and route
optimisation and carrying out daily deliveries. In the second day (on 13t April), response and recovery activities
planned for the long-term such as debris removal and inspection of damaged infrastructure were analysed, and
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emergency shelter and container camps were visited to understand dealing with the disruption that earthquakes
caused in community life and meeting the recovery-related needs of the people affected. In the third day (on 14t
April), mayor of the Balikesir was interviewed to understand the management of bringing outside technical
support to Malatya. In the last day (on 15t April), the General Secretary of Malatya was interviewed for analysing
post-earthquake local organisation and decision-making capacity while receiving external technical, financial and
resource support. Moreover, review and validation of the challenges identified based on the interviews and
observations conducted with BMM staff was completed. The list of digital solutions is generated through multiple
expert validations (see Figure 3 and Table 1). Expert opinions were gathered from two academics who are
experienced in digital transformation and disaster risk management two identify the digital solutions to address
the post-earthquake response and recovery challenges identified from ground zero.

Table 1. Background of the participants and their contribution to the stud
Case st_u_dy steps Designation of the Rol_e_of the L - . N
participants -, participant at Contribution of the participant in fact-finding
. . participant
involved in ground zero

- Identifying challenges related to managing

Head of response and response and recovery resources between
Mayor of BMM recovery team in two cities i.e., Balikesir and Malatya (e.g.,
Malatya planning the logistics of the municipality staff

and delivery of the necessary equipment)
- Identifying challenges related to planning and
coordinating the daily and long-term response

Architect and head of Coordinator of the . .
I o . and recovery operations (e.g., debris removal,
Identification of city history/aesthetics | response and recovery inspection of damaged infrastructure
the challenges in BMM team in Malatya p g ’

population displacement and temporary
housing, delivery of relief materials)
- Identifying challenges related to planning and
. performance of mental and social health
. Coordinator of the ) ..
BMM staff in health and er s . services at ground zero (e.g., organising
, : rehabilitation services . A o .
social services in Malatva special social activities to cope with trauma,
Y setting up school and educational activities for
the children affected)

- Identifying challenges related to

Validation of the Local coordinator of strengthening local organisation and decision-
. e General Secretary of . . . o
identified N disaster management making capacity through coordination of the

Malatya Municipality .
challenges in Malatya local and external resources.
- Validation of the identified challenges
. Expert in digital - Identifying digital solutions to address these
I Academic g
Identification of transformation challenges
new d.l gital Academic and Expertin disaster risk | Validation of the identified digital solutions
solutions management and

consultant based on the challenges

digitalisation

5. Post-earthquake Response and Recovery Challenges and Digital Solutions to address them

The challenges from ground zero (see Table 2) are associated with four response and recovery activities in which
the BMM team was involved. These activities are:

1. Planning deals with establishing the policies and procedures for post-disaster recovery activities (e.g.,
allocating equipment and vehicles, provisions for emergency shelters and container camps, and trained
personnel).

2. Logistics and supply are related to ensuring a well-organised supply service supported by resources, storage
and transport facilities for post-disaster recovery.

3. Communication and information management deal with supporting other emergency response activities

through essential communication equipment and information management protocols.

Table 2. Fact findings on response and recovery reported from ground zero

Activities Challenges reported from observations and interviews

Planning - Poor clarity in policies and procedures for emergency response that includes search and
rescue, evacuation/migration, emergency relief and psychological support for the
affected.

- Infrequent updates to the action plan for response and relief.

- Unavailability of equipment, vehicles and information to support search and rescue (e.g.,
lack of heat sensors for spotting people trapped under the rubbles, inaccurate imagery
data/maps).
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- Lack of a planned/standardized approach for rehabilitating the affected people (e.g.,
people were allowed to setup make-shift tents close to their damaged houses which were
usually away from the designated area)

- Loss in workforce due to the poor planning for the temporary accommodation (e.g., upon
completion of the infrastructure of the tent camps, had to be disassembled and transferred
to be reinstalled in container camps).

- Lack of long-term planning for switching back to ‘normal’ life (e.g., debris removal,

disassembly of temporary accommodations, initiatives to motivate stranded people to

return back to Malatya, and funding for traders/businesses to resume their work).

Lack of local personnel to assist the external response team allocated to the city results in

delays.

- Notable to allocate the team quickly when an urgent request comes.

- Poor visibility on the progress of ongoing response and relief activities.

- Poor intersectoral coordination between different response and relief teams.

- Poor visibility across the relief material supply chain to match demand with stocks in
inventory (e.g., collecting order requests and relief materials in Balikesir while storing and
distributing in Malatya).

Communication and - Lack of structured communication protocol that results in ineffective resource allocation

information and duplication of tasks (i.e. currently no single contact point (e.g., personnel or centre)

management for receiving the requests from the ground zero).

- Lackofaninformation management protocol (e.g. currently using WhatsApp for receiving
requests, and exchanging information between the team members as a reactive
communication measure).

- Lack of essential communication equipment for information flow (e.g. radios and satellite
phones).

- Notable to understand where the urgent request coming from i.e., which part of the city.

- Poor visibility on the incident area i.e., don’t know where the response team/personnel is.

Logistics and supply

To this end, 20 digital solutions are proposed in Table 3 based on the digital solutions identified from the literature
[33]-[35] and the challenges captured from ground zero (see Table 2). The applicability of the set of digital
solutions for response and recovery is validated by engaging with two relevant experts through a workshop. The
first expert has experience in digital transformation, digital solution design and development and information
systems. The second expert is working in disaster risk management and mitigation, and infrastructure resilience
to shock events. Based on the expert opinions, the proposed set of digital solutions is deemed suitable for assisting
the activities across four areas namely planning, logistics and supply, and communication and information
management (see Table 3).

Table 3. Digital solutions to support post-disaster response and recovery

Activities Digital solutions

Planning 1. Geocoded early warning and monitoring (e.g. ground vibration sensing, remote-sensing)

2. Operations planning (e.g. emergency activities planning)

3. Human resource planning (e.g. allocating/scheduling support teams, time/shift management)
4. Digitised personnel training (e.g. standard operation procedures for search and rescue,
evacuation/migration, emergency relief and psychological support)

Change control (Document change control, Policy/Procedure change control)

Digitised setup instructions (e.g. Work instructions, Guidelines, Setup instructions, Setup
checklists, machine/vehicle setup support)

7. Tool/Equipment selection assistance (e.g. selection guidelines, checklists)

Layout planning (e.g. coordination centre planning, temporary accommodation design)

9. Pre-completion support for handover (e.g. structural impact assessment, financial support

o

©

schemes)
10. Geocoded hazard mapping and disaster risk estimation
Logistics and 11. Geocoded prediction for recovery in disaster areas/zones based on parameters such as
supply population, intensity of damage, demographic information, etc.

12. Supply chain monitoring (e.g. supplier lead time monitoring, Supplier sustainability tracking,
Supplier performance data capture, record keeping, reporting)

13. Order tracking (e.g. order status tracking, order location tracking)

14. Progress monitoring (e.g. emergency activity tracking, maintenance activity tracking)

15. Disruption monitoring (e.g. supplier delay impact monitoring and analysis)

16. Capacity monitoring (e.g. workload monitoring, uptime monitoring, availability assessment,
bottleneck monitoring)

17. Scheduling support (e.g. order prioritisation, scheduling for temporary accommodation)

Communication 18. Inventory tracking (e.g. stock management, stock level monitoring)
and information 19. Tracking and assignment of tools/equipment (e.g. GPS-based equipment/vehicle tracking)
management 20. Issue/query tracking (e.g. issue/query reporting, flagging of problems)
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6. Discussion and Conclusion

Earthquakes are events that have long-term impacts on the natural, economic, and social fabric of a nation.
Countries have developed and adopted various disaster management frameworks to aid the prevention,
mitigation, preparedness, response and recovery in the event of such disasters. This study captured the response
and recovery challenges at ground zero in Malatya in the aftermath of Kahramanmaras, Tiirkiye earthquake
sequence that happened on February 6, 2023.

Field observations and semi-structured interviews with the four officials from municipalities of Balikesir and
Malatya highlighted four hazard areas that impeded the response and recovery operations:

1) Planning related hazards include the absence of an institutional framework at the regional/local level, lack of a
structured disaster response and recovery plan i.e. organisational structure, information, lack of an early warning
system, etc.

2) Logistics and supply related deficiencies exist in shortage of resources i.e. financial, equipment, human, absence
of standardised medical teams, inefficient resource allocation of existing resources, and

3) Communication and information management related challenges include lack of a central and single decision-
making point at the scene which led to poor intersectoral coordination, ineffective communication i.e. challenges
in communication protocols, lack of knowledge about Malatya and on-site experience in the city, etc.

The fact-finding mission including data collection via interviews with BMM’s response and recovery team and
observations from ground showed that outside technical, financial and resource support help strengthen local
organizational and decision-making capacity. However, the challenges presented in Table 2 highlight disaster
management's complexity and multifaceted nature, requiring comprehensive strategies and approaches to
address them effectively. It is observed that there was a poor formal process for response and recovery, which
needs to be clearly articulated and addressed through a comprehensive disaster management framework. The
absence of such an institutional framework at the regional/local levels led to conflicts between the external teams
that came from different 10+ municipalities to support ground zero activities in Malatya. Such a framework not
only explicitly and individually describe local and central formal processes but also should capture the role of
technology and digital solution as enablers to assist in response and recovery efforts. While the knowledge
generated on the hazards is related to earthquake response and recovery, these can be applicable to any ground-
zero scenarios of different disasters (e.g., floods, wildfires).

This study highlights the need for developing a systematic framework that sets the structure of response and
recovery including procedures and descriptions, roles and responsibilities at the local and central authority levels.
Such a framework has significant potential to eliminate the duplication of efforts and excessive usage of resources.
The processes defined this framework need to be supported through a set of digital solutions which are low-cost,
portable, sustainable, durable, etc. Implementation of these low-cost solutions in other industries showed a
significant improvement in operational efficiencies such as timesaving, waste reduction etc. [36]. The set of 20
digital solutions scoped within this study (see Table 2) can operationalise the framework by supporting ground-
zero activities and creating long-term value for disaster management. While this study scopes low-cost digital
solutions for response and recovery, there are ongoing developments by AFAD for deploying radio systems to
provide instant access to people affected, drone technologies in search and rescue, early warning systems engaging
with gas, electricity and water suppliers, satellite technologies for disaster response, sensor and robotic-based
digital solutions for disaster management and information systems for effective data exchange between
stakeholders, and simulation and game-based training systems to support search and rescue operations [45].
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Anahtar Kelimeler 0z: Giiniimiizde, robotik sistem uygulamalarimin hatasiz ¢alisabilmesi i¢in yapilan
Kontrol, robot ya da robotik sistemlerin tasarimlar1 6ncelikle bilgisayar ortaminda simiile
PID, ] edilerek test edilmektedir. Bu ¢alismada 3 serbestlik derecesine sahip RRR (Doénel-
g{i(r)rt:i?lt:s{;/on Dénel-Dénel) robot kol tasarimi yapilarak, PID(Oransal-integral-Tiirevsel)

kontroldr ile kontrolii saglanmistir. PID parametreleri ISSA (Gelistirilmis Salp Swam
Algoritmasi) ve KKO (Karinca Kolonisi Optimizasyonu) algoritmasiyla optimum
diizeyde belirlenmis, PID kontroloriin performanslarinin Kkarsilastirilmasi
amaglanmistir. Bu kapsamda, robotik sistemin mekanik tasariminda SolidWorks
programi ve Kontrol i¢cin Matlab programi kullanilmistir. Ayrica bu ¢alismada PID
parametrelerinin tespiti ve uygulamasi birim basamak ve siniizoidal giris icin
incelenmistir. Robot kolun konum koordinatlarinin belirlenmesi icin ileri kinematik
hesaplamalar yapilmis ve sonug olarak robot kol basarili bir sekilde tasarlanarak
Matlab ortaminda simiile edilmistir. ISSA ile belirlenen katsayilar KKO algoritmasi
ile belirlenen katsayilara gore, PID kontroloriin referans yoriingeyi daha yakindan
takip ettigi gorilmistir.

Pid Control of 3 dof Robot Arm with Issa Algorithm

Keywords Abstract: Today, the designs of robots or robotic systems made for the error-free

Control, operation of robotic system applications can be tested by simulating in the computer

gl% ; environment. In this study, the RRR (Revolute-Revolute-Revolute) robot arm with 3
obotic,

degrees of freedom was designed and controlled using a PID (Proportional-Integral-
Derivative) controller. PID parameters were determined at the optimum level using
ISSA (Improved Salp Swam Algorithm) and KKO (Ant Colony Optimization)
algorithms, and it was aimed to compare the performances of the PID controller. In
this context, the SolidWorks program was used in the mechanical design of the
robotic system and the Matlab program was used for control. In addition, in this
study, the determination and application of PID parameters are examined for unit
step and sinusoidal input. To determine the position coordinates of the robot arm,
advanced kinematic calculations were made and as a result, the robot arm was
successfully designed and simulated in the Matlab environment. Coefficients
determined by ISSA It has been observed that the PID controller follows the
reference trajectory more closely than the coefficients determined by the KKO
algorithm.

Simiilation

*ilgili Yazar, email: f.avci@alparslan.edu.tr
1. Giris

Modern endistri tesislerinde malzemelerin iiretimi, tasinmasi, montaji, tibbi tedaviler, uzay arastirmalari vb.
bir¢ok alanda farkli islemlerin yapilmasinda farkli tip ve model robot veya robotik sistemler kullanilmaktadir [1].
Robot kolu, eklemlerle birbirine bagl uzuvlardan olusmaktadir. Bu yapilar egilmeyen, mukavemeti ytiksek ancak
genellikle hafif malzemelerden imal edilmektedir. Kiitleyi harekete gecirmek icin moment kazandirmak,
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durdurmaya calisirken gereksiz gii¢ harcanmasini engellemek, frenlemede salinimi azaltmak, ¢abuk ivmelenme
gibi parametreler hafif malzemelerde daha iyi sonuglar vermektedir. Ayn1 zamanda daha az enerji tiiketimi ile
kontrol imkani saglamaktadir [2].

Literatiirde, robot kollarin kontroliiniin gerceklestirildigi bircok ¢alisma bulunmaktadir [3-12]. Matlab programi
kullanilarak 4 eksenli robot kolun kinematik hesaplari ¢ikarilarak Matlab&Simulink ortaminda ve gercek modelde
test edilen calismalarin yapildig1 goriilmektedir [3]. Uc serbestlik dereceli bir robotun uc islevcisine PID kontrol
ve bulanik mantik kontrolii kullanilarak degisken kuvvet uygulama suretiyle dayaniklilik testi yapilmis ¢alismalar
da mevcuttur [4]. Diger bir calismada, 3-SD robotun tasarimi SolidWorks'te, simiilasyonu Robotic Toolbox
kullanarak Matlab&Simulink ortaminda gerceklestirilmis, robotun kontrolii i¢in gerekli olan kinematik ve dinamik
denklemler elde edilerek simiilasyon ve gercek zamanl ¢alismalar1 yapilmistir. Gergek zamanl uygulamalar i¢in
ic dongiide yer ¢cekimi dengelemeli PID kontrolii, dis dongiide empedans kontrol algoritmasindan yararlanilmistir.
Ayni zamanda yer ¢ekimi dengelemeli PID kontroliin katsayilari, her bir uzuv icin Matlab programinin System
Identification eklentisi kullanilmistir [5]. Yiiksek dereceli sistemlerin kontroliinde kullanilan Oransal-integral-
Tiirev-ivme (Proportional-Integral-Derivative-Acceleration-PIDA) denetci parametrelerinin Parcacik Siirii
Optimizasyon (PSO) algoritmasi yardimiyla belirlenen ve PIDA denetleyicinin basarimin, literatiirdeki Gradiyant
arama ve Genetik algoritma (GA) optimizasyon ydntemleri ile karsilastirllmasi da yapilmistir [6]. 4 eksenli ve
SCARA tipinde bir robot kol diizeneginin goriintii isleme tabanli yoriinge kontroliiyle ¢apakli pargalarin
temizlenmesi islemi icin yapilan calismada, 6ncelikle robot kola ait kinematik denklemlerin analitik ¢6ztimleri elde
edilmis, daha sonra bir kamera ile alinan gorintiiler islenerek, islenecek parc¢anin sinirlarini belirlenmistir. Piksel-
koordinat doniisiimleri yapilarak bulunan degerler bilgisayar ortaminda kontrol edilen motorlara a¢1 setleri
seklinde gonderilip, parca geometrisi olarak belirlenen yo6riingenin izlenmesi saglanmistir [7].

Robot kol kontrollerinin yapildig1 calismalardaki bir diger yontem ise simiilatdr programlarinin kullanilmasidir.
Simiilatér programlarinda bulunan robot kollarin konfigiirasyonu tamamlandiktan sonra kontrol i¢in gerekli olan
kinematik ve dinamik denklemler elde edilerek simiilasyon ve gercek zamanli ¢alismalar yapilmistir. Robot kolun
yuklil ve yiikstiz durumda izleyecegi yoriinge planlanarak konumlar belirlenmis ve belirlenen konumlara gore
yoringe takibi yapilmistir. Robot kolun kontroliinlin saglanmasi i¢in simiilatdr programi Matlab programu ile
senkronize edilerek simiilasyonu gerceklestirilmistir [8]. Ayrica farkli optimizasyon algoritmalari kullanilarak PID
parametreleri belirlenen, robot kolun kontrolii tizerine ¢alismalar da yapilmistir. Bir robot kolun konum kontrolii
icin PID kontrol parametreleri Genetik Algoritma (GA) ve Ar1 Algoritmasi (AA) kullanilarak belirlenen,
optimizasyonu ve benzetim ¢alismalari Matlab&Simulink ortaminda yapilmis robot kolun, dinamik ve kinematik
denklemleri elde edilerek matematiksel modelinin olusturuldugu gorilmektedir [9]. Diger bir ¢alismada, iki
serbestlik derecesine sahip manipiilator icin dogrusal olmayan kontroldriin tasarlandigl, Duruma Bagl Riccati
Denklemi (State Dependent Riccati Equation - SDRE) algoritmasimnin kullanildigi ¢alismalarin da yapildig
goriilmektedir [10]. Bir baska calismaya bakildiginda ise, senkron motorlar tarafindan hareket ettirilen iki eksenli
bir robotun pozisyon kontrolii hem kesir dereceli PID (KDPID) kontrolér hem de iki serbestlik dereceli PID
(2DOFPID) kontrolor kullanilarak yapilan ¢alisma da bulunmaktadir. Bu calismanin tasarim ve analizinin
yapilmasi i¢in Matlab/Simulink kullanilmistir [11]. Son olarak, Farkli bir¢ok alanda kullanilan bir¢ok alanda
kullanilan ve dogadaki yaratiklardan esinlenerek yapilan robot robot ¢alismalar1 da bulunmaktadir. Bunlardan
biri de farkli mekanizmalara sahip ve farkl islevleri gerceklestirebilen yilan robot ¢alismalaridir. Bunlar aktif ve
pasif olmak iizere iki kategoriye ayrilir. Yapilan calismada ise ikinci kategorideki temel esas alinarak bir yilan
robotun tasarimi ve kinematigi gerceklestirilmistir [12].

Literatiirdeki calismalara bakildiginda, robot kol tasarimi i¢cin genel olarak SolidWorks programi, kontrol ve
simiilasyon icin ise Matlab programinin kullanildig1 gériilmektedir. Bazi ¢alismalar da robot kollarin 6zellikleri
similator programlar: araciligl ile yapilmistir. Kontrol kisminda ise PID kontroloriin parametreleri belirlenirken
Genetik Algoritma, Ar1 Algoritmasi, Pargacik Siirii Optimizasyon Algoritmasi, Duruma Bagh Riccati Denklemi
Algoritmasi vb. farkli optimizasyon algoritmalarinin kullanildig1 gériillmektedir.

Son yillarda, robot kollarinin SolidWorks ile tasarimi ve Matlab programiyla kontroliinii saglayan bir¢ok
¢alismanin yapildigl, ancak bu ¢alismalar da PID kontroliinde ISSA algoritmasinin kullanilmadig1 gériilmektedir.
Robot kolunun belirlenen hareketini daha hassas hale getirilmesini amaclayan ¢alismamizda, SolidWorks ile
tasarlanmis ve Matlab programi yardimiyla ISSA algoritmasi kullanmilarak tespit edilen PID katsayilarinin
kullanildig1 robot kol kontroliiniin simiilasyonu yapilmistir. PID katsayilarinin belirlenmesinde ISSA algoritmasi,
ITSE performans indeksine gore kontrol edilerek ¢alistirilmistir. Ayrica bu ¢alismada tasarlanan robot kolun PID
kontrolii, performans indekslerine gore de incelenmistir. Fakl iki algoritma kullanarak incelenen sisteme, siniis
ve basamak girisleri uygulanarak elde edilen sonuglar kiyaslanmistir. Ayni zamanda daha énce robot kol kontrolii
icin parametrelerin belirlenmesi amaci ile hi¢ kullanilmayan ISSA algoritmasinin robot kolu kontrolii izerinde
performansi belirlenmistir.
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2. Materyal ve Metot

Bu calismada 3 serbestlik dereceli robot kolun SolidWorks programiyla tasarimi yapilmis ve tasarlanan robot
kol SimMechanics ile MATLAB ortamina alinarak modeli olusturulmustur. Modeli olusturulan robot kolun her bir
eklemine PID kontrolér eklenerek kontrol saglanmistir. PID kontrolériin optimum kontrol saglamasi i¢in en uygun
PID parametreleri (Kp, Ki, Kd) tespitinde ISSA ve KKO algoritmalari kullanilmistir.

2.1. Robot kolunun mekanik tasarimi

3 serbestlik dereceli robot kolunun pargalar1 SolidWorks programi ile bilgisayar ortaminda tasarlanmistir.
Tasarlanan robot kolun zeminini olusturan platform Sekil 1’de verilmistir.

<

Sekil 1. Robot kolun platform ¢izimi
Sekil 1'de gosterilen Robot kolun tizerinde yer alacagi platform parcasi 100x100x20 mm. boyutlarina sahip olup

robot kolun birinci uzvunun yerlesebilmesi i¢in 10 mm’lik silindirik oyuk a¢ilmistir. Sekil 2’de robot kolun X ekseni
iizerindeki hareketinin saglanacag birinci uzvunun SolidWorks programindaki ¢izimi goriilmektedir.

Sekil 2. Robot kolun 1. Uzvu

Sekil 2’de L uzunlugu yani birinci uzuv uzunlugu 100 mm olarak alinmis ve 100 mm’lik 6l¢ii, zemin ile iistte
bulunan ve ikinci uzvun merkezi ile ¢cakisacak olan deligin merkezine kadar olan boyutudur. Robot kolun Y ekseni
tizerindeki hareketinin saglanacagi ikinci uzvunun cizimi Sekil 3’de goériilmektedir.

\

Sekil 3. Robot kolun 2. Uzvu

ikinci uzvunun L uzunlugu 100 mm olarak alinmis ve 100 mm’lik él¢ii silindir ile ikinci uzvun merkezi ile cakisacak
olan deligin merkezine kadar olan boyutudur. Sekil 4'de robot kolun Y ekseni iizerindeki hareketinin saglanacagi
liclincili uzuv ve gripper kismi goriilmektedir.

"~

Sekil 4. Robot kolun 3. Uzvu
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L boyu, yani tiglincii uzuv uzunlugu 120 mm olarak alinmis ve 120 mm’lik 6l¢ii silindir merkezi ile end efektor olan
lic kisim arasindaki boyutudur. Tasarimi yapilacak olan robot kolun her bir pargasi cizildikten sonra montaj
asamasina gecilmis ve gerekli olan montaj iliskileri verilerek cizilen pargalarin montaji yapilmistir. Sekil 5'de
tasarlanan 3 eklemli RRR dizilimli robot kol diizeneginin SolidWorks ’ teki son goriiniimii goriilmektedir.

Sekil 5. Robot kolun SolidWorks goriintiist
Sekil 5’de goriildiigii gibi tasarlanan robot kolun montaji yapilarak home pozisyonunda konumlandirilmistir.
SolidWorks ortaminda tasarimi ve montaji yapilan 3 serbestlik dereceli RRR robot kolun Matlab&Simulink
ortamindaki modeli elde edilmistir.

2.2. Kinematik Analiz

Kinematik analizleri eklem uzayindan kartezyen uzaya (ileri kinematik) ya da kartezyen uzayindan eklem uzayina
(geri kinematik) gecisi saglama icin kullaniriz.

2.2.1. ileri kinematik

Tasarlanan 3 serbestlik derecesine sahip RRR robot kolunun ileri kinematik hesaplamalarinin yapilabilmesi i¢in
DH tablosu olusturulmus ve tablo 1’de verilmistir.

Tablo 1. Robot kolun DH tablosu
i 0i i ai di

1 0, 90 0 L,
2 92 0 L2 0
3 93 0 L3 0

Sekil 6’da robot kolun 3 boyutlu gériiniimiiile ileri kinematik icin gereken 6l¢iilerin gosterildigi teknik resim ¢izimi
verilmistir.

(joooo (CFB O O D

100

[ Q 24

Sekil 6. Eksen takimli robot kol

Tasarlanan robot kolunun ileri kinematik hesabi icin DH tablosu dikkate alinarak asagidaki her bir eklemin genel
doniistim matrisi Denklem 1 ve 2’deki gibi tespit edilmistir.

[cos(rthl) —sin(rthl) 0 0 [cos(rth2) —sin(rth2) 0 L1
o = sin(rthl) cos(rthl) 0 O 1p = sin(rth2) cos(rth2) 0 0 (1
! 0 0 10 2 0 0 1 0
0 0 0 1 0 0 0 1
[cos(rth3) —sin(rth3) 0 L2 [1 0 0 L3
a7 = sin(rth3) cos(rth3) 0 O 3y — 01 0 O 2)
s 0 0 1 0 * 00 1 0
0 0 0 1 0 0 0 1
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Matrislerde kullanilan L1, L2 ve L3 degerleri robot kolun uzuvlarinin uzunluklari olup rth1, rth2 ve rth3 degerleri
ise ac1 degerlerinin radyan birimine ¢evrilmis degerleridir. Ug islevcinin konumu bulunmak i¢in eklem matrisleri
carpimini gosteren ifade Denklem 3’de verilmigtir.

§T = T 3T 3T iT ®

fleri kinematik hesabu icin kullanilan fonksiyon kodlar Sekil 7’de verilmistir. Kodlar yazilirken denklem 1,2 ve
3’den yararlamlmustir. {leri kinematik hesabs, referans giris degeri ile robot modelinin ¢ikisinda yapilmigtir. Bu
islem icin Matlab fonksiyonu blogu kullanilmistir. Her iki Matlab fonksiyonu blogunda giris degerleri derece
cinsinden olup matlab fonksiyon bloklarinda agilar énce radyan birimine ¢evrilmistir. ileri kinematik hesabi
yapilirken ilk eklemden baslayarak uc islevciye kadar olan her bir eklem icin rotasyon ve dteleme degerleri
bulunan matrisler yazilmaktadir. Tasarlanan robot kolun ileri kinematik hesaplarinin sonucunda koordinatlar
bulunmus ve her bir eklem icin eklem matrisleri denklem 1 ve 2’ de verilmistir.

function [Px.Py.Pz]|= fen(tetal teta2, teta3)
11=100:12=100:13=120;%uzunluklar

rthl=tetal *pi/180;rth2=teta2*pi/180;rth3=teta3*pi/180;%randyan donusumu

T 0 1=[cos(rthl) -sin(rth1) 0 0;sin(rthl) cos(rth1) 00;0 0 1 0;0 0 0 1];
T 1 2=[cos(rth2) -sin(rth2) 0 11;sin(rth2) cos(rth2) 00;001 0000 17;
T 2 3=[cos(rth3) -sin(rth3) 0 12;sin(rth3) cos(rth3) 00;0 01 0:0 0 0 1];
T 3 4=[10013;0100;0010:0001];

TO4=T 0 I*T 1 2*T 2 3*T 3 4;

Px=T 0 4(14)}Py=T 0 4(2.4):Pz=T 0 _4(3.4);

Sekil 7. ileri kinematik matlab kodlari

Sekil 7’de verilen kodda; 1 ifadeleri uzuv uzunluklarini, rth ifadeleri acgilarin radyan karsiligini ifade etmektedir.
Sonraki satirlarda doniisiim matrisleri verilmistir. Verilen matrislerin ¢arpimi alinarak transformasyon matrisi
olan T_0_4 matrisi bulunmustur. Bulunan matrisin dérdiincii siitunundaki birinci satir X, ikinci satir Y ve ti¢lincii
satir ise Z koordinatlardir.

2.2.2. Geri kinematik

Koordinat doniisiimiiniin saglandig1 blogun giris kismina Eksen-Agilari, Euler Agilari, Homojen transformasyon
matrisi, Kuaterniyon, Dondiirme Matrisi, Ceviri Vektori degerleri girilebilir [13].

Ters Kinematik blogu, tanimlanan robot modeline dayali olarak arzu edilen bir u¢ efektér pozisyonu i¢in eklem
acilarini hesaplamak amaci ile kullanilan Matlab&Simulink blogudur. Robot modeli, ¢éziiciiniin uyguladigi tim
eklem kisitlamalarini tanmimlar [14].

Robotun gitmesi istenen koordinatlari, robot modele ac1 olarak girilmesi i¢in kartezyen uzayindan eklem uzayina
(geri kinematik) gecilmelidir. Bunun i¢in geri kinematik hesabi yapmak amaci ile Matlab&Simulink’ de bulunan
inverse kinematics blogu kullanilmistir. Ancak inverse kinematics bloguna girisi, homojen transformasyon matrisi
olarak girmek gerektiginden verilen koordinatlar coordinate transformation conversion bloguna verilerek homojen
transformasyon matrisine doniistirilmistir.

Robot modelin end efektdriiniin gidecegi konumunu, homojen transformasyon matrisi olarak, agirlik degerlerini ve ilk
konum tahmin degerleri blogun girisine verilmistir. Daha sonra blogun 6zelliklerinden diger paramatreler diizenlenmistir.
Bunlara bagli olarak config ¢ikisindan ekleme verilecek agilar elde edilmistir

2.3. Sistemin Matlab&Simulink modeli
SolidWorks’de kullanilan Simmechanics eklentisi ile elde edilen robot kolun XML dosyasinin Matlab&Simulink

ortaminda ¢alistirilmasi i¢cin mech_import('Montaj.xml") komut satir1 kullanilmistir. Sekil 8’de Matlab&Simulink
ortaminda olusturulmus olan robot kolun Matlab&Simulink modeli verilmistir.
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Weld! Weld

Revolite Revoluel Revolute?

Sekil 8. Matlab&Simulink ortaminda olusturulmus robot kolun modeli

Sekil 8'de goriildiigii lizere revolute, revolutel ve revolute3 ismi ile belirtilen bloklar, tasarlanan robot kolun
eklemlerini ifade etmektedir. Her eklem blogunun basinda bulunan 1-1, 2-1 ve 3-1 bloklar1 kendilerine ait
uzuvlarin ézelliklerini tasimaktadir. Onceki bloklar ise sabit parcayi, yercekimi ivmesi vb. ézellikleri tasimaktadir.
Cikarilan modelin ¢alistirilmasi sonucunda tasarlanan robot kolun Matlab&Simulink programindaki goériiniimii
Sekil 9’ da gosterilmistir.

A

Sekil 9. Robot kolun Matlab’daki goriintiisii

Robot kolun Matlab&Simulink ortamindaki modelinin her bir eklemini harekete gecirecek bir aktiiator (joint
actuator) ve eklemin hareket agisini 6l¢en bir sensor (joint sensor) eklenmesi ile birlikte olusturulan model Sekil
10’da goriilmektedir.

Weld Weld1

RootPart RootGround

o oo} i

]t

Revolute2

:

Revolute

Fl

Revolute1

Constant1 Constant3 Constant5

OTetal OTeta2 OTeta3

Joint Sensor Joint Sensort Joint Sensor2

Sekil 10. Simmechanics eklentisi ile Matlab&Simulink’e aktarilan robot modeli

Sekil 10’da goriildiigii tizere aktiiatorii harekete gecirmek i¢in a¢i, hiz ve ivme degerleri girilmelidir. Bu degerlerin
girisini mux (kodlayici) kullanarak saglanmistir. A¢i degeri siniis dalga kaynagindan alinmis ve hiz i¢in 1, ivme i¢in
ise 1 sabit degeri verilmistir. Sensérden okunan ac¢1 degeri ise derece birimindendir. Joint actuatorlerin, actuate
with 6zelligi ile motion yapilmistir. Revolute bloklarmin her birinin dénme yaptig1 eksen tanimlanmistir.

2.3.1. ISSA ve KKO algoritmalari

Salps, fig1 bigcimli Salpidae familyasindan bir deniz organizmasidir. Genellikle derin denizlerde yiyecek aramak i¢in
salp zinciri ad1 verilen bir siirii olustururlar. Salp zinciri 6n kisimda yer alan bir lider ve onu takip eden bir gruptan
olusmaktadir. Lider besin aramak i¢in gruba kilavuzluk ederken takipciler dnlerindeki salpa gére konumlarini
degistirmektedir. SSA algoritmasi, Mirjalili ve arkadaslar tarafindan bu siiriilerin davranislarinin matematiksel
olarak modellenmesi ile meydana getirilmistir [15].
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n degiskenli bir optimizasyon problemi ve x' = [x}, x} - - -, x},] 6gelerinin bir vektorii ile temsil edilen salp i'nin
konumu x‘ gz éniine alindiginda, salp zincirinin lideri Denklem 1’i kullanarak konumunu giincellemektedir.

Fy + ¢y ((ub; — Iby)c, + 1by) ¢ > 0.5 @
Fy = ¢y ((ub; = Ib)c, + 1by) ¢ < 05

Denklem 4’de Fj, gida kaynagi F'nin (en iyi bilinen konum) j. boyutundaki degerdir, ub;ve lb;, j. boyuttaki sirasiyla
ist sinir ve alt sinirdir. ¢, ve c; parametreleri [0-1] aralikta rastgele olusturulmus sayilardir. ¢; degeri Denklem 5
kullanilarak hesaplanir.

any? (5)

c, = 23_(T

Denklem 5’de t, gegerli iterasyon ve T, toplam iterasyon sayisidir. Liderin konumu giincellendiginde, takipciler de
denklem 6’y1 kullanarak konumlarini degistirmektedir.

xf = %(x]‘ + x;_j) (6)

Denklem 6’da x},Z < i <nile salp i'nin j. boyutundaki konumdur. Yinelemeli siireg, liderin konumunda daha
yiiksek rastgele degisikliklere izin veren ve arama uzaymmin kesfini vurgulayan c¢; i¢in yliksek degerlerle
baslamaktadir. Arama asamasi, parametre katlanarak azalirken gercgeklesir ve liderin besin kaynagi cevresinde
daha kii¢iik ayarlamalar yapmasina izin vermektedir.

Algoritmanin tanitilmasindan sonra bir¢ok arastirmaci daha iyi performans elde etmek tizere ¢alismalar yapmistir.
Bu ¢alismalardan biride Tudose ve digerleri orijinal SSA'da, arama stirecindeki kétii bireyleri elimine eden ve yeni
bireyler olusturan ISSA’y1 dnermislerdir. ISSA'nin orijinal salp swarm algoritmasi i¢in 6nerdigi iyilestirmeler
soyledir;
e Arama uzayinda salplarin daha iyi dagilimini saglamak i¢in baslangi¢ popiilasyonunun olusturulmasinda
karsitlik tabanl bir 6grenme stratejisini icermektedir.

3

= lb; + ub; — x/ 7

<.

e Onerilen baslatma ydntemi, popiilasyon boyutundan (N..) daha biiyiik bir dizi baslangi¢ bireyinin (Ninit)
secilmesinden olusmaktadir. Baslangic bireylerinin yarisi (Ny,;;/2) geleneksel rastgele iiretim yontemiyle
saglanirken, popiilasyonun geri kalan1 denklem 6’ya gore zit bireyler tiretilerek tamamlanmaktadir. Son
olarak, amag fonksiyonu tiim ilk bireyler icin degerlendirilmekte ve en iyi N,,; bireyleri ISSA'nin ilk
yinelemesinde korunmaktadir.

e Siriiniin kesif yeteneklerini artirmak icin lider salpa benzer sekilde davranan “kesifci salps” adi verilen
yeni bir salp tiirii entegre edilmistir. Denklem 5'e gore her takipgi salp bir dncekinden etkilenmekte ve bu
durumda, bir performans siralamasina gore dnceki salps siralamasi ile daha iyi bir yakinsama orani elde
edilebilmektedir. En iyi birey lider salp olarak se¢ilmekte, takip eden N,,,, kesifci salp olarak ve kalan N,
ise takipgi salp olarak kabul edilmektedir (Ny,; = Nio¢ — 1 — Neyp). Son olarak, son yinelemeler sirasinda
kesif stirecine daha iyi bir destek saglamak i¢in yinelemeler ilerledikge, kesif¢ci salplarin sayisi (Neyp)
dogrusal olarak artmaktadir.

o  Uciincii iyilestirme, Kesif salplar1 icin ek bir konum giincelleme mekanizmasi olarak klasik bir caprazlama
operatorii eklenmekte, yinelemeli siire¢ sirasinda artan bir olasilik (pg) ile etkinlestirilmektedir.
Caprazlama operatorii, kesif salp1 ve besin kaynagi arasinda agirlikli ortalama olarak tek bir yavru
iretmektedir. Ayrica, ayni p., olasiligi ile yavrular tizerindeki gida kaynagi etkisini artirmak i¢in denklem
8 kullanilarak ¢aprazlama operatori i¢in ikinci bir varyasyon sunulmustur. Denklem 8'de r; ve 1, [0,1]
araliginda rastgele olusturulmus sayilardir.

Firp+ x}'(l —1,), 15 >05

- _ 8
4 13--(1—%)+x;-§,rlso.5 ®

Yerel optimumda durgunluk riskini azaltmak icin sadece mutasyon olasilig1 olan takipg¢i salplara
uygulanan bir mutasyon operatorii p,,,; icermektedir. Mutasyona ugramis takipg¢i salp, rastgele secilen
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bir salpin konumunu kopyalamakta ve daha sonra bu konumun etrafinda Kkesifci bir salpa benzer sekilde
davranmaktadir. Arama siirecine miidahale etmekten kaginmak icin, yinelemeler ilerledikge mutasyon
olasilig1 dogrusal olarak azalmaktadir.

o [mrm ((ub; — th)m, + tb;),m5 > 05 ©
x; = my ((ub; = lby)m, + Ib;) ,my < 0.5

Denklem 9’da my, m, ve ms [0-1] aralikta rastgele olusturulmus sayilardir. ISSA, eliminasyon mekanizmasini en
diisiik performansh N,y salp'lara da entegre etmektedir. Onerilen iyilestirmelerin entegrasyonu ile degistirilmis
salp siirtisii algoritmasinin akis semasi Sekil 11’de verilmistir [16].

‘ Basla ' [ T e o o e e o e o e 1

1S54 iterasyomu

I L
ﬁ | IPerfnnm:hn gore tium salplan almlnl Her e LT
Baslat N, M VTR Sitt F0) - B - gy ey (X e W SR R N e PR AREL I
[ — ] 7
i a p

Salplann pozisyon gincellemesi
=l lt der pozisyonun gincelle (denklem
I 1.10)

Her salp igin i=1..... Nitot

Rastgele Bireyleri Suutlari Zorla I

| Uret (Nimt/2)

y
Z1t Bireyleri

I
’
r
f
/
/
'
Uret (Ninit/2) / 4
}
'
/
/
/
/
/
/

Olasi Peo ile gaprazla (Dealem 1.14)
veya kegfedilen salplan giincelle
(Denlem 1.10)

i>1 ve i<Nexp

r

Objektif Fonksiyon degerlendir,
vi=flxi)

.

Tiim Bireylen
Degerlendir (Nuut)

i*Nexp ve i<Nsof Olas: Pmut ile mutasyona ugramag
o] salplan glincelle (Denlem 1.15) veva
takipgi salplan giincelle(Denlem 1.12)

Objektif Fonksiyon degerlendir
¥t

.

Sadece en iyi

Bireyi Seg (Ntot) : !

i=Nsof ve i=Ntot Yeni rastgele salplar ile en zayif (Nsof)
——————®salplan yer deistir =

Sekil 11. ISSA akis diyagramu.
1992 yilinda doktora tezinde karinca kolonisi algoritmasini (KKO) ilk olarak ¢alisan kisi Marco Dorigo’dur.
Karincalarin belirli bir mantia gore hareket ettigini diisiinen Dorigo, KKO’yu, gezgin satic1 problemi ve arag
rotalama problemi gibi optimizasyon problemlerine uygulamistir. 200 adet karinca kullanarak deney yapan
Dorigo, cesitli yiyecek ve engeller koyarak her bir karincanin hareketini incelemistir. Bu gézlemlerin sonucunda
karincalarin en kisa yolu bulduklarimi gérmiistiir [17].

Salgiladiklar1 feromenlerden dolay1 karincalar her zaman kisa yolu se¢mektedirler. Kimyasal bir salgi olan
feromeni, baz1 hayvanlar kendi cinslerinden baska hayvanlar1 etkilemek icin kullanirlar. Karincalar ilerlerken,
belirli bir miktar feromen depo ederler. Olasiliga dayanan bir yontemle feromenin daha ¢ok oldugu yolu tercih
ettikleri gorillmistiir. Depoladiklari feromenleri, gidaya giderken sectikleri yola birakarak, kendilerinden sonraki
karincalara yol seciminde yardimci olurlar. Bu i¢giidiisel davranis, onlarin gidaya giden en kisa yolu bulmalarim
saglamaktadir [17]. KKO’nun arag rotalama problemi ¢6ziimii i¢in uygulama adimlar1 asagidaki gibi yapilmaktadir.

1. Rastgele secilen sehirlerden “m” karinca serbest birakilmaktadir.

2. Tanimlanan parametreye gore karinca gezginci veya takipgi olabilmektedir.

3. Her bir karinca gidecegi sehri secerken feromen miktari ve sehirlerarasi mesafeye gore segmektedir.

4. Her bir kenardaki feromen miktarlari giincellenmektedir.

5. Bitiin sehirler gezilene kadar 2. ve 3. asama tekrar edilmektedir.

6. Biitiin karincalar turu tamamladiginda en ¢ok feromen igeren kenarlar bu turdaki en iyi sonucu
olusturmaktadir.

7. Karincalarin hafizalari silinmektedir.

8. Durma kriteri saglaninca durmakta yoksa adimlar tekrarlanmaktadir.

Genel olarak kontrol tasariminda dikkate alinan dort tiir performans indeksi bulunmaktadir. Bunlar, mutlak
hatanin integrali (IAE), karesel hatanin integrali (ISE), zaman agirlikli karesel hatanin integrali (ITSE) ve zamanla
carpilan mutlak hatanin (ITAE) integralidir [18]. Sekil 2’de IAE performans indeksinin Matlab&Simulink modeli
verilmistir. Gosterilen model her bir PID kontrolii icin yapilip, bulunan degerler toplanmistir. Sistemin IAE
performans indeksine gore performansi belirlenmistir.

Sekil 12’'de goriildiigii tizere girislere referans sinyali olarak siniis sinyali uygulanmistir. Robot modelinin oldugu
subsystem’in ¢ikis1 PID kontrolor igin geri besleme olarak alinmistir. Bu iki deger arasindaki fark ise PID
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kontrolore verilmistir. ISSA ve KKO algoritmas ile PID katsayilarinin tespiti icin Matlab&Simulink ortaminda
olusturulmus model Sekil 12’da goriilmektedir.

fr\v »( ) B PID(s) —Int Qut1
Sine Wave PID Controlier
N »(C) »| PIDE |plir2 outz
Sine Wavet i‘ PID_Controllert
v, () » PO In3 out3
Sine Wave2 PID Controller2
Subsystem
[
[
P11 Out1 L E
ITAE1
P 01 Out1
ITAEZ > I:I
P Ini Outl Displey2
ITAES

Sekil 12. PID katsayilarinin tespiti icin hazirlanan Matlab&Simulink modeli

Sekil 12’de siniis girisi icin ISSA ve KKO algoritmasi tarafindan PID parametrelerinin tespiti icin ITAE performans
indeksine gore hata degeri alinmistir. Bu hata degeri algoritma kodu tarafindan kullanilmis ve birim basamak girisi
icin, giris sinyalleri degistirilmistir.

ISSA ve KKO algoritmasi ile PID katsayilarinin tespiti i¢in her bir PID kontrol blogunun katsayilarina Tablo 2’ de
verilen degiskenler sirasiyla ISSA i¢in ayr1 bir degisken tanimlanip ¢alistirilmistir. KKO algoritmasi icin ise ayri
degiskenler tanimlanarak algoritmalar ¢alistirllmistir.

Tablo 2. PID katsayilarinin belirlenmesi i¢in verilen degiskenler

ISSA KKO
PIDTetal PIDTeta2 PIDTeta3 PIDTeta4 PIDTeta5 PIDTeta6
Kp kpl kp2 kp3 kkp1 kkp2 kkp3
Ki kil ki2 ki3 kkil kki2 kki3
Kd kd1 kd2 kd3 kkd1 kkd2 kkd3

ISSA ¢alistirildiktan sonra elde edilen PID parametreleri olan kp, kd, ki degerleri tespit edilmis ve elde edilen Kp,
ki ve kd degerleri Tablo 3’ de verilmistir.

Tablo 3. Hesaplanan PID parametreler

ISSA 'daki Kontrolor ISSA KKO ‘daki Kontrolor KKO
Kazang Katsayilari SINUS STEP Kazang Katsayilari SINUS STEP

Kpl 999.9995195 733.8538922 kkp1 959.5959596 | 363.6363636
Kil 999.9686933 1000 kkil 585.8585859 | 878.7878788
Kd1 39.3753549 147.8304805 kkd1 838.3838384 0

Kp2 999.9991774 394.5620992 kkp2 707.0707071 | 292.9292929
Ki2 999.6168899 999.9996837 kki2 939.3939394 | 979.7979798
Kd2 7.2576213 41.53488073 kkd2 151.5151515 10.1010101
Kp3 999.9997807 333.979338 kkp3 979.7979798 | 282.8282828
Ki3 2242295676 1000 kki3 40.4040404 949.4949495
Kd3 998.9932794 29.89633793 kkd3 838.3838384 30.3030303

Tablo 3’de verilen PID katsayilari, PID katsay1 degiskenlerine atanmis ve ISSA, KKO algoritmasi ile tespit edilen
parametrelere sahip PID kontrolérlii robot kolun ¢alisma performansinin izlenmesi i¢in olusturulan model Sekil
13’de verilmistir. Siniis girisi ya da birim basamak girisi i¢in sistemdeki PID katsayilar1 optimizasyondaki bulunan
katsayilara gore degistirilerek simiilasyon ¢alistirilmistir. Sekil 13’ de goriildiigii tizere performans indekslerinin
tespiti icin subsystem bloklar1 tasarlanarak modele eklenmistir. Modele, ileri kinematik fonksiyon blogu ve PID
kontrolorler eklenmistir.
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Sekil 13. KKO ve ISSA algoritmali PID kontrollii ¢galisma performansinin izlenmesi i¢in olusturulan model
3. Bulgular

Yapilan ¢alismada tasarlanan 3 serbestlik dereceli robot kolun, ISSA ve KKO algoritmasi ile katsayilari tespit edilen
PID kontrolor uygulanarak robot kolu ug efektoriintiin konum analizi yapilmistir. Bu analizler i¢in birim basamak
ve sinlis girisi kullanilarak elde edilen sonuclar incelenmistir. Her bir giris icin kontroloriin katsayilarn iki
koordinatlarinin degisim grafikleri verilmistir. ISSA ve KKO algoritmasi ile elde edilen katsayilar1 kullanarak
yapilan PID kontroloriin X eksenindeki degisimi ile referans yoriinge Sekil 14’de verilmistir.

0.32

0319895
E

= p.319af
E

T0.31985F
=
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Zaman [sn)

Sekil 14. Birim basamak girisi icin X koordinat degerlerinin degisim grafigi
Robot kola birim basamak girisi uygulandiginda, X ekseni i¢in ISSA'nin, referans yoriingesini daha yakin izledigi

Sekil 14‘de goriilmektedir. ISSA ve KKO algoritmasi ile elde edilen katsayilari kullanarak yapilan PID kontrollerin
Y eksenindeki degisimi ile referans yoriinge Sekil 15’de verilmistir.
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Sekil 15. Birim basamak girisi icin Y koordinat degerlerinin degisim grafigi

Robot kola birim basamak girisi uygulandiginda, Y ekseni i¢in ISSA 'nin referans yoriingesini daha yakin izledigi
Sekilde 15‘de goriilmektedir.
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Sekil 16. Birim basamak girisi i¢cin Z koordinat degerlerinin degisim grafigi
Sekil 16’da goriildiigii tizere birim basamak olan referans sinyali iki boyutlu oldugundan Z ekseninde herhangi bir

kontrolorlerin hata sinyalleri Sekil 17’de verilmistir.
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Sekil 17. Birim basamak i¢in X eksenindeki hata grafigi

Robot kola birim basamak girisi uygulandiginda, X ekseni icin KKO algoritmasinin hata sinyali salinim1 ISSA’ya

gore daha fazla oldugu Sekil 17‘de goriilmekte ve hata degerinin oturma siiresi ise yaklasik ayni olmaktadir. Birim
basamak girisi icin, Y eksenindeki kontrolorlerin hata sinyalleri Sekil 18’de verilmistir.
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Sekil 18. Birim basamak sinyal girisinin Y eksenindeki hata grafigi

Robot kola birim basamak girisi uygulandiginda, Y ekseni i¢in KKO algoritmasinin hata sinyalinin salinimi1 ISSA’na
gore daha fazla oldugu Sekil 18‘de goriilmekte ve hata degerinin oturma siiresi ise her iki algortmada elde edilen
koordinatlarinin degisim grafikleri verilmistir. ISSA ve KKO algoritmasi ile elde edilen katsayilar1 kullanarak
yapilan PID kontrol sonucu X koordinatindaki degisim ve referans yoriinge Sekil 19’da verilmistir.
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Sekil 19. Siniis sinyal girisi icin X koordinat degerlerinin degisim grafigi
X koordinati icin ISSA ile katsayilar1 belirlenen kontroliin, referans yoriingesini daha yakin izledigi Sekil 19’ da

gorilmektedir. ISSA ve KKO algoritmasi ile elde edilen katsayilar1 kullanarak yapilan PID kontrol sonucu Y
koordinatindaki degisim ve referans yoriinge Sekil 20’de verilmistir.
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Sekil 20. Siniis sinyal girisi i¢in Y koordinat degerlerinin degisim grafigi

Y koordinati icin ISSA ile katsayilar1 belirlenen kontroliin, referans yoriingesini daha yakin izledigi Sekil 20'de
gorilmektedir.
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Sekil 21. Siniis sinyal girisi icin Z koordinat degerlerinin degisim grafigi

Sekil 21’de goriildiigi gibi Z koordinatinda herhangi bir degisim olmadigindan Z hata sinyali incelenmemis ve sekil

22’de X hata sinyali, sekil 23’de ise Y hata sinyalinin degisim grafikleri verilmistir. X koordinatinin kontroliinde
kullanilan kontrolérlerin hata sinyalleri Sekil 22’de verilmistir.

¥ hata dedigimi (m)

Faman [=n)
Sekil 22. Siniis sinyal girisi icin X eksenindeki hata grafigi

X koordinati i¢in, katsayilar1 KKO algoritmasi ile belirlenen kontrolde tepe degerleri arasindaki fark ISSA ile

yapilan kontrole gore daha fazla oldugu Sekil 22‘de goriilmektedir. Y eksenindeki kontrolorlerin hata sinyalleri
Sekil 23’de verilmistir.

Y hata dedisimi (m)

—| S5
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Sekil 23. Siniis sinyal girisi icin Y eksenindeki hata grafigi

Y ekseni icin KKO algoritmasi ile katsayilar: belirlenen kontrolde tepe degerleri arasindaki fark ISSA ile yapilan
kontrole gore daha fazla oldugu Sekil 23‘de goriilmektedir.

Her bir koordinattaki kazanclar ise ITAE, ITSE, IAE, ISE performans indeksleri agisindan degerlendirilmis ve PID
kontrolorlii sistemin performans indeks degerleri Tablo 4’ de verilmistir.
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Tablo 4. Performans indeksi degerleri

OPTiMi_ZASYON PERFORMANS SINUS BIiRIM
ALGORITMASI INDEKSI BASAMAK
ITAE 0.06744 0.004468
ISSA ITSE 3.73e-05 4.496e-06
IAE 0.01293 0.003001
ISE 7.016e-06 3.361e-06
ITAE 0.084 0.004354
KKO ITSE 5.941e-05 6.156e-06
IAE 0.01576 0.003233
ISE 1.076e-05 5.053e-06

4. Tartisma ve Sonug¢

Bu ¢alismada SolidWorks kullanilarak 3 serbestlik derecesine sahip robot kol mekanik olarak tasarlanmis ve
Matlab&Simulink modeli elde edilmistir. Matlab&Simulink’te cagrilacak olan ileri kinematik hesaplar1 Matlab‘da
fonksiyon olarak yazilarak PID kontrolor ile robot kola ag1 degerleri verilmis ve pozisyon kontrolii saglanmistir.
Simiilasyonda ISSA ve KKO algoritmasi ile elde edilen katsayilar kullanilarak simiilasyona siniis ve birim basamak
girisi verilerek calistirilmistir. Farkl iki giris icin calistirilan simiilasyondan elde edilen sonuglar karsilagtirilmistir.
Elde edilen veriler degerlendirildiginde Sekil 13 ve Sekil 14’deki grafiklerde de goriildiigii gibi birim basamak girisi
icin elde edilen sonuclarda, ISSA'nin, KKO algoritmasindan daha yakin bir sekilde referans sinyalini izledigi ve
daha iyi sonug¢ verdigi goriilmektedir. Ayrica PID kontrolér parametrelerinin ISSA ile optimum diizeyde
ayarlanabildigi goriilmektedir.

Sekil 18 ve Sekil 19°da verilen grafiklerde goriildiigl gibi siniis dalga girisi icin elde edilen sonucta da, ISSA'nin,
KKO algoritmasindan daha yakin bir sekilde referans sinyalini izledigi ve daha iyi sonu¢ verdigi gériilmektedir.
ISSA ve KKO algoritmasi ile PID parametrelerinin belirlendigi simiilasyon programinin ¢calistirilmasi sonucu elde
edilen performans parametreleri Tablo 4’de verilmistir. Performans parametrelerinin tespiti ise ITEA, ITSE, IAE
ve ISE olarak alinmistir.

Elde edilen veriler ve alinan sonuglar degerlendirildiginde, farkli sayida ekleme sahip robot kollar1 ve farkh
boyutlardaki robotlarin PID kontrolérlerindeki Kp, Ki ve Kd katsayilarinin tespiti i¢in ISSA'nin kullanilabilecegi ve
tasarlanarak imal edilecek bir robot kola gercek zamanl olarak uygulanip simiilasyon degerleri ile gercek zamanh
deney sonuclarinin karsilastirilabilecegini gostermistir. Ayrica PID katsayilarini belirlemek icin farkli ve daha fazla
sayida algoritmalar ayni robot kol i¢in kullanilarak karsilastirma yapilabilecegi belirlenmistir. Bu ¢alisma ile farkh
sistemlerin PID kontroloriiniin katsayilar1 belirlenirken, ISSA kullanilarak sistemde olusan hatalarin minimize
edilebilecegi ve sistemin daha verimli c¢alisabilecegi ve istenildigi takdirde yapilacak yeni eklemelerle
gelistirilebilecegi diistintilmektedir.
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0z: Bu cahsmada elektrokardiyografi (EKG) kayitlarindan aritmi tiirlerini
belirlemek amaciyla modern makine 6grenme algoritmalarinin kullanilanimi
incelenmistir. Amacimiz, EKG sinyallerinin daha etkin bir sekilde analiz edilmesiyle
aritmi siniflandirmasinda daha istliin sonuglarin elde edilmesidir. Calismada
kullanilan EKG verileri, MIT PhysioNet veri tabanindaki 203, 208, 210 ve 213
numarali hasta kayitlarindan secilmistir. Bu kayitlar, V, F ve N aritmi tiirleri ile
etiketlenmistir. Bagging Decision Tree (BDT), Random Forest (RF), Extra Tree (ET),
Gradient Boosting (GB) ve Support Vector Machine (SVM) makine 6grenmesi
algoritmalari ile yapilan smiflandirma islemleri neticesinde en yiiksek dogruluk
%98,14 dogruluk ile ET algoritmasi kullanilarak basarilmistir. Bununla birlikte ET
siniflandiricisi 2,17 saniyede egitilmis ve 0,0269 saniyede cevap iretebilmistir. Elde
edilen sonuglar, yeni makine Ogrenme algoritmalarinin EKG aritmi
siniflandirmasinda klasik Yapay Sinir Aglar1 tabanl siniflandiricilara gére daha
etkili sonuglar iiretebildigini gostermektedir. Bu algoritmalar, geleneksel
yontemlere kiyasla daha yiiksek dogruluk, hassasiyet ve o6zgiinliik degerleri
sunmaktadir.

Arrythmia Classification using Machine Learning Algorithms

Keywords

Machine Learnings,
Bagging Decision Tree,
Random Forest,

Extra Tree,

Gradient Boosting,
Support Vector Machine

Abstract: In this study, the use of modern machine learning algorithms in order to
determine the types of arrhythmias from electrocardiography (ECG) recordings was
investigated. Our aim is to obtain superior results in arrhythmia classification by
analyzing ECG signals more effectively. ECG data used in the study were selected
from patient records 203, 208, 210 and 213 in the MIT PhysioNet database. These
recordings are labeled with arrhythmia types V (Ventricular), F (Fusion), and N
(Normal). As a result of classification processes made with Bagging Decision Tree
(BDT), Random Forest (RF), Extra Tree (ET), Gradient Boosting (GB) and Support
Vector Machine (SVM) machine learning algorithms, the ET algorithm has the
highest accuracy with 98.14% accuracy. ET classifier was trained in 2.17 seconds
and was able to produce a response in 0.0269 seconds. The results show that new
machine learning algorithms can produce more effective results in ECG arrhythmia
classification than classical Artificial Neural Network-based classifiers. These
algorithms offer higher accuracy, sensitivity and specificity values compared to
traditional methods.

*[1gili Yazar, email: aturan@erciyes.edu.tr
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Makine Ogrenmesi Algoritmalari ile Aritmilerin Siniflandirilmasi
1. Giris

Gelismis ve gelismekte olan iilkelerde, yetiskin niifusta ¢esitli organlarda islev bozukluklarina yol agan temel etken
olan kalp-damar hastaliklarl, en 6nde gelen 6liim nedenlerinden biri olarak bilinmektedir. Diinya Saglk
Orgiitii'niin raporlarina gére her yil, kalp hastaliklarina bagh nedenlerle hayatin1 kaybeden insan sayis1 17,1
milyonu bulmaktadir. Bu éliimlerin biiyiik bir kismi, kalpte meydana gelen elektriksel anormallikler olarak
adlandirilan aritmilere baghdir. Erken teshis edilen tehlikeli kalp rahatsizliklari, kalp hastaliklarinin etkili bir
sekilde tedavi edilmesi ve ani kalp dliimlerinin 6nlenmesi agisindan biiylik bir éneme sahiptir. Bu nedenle
ElektroKardiyogram (EKG) sinyallerini degerlendirerek aritmileri tespit eden otomatik siniflandiricilar, erken
teshis stirecinde kritik bir rol oynamaktadir.

Aritmi, dliizensiz, ¢cok yavas veya ¢ok hizli kalp atislari ile karakterize edilen bir durumdur. Bu durum, inme veya
kalp krizi riskini artirabilen énemli bir saglik sorunudur [1]. Elektrokardiyogram (EKG) sinyalleri, aritmi teshisi
icin yaygin bir sekilde kullanilir ¢iinkii kalp ritmindeki anormallikleri tespit etmedeki etkinlikleri kanitlanmistir

[2].

Gectigimiz yirmi yil boyunca, EKG isaretleri icerisindeki aritmileri tespit etmeye yonelik bircok calisma
gerceklestirilmigtir. Ozellikle yiiksek tahmin yetenekleri ile éne ¢ikan Yapay Sinir Aglar1 (YSA), tibbi tam
sistemlerinde en sik kullanilan yoéntem olmustur. YSA biyolojik sinir aglarinin yapisindan esinlenilerek
gelistirilmis ve paralel mimarileri sayesinde hesaplamalara biiytik hiz kazandirmistir [3,4].

Derin 6grenme teknikleri de EKG isaretlerinde yer alan aritmilerin siniflandirilmasinda etkili bir sekilde
kullanilmistir [5,6]. Bu teknikler EKG sinyallerinden otomatik olarak 6znitelik ¢ikarma yetenekleri sayesinde
popiilerlik kazanmistir [7]. Derin 6grenme modelleri normal Kkalp atislar1 (N), prematiire ventrikiiler
kontraksiyonlar (PVC), atriyal fibrilasyon ve ventrikiiler tasikardi gibi farkli aritmi tiplerini ayirt etmek igin
kullanilmistir [8]. Farkli aritmi tiirlerini siniflandirmak icin ¢esitli derin 6grenme yaklasimlari 6nerilmistir.
Ornegin arastirmacilar farkh aritmi tiirlerine gore EKG sinyallerini simiflandirmak icin evrisimsel sinir aglari
(CNN) kullanmislardir [8]. CNN'ler, geleneksel siniflandirma yoéntemleriyle birlestirilerek siniflandirma
dogrulugunu artirmak icin basaril bir sekilde kullanilmistir [6]. Ayrica, iiretken rakip aglar (GAN), veri artirma
amaciyla aritmi siniflandirmasinda basaril bir sekilde kullanilmistir [6].

Aritmi siniflandirmasinin  dogrulugunu artirmak icin 6znitelik ¢ikarma, model birlestirme ve dikkat
mekanizmalari gibi farkli teknikler kullanilmistir [6]. Oznitelik ¢ikarma yontemleri, ilgili 6znitelikleri tanimlayarak
siniflandirma modellerinin dogrulugunu artirma amaciyla kullanilmistir [4]. Model birlestirme teknikleri, farkl
modellerin giiclerini birlestirerek genel smiflandirma performansimi artirmak icin kullanilmistir. Dikkat
mekanizmalari ise global 6zelliklerin iligkisini artirmak icin kullanilmistir [6].

Derin 6grenme tekniklerinin aritmi sinmiflandirmasinda iyi sonuglar verdigi bilinmekle birlikte destek vektor
makineleri (SVM) ve rastgele ormanlar (RF) gibi diger makine 6grenme algoritmalarinin da ayni1 amagalr i¢in
siklikla kullanildig1 unutulmamalidir. Bahse konu algoritmalar, 6znitelik secimi stratejileri ve EKG verilerinin 6n
isleme tabi tutulmasi gibi uygulamalarin tiimii aritmi siniflandirmada kullanilmistir [9]. Sonug¢ olarak, derin
ogrenme teknikleri 6zellikle EKG sinyallerindeki aritmilerin siniflandirilmasinda etkili olmustur.

Bu calismada, MIT-BIH aritmi veri kiimesi iizerinde gelismis makine 6grenme algoritmalarinin, aritmi tiplerini
siniflandirmadaki etkinligi incelenmistir. Bu arastirmalar, tibbi teghis siireglerine yardimci olmak i¢in gelistirilen
makine 6grenme tabanli yontemlerin basarimlari hakkinda bilgi vermekte ve pratik uygulamalarda kullanim
ihtimalleri degerlendirilmektedir. Bu c¢alisma gelecekteki arastirmalar icin de rehberlik saglayarak aritmi
siniflandirma basarimlarini artirmak ve klinik uygulamalarda bu tiir siniflandiricilar1 daha etkili bir sekilde
kullanmak i¢cin zemin olusturmaktadir.

2. Materyal ve Metot
Bu béliimiin kapsaminda, veri formasyonu ve 6n isleme adimlarn ile birlikte gerceklestirilen makine 6grenme
algoritmalarinin tiirleri ayrintili bir sekilde agiklanacaktir. Ayrica gelistirilen simiflandirma modellerinin

performanslarinin degerlendirmesi i¢in kullanilan olgiitler ve metrikler de detayl bir sekilde tartisilacaktir.
Boylece arastirmanin genel yapisi ile birlikte icerigi hakkinda daha kapsamli bir anlayisa sahip olunabilecektir.
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2.1. Veri Formasyonu

Bu arastirmada, MIT-BIH EKG veri tabanindan elde edilen ve ham veri olarak adlandirilan 205, 208, 210 ve 213
numarali hastalarin kayitlar: kullanilmistir. Bu hastalara ait EKG kayitlarinin sec¢ilmesinin amaci, normal (N), PVC
(V) ve fiizyon (F) tipi atimlarin {i¢ siniftan zengin bir sekilde bulunmasini saglamaktir. Ham veri seti, 9.217 normal,
1.477 PVC ve 755 fiizyon atimindan olusmaktadir (Tablo 1).

Tablo 1. Calismada kullanilan ham dosyalarin aritmi icerikleri.

AAMI Siniflandirmasi N \' F
MIT-BIH Aritmi Tipleri N PVC F
Ham Veri Seti* 9.217 1.477 755
205 2.571 71 11
208 1.585 992 372
210 2421 194 10
213 2.640 220 362

*205, 208, 210 ve 213 numarali hasta kayitlardan olusan ham veri setidir.

205, 208, 210 ve 213 numarali kayitlardan her bir kalp atimi, R dalgalar1 etrafinda 90 érnek dncesi ve 90 6rnek
sonrasinda olmak iizere toplam 181 6rnekleme noktasi kullanilarak drneklenmistir. m, kayittaki kalp atim sayisiny,
n ise 6rnek sayisini temsil etmektedir. Bir kaydin siiresi 30 dakika oldugu icin m degeri sabit degildir, ¢iinkii kalp
atim sayis1 kisiden kisiye degisebilmektedir. Bu ¢alismada tiim kalp atimlar1 181 6rneklem noktasiyla temsil
edilmekte olup, n sabit ve degeri 181'dir (Sekil 1).

WAVE 1.3 Record 100 atr
file v Wiw.) EditT) Propertios ¢ <Search) €¢| <€) Fimd.) ] 33) Search®
Welp ) uit

ML m kalp atim sayisi

" 90 drnek ileri

Sekil 1. EKG isret isleme adimlari ve izlenen yollar [3].

2.2. Veri On isleme

Veri seti lizerinde standardizasyon islemi, veri degerlerinin farkli 6zniteliklerin birbirleriyle karsilastirilabilir ve
islenebilir hale getirilmesi amaciyla kullanilan bir 6n isleme adimidir. Bu adim, veri degerlerini ortalamasi sifir ve
standart sapmasi bir olarak doniistiirerek veri setinin dagiliminin standart hale gelmesini saglar.

Standardizasyon, veri setindeki her bir 6zellik i¢in asagidaki formiil kullanilarak uygulanir:

X, — X 1)

Ox

7 =

Burada:

- Z, standartlastirilmis degerdir.

- Xi, i. orijinal veri degeridir.

- X, ozelligin ortalamasidir.

- Oy, 0zelligin standart sapmasidir.

Bu formiil, her bir veri degerini, ortalamadan ¢ikararak verinin merkezlenmesini saglar ve ardindan standart
sapmaya bolerek verinin 6l¢cegini dontistiiriir. Sonug olarak, veri setindeki her bir degiskenin standart bir dagilima
sahip oldugu ve ayni dlcekte oldugu veride standardizasyon elde edilir.
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Standardizasyon, veri setinde yer alan biiyiik 6l¢ekli degerlerin veya aykir1 degerlerin siniflandirma algoritmasi
performansini olumsuz olarak etkilemesini dnler. Ayn1 zamanda, gesitli 6zelliklerin farkli 6lcege sahip olmasi
durumunda, bu farkliligin modele yanlilik veya biiytlik hatalar getirmesini engeller. Bu nedenle standardizasyon,
veri seti lizerinde olasi siniflandirma veya tahmin hatalarini azaltir ve model performansini iyilestirir.

Bu calismada, MIT-BIH aritmi veri kiimesi tizerinde standardizasyon yontemi kullanilarak 6zellik degerlerinin
standartlastirildig1 bir 6n isleme adimi gerceklestirilmistir. Bu adim, aritmi siniflandirma algoritmalarinin veri
setine daha iyi uygulanabilmesini saglayarak daha saglikli sonuclar elde edilmesine katkida bulunmustur.

2.3. Makine Ogrenme Algoritmalar:

Bu calismada, MIT-BIH aritmi veri kiimesinde yer alan gesitli aritmi tiplerini dogru bir sekilde siniflandirmak
amaciyla Bagging Decision Tree Classifier (BDT), Random Forest Classifier (RF), Extra Tree Classifier (ET),
Gradient Boosting Classifier (GB) ve Support Vector Machine (SVM) gibi bes farkl gii¢cli makine 6grenmesi
algoritmasi kullanilmis ve performanslari ayrintili bir sekilde tartisiimistir.

2.3.1. Bagging Decision Tree Classifier (BDT)

Bagging Decision Tree Classifier (BDT), bagging ve karar agaclarinin prensiplerini birlestiren bir ensemble
o0grenme algoritmasidir. Bagging, egitim verisinin farkli alt kiimeleri iizerinde birden fazla model egitme ve
tahminlerini ¢ogunluk oylamasiyla birlestirme yontemlerini iceren bir tekniktir. Karar agaclari, girdi verisinin
ozelliklerine dayali olarak bir dizi ikili kararin izlenmesi yoluyla tahminler yapan aga¢ tabanl modellerdir.

BDT'de, karar agaglar egitim verisinin farkli bootstrap drnekleri tizerinde egitilir. Her bir aga¢ bagimsiz olarak
egitilir ve tlim agaglarin tahminleri ¢ogunluk oylamasiyla birlestirilerek final tahmini yapilir. BDT'deki rastgelelik,
bootstrap érneklerii¢in veri 6rnekleme ve karar agacinin her bir diigiimiinde 6zelliklerin rastgele seciminden gelir
[10]. Bu rastgelelik, asir1 uyumlamay1 azaltmaya ve modelin genelleme performansini artirmaya yardimci olur.

2.3.2. Random Forest Classifier (RF)

Random Forest Classifier (RF), BDT'ye yakin iligkili bir diger ensemble 6grenme algoritmasidir. RF algoritmasi da
karar agaglarini temel siniflandirici olarak kullanir, ancak ek bir seviyede rastgelelik kullanir. RF'de her bir karar
agaci rastgele bir dzellik alt kiimesi lizerinde egitilir, bu da agaclar arasinda daha fazla gesitlilik saglar. Final
tahmini, BDT'ye benzer sekilde tiim agaclarin tahminlerinin ¢ogunluk oylamasiyla birlestirilmesiyle yapilir [10].
RF'in yiiksek boyutlu verilerle basa ¢ikmada etkili oldugu ve siniflandirma gorevlerinde yiiksek dogruluk elde
ettigi gosterilmistir [10].

2.3.3. Extra Tree Classifier (ET)

Extra Tree Classifier (ET), karar agaci algoritmasinin baska bir tiirevidir ve ek bir rastgelelik getirir. ET'de her bir
ozelligin optimal ayrim noktasim1 bulmak yerine rastgele bir ayrim noktasi secilir. Bu rastgelelik, agaclar
arasindaki ¢esitliligi artirarak asir1 uyumlamay1 azaltmaya yardimci olur. ET'nin giiriiltiili ve yiiksek boyutlu
verilerle basa ¢ikmada etkili oldugu gosterilmistir [11].

2.3.4. Gradient Boosting Classifier (GB)

Gradient Boosting Classifier (GB), zayif 6grenicilerin genellikle karar agaclarinin birlestirilmesiyle giiclii bir
Ogrenici olusturmasini saglayan bir boosting algoritmasidir. BDT ve RF'dan farkli olarak, boosting temel
siiflandiricilart ardisik olarak egitir ve her bir sonraki smiflandirici 6nceki siniflandiricilar tarafindan yanlis
siniflandirilan 6rnekler tizerinde odaklanir. Bu tekrarlayan siire¢, modelin genel performansin iyilestirmeye
yardimci olur. GB'nin dengesiz verilerle basa ¢ikmada etkili oldugu ve ytliksek dogruluk verdigi bilinmektedir [10].

2.3.5. Support Vector Machine (SVM)

Destek Vektor Makinesi (SVM), siniflandirma uygulamalarinda yaygin olarak kullanilan bir denetimli 6grenme
algoritmasidir. SVM farkli siniflara ait veri noktalarint maksimum marj ile ayiran optimal hiperdiizlemi bulur. SVM
farkli gekirdek islevlerini kullanarak hem dogrusal olarak ayrilabilir hem de dogrusal olmayan olarak ayrilabilen
verilerle basa ¢ikabilir. SVM'in yiiksek boyutlu verilerle basa ¢ikmada etkili oldugu ve siniflandirma goérevlerinde
ylksek dogruluk elde ettigi gosterilmistir [12].
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Ozetlemek gerekirse BDT, RF, ET, GB ve SVM siniflandirma gorevleri icin kullamlan giiclii makine 6grenme
algoritmalaridir. BDT ve RF karar agaglarini temel siniflandirici olarak kullanirken, BDT ¢ogunluk oylamasi, RF ise
rastgele ozellik secimi kullanir. ET ek bir rastgelelik getiren bir karar agaci algoritmasi varyantidir. GB zayif
ogrenicileri birlestirerek gii¢lii bir 6grenici olusturan bir boosting algoritmasidir. SVM ise veri noktalarini ayiran
optimal hiperdiizlemi bulan bir denetimli 6grenme algoritmasidir. Bu algoritmalar genis bir alanda incelenmis ve
cesitli arastirmalarla etkinligi gosterilmistir [10-12].

2.4. Performans Metrikleri

Calisma kapsaminda model egitimini optimize etmek ve genelleme yeteneklerini degerlendirmek amaciyla k-
katlamali ¢apraz dogrulama teknigi kullanilmistir. Bu yontem, veri setini k alt kiime halinde boéler, ardindan k kez
model egitimi ve testi gerceklestirir. Her iterasyonda veri alt kiimelerinden biri test verisi olarak ayrilirken diger
k-1 alt kiime egitim verisi olarak kullanilir. Bu yaklasim sayesinde farkli veri alt kiimeleri tizerinde model
performansi degerlendirilir ve elde edilen sonuglarin ortalamasi alinarak daha giivenilir bir degerlendirme elde
edilir [13-18]. Bu 6zel calismada k degeri 10 olarak belirlenmistir. k-katlamali ¢capraz dogrulama sonrasinda elde
edilen modeller, dogruluk orami ve karmasiklik matrisi gibi metrikler kullanilarak ayrintili bir sekilde
degerlendirilmistir.

Dogruluk (Accuracy): Siniflandirma modellerinin dogru tahmin ettigi 6rneklerin, toplam tahmin sayisina oranini
ifade eden bir 6l¢tdiir. Basitge soylemek gerekirse, dogru sekilde siniflandirilan 6rneklerin toplam 6rnek sayisina
oranini ifade eder. Ancak, dengesiz sinif dagilimlari durumunda dogruluk tek basina yeterli bir performans 6l¢iiti
olmayabilir.

T, + Ty

— P %100 )
T, + T, +F, +F,

Accuracy(Acc) =

Karmasiklik Matrisi (Confusion Matrix): Bu matris siniflandirma modellerinin performansini degerlendirmek
icin kullanilan bir tablodur. Her satir gercek siniflari temsil ederken, her siitun tahmin edilen siniflar1 temsil eder.
Dort temel terimi icerir: Dogru Pozitifler (True Positives - Tp), Yanlis Pozitifler (False Positives - Fp), Dogru
Negatifler (True Negatives - Tn) ve Yanlis Negatifler (False Negatives - Fn). Bu metrikler, modelinizin siniflar1 ne
kadar dogru veya yanlis tahmin ettigini gosterir.

3. Bulgular

Bu calismada, elektrokardiyografi (EKG) kayitlarindaki aritmi tiplerinin siniflandirilmasi amaciyla ¢esitli makine
O6grenme algoritmalarinin performansi degerlendirilmistir. Calismada incelenen siniflar; normal atim (N), erken
ventrikiiler kasilma (V), ve fiizyon tipi atim (F) olarak belirlenmistir. Farkli algoritmalarin siniflandirma
yetenekleri dogruluk degerleri, kararlilik, egitim ve test siireleri, ayrica karisiklik matrisi analizleri temelinde
degerlendirilmistir. Bu bdliimde, her bir algoritmanin performansinin ayrintili bir sekilde incelenmesiyle elde
edilen sonuglar sunulmaktadir. Sonuglar, aritmi siniflandirma alaninda hangi algoritmanin en iyi performansi
sergiledigi konusunda degerli bilgiler sunmaktadir.

Makine 6grenme algoritmalarinin performansini degerlendirmek amaciyla, analiz sonugclarini iceren Tablo 2'ye
gbz atalim. Bu tablo, kullanilan algoritmalarin performansini farkl odlgiitlere gore 6zetlemektedir. Algoritmalar
arasindaki karsilastirmalar yapilarak, hangi algoritmanin daha iyi bir siniflandirma yetenegi gosterdigi ve sinif
tahminlerinin dagilimini anlamamiz kolaylasir.

Tablo 2. Makine 6grenme algoritmalarinin basarim performanslari ve ¢alisma siireleri

Algoritma Dogruluk Standart Sapma Egitim Siiresi (s) Test Siiresi (s)
BDT 0,9796 0,0038 9,22 0,0169
ET 0,9814 0,0047 2,17 0,0269
RF 0,9804 0,0035 7,24 0,0271
GB 0,9785 0,0038 95,58 0,0062
SVM 0,9783 0,0044 2,51 0,2653
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BDT algoritmasi yiiksek bir dogruluk degeri (0,9796) sergilemektedir. Standart sapmanin diisiik olmasi (0,0038),
algoritmanin sonuglarinin kararli oldugunu géstermektedir. Egitim stiresi (9,22 saniye) biraz uzun olabilir, ancak
test siiresi olduke¢a hizlidir (0,0169 saniye). Karisiklik matrisine bakildiginda (Tablo 3),

Tablo 3. BDT karisiklik matrisi.

Tahmin N Tahmin V Tahmin F
Gergcek N 9174 11 32
Gercek V 18 1423 36
Gergek F 110 45 600

e N:Dogru tahmin orani %99,53 (9217/9217 = 0,9953). Bu oldukga yiiksek bir basar1 oranidir.
e V:Dogru tahmin orani %96,34 (1423/1477 = 0,9634). Bu da genel olarak iyi bir sonugctur.

e F:Dogru tahmin oran1 %79,47 (600/755 = 0,7947). Bu sinif i¢cin digerlerine gore daha diisiik bir tahmin
orani goriinmektedir.

ET algoritmasi en yiiksek dogruluk degerlerinden birine sahiptir (0,9814) ve diisiik standart sapmasi (0,0047)

sonuglarin istikrarli oldugunu gosterir. Egitim siiresi (2,17 saniye) diisiik ve test siiresi (0,0269 saniye) kabul

edilebilir diizeydedir. Karisiklik matrisi incelendiginde (Tablo 4),

Tablo 4. ET karisiklik matrisi.

Tahmin N Tahmin V Tahmin F
Gercek N 9199 2 16
Gercek V 18 1430 29
Gercek F 111 44 600

e N: Dogru tahmin oran1 % 99,80 (9199/9217 = 0,9980). Bu sonug oldukga yiiksek bir basar1 diizeyini temsil eder.
e V:Dogru tahmin oran1 % 96,83 (1430/1477 = 0,9683). Bu da genel olarak iyi bir sonugtur.

e  F: Dogru tahmin oram %79,47 (600/755 = 0,7947). Bagging Classifier ile benzer bir sonug elde edilmistir.

RF algoritmasi yliksek dogruluk degeri (0,9804) ve disiik standart sapma (0,0035) ile iyi bir performans

gostermektedir. Egitim stiresi (7,24 saniye) ortalama diizeydedir, ancak test siiresi (0,0271 saniye) biraz daha

uzundur. Karisiklik matrisi incelendiginde (Tablo 5),

Tablo 5. RF karisiklik matrisi.

Tahmin N Tahmin V Tahmin F
Gergcek N 9197 3 17
Gergcek V 17 1430 30
Gergcek F 106 46 603

e N:Dogru tahmin orani %99,78 (9197/9217=0,9978). ET Classifier gibi yliksek bir basar1 oranidir.

e V:Dogru tahmin orani %96,87 (1430/1477 = 0,9687). Diger algoritmalara benzer bir basar1 diizeyi var.

e F:Dogrutahmin oran1 %79,80 (603/755 = 0,7980). Diger iki algoritma gibi bu sinifta da benzer bir sonug.
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GB algoritmasi yiiksek dogruluk degeri (0,9785) ve kabul edilebilir diizeydeki standart sapma (0,0038) ile iyi bir
performans sergilemektedir. Egitim siiresi (95,58 saniye) diger algoritmalara gore ¢ok uzun olmakla birlikte, test

stiresi (0,0062 saniye) oldukea kisadir. Karisiklik matrisi incelendiginde (Tablo 6),

Tablo 6. GB karisiklik matrisi.

Tahmin N Tahmin V Tahmin F
Gergcek N 9191 6 20
Gercek V 25 1418 34
Gergek F 107 45 603

e N:Dogru tahmin orani %99,72 (9191/9217 = 0,9972). Diger algoritmalara yakin yiiksek bir basar1 oranu.
e  V:Dogru tahmin orani %96,04 (1418/1477 = 0,9604). Diger algoritmalara gére biraz daha diisiik.
e F:Dogru tahmin oranm %79,80 (603/755 = 0,7980). Diger algoritmalara benzer.

SVM algoritmasi yiiksek dogruluk degeri (0,9783) ve kabul edilebilir diizeydeki standart sapma (0,0044) ile iyi bir
siniflandirma basarisi sergilemektedir. Egitim siiresi (2,51 saniye) ortalama bir degere sahipken, test siiresi

(0.2653 saniye) diger algoritmalara gore ¢cok daha uzundur. Karisiklik matrisi incelendiginde (Tablo 7),

Tablo 7. SVM karisiklik matrisi.

Tahmin N Tahmin V Tahmin F
Gergcek N 9204 6 7
Gergek V 22 1425 30
Gergek F 130 45 580

e N:Dogru tahmin orani %99,86 (9204/9217 = 0,9986). Diger algoritmalar gibi yliksek bir basar1 orani.
e V:Dogru tahmin orani %96,36 (1425/1477 = 0,9636). Diger algoritmalara benzer bir basar diizeyi.
e F:Dogru tahmin oram %76,89 (580/755 = 0,7689). Diger algoritmalara gore daha diisiik bir sonug.

Bulgular degerlendirildiginde, her bir algoritmanin belirli siniflarda daha iyi veya daha zayif performans
sergiledigi goriilmektedir. Ancak bir¢cok yonden ET algoritmasi 6n plana ¢ikmaktadir. Bu algoritmanin yiiksek
dogruluk, diisiik standart sapma ve hizli islem siireleri ile iyi bir performans gosterdigini soyleyebiliriz. Karisiklik
matrisi sonuglari da bu 6neriyi desteklemektedir.

4. Tartisma ve Sonug¢

Elde edilen bulgular ve sonuclari ile birlikte sunulan bes iistiin makine 6grenme algoritmasi, gelecekteki
arastirmalara dnciiliilk etme potansiyeline sahiptir. Bu alandaki ¢alismalarin, aritmi siniflandirma performansini
daha da artirmak ve klinik uygulamalarda etkin bir sekilde kullanmak icin daha fazla gelistirme firsatlar
sunabilecegi akilda tutulmalidir.

Yapilan incelemede, MIT-BIH aritmi veri kiimesi kullanilarak, aritmi tiplerini siniflandirmak amaciyla on farkl

makine 6grenme algoritmasi degerlendirilmistir. Bu ¢alismanin sonucunda, elde edilen veriler detayl bir sekilde
analiz edilmis ve en yiiksek dogruluk performansini gésteren bes 6zel makine 6grenme algoritmasi belirlenmistir.
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Gelistirilen yontem ve hassas veri isleme ile farkli aritmi tiplerinin makine 6grenmesi algoritmalar1 kullanarak
kesin bir sekilde siiflandirilmasi basarilmistir. Temel kaynagi MIT-BIH aritmi veri kiimesi olan bu ¢alismanin
kapsamli deneyler sonucunda elde edilen sonuglari titizlikle degerlendirilmistir. Basarim, standart sapma, egitim
ve test slirelerine bakildiginda ET algoritmasinin %98,14 dogruluk, 0,0047 standart sapma, 2,17 s egitim ve 0,0269
s cevap siiresiyle olduk¢a basarili ve pratik uygulamalarda EKG isaretlerinin siniflandirilmasi amaciyla kullanim
potansiyeline sahip oldugu goriilmektedir. Bu ¢alisma ile modern makine 6grenmesi tekniklerinin klasik yapay
zeka tekniklerine tercih edilebilecegi gorulmustiir.
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Anahtar Kelimeler Oz: Siirdiiriilebilir enerji kaynaklarindan birisi olan PEM yakat hiicreleri diisiik hacim,
Anahtar Kelime 1, Temel yiiksek gii¢c yogunlugu ve verimlilik gibi 6nemli avantajlar sunmaktadir. Kararli
seri pozitif siiper gerilim calisma siiresince yakit hiicresi ¢ikis akimi dalgahilik oranimn fazla olmasi, yakit

ylikseltmeli Luo gevirici

Anahtar Kelime 2, PEM hiicresi ¢alisma 6mriini kisaltacagindan, gii¢ aktariminda kullanilacak ¢eviricinin bu

o durumu iyilestirecek devre yapisina sahip olmasi gerekmektedir. Bu ¢alismada, ¢ikis
yakit hiicresi e 2L N N L
Anahtar Kelime 3, gerilimi diisiik degerlerde olan PEM yakit hiicresi i¢in giris akim dalgalilik orani
Oransal+integral anti- diisiik, gerilim doniistiirme orani yliksek temel seri pozitif siiper gerilim yiikseltmeli
wind-up denetleyici Luo ¢evirici 6nerilmistir. Ayn1 zamanda, dnerilen ¢eviricinin ¢ikis geriliminin belirli
bir gerilim degerinde sabit tutulmasi i¢in oransal+integral anti-wind-up denetleyici
tasarlanmistir. Yakit hiicresi ve oOnerilen c¢eviriciden olusan benzetim modeli
Matlab/Simulink ortaminda olusturulmus olup ¢evirici ¢ikis geriliminin denetimi
oransal+integral anti-wind-up denetleyici ile yapilmistir. Benzetim ¢alismalarinda
yakit hiicresi i¢cin nominal ¢alisma sartlarinda oransal+integral anti-wind-up
denetleyicinin dinamik performansi; farkli basamak referans giris gerilimi ve ani yiik
degisimlerinde ise oransal+integral anti-wind-up denetleyici ve oransal+integral
denetleyicinin  dinamik  performanslar1  birlikte incelenmistir. Benzetim
¢alismasindan elde edilen sonuglara goére dnerilen cevirici ve denetleyici yapisi ile
yakit hiicresi akim dalgaliligy azaltilarak devre gii¢ yogunlugu artirilmaktadir.

Design of Basic Series Positive Super Voltage Lift Luo Converter to Prolong PEM Fuel

Cell Life
Keywords Abstract: PEM fuel cells, one of the sustainable energy sources, offer significant
Keywords 1,Basic series advantages such as low volume, high power density and efficiency. Since a high fuel
positive super voltage lift cell output current fluctuation ratio during stable operation is likely to shorten the

Luo converter

Keywords 2,PEM fuel cell fuel cell operating life, the converter to be used for power transfer must possess a

K . circuit structure that will improve it. In this study, basic series positive super voltage

eywords 3, Proportional + : . ) i i i )

integral anti-wind-up lift Luo converter with a low input fluctuation ratio and a high voltage conversion

controller ratio is proposed for the PEM fuel cell with a low output voltage. At the same time, a
proportional+integral anti-wind-up controller was designed to keep the output
voltage of the proposed converter constant at a certain voltage value. The simulation
model consisting of a fuel cell and proposed converter was created in
Matlab/Simulink environment, and the converter output voltage was controlled with
a proportional + integral anti-wind-up controller. In simulation studies, the dynamic
performance of the proportional+integral anti-wind-up controller for the fuel cell
under nominal operating conditions; The dynamic performances of the
proportional+integral anti-wind-up controller and the proportional+integral
controller were examined together under different step reference input voltage and
sudden load changes. According to the results obtained from the simulation study, the
circuit power density is increased by reducing the fuel cell current fluctuation with
the proposed converter and controller structure.

403


https://orcid.org/0000-0002-6487-6066

PEM Yakit Hiicresi Omriinii Uzatmaya Yénelik Temel Seri Pozitif Siiper Gerilim Yiikseltmeli Luo Cevirici Tasarim

*lgili Yazar, email: ahmetgani@kayseri.edu.tr

1. Giris

PEM yakat hiicreleri yiiksek verimlilik, yiiksek gii¢ yogunlugu, diisiik hacim ve diisiik ¢alisma sicakligina sahiptirler
[1-3]. Yakut hiicrelerinde verimli gii¢ aktarimi i¢in gerilimi denetlenebilir bir gii¢ elektronigi ceviricisine ihtiyag
vardir. Ayrica, yakit hiicresi émriiniin uzamasi i¢in kullanilacak gii¢ elektronigi ¢eviricisi, yakit hiicresinden ¢ekilen
akimin dalgalilik oranini azaltmal1 ve miimkiin oldugunca az salinim yapmalidir [4]. Literatiirde gerilim kazanci
saglamak amaciyla kullanilan Zeta, Cuk, Sepic ve Luo gibi bir¢ok gii¢ elektronigi cevirici devre yapis1 mevcuttur
[5]. Yukarida bahsedilen gii¢ elektronigi cevirici devre yapilar1 arasinda Luo gevirici siiper gerilim yiikseltme
yontemine gore tasarlanmaktadir [6]. Siiper gerilim yiikseltme ydntemi gerilim kazancini geometrik olarak
artirmaktadir. Diger gii¢ elektronigi cevirici devre yapilari ile karsilagtirildiginda, siiper gerilim yiikseltmeli Luo
gii¢ elektronigi ceviricisi daha yliksek verim, daha yiiksek gerilim kazanci ve daha diisiik anahtarlama kaybina
sahiptir [7]. Ayni1 kosullar altinda siiper gerilim yiikseltmeli Luo ¢eviricinin devre yapisi geregi ortalama indiiktor
akimi diger gii¢ elektronigi ceviricilerine gére daha azdir. Bu sayede siiper gerilim yiikseltmeli Luo g¢evirici
girisindeki gii¢c kaynagindan daha az dalgalilikta ve salinimda akim ¢ekmektedir [8]. Ani gerilim ve yiik degisimleri
siiper gerilim yiikseltmeli Luo gii¢ elektronigi ¢eviricinin kararsiz ¢alismasina neden olmaktadir. Bu olumsuzlugun
istesinden gelebilmek i¢in ¢evirici mutlaka kapali bir ¢evrime sahip denetim sistemi tarafindan denetlenmelidir.
Kapali ¢evrim denetimde sistem c¢ikisindan alinan geri besleme ile dogrulugu daha yiiksek bir denetim
gerceklestirilmektedir [9]. Klasik denetim tiirii olan oransal+integral (PI) anti-wind-up (AW) tipi denetim yapisi
ayarlanacak parametre sayisinin az olmasi ve kalic1 durum hatasini azaltmasi sebebiyle siklikla tercih edilmektedir
[10]. PEM yakit hiicresinde kullanilan gii¢ elektronigi cevirici devre yapilarindan, giris akiminin (yakit hiicresinden
cekilen akim) dalgalanmasini azaltmaya ve dolayisiyla hiicre émriinti uzatmaya yénelik calismalar mevcuttur. A.
Kolli ve ark. [11], PEM yakit hiicresi beslemeli izoleli ve izolesiz gii¢ ¢eviricilerinin akim dalgalilik durumlarini
detaylica analiz etmislerdir. P. Thounthong ve ark. [12], PEM yakit hiicresi beslemeli dért fazl paralel yiikselten
giic cevirici ile deneysel ortamda c¢eviricinin akim dalgaliliginin azaldigini ve hiicre Omriiniin uzadigini
gozlemlemislerdir. G. Marsala ve ark. [13], PEM yakit hiicresi 6mriinii uzatmaya yonelik yeni bir yiikselten gii¢
cevirici devre topolojisi énermislerdir. Onerdikleri gii¢ cevirici devre topolojisinin gercek zamanli tasarimini
gerceklestirmislerdir. S.-]. Cheng ve ark. [14], PEM yakit hiicresi giris akim dalgalanmasini azaltmak i¢in paralel
bagh akim beslemeli tam kdprii gii¢ ceviricisi dnermislerdir. L. Palma ve ark. [15], yakit hiicresi beslemeli akim ve
gerilim modlu c¢alisan tam koprii gii¢ ceviricilerinin giris diisiik akim frekans dalgaliligini iyilestirme
performanslarini karsilastirmali olarak incelemislerdir. E. Yildiz ve ark. [16], paralel yapili ¢ift anahtarli diistrtici
ylikseltici dogru akim gii¢ elektronigi ¢eviricisi kullanarak PEM yakit hiicresi émriinii uzatmaya odaklanmiglardir.
Bu calismada ise daha 6nceki calismalardan farkli olarak PEM yakit hiicresi 6mriinii uzatmak icin temel seri pozitif
siiper gerilim yiikseltmeli Luo ¢evirici 6nerilmistir. Temel seri pozitif siiper gerilim yiikseltmeli Luo ¢eviricinin
cikis (yiik) gerilimi diizenlemesi i¢in ise PI+AW denetleyici 6nerilmistir. Calismanin literatiire ana katkilar1 sdyle
6zetlenebilir:

- PEM yakit hiicresi dmriinii uzatmak icin temel seri pozitif sliper gerilim yiikseltmeli Luo ¢evirici ilk defa
onerilmistir.

- Onerilen PI+AW denetleyici ile yakit hiicresinden cekilen giiciin yiik direncine daha verimli (akim dalgalilig1 az,
gii¢c yogunlugu ytiksek) bir sekilde aktarilmigtir.

Calismanin diger béliimleri séyle 6zetlenebilir: Ikinci béliimde materyal ve metot sunulmus olup bulgular ve
tartisma tl¢iincii boliimde verilmistir. Dordiincii bélimde ise sonuglar bulunmaktadir.

2. Materyal ve Metot

2.1. Temel Seri Pozitif Siiper Gerilim Yiikseltmeli Luo Cevirici

Siiper gerilim yiikseltmeli Luo ¢eviricilerde iki alt seri bulunmaktadir. Birincisi temel seri, digeri de ek seridir. Bu
calismada temel seriden olusan pozitif siiper gerilim yiikseltmeli Luo ¢evirici kullanilmistir. Temel seri ¢evirici

devre bir yari iletken anahtarlama elemani S; 1 adet indiiktor L; 2 adet kapasitor C;, C: ; ve 2 adet diyot igerir.
Temel seri pozitif siiper gerilim ytikseltmeli luo ¢evirici devre sekil 1’de verilmistir.
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Sekil 1. Temel seri pozitif siiper gerilim yiikseltmeli Luo gevirici

S yari iletken elemani ve D; diyodunun iletimde olma durumunda sekil 2’deki devre olusur. Bu durumda L
indiiktori lizerinden akim akar ve C; kapasitorii Vi gerilimi ile yiiklenir. S yari iletken elemani ve D; diyodunun
kesimde olma durumunda ise sekil 3’'teki devre olusur. Bu durumda indiiktor tizerindeki gerilim degeri (2Vi-Vo)
degerine azalir [17]. Temel seri pozitif siiper gerilim ytlikseltmeli Luo ¢eviricinin gerilim kazanci (G) asagidaki gibi
olur.

G Vo_ 2-D
V. 1-D
( ‘\ _ ‘\ ~l h
D ] ]
9 ] ]
0 . ' +
D (] ]
w13 iae ex 3w
- 0 (] (] -
D ] ]
0 (] ]
D ] ]
D ] ]
D ] ]
. Y \ &

Sekil 2. S yari iletken elemani ve D; diyodunun iletimde olma durumu
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Sekil 3. S yari iletken elemani ve D; diyodunun kesimde olma durumu

Temel seri stiper gerilim yiikseltmeli Luo ¢evirici analizinde, L indiiktériindeki akim degisim orani (6) ve Ci, C;
kapasitdrleri lizerindeki gerilim degisim oranlarina (&) baglh olarak devre eleman sinir degerleri sirasiyla denklem
(2-3) kullanilarak hesaplanir.

2
5_DU-DR o)
22-D)fL
.__D
2RfC, (3)

L indiiktériindeki akimin degisim orani (8) ve Ci, C> kapasitorlerindeki gerilimlerin degisim oranlari (&) sirasiyla
0.02 ve 0.02 olarak secilmistir. Ceviricinin siirekli iletim calisma modu (SICM) icin gercek cevirici eleman degerleri
hesaplanan sinir eleman degerlerinden daha yiiksek degerde secilmelidir [18]. Benzetim c¢alismalar1 igin
belirlenen, hesaplanan ve secilen temel seri pozitif siiper gerilim yiikseltmeli ¢evirici eleman degerleri tablo 1'de
verilmistir.

Tablo 1. Benzetim ¢alismasi i¢in belirlenen, hesaplanan ve secilen degerler

Belirlenen degerler

Giris Gerilimi Vi 24.23V
Cikis (Yik) Gerilimi Vo 96.92V
Yiik Direnci R 7Q
Anahtarlama Frekansi f 50Khz
L indiikt6ériinden akan 6 0.02
akimin dalgalilik orani
C1,2 kapasitorlerinin £ 0.02

tizerindeki gerilimlerin
dalgalilik oranlari
Hesaplanan Sinir Degerler

Indiiktor Ly 0.5mH

Kapasitor Ci2¢ 18.52pF
Secilen Degerler

Indiiktor L 10mH

Kapasitor Ci2 220pF
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2.2. PEM Yakit Hiicresi

PEM yakit hiicresinde, akima baglh olarak gerilim ve gii¢ degisimleri dogrusal olmamaktadir. Sekil 4’te 1.26 kW
nominal giicte calisan bir PEM yakit hiicresinin akim-gerilim (I-V) ve akim-gii¢ (I-kW) karakteristigi verilmistir.

40
2 35
£
% 30
8 25 T (52.24.23)
20 — 100,20)
0 10 20 30 40 50 60 70 80 90 100
Akim (A)
2 //*2kW)
/
s 1.5 —=
A __— (1.26kW)
On
pe=
O o5 —
0

0 10 20 30 40 50 60 70 80 920 100
Akim (A)

Sekil 4. 1.26kW nominal giigte ¢alisan bir PEM yakit hiicresinin (I-V) ve (I-kW) karakteristigi

Sekil 4’te I-V karakteristiginde yakit hiicresinden ¢ekilen akim arttik¢a hiicre geriliminin distiigii gortilmektedir.
[-kW karakteristiginde ise maksimum gii¢ degerine (2kW) ulasilana kadar yakit hiicresinden ¢ekilen akim arttikea,
yakit hiicresinden c¢ekilen gii¢c degerinin de arttifi gozlemlenmistir. Yakit hiicresinden yiike verimli bir gii¢
aktarimi i¢in gerilimi denetlenebilir bir gii¢ ¢eviricisine gereklidir. Ayni zamanda yakit hiicresi 6mriiniin uzamasi

icin secilecek gii¢ ceviricisi yakit hiicresinden ¢ekilen akimin dalgaliligini miimkiin oldugunca en aza indirmelidir
[19-20].

2.3. PI+ AW Denetleyici
PI+AW denetleyici klasik denetim tiirlerinden biri olan PI tipi denetim yapisina AW blogu eklenmesiyle

olusturulur. PI denetleyici denetim sisteminin yiikselme zamanini azaltarak gecici durum cevabini

iyilestirmektedir. Ayni zamanda yapisindaki AW blogu sayesinde kalic1 durum hatasini en aza indirmektedir. Sekil
5’te PI+AW denetim yapisi verilmistir.

referans

gergek

Sekil 5. PI+AW denetim yapisi

Sekil 5'ten goriildiigi gibi Pl denetleyicinin oransal (Kp) ve integral (K;) gibi sabit kazan¢ parametreleri
bulunmaktadir. PI+AW denetim yapisina ait denetim isareti esitligi asagida verilmistir.

u)=K, e(t)+K,.j-e(t)dt
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K, ve K; sabit kazan¢ parametrelerinin degerlerini belirlemek i¢in arastirma literatiiriinde ¢esitli yontemler
bulunmaktadir. Bu c¢alismada ¢evirici matematiksel modeli gerektirmeden sabit kazan¢ parametresi
hesaplayabilen Ziegler-Nichols yontemi kullanilmistir [21]. Kazang parametreleri bu yontem ile en iyi denetleyici
cevab olusturacak sekilde K,=0.00625 Ki=15 olarak se¢ilmistir.AW blogunun satiirasyon iist ve alt sinir degerleri
ise sirasiyla 0.1 ve 0.95 olarak belirlenmistir. Tablo 2’de ise PI denetleyicinin sabit kazan¢ parametrelerinin sistem
cevabina olan etkileri verilmistir.

Tablo 2. PI denetleyicinin sabit kazang parametrelerinin sistem cevabina olan etkileri

Parametre | Yiikselme Zamani | Asim | Yerlesme Zamani | Kalic1 durum hatasi

Kp Azaltir Artinir Az degisir Azaltir

Ki Azaltir Artirir Artirir Yok eder

3. Bulgular
3.1 Benzetim Calismalar

Benzetim ¢alismalarinda Matlab/Simulink programinmin 2023a lisansh versiyonu kullanilmistir. Benzetim
¢alismalari i¢in kullanilacak pozitif siiper gerilim ytikseltmeli Luo ¢eviriciye ait temel seri devrenin; giris-cikis
(ylik) gerilimi, yiik degeri ve anahtarlama frekansi degerleri tablo 1’de belirtilmistir. Onerilen denetleyici yapisi
ile PEM yakit hiicresi beslemeli temel seri pozitif siiper gerilim yiikseltmeli Luo ¢eviricinin blok diyagrami sekil
6’da verilmistir.

AY|
/1

Ay
71
M\

o‘ +

<~

ref

Sekil 6. Onerilen denetleyici yapisi ile PEM yakit hiicresi beslemeli temel seri pozitif siiper gerilim yiikseltmeli
Luo geviricinin blok diyagrami
Sekil 6’dan goriilecegi lizere V.; temel seri pozitif siiper gerilim yiikseltmeli Luo ¢eviricinin ¢ikisimn (Vy
getirilmek istenen referans gerilim degeridir. V; ise temel seri pozitif siiper gerilim yiikseltmeli Luo ¢eviricinin
cikis (yik) gerilimidir. Au ise O6nerilen denetleyicinin denetim isaretindeki degisim olup AW blogunun girisidir.
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AW blogu cikisindaki u denetim isareti darbe genislik modiilasyonu (DGM) blogu aracilifiyla yari iletken
anahtarlama elemanina uygulanmaktadir. Benzetim ¢alismalarinda ilk olarak nominal ¢alisma sartlarinda ¢alisan
PEM yakit hiicresi beslemeli temel seri pozitif siiper gerilim ytikseltmeli Luo ¢eviricinin tablo 1'de verilen tasarim
kriterlerine uygunlugu incelenmistir. Bu amagla sabit 0.667 anahtarlama orani i¢in nominal ¢alisma sartlarinda
calisan PEM yakit hiicresi beslemeli temel seri pozitif sliper gerilim yiikseltmeli Luo ¢evirici agik ¢evrim
calistirllmistir. Nominal ¢alisma sartlarinda ¢alisan PEM yakit hiicresi beslemeli temel seri pozitif siiper gerilim
ylkseltmeli Luo ¢eviricinin agik ¢evrim indiiktor akimi ve ¢ikis (yiik) gerilimi cevaplari sirasiyla sekil 7-8'de
verilmistir.

70
60 (\
50

40 R

i (A)

30

20

10

o Il
0 0.5 1 1.5 2 2.5
Zaman(s)

Sekil 7. Nominal ¢calisma sartlarinda ¢alisan PEM yakit hiicresi beslemeli temel seri pozitif siiper gerilim
ylikseltmeli Luo geviricinin a¢ik ¢evrim indiiktor akimi cevabi

Sekil 7’de goriildigi gibi indiiktdr akim (i) belirlenen dalgalilik sinir orani igerisinde ortalama 43.49 A’dir.
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Sekil 8. Nominal ¢calisma sartlarinda ¢alisan PEM yakit hiicresi beslemeli temel seri pozitif siiper gerilim
ylikseltmeli Luo ¢eviricinin agik ¢evrim ¢ikis (Vo) gerilimi cevabi

Sekil 8'de goriildiigii gibi cikis gerilimi 96.92V degerine belirlenen sinir dalgalilik oraminda oturmustur. Ikinci
olarak onerilen denetleyici kullanilarak nominal ¢alisma sartlarinda ¢alisan PEM yakit hiicresinden ¢ekilen akim
(Ipem), glic (Prem) ve hiicre gerilim (Vpem) degerleri incelenmistir. Bu degerler sirasiyla sekil 9-10-11’de verilmistir.
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<
E 30
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Sekil 9. Onerilen denetleyici kullanilarak nominal ¢alisma sartlarinda ¢alisan PEM yakit hiicresinden cekilen
akim

Sekil 9’da goriildigi gibi onerilen denetleyici kullanilarak nominal ¢alisma sartlarinda ¢alisan PEM yakit
hiicresinden c¢ekilen akim 53.87 A’dir.
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Sekil 10. Onerilen denetleyici kullanilarak nominal ¢alisma sartlarinda ¢alisan PEM yakit hiicresinden ¢ekilen
gli¢
Sekil 10'da goriildigi gibi onerilen denetleyici kullanilarak nominal ¢alisma sartlarinda ¢alisan PEM yakit
hiicresinden ¢ekilen giic 1263 W'tir.
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Sekil 11. Onerilen denetleyici kullanilarak nominal ¢aligma sartlarinda ¢alisan PEM yakait hiicresi gerilimi

Sekil 11 incelendiginde dnerilen denetleyici kullanilarak nominal ¢alisma sartlarinda ¢alisan PEM yakat hiicresi
gerilimi 23.99V'tur. Onerilen denetleyicinin denetim isareti (u) ise sekil 12’de verilmistir.
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Sekil 12. Onerilen denetleyicinin denetim isareti

Benzetim ¢alismalarindan elde edilen sonuglar incelendiginde, PEM yakit hiicresi émriint uzatmak i¢in tasarlanan
geviricinin belirlenen sinir akim ve gerilim dalgalilik oranlarinda onerilen denetleyici kullanilarak yakit
hiicresinden c¢ekilen akimin az salimm yaptifi ve kisa zamanda nominal sartlardaki degere yakinsadigi
gorilmiistiir. Benzetim ¢alismalarinda ikinci olarak, farkli basamak referans giris gerilimleri icin 6nerilen
denetleyicinin yerlesme zamani denetim performans kriteri PI denetleyici ile karsilastirilmistir. Basamak
fonksiyonu seklindeki referans giris gerilim degerleri sirasiyla (96.92V), (76.92V) ve (86.92V)'dur. Degisen
basamak fonksiyonu seklindeki referans gerilimi i¢cin dnerilen ve PI denetleyicinin ¢ikis (yiik) gerilimi cevaplari
sekil 13’te verilmistir.

120 .
——PHAW —REF PI|

7
/ s

76.92 |

60 - 1

Vy(v)

40

20 - 1

0 25 5 7.5

Zaman(s)
Sekil 13. Degisen basamak fonksiyonu seklindeki referans gerilim i¢in 6nerilen ve PI denetleyicinin ¢ikis (yiik)
gerilimi cevaplari
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Sekil 13’ten goriildiigii gibi 6nerilen denetleyici (0V)—(96.92V) basamak referans gerilim artisinda 1.05s sonra
referans gerilim degerine ulasirken, PI denetleyici ise 1.6s sonra referans gerilim degerine ulagmistir.
(96.92V)—(76.92V) basamak referans gerilim diisiimiinde 6nerilen denetleyici 0.31s sonra referans gerilimi
yakalarken, PI denetleyici ise 0.89s sonra referans gerilim degerini yakalamistir. Benzer sekilde
(76.92V)—(86.92V) artan referans gerilim degisiminde 6nerilen denetleyici 0.18s sonra istenilen referans gerilim
degerini takip ederken, PI denetleyici ise 0.7s sonra referans gerilim degerini takip etmistir. Denetleyicilerin
basamak gecislerindeki yerlesme zamanlari tablo 3’'de verilmistir.

Tablo 3. Denetleyicilerin basamak gecislerindeki yerlesme zamanlari (ty)

Vo(V) 0-96.92 96.92—-76.92 76.92-86.92

PI+AW | PI PI+AW PI PI+AW PI

ty(s)
1.05 1.6 0.31 0.89 0.18 0.7

Onerilen denetleyicinin 0V—96.92V, 96.92V—76.92V ve 76.92V—86.92V basamak gecislerindeki yerlesme zamani
iyilestirme degerleri sirasiyla %34.375, %65.16 ve %74.28'dir. Onerilen denetleyicinin iyilestirme degerleri sekil
14’te verilmistir.

80

(2] ~
o o

(3]
o

% lyilestirme ty(s)
(23 e
o o

N
o

10

0V-96.92V 96.92V-76.92V 76.92V-86.92V

Sekil 14. Onerilen denetleyici iyilestirme degerleri
Benzetim ¢alismalarinda son olarak yiik degisimi yapilarak dnerilen denetleyicinin yenilenme zamani denetim

performans kriteri PI denetleyici ile karsilagtirllmistir. Yiik degisimi icin énerilen ve PI denetleyicinin ¢ikis (yiik)
gerilimi cevaplari sekil 15’te verilmistir.
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Sekil 15. Yiik degisimi i¢in dnerilen ve PI denetleyicinin ¢ikis (yiik) gerilimi cevaplari
Sekil 15'ten goriildiigi gibi yiik degeri t= 2.5s aninda 7Q) degerinden 5.6Q degerine diistiriilerek %20 oraninda yiik
degisimi yapilmustir. Onerilen ve PI denetleyicinin yenilenme zamam degerleri sirasiyla 0.72s ve 1.32sdir.

Denetleyicilerin ani ylik degisiminde yenilenme zamani t. (s) degerleri tablo 4’te verilmistir.

Tablo 4. Denetleyicilerin basamak gecislerindeki yenilenme zamanlari (tr)

R(Q) 70-5.60

PI+AW PI
t(s)

0.72 | 1.32

Onerilen denetleyicinin %20 oraninda yiik degisiminde yenilenme zaman t(s) iyilestirme degeri
%45.45'dir.Onerilen denetleyicinin iyilestirme degeri sekil 16’da verilmistir.
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Sekil 16.0nerilen denetleyici iyilestirme degeri

4. Tartisma ve Sonug

Bu ¢alismada PEM yakit hiicresi 6mriinii uzatmak i¢in yakit hiicresi giris akimi dalgaliligini azaltan bir temel seri
pozitif stiper gerilim yiikseltmeli Luo ¢evirici 6nerilmis ve énerilen gevirici ile bir yiikiin yakit hiicresi tarafindan
denetimli bir sekilde beslenmesi amaclanmistir. Bu amagla PI+AW denetleyici tasarlanmistir ve PI+AW
denetleyicinin dinamik performansi PI denetleyici ile karsilastirlmistir. Benzetim c¢alismasi sonuglarina gore
onerilen denetleyici yapisi denetim sisteminin yerlesme zamanini ortalama %57.93 yenilenme zamanini ise
%45.45 iyilestirmistir. Ayn1 zamanda 6nerilen ¢evirici ve denetleyici yapisi ile yakit hiicresi giris akim dalgaliligi
azaltilmakta, kararli ¢calisma araligina hizla ulasilmaktadir. Tasarlanan gevirici devre yapisi sadece yakit hiicreleri
ile degil aym1 zamanda elektrikli araclarda da kullanilabilmektedir. Gelecek g¢alismalarda ¢evirici giris akim
dalgaliligini azaltan farkl gevirici devre yapilar: ve denetim ydntemlerinin incelenmesi hedeflenmektedir.

Tesekkiir

Bu calisma Kayseri Universitesi Bilimsel Arastirma Projeleri Koordinasyon Birimi FKB-2022-1087 numaral
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Anahtar Kelimeler

Biyokitle Enerijisi,
Hayvansal Atiklar,
Tarimsal Atiklar,

Elde Edilebilir Ener;ji
Potansiyeli,

Hayvansal ve Tarimsal Atik
Miktari

Oz: Gelisen teknoloji, ekonomik gelismeler, niifus artis1 ile birlikte enerjiye
olan ihtiyaca karsilik, fosil kaynaklardaki azalma ve bu kaynaklarin
olusturdugu ¢evre kirliligi problemlerinin ortaya ¢ikmasi yenilenebilir enerji
kaynaklarinin etkin ve yaygin kullanimini kaginilmaz kilmistir. Bu ¢alismanin
amaci Nigde ilindeki hayvansal ve sec¢ilen tarimsal atiklardan elde edilebilecek
enerji potansiyellerini belirlemektir. Bu kapsamda 2020 yih Tiirkiye Istatistik
Kurumu (TUIK) verileri kullanilmistir. Galismada, Nigde ve ilcelerindeki
toplam hayvan sayisina gore hayvansal atik miktari, teorik biyogaz ve elde
edilebilir enerji potansiyeli hesaplar1 yapilmistir. Sonrasinda segilen tarimsal
tirinlerin teorik biyokiitle potansiyeli, yillik itretim miktar1 ve yapilan
kabullere gore her bir atigin elde
hesaplanmistir. Elde edilen sonuglara gére hayvansal atik potansiyelinin en
fazla oldugu ilge Altunhisar olarak belirlenmistir. Nigde ilinin hayvansal
atiklardan elde edilebilir enerji potansiyelinin elektrik enerjisi tretimi
cinsinden degeri 212.034,278 MWh/y1l'dir. Segilen tarimsal atiklarindan elde
edilebilecek enerji potansiyelinin en fazla oldugu ilce ise Bor olup, Nigde ilinin
secilen tarimsal atiklarindan elde edilebilir enerji potansiyelinin elektrik
enerjisi iiretimi cinsinden degeri 3.849,599 MWh/y1l oldugu belirlenmistir.

edilebilir enerji potansiyelleri

Investigation of Waste Amount and Energy Potential of Nigde Province in terms of

Biomass

Keywords

Biomass Energy,
Animal Wastes,
Agricultural Wastes,

Obtainable Energy Potential,

Amount of Animal and
Agricultural Waste

Abstract: In response to the need for energy with developing technology,
economic developments and population growth, the decrease in fossil
resources and the emergence of environmental pollution problems caused by
these resources have made the effective and widespread use of renewable
energy resources inevitable. The aim of this study is to determine the energy
potential that can be obtained from animal and selected agricultural wastes in
Nigde province. In this context, 2020 Turkish Statistical Institute (TUIK) data
was used. In the study, the amount of animal waste, theoretical biogas and
obtainable energy potential were calculated according to the total number of
animals in Nigde and its districts. Afterwards, the theoretical biomass potential
of the selected agricultural products, the annual production amount and the
obtainable energy potential of each waste were calculated according to the
assumptions made. Accor ding to the results obtained, the district with the
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highest animal waste potential was determined as Altunhisar. The value of the
energy potential of Nigde province that can be obtained from animal waste in
terms of electrical energy production is 212,034.278 MWh/year. The district
with the highest energy potential that can be obtained from the selected
agricultural wastes is Bor, and the value of the energy potential that can be
obtained from the selected agricultural wastes of Nigde province in terms of
electrical energy production has been determined to be 3,849.599 MWh/year.

*lgili Yazar, email: begumgokcek@ohu.edu.tr

1. Giris

Diinya iizerinde hizla artmakta olan niifusa bagh olarak enerji ihtiyaci da artmakta ve kiiresel bir sorun
haline gelmektedir. Sanayilesmenin artmasi, insanlarin hayat kalitesini ylikseltmek istemeleri bu enerji
ihtiyacinin temel sebepleri arasinda yer almaktadir. Diinya lizerinde artan bu enerji ihtiyaci iilkemizin de
gindeminde bulunmaktadir [1,2]. Enerji ihtiyacim1 Kkarsilayabilen kaynaklar tii¢ kisimda
incelenebilmektedir. Bunlar fosil yakitlar, yenilenebilir enerji kaynaklar1 (giines enerjisi, riizgar enerjisi,
jeotermal enerji vb.) ve niikleer enerji kaynaklaridir [3]. Glincel olarak kullanilan yakitlarin temeli fosil
kaynakli (linyit, ham petrol, dogal gaz vb.) yakitlardir. Fosil yakitlar diinyada elektrigin %60‘n1 karsilarken,
yenilenebilir enerji kaynaklar1 2020 yilinin ilk ¢eyreginde kiiresel elektrik ihtiyacinin %26-28'ini
kargilamaktadir [4]. Tiirkiye Elektrik iletisim A.$’nin yayinladigi 2020 yih verilerine gore, Tiirkiye'de
uretilen elektrik enerjisinin %58’inin fosil kaynaklardan %42’sinin ise yenilenebilir enerji kaynaklarindan
karsilandigi goriilmektedir. Bununla beraber bilinmelidir ki fosil yakitlar diinya tizerinde sinirli kaynaklar
olup ve fosil yakitlara bagimlilik devam ettikce bu kaynaklarin azalmasi ve yok olma tehlikesi de
olusabilmektedir [5].

Fosil yakitlarin kullanildiglr proseslerinin ¢ogunda atmosfere sera gazlari kontrolsiiz bir gsekilde
salindigindan gevre kirliligine neden olmaktadir. Kyoto Protokolii ile tiim AB tiye iilkeleri dahil olmak tizere
sanayilesmis iilkelerde sera gazi emisyonlarinin azaltilmasi ile ilgili zorunlu hedefler belirlenmistir.
Evrensel ve yasal olarak baglayiciligi olan ilk kiiresel iklim anlasmasi olan Paris Antlasmasi ile AB, 2030 y1l1
iklim ve Enerji Cercevesine uygun olarak sera gazi emisyonlarinin azaltilmasi igin caba géstermektedir.
Gosterilen bu ¢abalar Avrupa Yesil Mutabakati ile devam etmektedir. Avrupa Yesil Mutabakati, 2050'de
karbon nétr bir Avrupa yaratmak ve “Sinirda karbon diizenlemesi” ile temiz bir enerji sistemine gegis icin
¢alismalar yapilmasini hedeflemektedir. Bu hedef ile yenilenebilir enerji kaynaklarinin kullanimi 6nem arz
etmektedir. Sagladiklari siirdiiriilebilir enerji ve diisiik sera gaz1 emisyonlarindan dolay1 biyokiitle enerjisi
diger yenilenebilir enerji kaynaklarina gore son yillarda daha fazla ilgi ¢ekmektedir. Biyokiitleden elde
edilen biyogaz, son yillarda 6nem kazanmis, Hindistan ve Cin gibi biiyiik {ilkeler biyogaz iiretimine 6nem
vermeye baslamislardir [6]. Cevrede belli bagl sorunlara (saglik sorunlari, koku vb.) yol agabilecek olan bu
atiklarin bertaraf edilmeden geri kazanilmasi hem diinya icin hem de iilkemiz i¢in biiylik 6nem
tasimaktadir. Atiklarin bertaraf edilmesi yerine anaerobik proseslerde kullanmak ve enerji tiretmek iklim
degisikligine karsi bir énlem de olabilmektedir. Atiklarin fermantasyonu sonucu elde edilen biyogazin
saflastirma prosesi sonrasi metan igeriginin %90’nin lizerine ¢ikarilmasi fosil yakitlarin kullanimini ve sera
gaz1 emisyonlarini %60-80 oraninda diisiirebilmektedir [7]. Bu kosullar altinda biyokiitleden biyogaz
liretimi yenilenebilir enerji kaynaklari arasinda 6n plana ¢ikmaktadir [8].

Biyogaz, anaerobik sartlar altinda organik atiklarin pargalanmasi sonucu olugsmaktadir. Anaerobik aritim
lic asamada gerceklesmektedir. Bunlar hidroliz, asit olusum asamasi ve metan olusum asamasidir [9].
Hidroliz asamasinda proteinler, karbonhidratlar ve lipitler aminoasit gibi yiiksek molekiil agirlikli organik
maddeler daha kiiciik yapilara parcalanirlar. ikinci asama olan asit iiretim basamaginda asit iireten
bakteriler organik maddeyi alkollere ve asetik asitlere doniistiirtirler. Son olarak metan olusum asamasinda
ise metanojenler olusan asit ve karbondioksiti metana doniistiiriirler [10]. Bu proses sonucu ortaya metan
iceren yanici ve dogalgaz benzeri bir gaz ¢ikmaktadir. Anaerobik prosesler dogada bir¢ok farkli ortamda
gerceklesebilmektedir. Ornegin bu prosesler batakliklar, siv1 giibre gukurlari ve deniz tabanlar gibi dogal
ortamlarda gercgeklesebilmektedir. Biyogazin iceriginde metan (%50-75), karbondioksit (%25-50) ve eser
miktarda hidrojen, hidrojen stlfiir ve azot gibi gazlar bulunabilmektedir [11, 12].
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Biyogaz iiretimi icin bircok farkli organik atik, anaerobik proseslerde ham madde olarak
kullanilabilmektedir. Kullanilan organik atiklar, evsel organik kat1 atik, hayvansal atiklar, tarimsal atiklar,
gida sanayi atiklar1 ve biyolojik atiklar olarak siniflandirilabilmektedir. Biyogazin temel bileseni metandir
ve genel olarak biyogazin 1sil degerini ifade etmektedir. Biyokiitleden tretilen biyogazin ve iceriginde
bulunan metan gazinin kullanilmasi hem organik atik bertarafi icin hem de enerji liretimi icin ¢evreci bir
yaklasim sunmaktadir. Ayni zamanda biyogaz liretimi sonucu anaerobik proseslerden ¢ikabilecek fermante
olmus s1vi tiriin (dijestat), tarlalarda giibre olarak da kullanilabilmektedir. Giibre olarak kullanilabilmesinin
avantajlarindan biri fermantasyon sonucu patojen mikroorganizmalarin tamamina yakininin yok olmasidir
[13].

Bu ¢alismada Nigde ilinin hayvansal atiklardan ve segilen tarimsal atiklardan elde edilebilecek biyogaz
potansiyelini arastirilmasi hedeflenmektedir. Bu amagla, Nigde ilinde bulunan hayvansal atiklardan ve
tarimsal faaliyetler sonucu olusan atiklardan elde edilebilir teorik biyogaz miktarlar1 ve enerji
potansiyelleri hesaplanmistir.

2. Materyal ve Yontem
2.1.Calisma alam
Nigde ili cografi olarak I¢ Anadolu bélgesinin giineydogusunda 37.963188 enlem ve 34.659554

boylamlarinda yer almaktadir. Yiiz él¢iimii olarak 7.312 km*'dir. Nigde ilinin toplamda merkez ilge dahil
olmak iizere 6 ilgesi bulunmaktadir. Sekil 1'de Nigde ili ve ilgeleri goriilmektedir.

NEVSEHIR

Yay Gold K
) y
AKSARAY KAYSERI B-;#D
e
_ Altunhisar fﬂ , )
. Q ISARETLER

O lige merkezi

O i merkezi
............ lige sinirian

—— i simiflan

KONYA Ulukisla
0 25
(o™ et Km

ADANA

MERSIN

X

2.2.Yontem

NiGDE iLi HARITASI RAAYGIL 2020

Sekil 1. Nigde ili haritasi

Bu calismada, Tiirkiye Istatistik Kurumunun (TUIK) 2020 yilina ait verileri kullamlmistir [14]. Bu
¢alismanin ilk asamasinda Nigde ilinde bulunan biiyiikbas, kiiciikbas ve kanatli hayvan sayisi tizerinden yas
glibre miktar1 hesabi yapilmis ve elde edilen biyogaz potansiyeli belirlenmistir. Sonrasinda, segilen tarimsal
tiriinlerin teorik biyokiitle potansiyeli, yillik iiretim miktar1 ve yapilan kabullere gére her bir atigin elde
edilebilir enerji potansiyelleri hesaplanmistir. Nigde il'inde 2020 yilina ait biiyiikbas, kiigiikkbas ve kanath
hayvan varlig1 verileri Tablo 1'de verilmektedir. Toplam biiyiikbas hayvan varlig1 186.767 adet olup, en
fazla yetistiricilik Merkez ilge ve Bor ilgesindedir. Kiigiikbas hayvan varligi 696.137 adet olup, en fazla
yetistiricilik merkez ilcesindedir (Tablo 1). Tablo 1'deki verilen bilgilere gére, Nigde il genelinde bulunan
hayvanlarin %44’i kanatl, %43l kiigiikbas, %13l ise bliylikbas hayvan olarak oranlanmaktadir.
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Tablo 1. Nigde ili toplam hayvan mevcutlari
ilceler Bazinda Hayvan Mevcutlari

flce Biiyiikbas Kiigiikbas  Kanath Hayvanlar
Merkez 96.643 213.326 285.688
Altunhisar 9.163 51.479 7.331
Bor 39.478 113.695 250.230
Camardi 5.280 76.391 8.534
Ciftlik 16.000 45.000 19.560
Ulukisla 6.004 77.303 13.501
Toplam 172.568 577.194 585.744

Hayvan giibresi, kat1 digki, siv1 digki ve yataklik malzemesinden olusur. Bu atigin, ortalama %75'i su, %17'si
organik maddeler ve % 6's1 ise inorganik maddedir. Biiyiikbas hayvanlar i¢in atigin giinliik 20-25 kilogrami
kat1 ve 10-12 litresi ise siv1 glibre olarak kabul edilmistir. Hayvanin cinsine, yasina, beslenme yogunluguna
ve besin tiiriine bagli olarak bu degerler degismektedir [15]. Hayvan giibresinden biyogaz olusumu hesabi,
asagidaki formiiller kullanilarak gerceklestirilmistir [16].

Elde edilebilir atik miktar1 (EEA)=Hayvan sayis1 (HS)*hayvan basina yillik yas giibre (YYG)*elde edilebilirlik
(EE)

Elde edilebilir biyogaz potansiyeli (EEBP)= EEA*1 ton yas giibreden elde edildigi kabul edilen biyogaz
miktar1 (BM)

Ortalama olarak, biiyiikbas hayvandan 9,94 ton/y1l, kii¢ciikbas hayvandan 0,82 ton/yil ve kanatli hayvandan
ise 0,029 ton/y1l giibre elde edilir. Biiyiikbas hayvan giibrelerinin % 65’inin, kiigliikbas hayvanlarin %
13’tiniin ve kiimes hayvanlarinin % 99'unun meralarda kayboldugu kabul edilmektedir [17, 18, 19, 20].
Mezofilik (35°C) ve tam karisimh siirekli reaktorlerde gerceklestirilen kosullarda 1 ton yas biiyiikbas
hayvan giibresinden 33 m3, kiiciikbas hayvan giibresinden 58 m3 ve kanatli hayvan gilibresinden 78 m3
biyogaz elde edilebildigi kabul edilmistir [19, 21, 22]. Hayvansal atiklarin 1s1l degerinin 22,7 MJ/m? oldugu
kabul edilmistir [23]. 1 m3 biyogazin, 4,7 kWh elektrige es deger oldugu kabul edilmistir [17, 24].

2020 yihi TUIK verilerine gore Nigde il genelinde, yaklasik olarak 2.757.798 dekar tarimsal alan

bulunmaktadir. Bu arazilerin %34’i il merkezinde, %21’i Bor, %18’i Camardi, %12’si Ulukisla, %9’u
Altunhisar ve %6’s1 Ciftlik ilcelerinde bulunmaktadir (Sekil 2).
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Ulukisla || Altunhisar
12% 9%

Merkez
34%
Camardi

Ciftlik 18%
6%

Sekil 2. Nigde ili 2020 y1l1 ekilebilen tarim alani (dekar)

2020 TUIK verilerine gore, Nigde ilindeki ekili alanlarin %61’inde tahillar ve diger bitkisel iiriinler,
%12’sinde meyveler, icecek ve baharat bitkileri ve %3'linde ise sebze ekilidir. Nigde il genelindeki ekilebilir
alanlarin tiriin grubuna gore oranlari Sekil 3’te verilmistir.

Sebze

3%

Tahillar ve diger
bitkisel Grlnler
61%

"

Meyveler, icecek
ve baharat
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12%

Sekil 3. Nigde ili 2020 yil1 iiriin grubuna gore ekilebilen tarim alam orani

2020 y1h TUIK verilerine gore, Nigde il merkezi ve ilcelerinde toplam 1.728.886 ton iiriiniin yaklasik %38’ini
tahil grubundan bugday olustururken onu %14 ile arpa %10 ile patates ve meyvelerden ise yaklasik % 14
ile elma takip etmektedir. Nigde ili ve ilcelerindeki tahil, meyve ve mahsullerinin iiretim miktarlari sirasiyla

Tablo 2 ve Tablo 3’te verilmistir.

Tablo 2. Nigde Ilcelerine gére secilen tahil iiriinleri iiretimi miktarlari (ton)
Tahillar
flce Bugday Arpa Cavdar Patates Seker Pancar1 Misir Yonca
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Altunhisar 82.957 13.702 6.510 8.320 159 2.990 5.500
Bor 90.774 52.589 19.000 12.300 12.328 27.300 24.500
Camard1 116.188 35.661 32.800 3.000 0 520 610
Ciftlik 50.467 4.403 37.100 35.490 0 1.200 760
Merkez 268.715 57.211 24.630 122.810 1.757 28.710  29.400
Ulukisla 63.296 83.524 30.000 900 1.185 1.240 2510
Toplam 672.397 247.090 150.040 182.820 15.429 61.960 63.280
Tablo 3. Nigde ilcelerine gére secilen meyve ve sebze iiriinleri {iretimi miktarlar1 (ton)
Meyveler ve Sebzeler
ilce Uziim Elma Kiraz Lahana Domates
Altunhisar 4.500 7.660 260 0 1.710
Bor 11.580 50.920 320 7.500 16.000
Camardi 3.110 55.010 4.790 10 0
Ciftlik 1.660 5.010 400 0 0
Merkez 7.910 83.480 1.190 7.200 3.750
Ulukisla 5.540 33.070 19.180 4110 0
Toplam 34.300 235.150 26.140 18.820 21.460

Elde edilen bu verilere gore tarimsal iiriin atiklarindan teorik biyokiitle potansiyeli, teorik enerji potansiyeli
ve elde edilebilir enerji potansiyeli asagida verilen esitlikler kullanilarak hesaplanmistir.
Teorik biyokiitle potansiyeli (TBP) = Ton Olarak Yillik Uretilen Uriin Miktar1 (YUM)* Atik-Uriin Oram (AUO)
* (100-Uriiniin Nemi/100)

Teorik enerji potansiyeli (TEP)= TBP*Alt 1s1l deger (AID)
Elde Edilebilir Enerji Potansiyeli (EEP)= TBP * AID * EE

Secilen tahil, meyve ve sebzelerin yillik liretim miktari, triin-atik orani, nem bilgisi, alt 1s1l degeri ve
kullanilabilirlik [25] ile ilgili yapilan kabuller Tablo 4’te verilmistir.

Tablo 4. Secilen tahil, meyve ve sebzelerin yillik iiretim miktari, iiriin-atik orani, nem bilgisi, alt 1s1l degeri ve

kullanilabilirlik degerleri [3, 26].

YUM (Ton) AUO Nem Kullanilabilirlik (%) AID
(%) (M]/kg)
Bugday 672.397 1,130 13 15 16,700
Arpa 247.090 1,220 13 15 18,500
Cavdar 150.040 0,990 15 15 17,400
Patates 182.820 0,450 60 95 13,600
Seker Pancari 15.429 0,130 75 15 16,600
Misir 61.960 1,880 16 60 17,000
Uziim 34.300 0,420 45 80 18,000
Elma 235.150 0,190 40 80 17,800
Kiraz 26.140 0,190 40 80 21,700
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18.820 2,500 85 95

21.460 0,300 85 95

12,400

19,500

3. Bulgular ve Tartisma

3.1. Hayvansal atiklarin potansiyeli

Nigde ilgelerindeki hayvan sayisinin goéz 6niinde bulundurulmasiyla hesaplanan hayvansal atik miktar: ve
kullanilabilir miktarlar1 Tablo 5’te verilmistir. Biiytikbas, kiiciikbas ve kanath hayvanlarin toplam atik

miktar1 yilda 1.237.404 tondur. Hayvan varliginin %56'sin1 olusturan biiylikbas hayvanlardan elde edilen
giibre, bu miktarin %90'indan fazlasini olusturmaktadir. Kullanilabilir atik miktarinin ilceler bazinda
oransal dagilimina bakildiginda, merkez ilgesi %54 ile en yiiksek oranda yer almaktadir. Bor ilgesi ise % 23

ile ikinci sirada

yer almaktadir (Sekil 4).

Ulukisla
Ciftlik 4%

9%

Camardi
4%

Merkez
54%

Altunhisar
6%

Bor
23%

Sekil 4. Kullanilabilir atik miktarinin ilgelere gore oransal dagilimi

Tablo 5. Nigde ilcelerine gore hayvansal atik potansiyeli ve kullanilabilen atik miktarlari

Toplam atik (ton/y1l) Kullanilabilen atik (ton/y1l)

flce

Biiytlikbas Kiiciikbas Kanath Biiytikbas Kii¢iikbas Kanath

Hayvanlar Hayvanlar

Merkez 960.631,400 174.927,320 8.570,640 624.410,400 22.740,550 22.513,150

Altunhisar 91.080,220  42.212,780 219,930 59.202,140 5.487,661 5.432,780

Bor

Camardi 52.483,200  62.640,620 256,020 34.114,080  8.143,281 8.061,850

Ciftlik

Ulukisla 59.679,76 63.388,46 405,03 3.8791,84 8.240,5 8.158,09

392.411,300 93.229,900 7.506,900 255.067,400 12.119,890 11.998,690

159.040 36.900 586,8 103.376 4.797 4.749,030

423



Nigde ilinin Hayvansal ve Tarimsal Atik Miktarlarinin ve Enerji Potansiyelinin Belirlenmesi

Toplam 1.715.326 473.299,08 17.572,32 1.114.962 61.528,88 60.913,59

Nigde'nin ilgelerine gore elde edilebilecek biyogaz ve elektrik enerjisi potansiyeli ise Tablo 6’da verilmistir.

Tablo 6. Nigde ilcelerine gore biiyiikbas, kiiciikbas ve kanatli hayvan atiklarindan elde edilen biyogaz iiretim
potansiyeli

llceler Bazinda Yillik Yas Giibreden Biyogaz Uretim Hesab1 (m3/Y1])

flce Biiyiikbas Kiiciikbas Kanath Hayvanlar
Merkez 20.605.544 1.318.951,993 1.756.025,395
Altunhisar  1.953.670,720 318.284,361 423.757,213
Bor 8.417.222,810 702.953,446 935.897,674
Camardi 1.125.764,640 472.310,274 628.824,128
Ciftlik 3.411.408 278.226 370.424,340
Ulukisla 1.280.130,850 477.948,988 636.331,395
Toplam 36.793.741 3.568.675,063 4.751.260,144

Nigde ilinin hayvansal atiklardan elde edilen yillik biyogaz enerjisi potansiyelinin giiniimiizde kullanilan
enerji kaynaklarindaki esdegeri Tablo 7’de verilmistir. il genelinde yilda elde edilebilecek biyogaz
miktarinin yaklasik 212 milyon kWh elektrik enerjisine ve 1 trilyon M] 1sil enerjiye esdeger oldugu
belirlenmistir.

Tablo 7'ye gore Nigde’'de, hayvansal atik kaynakli biyogaz yilda yaklasik 212.000 MWh elektrik enerjisi
tiretebilir. 26 MW'lik bir biyokiitle enerji santrali, yilda 8.000 saat elektrik santralinin ¢alisacag:
diistintldigiinde kurulabilir. Enerji ve Tabii Kaynaklar Bakanlig1 tarafindan hazirlanan Tiirkiye Biyokiitle
Enerjisi Potansiyel Atlasina (BEPA) gore, Nigde ili Bor ilgesinde hayvansal biyokiitle kaynakli lisansh
elektrik iiretim santrali bulunmaktadir. Bu santral toplam 5,335 MW kurulu giice sahiptir. Ayrica il
genelinde Enerji ve Tabii Kaynaklar Bakanligi tarafindan hazirlanan 2021 Enerji Yatirimlari raporunda 2,33
ve 2 MW kurulu giiclerinde 2 biyokiitle enerji santrali kurulmasinin planlandig belirtilmektedir.

Nigde ilinde toplam 26 MW'lk hayvansal biyokiitle kaynakli biyogaz elektrik santrali potansiyeli
bulunuyorken, bunun sadece 5,35 MW'lik yaklasik %20'si kullanilabilir durumdadir. Bélgenin potansiyel
organik atik miktar1 g6z oniine alindiginda, 6nemli bir bosluk oldugu agiktir. Bu durum, bélgenin gelisimi
g6z oniinde bulunduruldugunda yeni biyogaz enerji santrali kurmanin cazip oldugunu géstermektedir.

Tablo 7. Nigde ili genelinde iiretilebilecek biyogazin 1s1l ve elektriksel esdegerleri

Isil Esdegeri (M]/y1l) Elektriksel Esdegeri (MWh/y1l)
Biiytikbas hayvan 835.217.920,700 172.930,583
Kiiciikbas hayvan 81.008.923,930 16.772,773
Kanatl hayvan 107.853.605,300 22.330,923
Toplam 10.240.80450 212.034,278

3.2. Tarimsal atiklarin potansiyeli

Nigde ili ve ilgeleri icin bu ¢alismada segilen tarimsal tiriinlerin 2020 yili iiretim miktar1 1.728.886 tondur
[14]. Secilen tahil iirtinleri ve meyve-sebzelerin ilgelere gore teorik biyokiitle potansiyelleri sirasiyla Tablo
5 ve Tablo 6’da verilmistir.

Tablo 5’e gore, tahil iiriinlerinden elde edilebilir en yliksek biyokiitle potansiyeli 99957,04 ton ile Ulukisla
ilcesinin bugday liretiminden, en diisiik biyokiitle potansiyeli ise 5,17 ton ile Altunhisar ilgesinin seker
pancari iiretiminden elde edilmektedir. ilgelerin tahil iiriinlerinin biyokiitle potansiyellerine bakildiginda
en yiiksek degerlerin bugday, arpa, patates ve ¢avdar iiriinlerinde oldugu gézlemlenirken diisiik degerlerin
seker pancar1 ve misir liretiminde oldugu goriilmektedir.

Tablo 5. Nigde Ilcelerine gére secilen tahil {iriinlerinin teorik biyokiitle potansiyeli (ton)
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Seker
Bugday Arpa Cavdar Patates Pancari Misir

Altunhisar 81.555,030 14.543,300 5.478,165 1.497,600 5,168 4.721,808
Bor 96.347,520 44.253,640 3.420 399,750 19.468,380 6.306,300

Camardi  97.772,200 6.418,980 1.066 4.737,600 - 59,280
Ciftlik 9.084,060 143,098 58.588,320 8.198,190 - 136,800
Merkez 8.733,238 90.347,610 5.689,530 14.000,340 200,298 10.766,250

Ulukisla  99.957,040 19.294,040 3.420 102,600 444,375 55,800

Tablo 6'ya gore, meyve ve sebze liriinlerinden elde edilebilir en yiliksek biyokiitle potansiyeli 20628,75 ton
ile Camard ilgesinin elma iiretiminden elde edilmektedir. Ilgelerin meyve ve sebze iiriinlerinin biyokiitle
potansiyellerine bakildiginda en yiiksek degerlerin elma ve iiziim irlnlerinde oldugu goézlemlenirken
diistiik degerlerin kiraz, lahana ve domates iiretiminde oldugu gortilmektedir.

Tablo 6. Nigde ilcelerine gore secilen meyve ve sebzelerin teorik biyokiitle potansiyeli (ton)

Uziim Elma Kiraz Lahana Domates
Altunhisar 1.039,500 873,240 29,640 - 76,950
Bor 1.320,120 5.804,880 120 337,500 -

Camardi 354,540 20.628,750 215,550 - -

Ciftlik 622,500 225,450 - - -
Merkez 355,950 - - - -
Ulukisla - - - - -

il genelindeki secilen tarimsal iiriinlerin toplam biyokiitle potansiyeli degerlendirildiginde en yiiksek
degerlerin bugday, arpa, elma ve patateste elde edildigi goriiliirken, en diisiik degerlerin ise seker pancari
ve lahana tiretiminden elde edildigi goriilmektedir.

Tablo 7’de Nigde ili genelinde tarimsal iiriinlerin teorik enerji potansiyeline bakildiginda tahil iiriinleri
acisindan en yiiksek enerji potansiyelinin bugday iirtintinden, meyve ve sebze triinleri agisindan en yiiksek
enerji potansiyelinin elma iirtintinden elde edildigi gériilmektedir.

Tablo 7. Nigde il'inde iiretilen tahil, meyve ve sebze iiriinlerinden elde edilen teorik enerji potansiyeli

TEP (M])
Bugday 11.039.259,290
Arpa 4.851.834,531
Cavdar 2.196.900,684
Patates 447.543,360
Seker Pancar1 8.323,946
Misir 1.663.402,944
Uziim 142.619,400
Elma 477.166,380
Kiraz 64.665,132
Lahana 87.513
Domates 18.831,150

Tablo 8’de Nigde ili genelinde tarimsal iiriinlerin elde edilebilir enerji potansiyeline bakildiginda, tahil
triinleri acgisindan en yiiksek elde edilebilir enerji potansiyelinin bugday triiniinden, meyve ve sebze
tiriinleri agisindan en yiiksek enerji potansiyelinin elma tiriintinden elde edildigi gériillmektedir.

Tablo8. Nigde il'inde iiretilen tahil, meyve ve sebze iiriinlerinin elde edilebilir enerji potansiyeli
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EEP (M]/y1l) MWh/yil

Bugday  165.588.889,400 1971,180
Arpa 72.777.517,970 971,254
Cavdar 32.953.510,260 405,396
Patates 42.516.619,200 118,059

Psaenkc:rn 124.859,183 100,189
Misir 99.804.176,640 112,436
Uziim 11.409.552 19,940
Elma 38.173.310,400 147,023
Kiraz 5.173.210,560 2,377

Lahana 8.313.735 1,255

Domates 1.788.959,250 0,450

Nigde ilgelerine gore tarimsal ve hayvansal atiklarin enerji potansiyelleri Sekil 5’te goriilmektedir. Grafige
gore tarimsal atik potansiyelinin en yiiksek oldugu ilge Bor Ilgesidir. Hayvansal atik potansiyelinin en
ylksek oldugu ilce ise Altunhisar ilgesidir. Her iki atik potansiyelinin en diisiik oldugu ilce Ciftlik ilgesidir.
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mmmm Tarimsal Kaynakli Enerji Potansiyeki == Hayvansal enerji potansiyeli

Sekil 5. Nigde ilgelerine gore tarimsal ve hayvansal atiklarin enerji potansiyelleri

4. Sonuglar

2020 yih TUIK verilerinin kullamldig1 Nigde ili igin yapilan bu ¢alismada hem tarim hem de hayvancilik
faaliyetleri sonucunda olusacak atiklardan elde edilebilecek enerji potansiyelleri belirlenmistir. Bu
dogrultuda il genelinde toplam hayvansal atiklardan yillik 1.024.080,45 GJ enerji degeri ve elektrik enerjisi
iretimi cinsinden 212.034,278 MWh/yil belirlenmistir. Calisma kapsaminda segilen baz1 tarimsal
atiklardan yillik 14.110,76 GJ enerji degeri ve elektrik enerjisi iretimi cinsinden 3.849,599 MWh/y1l enerji
potansiyelleri hesaplanmistir. Secilen tarimsal atiklar acisindan degerlendirildiginde en yiiksek teorik
enerji potansiyeli bugday triiniinde y1llik 11.039.259,29 M] olarak belirlenmistir. Hayvan atiklari agisindan
degerlendirildiginde ise en yiiksek teorik enerji potansiyeli biiyiikbas hayvan atiginda yillik 835.217.920,7
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M] olarak belirlenmistir. Tarimsal atik potansiyelinin en yiiksek oldugu ilge Bor Il¢esidir. Hayvansal atik
potansiyelinin en yliksek oldugu ilce ise Altunhisar ilcesidir.

Bu calismada hesaplanan enerji potansiyelleri; evlerde, ocak, aydinlanma, 1sinma ve sanayide; elektrik ve
11 enerjisi elde edilmesinde, tarim da ise sera 1sitmada kullanilabilecektir. Biyokiitle enerjisinin kullanimi
ile ilgili ozellikle hayvansal atiklardan hesaplanan enerji potansiyeli ile ilgili yapilmis c¢alismalar
bulunmaktadir. Ancak secilen bolgelerin ya da illerin tarimsal atik kaynakli enerji potansiyeli hesab ile ilgili
calismalar daha az bulunmaktadir.

Bolgelerde ya daillerde o bolgenin iklim 6zelliklerine gore iiretimi yapilan tarimsal {iriin atiklarinin enerjiye
dontstirilmesi hem ekonomik yonden hem de enerji giivenligi yoniinden énem arz etmektedir. Sonug
olarak ilde enerji potansiyeli olarak degerlendirilecek hem hayvansal kaynakl atiklarin hem de tarimsal
atik kaynakli atiklarin biyogaz enerjisi potansiyelinin degerlendirilmesi ekonomiye ve enerji giivenligine
biiyiik katki saglayacaktir.
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Anahtar Kelimeler
Plastik sekil verme,
Sac levha,

V biikiim,

Geri yaylanma.

0z: Sac metal kaliplar kullanilarak iiretimi gerceklesen parcalar endiistride genis
bir alanda kullanilmaktadir. Tercih edilen uygulama alanlarindan birisi de biikiim
islemli kalipgiliktir. Sac metal levhalara ait kaliplar kullanilarak gergeklestirilen
sekillenme isleminde baslica goriilen sorun geri yaylanmadir. V biikkiim islemi
kullanilarak olusan geri yaylanmalara bakildiginda, kalinliklar1 farkli olan
malzemelerde, degisik acilardaki olusan geri yaylanma tutarini gosteren grafiklerin
eksik oldugu tespit edilmektedir. Calismalar sirasinda olusan geri yaylanma
miktarlarini tespit etmek icin yapilan V biikiim kalib1 ve deney malzemesi olarak
S355JR (ST52), sac metal levhada islem yapilmistir. Kalinlig1 2 ve 3 mm 6rnekler 60,
90 ve 120 dereceden olusan kalip acilar1 kullanilarak ve isleme alinan her bir a¢1i¢gin
biikiim radyiisii 2 mm ve 4 mm degerindekiler kullanilarak deneyler yapilmistir.
Deneylerin sonrasinda numune TUriinlerin geri yaylanma miktarlarini tespit
edebilmek amaciyla dijital dl¢lim cihazindan yararlanilmistir. Deneylerden elde
edilen deney sonuglarin belirli parametrelere gére karsilastirmalar yapilmistir.
Yapilan deneyler sonucunda S355JR (ST52) sac levhada geri yaylanma
gozlemlenmistir. Biikiim kalip acis1 yiikseldik¢ce geri yaylanmanin azaldigi
izlenmistir. Sac levha kalinliginin artmasiyla geri yaylanma miktarinin diistiigii ve
biikiim radyiist yiikseldikce geri yaylanmanin arttig1 belirlenmistir.

Experimental Investigation of Springback Behavior in the Bending of S355]R (St52) Sheet

Materials

Keywords
Plastic shaping,
Sheet metal,
V-bending,
Springback.

Abstract: The parts produced using sheet metal molds are used in a wide range of
industries. Twisting molding is also a preferred application. The main problem seen
in the shaping process performed using molds belonging to sheet metal sheets is
back springing. When we look at the springbacks created by using the V bending
process, it is determined that the graphs showing the amount of springback at
different angles are missing in materials with different thicknesses. in order to
determine the amount of back spring formed during the studies, the V bending mold
and S355JR (ST52) sheet metal plate were processed as experimental material. The
experiments were carried out using mold angles of 60, 90 and 120 degrees for 2 and
3 mm thick specimens and bending radii of 2 mm and 4 mm for each angle machined.
After the experiments, a digital measuring device was used to determine the amount
of springback of the sample products. Comparisons of the experimental results
obtained from the experiments were made according to certain parameters. As a
result of the experiments, springback was observed in the S355]JR (ST52) sheet
metal. It has been observed that the springback decreases as the bending mold angle
increases. It was determined that the amount of springback decreased with the
increase of the sheet metal thickness, and the springback increased as the bending
radius increased. Two situations have been observed. First observation; As the sheet
metal thickness increases, the amount of springback decreases. Second observation;
The higher the bending radius, the greater the springback.
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1. Giris

Sanayi sektoriinde kendisine pek ¢cok alanda kullanim bulan sac levhalar, karbon orani ytiksek elementlerden elde
edilirler. Diizgiin bir yiizeye sahip olup piiriizsiizdiir. Yassi veya rulo halde bulunan sac levha malzemeler kullanim
yerine gore cesitli kalinliklarda ve ebatlarda olabilirler. Haddelenmis tiriinlerin arasinda yer alip ve genis alanlarda
tercih edilirler. Levha sac liretimde daha kolay imalati oldugundan dolay1 ayrica kullanim rahathgi ve mukavemeti
ile endiistriyel farkli kullanim alanlarina sahipler. Sac metaller endiistriyel iiriinler, otomotiv, mutfak esyalari,
elektronik parcalar, savunma sanayi, havacilik sanayisinde vb. yaygin olarak kullanilmaktadir.

Sac metallerin giiniimiizde farkl isleme yontemleri mevcuttur. Endiistriyel de sac levhalar ¢cogunlukla biikiim
kalipeiligr ile hammadde, yar1 mamul hale getirilir. Endiistriyel kalipgiligin uygulama alanlardan biriside biikkiim
kalipeiligidir. Sac metal levhalarin kalipla sekil verilmesi esnasinda geri yaylanma karsilasilan sorunlardan
birisidir. Biikkiim islemi esnasinda malzemenin davranisinda degisiklikler meydana gelebilmektedir. Malzeme
tistiinden biikiim kuvveti geri alindig1 zaman, sac metal levha bir miktar sekil degismesi ve eski haline geri donme
olayina geri yaylanma olarak bilinmektedir.

Forcellese vd. 1998 [5] yilinda yapmis oldugu ¢alismada, biikiim kuvveti V biikiim metodunda geri yaylanmaya
tesirleri incelemislerdir. Calismalarda; biikiim kuvveti yaninda, biikiim radytisii ve geri yaylanmaya olan etkileri
gozlemlemislerdir. Biikiim radyiisii arttiginda geri yaylanmanin ytikseldigi, diisiik olmasi durumun da ise geri
yaylanmanin diistiigii tespit edildigi belirtilmistir.

Chan vd. 2004 [4] yilinda yapmis oldugu, V biikiim kalibiyla yaptiklar1 deneylerde geri yaylanmanin tesirlerini
incelemislerdir. Aliminyum AL2024-T3 sac metal levha malzemesini kullanarak, degisik kalip a¢ilarinda ve
biikiim radyiisleri lizerinde ¢alismalar1 incelemislerdir. Yapilan bu ¢alismalarinda Abagqiis ve Patran yazilimlarini
kullanarak sonuglar1 daha efektif hale getirmislerdir. Sonlu elamanlarin analiz verilerine gore, biikiim radytisiiniin
diismesi ve kalip agisinin ise ylikselmesiyle geri esneme miktarinin diistiigiinii incelenmistir.

Panthi vd. 2007 [11] yilinda yapilan ¢alismada olusan biikiim kuvvetinin geri yaylanma tlizerinde goriilen etkisini
analiz ¢alismalariyla elde etmislerdir. Secilen malzemeye en disiik bikiim kuvveti yapildiginda olusan geri
yaylanma degerinin biiyiik oldugu ve biikiim kuvvetinin yiikselmesi durumunda olusan geri yaylanma miktarinin
gozle goriilir bir sekilde azaldig1 gézlemlemislerdir.

Sarikaya tarafindan 2008 [12] yilinda yaptig1 ¢alismalarinda, 1s1l islemi kullanmis olup degisik kalinliklarda olan
aliminyumdan olusan malzemelere birbirinden farkl ii¢ kalip agis1 ve ti¢ farkli kalip degiskenleri kullanilarak
biikiim ¢alismasi realize edilmistir. Yapilan ¢alisma sonucunda von mises gerilme degisimleri, plastik gerinme
degerlerinin, kalip kuvvetlerinin geri esneme diizenine etkilerini sonlu elemanlar analizi ydnteminde faydalanarak
iki sekilde olan teorik ve deneysel olarak tetkik edilmistir. Gergeklestirilen ¢alisma sonucunda aliiminyumdan
yapilmis olan malzemelerde ileri yaylanma oldugu gézlemlenmistir. Ayrica deney sonucunda elde edilen bulgular
dogrultusunda secilen kalinlik degeri arttirildiginda geri yaylanma degerinin de minimuma yaklastigi
saptanmigtir.

Bakhshi-Jooybari vd. 2008 [2] yilinda yaptiklari ¢alismada, CK67 sac metal levhayla birlikte V- biikiim islemleri 3
farkli degerdeki kalinlik, 4 farkli biikiim radyilis olacak sekilde kullanmis olup 60°lik kalipta deneyi
gerceklestirmislerdir. Yapilan calisma sonunda ise sac levha numunelerinde ileri yaylanmanin gerceklestigi
sonucuna karar vermislerdir. Biikiim radytsiiniin miktarinin artmasi ise geri yaylanma degerinin artis gésterdigi
tespit etmisler.

Tekaslan vd. 2008 [15] yilinda yaptiklari ¢alismada, hadde yontine degerlendirildiginde malzemelerde secilen
birbirinden farkli alti acgilarda biikiilme islemi sonucunda goriilen geri yaylanma degerinin tespit etmek
istemislerdir. 25x50 mm ebatlari olan farkli kalinliklari olan 3 adet Bakir sac kullanilmislardir. Yapilan calismada
farkli olarak 4 metotta yer alan kullanilan birinci ve ikinci metotlarda olusan geri yaylanma degerini tespit etmede
elverisli oldugu kanisina saptanmigtir. Ust kalip yiikiiniin Bakir sac iizerinde bekletilmesi sonucunda biikiim
zaman degerinin arttirllmasina karsi geri yaylanma degerinde azalma goriildiigii tespit etmislerdir. 20-25 sn.
bekleme siiresi ile ortalama 1-32 degerler aralifinda geri yaylanma degerinde azalis incelenmistir. Yapilan deney
sonuclarina gore kalinlik degeri ile secilen biikme agisinin geri yaylanma tizerine dogru orantida etkiledigine karar
verismisgtir.

Ozer tarafindan 2011 [10] yilinda yaptigi ¢cahsmalarinda, yiiksek mukavemete sahip celiklere yapilan islem adi
olan sekil verme sonrasinda gozlemlenen geri yaylanma degerinin sonlu elemanlar yontemi kullanarak ¢ikarim
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yapilmasi ve diizeltilmesi iizerine calismistir. Birbirinden farkli 3 biikiim islemi gerceklestirilmistir. Hill48 ve
Barlat89 akma modellerinin yer aldig1 calismada sonlu elemanlar analizlerini tespit etmistir. DP, TRIP ve TWIP 3
farkl celiklerin geri yaylanma o6zellikleri incelenerek, peklesme katsayis1 ve peklesme iistelinin geri yaylanma
lizerinde tesirleri olup olmadig1 incelenmistir. U- profil biikiim islemi sonrasinda benzer olmayan malzemeleri
birbirleriyle karsilastirmis ve olanlarin arasinda bulunan anizotropi ve plastik davranisini en dogru sergileyen
modelin Barlat89 oldugu tespit edilmistir. S-ray profil biikiim islemi sonucunda, Barlat89 modeliyle yapilan
deneylere gore cok fazla geri yaylanma tespit edilmistir. Kalip bosluk degerinin artmasi sonucunda geri yaylanma
degerinin artis gosterdigi strtiinme katsayisi ve baski plakasi kuvvet miktar degerleri yiikseldikce de geri
yaylanma degerinin azalis gosterdigi sac kalinliginin artmasindan dolay1 geri yaylanma miktarinin arttig
sonuglarina varilmistir.

Otii tarafindan 2012 [8] yilinda yaptig1 calismalarinda, V biikiim kaliplarinda ise yer alan degisik biikiim islemleri
kullanarak AA 5754-0 ve AL 1050-0 sac malzemelerinde olusan geri yaylanma miktarlarini degerlendirilmistir.
Yapilan deneyde ise deneysel ve teorik yontemleri kullanilarak karsilagtirma yapilmistir. Ayni olmayan iki kalinlig1
bulunan malzemeleri 3 tane olmak iizere farkli a¢ilar kullanarak V biikiim kaliplarinda, haddeleme yonii
dogrultusunda 0°, 45° ve 90° olacak sekilde calismalar yapmustir. Ust kalip sac levhanin iizerinde gerceklestirilen
oyalanma siiresi sonucunda geri yaylanma miktarini azalttifn goézlemlenmistir. Ayrica kullanilan sac
malzemelerinde hadde yonii 6zelliginden dolay1 geri yaylanma miktarlarinda farkhliklar olusturdugu tespit
edilmistir.

Sahin tarafindan 2013 [14] yilinda yaptig1 ¢alismalarinda, geri yaylanma davranislari tespit edebilmek icin,
yontem olarak V biikiim kullanarak deneysel ve Dynaform yazilimi araciligiyla teorik agidan incelemistir. Kalip
degisken cesitlerine gore paslanmaz, dkp, aliiminyum malzemelerine gore ¢alismalar gergeklestirmistir. Kalip
degiskeninde farkl olarak ti¢ V kalip a¢ilar1 kullanilmakta olup ve biikiim radytis degerinin sabit deger olarak ele
almustir. Ug farkli kalinligi olan érnekler kullanilmis ve elde edilen sayisal sonuclariyla birlikte deneysel sonuclar
karsilastirma yapilmistir. Deneysel ve teorik sonugclar1 yaptigl inceleme sonucunda birbirlerine esit degerler
oldugunu tespit etmistir. Baz1 deney gostergelerinde yer alan geri yaylanmanin yaninda ileri yaylanma degerinin
sonuglari tespit edilmistir.

Aslan tarafindan 2014 [1] yilinda yaptig1 calismalarinda, yontem olan V biikiim ise sivi basinciya birlikte deneysel
olarak arastirma yapmistir. Kalinigi 0,5 mm olarak belirlenen aliiminyumdan olusan, Bakir ve piring
malzemelerini ise degisik acilar kullanarak V biikiim kaliplarinda calismalarini noktalamislardir. Biikkiim sivi
basinci miktari ve itiileme siiresindeki gézlemlenen artis miktarinin geri yaylanma degerinin azalttigini, biikkiim
acisi ile malzemede olan sertligin artmasi da geri yaylanma miktarinin arttirdigini elde etmistir.

Ozdemir tarafindan 2015 [9] yilinda yaptig1 calismalarinda, V dip biikiim ¢alismasi bulgusunda yer alan ileri ve
geri yaylanma davranislari, normalizasyon ve 1s1l isleminde yer alan 16Mo3 olusan sac malzemelere olan etkisi
kii¢lik yapisal diizeyde calisilmistir. Yapilan ¢alisma sonucuna gére 302 gerceklestirilen biikiim isleminde, 1s1l
islemi olmadan ve normalizasyon islemi yapilan sac malzemelerin kalinlik degerleri artirildikea, ileri yaylanma
miktarini artis gosterirken, 602 ve 902 agilarla gercgeklestirilen islem olan biikiimde sac malzeme kalinlik miktarini
arttirildikca elde edilen ileri yaylanma miktarinin azalis gosterdigi tespit edilmistir. Menevisleme islemi
yapilmamis elemanlarda ise, saclarin kalinlik miktarini arttirdik¢a geri yaylanma degerinin azalis gosterdigi
gozlemlenmistir. Is1l islemi olmadan ve normalizasyon islemi yapilmis malzemelerde iist kalip biikiim radytisu
miktarini arttirildikea ileri yaylanma sayisal degerini azaltirken, 1s1l islemi uygulanmis malzemelerde ise, geri
yaylanma davranis degerinin arttigini tespit etmislerdir.

Sayin tarafindan 2019 [13] yilinda yapmis oldugu ¢alismasinda farkli sac levha malzemelerin farkl kalinliklar: da
geri yaylanmasini incelemistir. Bu ¢alismada geri yaylanma miktarlarini incelemek i¢in V biikiim kaliplari
malzemelere olarak da AISI 304, EN 10130 DCO1, Bakir sac metal levhalar kullanilmistir. Deneyde kullanilan
malzemelere gore geri yaylanma farklilik gosterdigi gozlemlenmis olup akma mukavemeti yiiksek olan malzemede
daha fazla geri yaylanma oldugu tespit edilmistir. Ayrica malzeme kalinli1 arttikca da geri yaylanmanin azaldigi
gozlemlenmistir.

2. Materyal ve Metot
Yapilan ¢alismada V biikiim kalip tasarlanarak yapilan S355JR (ST52) sac levhalari, 2 ve 3 mm kalinliklarinda, 2
ve 4 mm biikiim radyiisiinde geri esneme davranis arastirmalar1 yapilmistir. Yapilan deney ¢alismalarda bulgular

ve sonuglar grafik ve tablolar halinde kiyaslanmistir. Sac metal levhalarda V biikiim islemi esnasinda kullanilacak
deney malzemeleri geri yaylanmay etkileyen parametreler kalip malzemelerin agilari Tablo 2.1’de verilmistir.
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Tablo 2.1. islem parametreleri

Malzeme S355JR (ST52)
Kalip Acisi (°) 60,90,120
Malzeme kalinligi (mm) 2,3
Biikme radyiisii (mm) 2,4

Deneylerde kullanilacak sac metal levhalarin boyutlar1 belirlenmis olup Lazer makine tezgahinda islem
yapilmistir. 100 tonluk atdélye modeli hidrolik pres araciyla V biikiim deneyi her parametreler i¢in 3 er defa
tekrarlanarak toplamda 36 adet numune biikiim islemi gergeklestirilmistir. Deneyde tist kalip malzeme iistiinde 3
saniye bekletilmistir. Biikkiim islemi uygulanirken sac metal levha fazla yiik ile deforme olmamasi i¢in alt kalip ve
ist kalip arasina stoperler konulmustur. Kullanilan stoper kalinliklar1 Tablo 2.2'de gosterilmistir.

Tablo 2.2. islem parametrelerine gére stoper kalinlig

Kalip agis1 (°) Malzeme kalinlig1 (mm) Stoper kalinligi (mm)
60 2 11,3
3 12,3
2 14,9
90 3 15,9
2 10
120 3 11

Deneyde kullanilan kaliplarin ve stoplerin sematik gosterimi sekil 2.1’de 6rnek olarak verilmistir.

— Ust Kalip

Stoper

Alt Kalip

Sekil 2.1. 602 V biikme kalib1 stoper gosterimi
2.1. Deneyde kullanilan malzemelerinin 6zellikleri

V biikiim deneyinde kullanilan 75x50 mm boyutlarinda 2 ve 3 mm kalinligindaki S355JR (ST52) sac metal levhalari
kullanilmistir. Deney numunelerinin kimyasal 6zellikleri Tablo 2.3'de; mekanik 6zellikleri ise de Tablo 2.4’ de
gosterilmistir.

Tablo 2.3. S355]R (ST52) sac malzemesinin kimyasal 6zellikleri
Smf C Mn P S Si Cr Ni Cu Mo

S355]R (ST52) 0,057 1,064 0,029 0,006 0,467 18,09 8,05 0,206 | 0,14

Tablo 2.4. S355]R (ST52) sac malzemesinin mekanik dzellikleri

Akma Dayanimi (N/mm?) Cekme Dayanimi Uzama (% in 50 mm) min
Malzeme (N/mm?)
S355]JR (ST52) 218-279 319-352 28,7-39,2

Deney kalip malzemeleri, CK 45 imalat geligi secilerek CNC dik islem makinesinde hassas bir bicimde islenerek
tiretilmistir. Kalip malzemelerde darbeden dolay1 ¢atlama, kirilma ve malzemenin i¢gyapisinda bozulmamasi i¢in
151l islem uygulanmistir. Deney 6rnekleri hassas bir sekilde alinabilmesi i¢in Lazer makine yardimiyla 75x50 mm
olciilerinde kesilerek hazirlanmistir. Sekil 2.2°de deneylerde kullanilan 6rnekler verilmistir. Biikkim kuvvet
hesaplamalar1 asagidaki gibi yapilmistir.
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po= b &)
- 4.5

c=1+ W (2)

P,=2.P, (3)

Burada;

P, = Son Biikiim Kuvveti (N)

03, = Cekme mukavemeti (N/mm2)
¢ = Biikiim kuvveti katsayisi

W = Kalip agiklig1 (mm)

P, = Biikiim kuvveti (N)

s = Sac levha kalinlig1 (mm)

b = Levha genisligi (mm)

R42mm R43mm

R22mm R23mm

600

120°

90°

S55JR (ST52)

Sekil 2.2. Deney numunesi
3. Bulgular

Deneyde kullanilan kaliplar 60°, 90°, 120° agilarda 2 ve 4 mm biikiim radytislii kaliplarla 2 ve 3 mm kalinliginda
S355JR (ST52) sac metal levha kullanilarak yapilmistir. Her biikiim deney 6rnekleri i¢in 3’er adet olacak bicimde
toplamda 36 adet numune biikiilmiistiir.

Tablo 3.1'de Hidrolik pres makinesinde gerceklestirilen deneyler, S355JR (ST52) levhaya ait deneysel geri
yaylanma sonuglari a¢1 degerleri ile verilmistir. Deney sonuglari tablo 3.1’de verilmistir. Hidrolik preste biikiilen
deney ornekleri dijital a¢1 6lcer kullanilarak veriler ol¢iilmustir. S355JR (ST52) 2 mm sac levhaya ait geri
yaylanma verilerin grafik Sekil 3.1’de gosterilmistir. S355]JR (ST52) 3 mm sac levha i¢in ise Sekil 3.2'de verilmistir.

Tablo 3.1. S355JR (ST52) sac levha deneysel geri yaylanma sonugclari

Kalip Acisi (°)

Sac Kalinligi(mm)

Biikiim Radyiisii(mm)

Geri Yaylanma (°)

60

2 2 2,13
4 2,66
3 2 0,23
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1,1
1,16
1,2
0,5
1,8
0,6
1,13
0,35
0,6

90

120

BN NN DN

Tablo 3.1'de genellikle deney sonuglarinda ve biitiin degerlerde bulunan geri esneme miktarlar1 ortalama
degerlere yakin ve geri esneme ac1 degerlinin birbirleriyle uyumlu oldugu géziikmektedir. Tablo (3.1.)’de en
yliksek geri yaylanma 60° biikiim ag¢is1 2 mm kalinlik, 4 mm radyiislii kaliptaki S355JR (ST52) sac levhalarinin
biikiilmesi ile elde edildigi gézlemlenmistir. En az geri yaylanma ise 120° biikiim a¢is1 3mm kalinlik, 2 mm radyiislii
kaliptaki S355]JR (ST52) sac levhanin biikiilmesi sonucunda goziikmektedir.

S355JR (STS52) t=2 mm olusan geri yaylanma

w

N
(93]

N
b

=

Geri Yaylanma (°)
i

o
[
b

o

60 90 120

aoR=2 mm e=g=mR=4 mm

Sekil 3.1. 2 mm kalinligin S355JR (ST52) sac levhanin kalip agisina gore geri yaylanma grafigi

Yukarida belirtilen Sekil 3.1'de goriildiigii gibi 2 mm kalinliginina sahip ST52 sac levha igin belirlenen geri
yaylanma degeri 120° biikiim agisina ait olan kaliptan erisilmistir. ST52 sac levhanin maksimum geri yaylanma
degerini ise 90° biikkiim ac¢isina ait olan kaliptan erisilmistir.

Buikiim ag¢is1 60° olan kalipta, biikiim radyiisleri 4 mm olarak yapilan biikiim islemleri sonucunda goriilen geri
yaylanma miktari, biikiim radyiisii 2 mm olana gore geri yaylanmaya miktar1 %24,8 degerinde arttig1 ve olusan
geri yaylanma degerinin ise en az biikme radyiisii 4 mm olan degerde (2,66°) oldugu tespit edilmistir.

Biikiim agis1 90° olan kalipta, biikiim radytisleri 4 mm olarak yapilan biikiim islemleri sonucunda goriilen geri
yaylanma miktari, biikme radytisii 2 mm olana gore geri yaylanmaya miktar1 %0,35 arttig1 ve olusan geri yaylanma
degerinin ise en az biikme radyiisiinde 4 mm olan degerde (1,2°) oldugu tespit edilmistir.

Biikiim agis1 120° olan kalipta, biikme radytisleri 4 mm olarak yapilan biikiim islemleri sonucunda goriilen geri
yaylanma miktari, biikme radytisii 2 mm olana gore geri yaylanmaya miktar1 %88,3 arttig1 ve olusan geri yaylanma
degerinin ise en az biikme radyiisiinde 4 mm olan degerde (1,13°) oldugu tespit edilmistir.

Elde edilen veriler incelendiginde olusan sonugclara goére biikme agis1 90° olan kaliplarda 2 mm ST52 sac levhanin
biikiilmesiyle gergeklesen biikiim radyiisiiniin olusturdugu geri yaylanma iizerindeki biraktigi etkinin diger kalip
acilarina gore en az oldugu tespit edilirken, biikiim agis1 120° olan kaliplarda ise bu farkin maksimum ¢iktig1
gozlemlenmektedir.
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S355JR (STS2) t=3 mm olusan geri yaylanma
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Sekil 3.2. 3 mm kalinligin S355JR (ST52) sac levhanin kalip agisina gore geri yaylanma grafigi

Yukarida belirtilen Sekil 3.2'de goriildiigii tizere 3 mm kalinliginina sahip ST52 sac levha i¢in belirlenen en az geri
yaylanma degeri 60° biikkiim agisina ait olan kaliptan erisilmistir. ST52 sac levhanin en fazla geri yaylanma degerini
ise 90° biliklim agisina ait olan kaliptan erisilmistir.

Bukiim ag¢is1 60° olan kalipta, biikiim radyiisleri 4 mm olarak yapilan biikiim islemleri sonucunda goriilen geri
yaylanma miktari, biitkme radyiisii 2 mm olana gore geri yaylanmaya miktar1 %79,1 degerinde arttig1 ve olusan
geri yaylanma degerinin ise en az biikme radytisii 2 mm olan degerde (0,23°) oldugu tespit edilmistir.

Bukiim acis1 90° olan kalipta, biitkme radytisleri 4 mm olarak yapilan buikiim islemleri sonucunda goriilen geri
yaylanma miktari, biikkme radytisii 2 mm olana gore geri yaylanmaya miktar1 %72,2 arttig1 ve olusan geri yaylanma
degerinin ise en az blikme radyiisiinde 2 mm olan degerde (1,8°) oldugu tespit edilmistir.

Biikme agis1 120° olan kalipta, biikme radytisleri 4 mm olarak yapilan biikiim islemleri sonucunda goriilen geri
yaylanma miktari, biitkme radyiisii 2 mm olana gore geri esneme miktar1 %41,6 arttif1 ve olusan geri yaylanma
degerinin ise en az biikme radyiisiinde 2 mm olan degerde (0,35°) oldugu tespit edilmistir.

Elde edilen veriler incelendiginde olusan sonuglara gore biikiim agis1 60° olan kaliplarda 2 mm ST52 sac levhanin
biikiilmesiyle gerceklesen biikme radyiisiiniin olusturdugu geri yaylanma tizerindeki biraktigi etkinin kalip
acilaria gore en az oldugu tespit edilirken, biikiim agis1 90° olan kaliplarda ise bu farkin en yiiksek ¢iktigi
gozlemlenmektedir.

ST52 sac levhalarina ait kalinliklarin, belirlenen kalip acilarina goére degerlendirme islemi sonrasinda 2 mm
kalinlig1 bulunan sac levhadaki kalip a¢1 derecesi arttirildik¢a olusan geri yaylanma miktarinin distigii, 3 mm
kalinliktaki sac levhada ise kalip a¢1 degeri arttirildikca olusan geri yaylanma degerinin arttig1 gézlemlenmektedir.

4. Tartisma ve Sonug

Yapilan deneylerde elde edilen veriler grafikler halinde incelendiginde malzeme kalinliginin artmasi ile geri
yaylanmanin azaldig el edilmistir. En yiiksek geri yaylanma degeri 2 mm sac kalinliginda gézlemlenirken en az
geri yaylanma miktar1 da 3 mm sac kalinliginda oldugu goézlemlenmistir. Elde edilen degerler ile literatiir
taramasindaki sonuglar ile ortiismektedir. Malzeme kalinlig1 artmasiyla geri yaylanmanin azalmanin sebebi
biikme islemi sonrasindaki u¢ radyiisiinde olusan gerilme miktarinin azalmasindan kaynaklanmaktadir [7].

Kalip agilarinin artmasi ile geri yaylanmanin azalmasinin sebebi ise biitkme agisinin yiikselmesi ile sac levhanin dis
ylzeyindeki uzama miktarinin artmasi ile olusmaktadir [6]. Biikiim radytisiine bakildiginda 2 mm biikiim radytisi
kalipta elde edilen geri esneme miktari ile 4 mm biikiim radyiislii kaliplarda daha diisiik oldugu tespit edilmistir.
Biikiim radytisi diisiik olan kaliplarda geri yaylanma miktar1 daha diisiik oldugu tespit edilmistir. Kaliplardaki
biikiim radyiisii geri yaylanmada 6énemli bir etkisinden biridir. Bir diger etkende malzemenin plastik bolgesine
baghdir. Diisiik biikiim radyiisii, kuvveti daha yiiksek plastik deformasyona ve diisiik bolgesel gerinim seviyesi
gerektiren ince bir alanda yogunlasmaktadir. Bu sebeplerden 6tiirii geri yaylanma miktarinin artmasina neden
olmaktadir [3].

435



$355]JR (ST52) Sac Malzemenin Biikiilmesinde Geri Yaylanma Davraniginin incelenmesi

e S355JR (ST52) sac metal levhanin diisiik akma mukavemetinde oldugu i¢in geri esneme miktar1 az oldugu
belirlenmistir.

¢ S355]R (ST52), sac metal levhalarin kalinliklar1 artmasiyla geri esneme degerinin diistiigii gézlemlenmistir. Bu
olayin sebebi ise biikiim bolgesindeki meydana gelen kalinti gerilme degerinin diismesinden kaynaklandigi
soylenebilir.

¢ V biikiim deney kalip agisinin yiikselmesi 2 mm S355]JR (ST52) sac metal levhalarda geri yaylanma degerinin
diistiigu belirlenmistir. Genel olarak kalip agilarin yiikselmesi ile geri yaylanma degerinin diistiiii sac metal
levhalarin biikme islemi sonrasinda dis ylizeyindeki uzamanin diismesinden kaynaklandigi soylenebilir.

e Yapilan deneyde kullanilan 2 mm biikiim radyiisiine sahip kaliplardan elde edilen geri esneme miktarinin 4 mm
biikiim radyiisiine goére daha diisiik oldugu gézlemlenmistir.
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Anahtar Kelimeler 0z: Yiiz tamima, bir kisinin yiiz biyometrik verisini kullanarak kisinin taninmasini
Derin 6grenme, saglayan sistemdir. Yiiz tespiti ve tanima, glinlimiizde yapay zeka, goriintii isleme ve
Yiz tespit,

bilgisayarl gorii gibi alanlarda kullanilmaktadir. Yeni dogan bebeklerde ise yiiz

tanima sistemi zorlu bir siire¢ gerektirmektedir. Arastirmacilar son yillarda yiiz
Bebek tanima, - . ce e e s
TensorFlow Lite tespit ve tanima iizerine ¢okc¢a arastirmalar yapmustir. Evrisimli sinir aglar1 (CNN),
ERUBABYF ACED' yliz tanima calismalarinda en sik kullanilan yontemler arasinda yerini almistir. Her
ne kadar yiiz tanima iizerine kamuya acik ¢okca yetiskin yiizlerinden olusan veri seti
bulunsa da bebek yiizlerinden olusan veri setine ulasmak olduk¢ca zordur. Bu
ylizden bu calismada ilk olarak 10 bebege ait toplamda 128 imge iceren
ERUBABYFACED adinda yeni bir veri seti olusturulmustur. Bu calismada CNN
yontemi kullanarak bebeklerde yiiz tespit ve tanima ¢alismalari gergeklestirilmistir.
ERUBABYFACED veri seti deneysel ¢calismalarda kullanilmistir. Etiketlenen veriler,
TensorFlow Kkiitiiphanesi tabanli TensorFlow Lite modeli elde edilecek sekilde
egitilmistir. Deneysel calismalar sonucunda %95’e kadar basari oranmi elde
edilmistir.

Yiiz tanima,

ERUBABYFACED: A New Baby Face Recognition Dataset and Its Detection and
Recognition using Deep Learning

Keywords Abstract: Face recognition is a system that enables a person to be identified using

Deep learnipg, facial biometric data. Face detection and recognition are used in fields such as

Face detection, artificial intelligence, image processing and computer vision. In newborn babies, the

gz;e rrzcc(;gr:it;ﬁ) r; face recognition system requires a challenging process. Researchers have done a lot

Tenz OI‘F]O%V Lite,, of research on face detection and recognition in recent years. Convolutional neural

ERUBABYFACED networks (CNN) have taken their place among the most frequently used methods in
face recognition studies. Although there is a large publicly available dataset of adult
faces on face recognition, it is very difficult to reach the dataset of baby faces.
Therefore, in this study, firstly, a new dataset called ERUBABYFACED, which
contains 128 images of 10 babies, was created. In this paper, face detection and
recognition works were carried out in infants using the CNN method. The
ERUBABYFACED dataset was used in experimental studies. The labeled data is
trained to obtain a TensorFlow Lite model based on the TensorFlow library. As a
result of experimental studies, a success rate of up to 95% was obtained.

*{1gili Yazar, email: tozcan@erciyes.edu.tr
1. Giris
Yiiz tespiti, bir goriintiide yer alan yiizlerin bélgelerinin bulunmasidir. Tespit edilen yiizlerden o6zellikler

cikarilarak kimliklendirilmesi ve siniflandirilmasi islemi ise yiiz tanimadir [1]. Yiiz tanima, glivenlik ve erisim
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kontrolii, sinir kontrolii, su¢ 6nleme ve sorusturma, egitim ve devamsizlik takibi ile mobil cihaz ve kisisel giivenlik
alanlar gibi bir¢ok alanda kullanilmaktadir [2].

Yiiz tanima, arastirmacilarin yogun olarak iizerinde ¢alistigi bir konudur. Uzerinde cahsilan en yaygin
algoritmalar: Eigenfaces, Fisherfaces, Local Binary Patterns ve Evrisimli Sinir Aglar1 (Convolutional Neural
Networks, CNN) [3] olarak siralanabilir. Yiiz goriintiilerinin birden fazla dalga boyunda elde edilmesi ve bu
goriintiilerin birlestirilmesi, ¢oklu spektral gériintiileme veya coklu dalga boyunda gériintii isleme olarak
adlandirilan bir teknikle gerceklestirilebilir. Bu teknik, yiliz analizi ve tanima gibi ¢esitli uygulamalarda kullanish
olabilir.

Gelisen teknoloji ile biiyiik verileri isleme olanag arttigindan, CNN tabanli yontemler son yillarin popiiler
algoritma sec¢imi haline gelmistir. CNN tabanli yiliz tanima sistemleri biiyiik verilerle derin 6grenmeye dayali olarak
calismaktadir. Bircok evrisim ve tam baglantili katmana sahip olan CNN, yiiz imgelerini isleyerek, bu imgelerden
ozellikler cikarir ve yiiz tanima islemini gerceklestirir. CNN tabanl yontemlerle yliksek dogruluk oraninda basarili
sonuglar elde edilmektedir [4].

CNN gibi derin 6grenme modellerini uygulamak icin bazi kiitiiphaneler gelistirilmistir. Bunlardan birisi
TensorFlow’dur [5]. Bu kiitiiphane, CNN’ler icin gelistirilmis bircok ara¢ ve ozellikler sunmaktadir. Model
egitiminden sonuclarin gosterilmesine kadar katki saglar. Keras API’si ile birlikte sinir aglar1 olusturmayi, egitmeyi
ve degerlendirmeyi kolaylastirir. Hesaplamalarin verimliligini artirmak i¢in islem optimizasyonu, otomatik
diferansiyon ve GPU hizlandirmasi gibi yéntemleri kullanir. On egitimli CNN modelleri sunmaktadir. Bu modeller
kullanilarak daha basit ve etkili yontemler ortaya ¢ikarilmaktadir. Ortaya ¢ikarilan bu yontemlerle biiyiik dlgekli
veri setleri lizerinde goriintii siniflandirma, nesne tespiti ve takibi gibi gérevler gerceklestirilmektedir.

TensorFlow Lite [6], mobil ve gomiili sistemlerde kullanilmak iizere, TensorFlow modellerini hafifletmek icin
gelistirilen bir TensorFlow Kkiitiiphanesidir. Bu kiitiiphane ile yapay zeka modellerinin mobil uygulamalarda
entegrasyonu kolaylagsmakta, diisiik gii¢ tiiketimi, hizli performans ve yerel cihazlarda calisabilirlik 6zellikleri
kazanilmaktadir. Transfer 6grenme ile daha verimli ve hizli bir bicimde yeni gérevlere adapte olabilen 6n egitimli
modelleri desteklemektedir.

Mobil ve IoT sistemlerinde kullanilabilecek TensorFlow Lite modelleri i¢in yapilan bazi literatiir calismalari
asagida sunuldugu gibidir:

Fadlilah ve arkadaslar1 [7] duyma engelli insanlar ile iletisimi kolaylastirmak icin android cep telefonlarinda
kullanilmak {izere BisAndro o6grenme uygulamasi iizerine calismislardir. Her iilkenin kendi isaret dili
bulunmasinin yani sira Endonezya’da SIBI ve BISINDO olmak lizere 2 tiir isaret dili bulunmaktadir. Ancak
BISINDO, SIBI gibi resmi bir isaret dili degildir. Fadlilah ve arkadaslari [7] tarafindan BISINDO dilini de
yayginlastirmak amaciyla android uygulamasi gelistirme ihtiyaci duymustur. ilgili calismada CNN ve Tensorflow
Lite kiitiiphanesi kullanilmasi kararlastirilmistir. Zeroual ve ekibi [8] tarafindan mobil bulut ortaminda derin sinir
ag1 ile ince ayar yontemi kullanilarak yiiz tanima i¢in model 6nerilmistir. Mobil telefonlarini kullanan kisilerin
artmasi ile birlikte giivenligin mobil bulutta zorlu hale geldigini diisiindiikleri i¢cin bu yontemi énermislerdir. Bulut
veya hesaplama kaynaklarina ihtiya¢ duymadan mobilde tanima yapmak amaglanmaktadir. Calismada mobil igin
Tensorflow Lite derin 6grenme kiitliphanesi kullanilmistir. Daha o©ncesinde Python Keras Kkiitiiphanesi
kullanilarak elde edilen %99,50 dogruluk orani1 Tensorflow Lite derin 6grenme kiitiiphanesi kullanilarak %100’e
ulasmistir. Alsing [9] algilanacak nesnelerin 6zelliklerinden bagimsiz olarak goriintiilerdeki nesneleri algilamak
icin karmasik makine 6grenimi modelleri olusturmaktadir. Alsing mobil cihazlarda gercek zamanli video
akislarinda nesne algillama i¢in derin 6grenme modelleri kullanmanin uygulanabilirligini, nesne algilama
performansi ve ¢ikarim gecikmesi agisindan uctan uca bir sistem veya mevcut algoritmalar i¢in 6zellik ¢ikarma
lizerine calismistir [9]. Mobil cihazlarda kullanim i¢in Post-it notu nesne algila CNN’i olusturmaya yonelik bir
yaklasim ortaya koymustur. Coklu tabanli modeller ve nesne algilama cergeveleri kullanarak, bir android
uygulamasindaki notlarin gercek zamanl olarak algilanmasi icin ¢esitli modelleri basarili bir sekilde egitmis ve
uygulamistir. Abed ve arkadaslar1 [10] Covid-19’un yasamin bir¢ok alaninda aksamalara ve salginin etkisini
azaltmak icin de yiiz maskesi takilarak salginin kontrol altina alinmasinin gerektigini diisiinerek manuel olarak
maske kontrolii yapilmasi yerine otomatik maske kontroliiniin yapilabilecegi bir sistem dnermislerdir. Onerilen
sistem gercek zamanli gézetim canli kizilotesi (IR) kamerali derin 6grenme platformlarina dayal bir sistemdir.
Sistemde YOLOv3 ve Tensorflow Lite isimli nesne algilama platformlar1 kullanilmistir. ki model, maskeli ve
maskesiz kisilerin goériintiillerinden olusan bir veri seti ile egitilmis olup ilgili calisma Google Colab ile simiile
edilmistir ve ardindan Raspberry Pi 4 model B, 8 GB RAM adli hizli GPU ile eslestirilmis gémiilii bir cihazda gercek
zamanli olarak test edilmistir. Kesinlik orani ve islem siiresine bagli olarak performanslarini dogrulamak i¢in iki
model arasinda bir karsilastirma yapilmistir. Sonug olarak sistem yiiksek ¢ikarim hiziyla tek bir sahnede 10 adede
kadar yiiz maskesini gercek zamanl olarak algilamay1 da basarmistir. Gérme engellilerin android tabanli bir cep
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telefonunda kullanmasi icin ¢evrelerindeki nesneleri algilayarak nesnelere carpmadan hareket etmelerini
saglayacak bir sistem Aralikatti ve arkadaslar1 [11] tarafindan onerilmistir. Sistemde nesnelerin tespiti, cep
telefonu kamerasindan ¢ekilen gercek zamanl bir videodan yapilmaktadir. OpenCV, YOLO ve FaceNet kullanilarak
videodan insanlar ve nesneler tespit edilmektedir. Bir insan algilandiginda sistem Kkisiyi tanimlamaktadir. Tespit
edilen insanlar ve nesneler kullaniciya ses formatinda sunulmaktadir.

Bebek yiiz tanima siireci, erigkin insanlarin yiiz tanima siirecine gére oldukca zorlu asamalar gerektirmektedir.
Ayrica bebek yiiz tanima iizerine kamuya a¢ik veri seti bulmak oldukga giictiir. Bu nedenle etik kurul izin belgesi
alinarak bu ¢alisma i¢in yeni bir bebek yiiz veri seti olusturulmustur. ERUBABYFACED isimli yeni veri seti, 10 farkh
bebege ait toplamda 128 goriintiiden olusmaktadir.

Bu calismada TensorFlow Lite kiitliphanesi ile ERUBABYFACED veri seti kullanilarak mobil ve IoT cihazlar i¢in
bebek yiiz tespit ve tanima modeli gelistirilmistir. Deneysel ¢alismalar sonucunda %95’e kadar dogruluk orani
elde edilmistir.

Bu ¢alismanin ana katkilari su sekildedir:
e ERUBABYFACED isimli yeni bir bebek yiiz tanima veri seti olusturulmustur.
e TensorFlow Lite kiitiiphanesi ile CNN tabanli bebek yiiz tespit ve tanima modeli gelistirilmistir.
e Mobil ve IoT cihazlar i¢in Tflite modeli olusturulmustur.

Makalenin bundan sonraki béliimleri i¢in; olusturulan ERUBABYFACED veri seti ve gelistirilen TensorFlow Lite
modeli Boliim 2 ile, deneysel sonuclar Béliim 3 ile ve genel degerlendirme Boliim 4 ile detayli olarak sunulacaktir.

2. Materyal ve Metot

Bu calisma icin bebek yiizlerinden yeni bir veri seti olusturulmustur. Olusturulan ERUBABYFACED veri seti,
etiketleme siireci ve gelistirilen TensorFlow Lite modeline ait detayl bilgi alt béliimlerde sunulmustur.

2.1. ERUBABYFACED Veri seti

Yapilan detayli arastirma sonucunda bebeklere ait yiliz gériintiilerini iceren kamuya a¢ik hazir bir veri seti bulmak
oldukca giictiir. Bu sebeple ebeveynlerin izinleri dogrultusunda bebeklere ait yiiz gériintiilerinin bulundugu 10
bebege ait toplamda 128 gorselin bulundugu yeni bir veri seti olusturulmustur. Veri setinde yer alan fotograflar
genellikle yeni dogan, dogduktan sonraki ilk 10 giinliik ve ilk 1 aylik stirecte ¢ekilen fotograflari icermektedir. Veri
setinde her bebek icin ortalama 12 gorsel bulunmaktadir. ERUBABYFACED veri setine ait 6rnek gorseller Sekil 1
ile sunulmustur.

Sekil 1. ERUBABYFACED veri setine ait bazi gorseller
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2.2 Veri Etiketleme

Veriler, sahip oldugu icerikler ¢ercevesinde kategorilere ayrilmaktadir. Yapay zekanin herhangi bir veriye 6zgi
uygun ciktilar iiretebilmesi icin, o veriye ait dnceden belirlenmis kategoriyi bilmesi ve her bir kategoriye ait
ozelliklere asina olmasi gereklidir. Verilerin anlaml par¢alarinin, ihtiya¢ duyulan kategorilere goére isaretlenmesi
islemine veri etiketleme denir.

Yapay zeka tabanli modellerde istenilen ¢iktinin basarili bir sekilde iiretilmesi; yiliksek oranda dogru, temiz, iyi
etiketlenmis ve hazirlanmis verilere baghdir. Calismamizda icerisinde bebek gorselleri bulunan veri setinde
bebeklerin yiiz bolgeleri isaretlenecek sekilde veri etiketleme islemi gerceklestirilmistir. Veri etiketleme islemi
labellmg [12] kullanilarak gerceklestirilmistir. Ornek bir etiketleme Sekil 2 ile sunulmustur.

o
. Box Labels
| 4 (A Eon Lavel
Open
n [ et
Open Dir [ use defoutt label
Change Save Dir |
.. 11 zeynep
Next ¥mage
Prev Image
Vertty Image
<>
PascalvOC File List
. ‘ CA\Users\beyza\Downloads\Y(z Tanima A
2 CAUsers\beyza\Downloads\Yuz Tanima
oy x CA\Users\beyza\Downloads\ YUz Tanuma
@ CA\Users\beyza\Downloads\Yuz Tankma
Users\ \ )
Duplicate RectSox CA\Users\beyza\Downloads\Yuz Taima
CAUsers\beyza\Downloads\Yuz Tanima
% C\Users\beyza\Downloads\Yuz Tanima
Delete RectBox C\Users\beyza\Downloads\Yuz Tansma
| CA\Users\beyza\Downloads\Yiz Tanima
Q CA\Users\beyza\Downloads\Yuz Taruma
Z2oom In CA\Users\beyza\Downloads\Yuz Tanima
< | < >
Click & drag to move shape '9_asaf® X720, Y: 608

Sekil 2. Labellmg ile 6rnek bir etiketleme

2.3 Derin Ogrenme

Derin 6grenme, yapay zekanin (AI) daha genis bir alani olan makine 6greniminin bir alt kiimesidir. insan beyninin
verilerdeki oriintiileri isleme ve tanima yetenegini simiile etmeye c¢alisan bir algoritma simifidir. Derin 6grenme
modelleri, biiyiik veri setlerini kullanarak karmasik iligkileri 6grenme ve 6znitelikleri otomatik olarak ¢ikarma
yetenegine sahiptir. Dolayisiyla derin 6grenme dogrusal olmayan coklu karmasik islemlerin bulundugu
katmanlardan olusmaktadir. Her bir katman bir énceki katmanin ¢iktisini girdi olarak kabul etmektedir. Buradaki
her katman denetimli veya denetimsiz algoritmalar olabilmektedir.

2.3.1 Evrigimli Sinir Aglar

ozellikle goriintii ve video gibi gorsel verileri islemek ve analiz etmek i¢in tasarlanmig bir yapay sinir ag1 tiirtidiir.
Bir CNN girdi goriintiisiinii alabilen, girdi goriintiistindeki ¢esitli nesnelere 6nem (weight ve bias) degerleri atayan
ve nesnelerin birbirinden ayirt edilebilmesini saglayabilen, ayni zamanda nesnelerin birbirleriyle olan iliskilerini
ortaya c¢ikarabilen bir derin 6grenme algoritmasidir. CNN 6zellikle goriintii verilerini islemek ve analiz etmek i¢in
tasarlanmistir.

CNN; evrisim katmani (convolution layer), ortaklama katmani (pooling layer), aktivasyon fonksiyonlari (activation
functions), tam baglantil katman (fully connected layer), kayip katman (loss layer), diizenlilestirme
(regularization) ve optimizasyon (optimization) olmak iizere temel bilesenlere sahiptir [13].

2.4 TensorFlow
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TensorFlow, Google Brain ekibi tarafindan gelistirilen acik kaynak kodlu derin 6grenme ve makine 6grenimi
kiitiiphanesidir. TensorFlow ile ¢esitli makine 6grenimi uygulamalari i¢cin derin sinir aglar egitilebilmektedir ve
calistirllabilmektedir. TensorFlow; Python, Go, Java, C++ ve diger dillerle kullanilabilmektedir. TensorFlow, bir
goriintii hakkinda daha karmasik verileri ortaya c¢ikarmak icin digim (nodes) adi verilen katmalari
kullanmaktadir. Her bir diigiim ile daha derinlere inerek goriintiideki karmasik verileri ortaya ¢cikarmaktadir. En
son ¢iktiya kadar veri katmanlari arasinda akan siirece tensor denilmektedir.

TensorFlow, cok boyutlu veri dizilerindeki gorevleri tanimlamaktadir ve otomatik olarak hesaplamak yapmak icin
olanaklar saglamaktadir [14]. TensorFlow birden fazla GPU ve CPU iizerinde ¢alisabilmektedir. TensorFlow birden
fazla alanda kullanilabilmektedir. TensorFlow’un yaygin olarak kullanilmasinin en énemli sebeplerinden birisi de
farkl platformda rahatlikla ¢alisabilen kiitiiphanelere sahip olmasidir. IOT cihazlar, web uygulamalari veya mobil
uygulamalar i¢in TensorFlow platforma uygun kiitiiphane saglamaktadir [15].

2.4.1 TensorFlow Lite

TensorFlow Lite, TensorFlow Kkiitliphanesini mobil uygulamalarda veya IOT projelerde kullanabilmeyi
saglamaktadir. TensorFlow Lite’i mobil ve IOT cihazlarda kullanabilmek icin egitilen modelin .tflite uzantih
dosyaya doniistiiriilmesi gerekmektedir. TensorFlow Lite iki ana bilesenden olusmaktadir: TensorFlow Lite
yorumlayici ve TensorFlow Lite doniistiiriicii.

TensorFlow Lite yorumlayici, TensorFlow Lite modellerini ¢alisirmak amaciyla kullanilan ara birimdir.
TensorFlow Lite yorumlayici; minimum miktarda yiik, baslatma islemi ve uygulama gecikmeleri i¢gin statik bir
grafik ve 6zel bir bellek ayiric1 kullanmaktadir [16].

TensorFlow Lite doniistiiriicli, bir TensorFlow modelini TensorFlow Lite modeline doniistirmektedir. Saved
Model, tf.Keras Model, Jax Model ya da somut fonksiyonlar, TensorFlow Lite doniistiiriicii tarafinda TensorFlow
Lite modeline doniistiiriilebilen modellere érnektir. TensorFlow modelin TensorFlow Lite modele déntistiiriilmesi
islemi Sekil 3 ile gosterilmistir. TensorFlow Lite mimari yapisi Sekil 4 ile gosterilmistir.

M e [

Sekil 3. TensorFlow Modelin TensorFlow Lite modele doniistiiriilmesi
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I Android Uygulama

Java API

10S Uygulama

C++ API

3. Bulgular

10 bebege ait yiiz goriintiilerinden olusan ortalama her bebek icin 12 gérselin bulundugu toplamda 128 adet gorsel
iceren veri seti olusturulmustur. Olusturulan veri setinde yiiz tespiti ve tanima isleminin yapilmasi i¢in ilk olarak
labellmg kullanilarak veri etiketleme islemi gergeklestirilmistir. Verilerin %751 egitim, %25’i test olarak
ayrilmistir. Egitim icin gerekli olan numpy, TensorFlow Lite kiitiiphaneleri import edilmistir. Veriler egitime
hazirlanmistir. EfficientDet-Lite[0-4] mimarisinden tiiretilen mobil/IOT cihazlarda kullanim saglayan algilama
modellerinden model secimi gerceklestirilmistir. EfficientDet-Lite[0-4] modellerin performanslar1 Tablo 1 ile
gosterilmistir. Bu tabloda tamsay1 kuantize edilmis modellerin boyutu, gecikme; CPU'da 4 is parcacig kullanilarak
Pixel 4 tlizerinde 6lciilen deger ve ortalama hassasiyet; COCO 2017 dogrulama veri kiimesindeki mAP (ortalama

Ortalama Hassasiyet)

Sekil 4. TensorFlow Lite mimari yapisi

degeridir.

Modellerden en

Tablo 1. EfficientDet-Lite [0-4] modellerinin performanslari

Model Mimarisi Boyutu (MB) | Gecikme (ms) | Ortalama Hassasiyet
EfficientDet-Lite0 4,4 146 % 25,69
EfficientDet-Litel 5,8 259 % 30,55
EfficientDet-Lite2 7,2 396 % 33,97
EfficientDet-Lite3 11,4 716 % 37,70
EfficientDet-Lite4 19,9 1886 % 41,96

iyi

sonu¢ EfficientDet-Lite2 modeli
ERUBABYFACED veri seti lizerinde simiile edilmistir. Egitimde parametreler degistirilerek model test edilmistir.
Test sonuglar1 Tablo 2 ile gosterilmistir. Tabloya gore alt 6rnek sayisini ifade eden batch_size parametresinin 8,
egitim sirasinda tiim egitim verilerinin aga gosterilme sayisini ifade eden epochs parametresinin 100 secildigi
durumda %95 ile en iyi basari oran1 elde edilmistir. Model, mobil ve 10T cihazlarda kullanabilmek amaciyla
TensorFlow Lite modele doniistiirilmiigtiir.

ile alinmistir.

Tablo 2. Farkli parametrelerle test sonuglari

EfficientDet-Lite2 modeli

batch_size epochs Dogruluk Orani Egitim Siiresi
4 50 0.82 6 dakika 21 saniye
8 100 0.95 8 dakika 18 saniye
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4. Tartisma ve Sonug¢

Bu ¢alismada bebeklere ait gorseller lizerinden yiiz tespiti ve tanima islemi gerceklestirilmistir. Calisma siirecinde
ilk olarak literatiir taramasi gerceklestirilmistir. ikinci asamada mevcutta bebeklere ait hazir veri seti
bulunmamasi sebebi ile bebek yliz goriintiilerini iceren veri seti olusturulmustur. Veri seti icerisinde bulunan
gorseller labellmg kullanilarak veri etiketleme islemine tabii tutulmustur. TensorFlow Lite Kkiitiiphanesi
kullanilarak EfficientDet-Lite[0-4] mimarisinden tiiretilen modellerden birisi secilmistir. Modelin egitimi
gerceklestirilmistir. Modelin testi sirasinda farkli parametreler kullanilarak en iyi sonucun alinmasi
amaglanmistir. %95’e kadar dogruluk orani elde edilerek basarili bir sonug alinmistir. Son olarak modelin mobil
ve I0T cihazlara rahatlikla entegre edilebilmesi amaciyla model TensorFlow Lite modele doniistiirilmistiir.

ERUBABYFACED veri seti lizerinde TensorFlow Lite ile basarili sonuclar elde edilse de bu ¢alisma icin bazi
kisitlamalarin varligini belirtmek gerekmektedir. Oncelikle olusturulan veri seti az sayida gériintii barindirmakta
ve her bir simif icin farkl sayida érnek say1 icerdiginden dengesiz (unbalanced) bir veri setidir. Daha giirbiiz
modellerin gelistirilmesi icin goriintii 6n isleme ve ¢ogullama secenekleri ile veri sayis1 artirilabilir ve veri seti
daha dengeli hale getirilebilir. Bir diger kisitlama ise ayni bebege ait elde edilen goriintiilerin farkli zamanlara ait
olmasindan dolay1 bebek yiiziiniin degismesidir. Bu yiiz tanima sisteminin basarimini zorlastirmakta ve klasik
yontemlerin tespit ve tanimadaki basarimini riske atmaktadir. Derin 6grenme modelleri disinda kullanilabilecek
klasik smiflandirma algoritmalar1 i¢in veri seti, veri c¢ogullama vb. siireclerden gegirilerek c¢alismalar
gerceklestirilebilir.

Gelecek calismalara ek olarak mevcut veri seti lizerinde basar1 oranini artiracak yeni modellerin gelistirilmesi
hedeflenmektedir. Ayrica CNN tabanh TensorFlow Lite kiitiiphaneleri ile gelistirilecek yeni modeller farkl veri
setleri iizerinde simiile edilecektir.
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Keywords Abstract: Technical debt (TD) refers to the outcomes of making poor decisions or
Technical Debt, . choosing simpler solutions generally for the sake of faster code delivery in software
Software as a Service, development projects. Eventually, TD is repaid and usually the long-term costs
Technical Debt in SaaS,

overweigh the short-term benefits. Therefore, proper identification and
management of technical debt is crucial in any software development effort.
Although the technical debt concept in the software domain has been extensively
studied in the literature, there is a limited understanding of the indicators of TD in
Software as a Service (SaaS) applications. Hence, this study investigates the
indicators and major categories in organizations that provide support for SaaS
applications to their customers. To this end, an exploratory case study has been
conducted in a SaaS development vendor partner and consultancy company.
Interviews have been conducted with nine employees in the company and an in-
depth analysis of collected data have been carried out to identify the major technical
debt categories specific to SaaS applications. The results revealed that TD categories
and problems in traditional software applications are also valid for SaaS projects.
There are also new categories of TD specific to SaaS. We identified 15 unique SaaS-
specific technical debt categories associated with 23 relevant indicators.
Additionally, we noted the presence of 81 generic software technical debt indicators,
classified under 23 categories.

SaaS

Hizmet Olarak Yazilim Uygulamalarinda Teknik Borcun Kategorizasyonu

Anahtar Kelimeler 0z: Teknik borg (TB), yazilim projelerinde genellikle daha hizli kod teslimi i¢cin daha

Teknik Bore, basit ¢oziimler segme veya kotii kararlar alma sonucunda ortaya ¢ikan durumlari

Hizmet Olarak Yazihm, ifade eder. Sonugta TB 6denir, ancak uzun vadeli maliyetler, kisa vadeli faydalar

Hizmet Olarak Yazihmda asar. Bu nedenle, teknik borcun uygun bir sekilde tanimlanmasi ve yonetilmesi her

Teknik Borg, e .. .. 1 .

SaaS yazilim gelistirme projesinde 6nemlidir. Yazilim alaninda teknik bor¢ kavrami
literatiirde kapsaml bir sekilde incelenmesine ragmen, Hizmet Olarak Yazilim
(SaaS) uygulamalarindaki TB gostergeleri oldukga sinirlhidir. Bu nedenle, bu ¢alisma,
misterilerine SaaS uygulamalan i¢in destek saglayan organizasyonlardaki TB
gostergelerini ve baslica kategorileri arastirmaktadir. Bu amagla ¢alismada, bir
bagimsiz SaaS ortagi olan danismanlik sirketinde kesif amagh bir vaka ¢alismasi
gerceklestirilmistir. Bu kapsamda sirkette dokuz ¢alisanla goriismeler yapilmis ve
toplanan verilerin derinlemesine analizi ile SaaS uygulamalarina 6zgii baslica TB
kategorileri belirlenmistir. Sonuglar, geleneksel yazilim uygulamalarindaki TB
kategorilerinin ve sorunlarinin SaaS projeleri i¢in de gegerli oldugunu gostermistir.
SaaS'a 6zgl 15 TB kategorisi ile iligkili 23 TB gostergesi tespit edilmistir. Buna ek
olarak, genel yazilim projelerinde de gegerli olacak 81 TB gostergesi, 23 kategori
altinda gozlenmistir.

*{gili Yazar, email: ozdenoz@metu.edu.tr

1. Introduction

Metaphors are cognitive lenses that help us make sense of situations and reality [1]. Technical Debt (TD)
metaphor is used to describe the effects that result from making suboptimal decisions or taking shortcuts for
various reasons during software and system development [2]. Although suboptimal decisions and solutions
may save time and effort in the short term; they lead to issues in software product, requiring more time and
effort for improvement and bug fixing in the long term [3][4].
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Swift decisions and quick measures taken during software development life cycle impacts the final product quality
[5]- Major factors contributing to suboptimal decisions that result in technical debt may include customer
pressure, poor communication, low levels of code testing coverage, compromised or rigid software architecture,
and insufficient documentation. These issues are also common in cloud computing service models, as they increase
with platform-specific boundaries and limitations, and ultimately lead to problems in software processes and
malfunctions in the end product delivered to customers [6][7][8].

Software as a Service (SaaS) is a cloud-based software delivery model where applications are provided to users by
a service provider such as Google Cloud, Microsoft Azure or SalesForce [9]. Users of SaaS$ applications pay for the
services on a subscription basis [10][11]. There has been a growing interest to such applications. According to
Gartner’s recent report, it is estimated that SaaS end-users is expected to spend around 195 Billion U.S. dollars
worldwide in 2023 [12]. The key characteristics of SaaS applications include accessibility from any internet-
enabled device, automatic updates to services, and scalability when needed. They also eliminate the need for
businesses to install, run and maintain on-premises software and enable significant savings on hardware,
software, and personnel costs [13].

There has been extensive research on technical debt from a general software development perspective.
Nevertheless, understanding technical debt specific to SaaS applications is essential due to the unique challenges
that this software delivery model presents. SaaS platforms, especially multitenant ones deliver scalable, reliable
and customizable software to their customers. The complexity of cloud-based architectures, frequent updates to
satisfy rapidly evolving customer expectations, and continuous delivery often pose distinct challenges and can
cause unusual forms of technical debt. Addressing these challenges is essential as accumulating technical debt can
lead to slower feature delivery and degraded quality of service. Moreover, as the SaaS business model typically
relies on regular user subscriptions, maintaining a high quality of experience is critical to retain customers and
attract new ones, thereby improving return on investment and ensuring profitability. Any slowdown or
degradation in service quality due to technical debt can lead to customer dissatisfaction and eventually result in
loss of revenue [14].

The purpose of this research is to specify and categorize the technical debt indicators and categories specific to
Software as a Service application development projects. In order to achieve these purposes, we performed an
exploratory case study in a SaaS-based customer relationship management application development company by
interviewing nine employees who have various roles and experiences in product development and maintenance.
We performed the interviews based on the ISO/IEC 12207 Software Life Cycle Processes categories to follow a
systematic approach, and analyzed the interview data using the qualitative coding technique.

This study contributes to the literature by specifying novel TD categories for SaaS projects and augmenting the
existing knowledge about technical debt for general software development projects. The SaaS-specific TD
categories and indicators can be used for facilitating more effective technical debt management throughout the
software development life cycle.

The rest of the paper is structured as follows. Section 2 gives background information on technical debt and SaaS
applications and provides the review of the literature. Section 3 explains the case study design and conduct stages,
and the validity threats. Section 4 presents the results. The findings and discussions are provided in Section 5.
Finally, Section 6 concludes with major findings of the study and future work.

2. Background and Related Work
2.1. Software as a Service (SaaS)

SaaS, also known as on-demand software, is a way to deliver software applications running on cloud platforms
over the Internet as a service. Unlike on-premises software, which basically requires installation and maintenance
by users, Software as a Service enables users to readily access the required services provided on cloud platforms
via the Internet. SaaS solutions are usually preferred because of their lower upfront costs when compared to
traditional or on-premise software [15].

SaaS applications typically use a multitenant architecture, where all applications and users share a single
infrastructure and code base. This essentially enables faster and easier innovation of SaaS. As the software is
delivered through the Internet, SaaS applications are ubiquitous. The ability for each user to access the services
wherever and whenever they need them with adequate quality of service improves productivity and forms trust
and satisfaction [16]. SaaS applications not only differ from packaged software based on cost advantage, but also
their benefits on scalability, rapidness in implementation, accessibility, managing update frequencies, and
ensuring security [17].
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A noteworthy difference between a packaged software and SaaS is the ease of customization, which plays a
significant role concurrently supporting multiple organizations with diverse needs and varying business processes
with the same system. Most Saa$ solutions provide no-code solutions or high-level abstractions, thereby saving
both from development time, and the cost of maintaining a code base. Additionally, no-code automation and
customization prevent harmful effects on the common infrastructure, enabling organizations to achieve success in
their business processes [9][17]. While making the changes, users take advantage of using SaaS solutions,
benefitting from documented and ready-to-use solutions for their use cases if the service provider offers the
specifications of the platform, software or service. Organizations can handle these development and maintenance
work through in-house teams, external support, or independent software vendors (ISVs) [9]. ISV partners refer to
companies that specializes in creating and distributing software applications hosted in the cloud and offer services
to customers under a subscription model. These vendors maintain their autonomy while forming strategic
partnerships with larger platform providers, such as cloud hosting services to enhance their service delivery.

2.2 Technical Debt

Technical debt occurs when a suboptimal solution adds value to the software but leads to undesirable
consequences. In other words, taking shortcuts during analysis, design, implementation, testing or even
documentation phases of a project might end up in more effort and time spent on the tasks to resolve a defect or
to enhance the quality of the end product [18]. The “technical debt” term was coined by Cunningham (1992) [2] in
an experience report as follows: “..Shipping first time code is like going into debt. A little debt speeds development
so long as it is paid back promptly with a rewrite.... The danger occurs when the debt is not repaid. Every minute spent
on not-quite-right code counts as interest on that debt.” Since then, the term technical debt is used to define (usually)
conscious technical decisions that will help in short-term or with a more urgent request, but that may have
negative outcomes in the future for other dimensions.

Studies prove that technical debt must be seriously taken into consideration and carefully managed to prevent
everlasting payment of the “debt”. A survey study conducted by Besker et al. [19] indicates that 36% of overall
development time on average is wasted due to the technical debt. Noteworthy, it was stated that most time is spent
on understanding the root cause of technical debt.

High TD awareness is the first step towards managing it [20], and its management becomes easier when causes
and impacts of TD are identified. In prior research, various methods for identifying and managing TD have been
explored. Falessi and Kazman [21] and Ramac et al. [22] conducted surveys among software practitioners to
identify common TD issues, their frequency, and causes. They also reported on practitioners’ familiarity with the
TD concept. Notably, multiple case studies have compared technical debt management across different companies
[23]124][25][26]. Kruchten et al. [3] surveyed the evolution of technical debt, and proposed an organizational
solution.

Technical debt categorization is crucial for making informed decisions and proper management of TD in software
development projects. It helps teams understand the specific type of debt they are dealing with, prioritize their
solution efforts based on the debt's impact, and align these efforts with the project's overall goals. This organized
approach also enhances communication among stakeholders, guides resource allocation, and aids in tracking the
progress of debt reduction [3][27].

Alves et al. [28] performed an SLR to reveal different TD types and indicators, considering the nature of the
development process. Zazworka et al. [6] advocated using automated tools over manual methods, while
Ramasubbu and Kemerer [29] considered the TD types arising from client-vendor interdependencies during
system maintenance and Codabux et al. [4] took an empirical approach by gathering insights from practitioners
on TD management.

Specifically, we can talk about three technical debt categorization levels. The first level technical debt
categorization can simply be performed on the intention level as suggested by McConnell [30]. Based on this
categorization, each technical debt can be categorized as Intentional or Unintentional. At the second categorization
level, Fowler [31] classifies the technical debt based on the intention of the person who creates the debt but in a
more detailed way than McConnell’s classification: Deliberate, Reckless, Inadvertent and Prudent. At the third level,
Alves et al. [28] presented 13 technical categories at the process level based on a systematic literature review
study. These are Architecture Debt, Build Debt, Code Debt, Defect Debt, Design Debt, Documentation Debt,
Infrastructure Debt, People Debt, Process Debt, Requirement Debt, Service Debt, Test Debt, Usability Debt and
Versioning Debt.
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In our previous research on detecting technical debt on ambiguous issue statements (the citation was removed
intentionally to ensure double blind review process), we specified that most of the choices leading to architectural
or structural debt was unintentional, as the effects of these decisions often become clear only in the later stages of
the software development cycle. However, almost all suboptimal solutions chosen purposefully to address
customer or stakeholder needs result in decreased product quality.

2.3 Technical Debt in SaaS

Despite these extensive studies on TD in software domain, our understanding of TD in SaaS applications and
enterprise-level software, such as customer relationship management software, remains limited. Klinger et al. [26]
conducted interviews with technical architects related to enterprise solutions, while Alzaghoul and Bahsoon [25]
analyzed the option-based approach to clear TD in cloud-based solutions. Ramassubbu and Kemerer [29]
quantified the negative impact of TD on system reliability. Kumar et al. [32] worked on identifying and estimating
TD in SaaS clouds, emphasizing the distinction between "good debt" and "bad debt" in the context of SaaS
applications.

In SaaS$ projects, it has to be ensured that the customizations and developments are compatible with the system's
architecture and infrastructure. Proper documentation of changes made by external providers, ISVs, or in-house
teams is necessary. Undocumented or poorly executed changes, especially by less-experienced staff, can lead to
issues similar to those in on-premise services, or specific to the SaaS application and its infrastructure [33]. SaaS
providers often address these problems through regular updates or bug-fixes, and users must follow these updates
closely [34]. It is also vital to document customizations and business processes to avoid technical debt, which can
become a problem in Saa$ applications if not managed carefully.

As understood from our first case study (the citation was removed intentionally to ensure double blind review
process) in identifying TD based on ambiguous issue statements, we determined that Level 3 categorization holds
greater significance for comprehending the underlying causes of technical debt. This level of categorization yielded
more detailed insights, aligning closely with the phases of the software development life cycle. However, Level 3
categorization needs to be specifically examined in the context of SaaS and CRM applications to better understand
the nature of technical debt in these systems.

3. Case Study Design and Conduct

In order to determine technical debt categories specific to SaaS applications, we preferred to follow the qualitative
research approach [35]. To gain a deeper understanding of a phenomenon in a specific field and communicate with
research participants in their natural settings, we conducted an exploratory case study [36] and aimed to answer
the following research questions:

RQ1: What are the indicators highlighting TD in SaaS application development?
RQ2: What are the technical debt categories specific to SaaS applications?
Below, we describe the case study design and conduct stages.

3.1 Case, Process and Participant Selection

We used the purposive sampling technique in determining the case organization [37]. In our purposive sampling
process, we aimed at finding a company that primarily focuses on developing SaaS applications. Such a company
should fulfil essential software development life cycle activities, such as software analysis, design, implementation,
testing and project management to a certain level. Additionally, a key criterion was the presence of an active SaaS
development project within the company. As the practitioners were expected to discuss the problems that they
experience in software development based on their current project, they would be more precise about the issues
and the root causes of these issues.

Below, the case study components and the decisions we made at the design stage are described.

The Case Company: The company we selected for conducting the exploratory case study specializes in asset and
file management and is involved in various implementation and integration projects on multiple platforms. The
company has several teams that are competent and work on various digital platforms. The number of employees
of the company is around 100. Apart from integration and platform-based solutions, there are also software
products that the company works on and offers to the market. The main purpose of most of these products is to
facilitate asset management and to create cost-effective solutions. The remaining products aim to provide an ease
of integration for customers and to increase customer communication.
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The Case Project: For the case project, we selected an ongoing SaaS-based CRM (customer relationship
management) project. The platform that has been used in the case product is Salesforce. Salesforce company is
specialized in CRM applications, with a focus on sales, marketing and customer services. The company both offers
SaaS$ and platform as a service (PaaS). The CRM product that we choose for the case has been released to the
market for about 15 years ago and new feature enhancements and maintenance work continue since then. The
goal of the product is to provide a cost-effective customer file management system for a specific SaaS platform.
Various developers and experts have contributed to the product over the years. Specifically, product and platform-
based development activities have been going on in our case company by a team of 8-10 people for the last five
years. The product that the case company offers to the market not only includes platform-oriented components,
but also 34 party packages and products. Some of which are managed by the core team. Since the product was
developed for the platform, it must comply with the limitations, requirements and security obligations imposed
by the platform. Due to these characteristics, it was considered that the project is a very good candidate for
observing various TD categories.

The Software Life Cycle Processes: In order to understand the nature of the TD in Saa$ applications, the first step
was to design an interview questionnaire. The main purpose of the interview was to access wide range of different
technical debt issues experienced by people working in organizations like our case company, having various
experiences and roles in the project. In order to follow a structured approach in specifying the interview questions,
we used the ISO/IEC 12207 [38] software life cycle process standard as the basis. In accordance with the goals of
this study, we focused on the following technical management and technical process sub-group given in Table 1.

Table 1. Selected ISO/IEC 12207 Software Development Life Cycle Processes

Process Group Process Name Referring ISO/IEC
12207 Process ID
Technical Project Planning Process 6.3.1
Management
Processes Project Assessment and Control Process 6.3.2
Technical Stakeholder Needs and Requirements Definition Process 6.4.2
Processes Systems/Software Requirements Definition Process 6.4.3
Architecture Definition Process 6.4.4
Design Definition Process 6.4.5
Implementation Process 6.4.7
Integration Process 6.4.8
Verification Process 6.4.9
Validation Process 6.4.11

The Interviewees: While choosing the interviewees, we aimed to access employees who have participated in the
selected ISO/IEC 12207 Software Life Cycle development processes given in Table 1. The interviewees were not
only defined by their roles, but also their expertise level in SaaS and software development. We contacted the
potential participants through the company’s point of contact. In total, we have agreed with nine employees in the
project who are willing to discuss their experiences and issues that they experience in SaaS development process.
The roles, experience levels and TD awareness levels of these participants as gathered from interviews are
summarized in Table 2. TD Awareness levels have been categorized based on the definitions given below:

e Low TD Awareness: The participant might be unfamiliar with the TD metaphor entirely. However, they
might still provide general examples of TD during the interview. Alternatively, they may understand the
metaphor but remain uncertain about what is recognized as TD in the processes they are a part of.

e Intermediate TD Awareness: The participant is familiar with the TD metaphor and offers examples,
though these might lack depth. They don't articulate the impact of TD on processes or share views on
managing it.

e High TD Awareness: The participant has a clear understanding of the TD metaphor, provides specific
examples of TD, recognizes the indicators, and is aware of issues arising from TD. They also offer insights
on strategies to address or manage TD.

Table 2. Roles, experience levels, and TD awareness levels of each interviewee

ID Role Experience Level in Experience Level in TD Awareness
Software Development SaaS Development
(in years) (in years)
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1 Consultant 3 3 Low
2 QA Engineer 5 5 High
3 Developer 4 4 High
4 Developer 5 2 Intermediate
5 Team Lead 13 3 High
6 Developer 5 2.5 Low
7 Developer 3 3 Intermediate
8 Release Manager 2 2 Low
9 Customer Support Specialist 5 2.5 Intermediate

3.2 Interview Questions

We identified the interview questions given in Table 3 to retrieve as much as possible information from the
interviewees. These questions were designed in an open-ended structure and applicable for all processes given in
Table 1. We specifically aimed not to emphasize the technical debt term presuming that the initial awareness of
the interviewees on the subject are low. The interview questions were prepared in English and Turkish, as there
were people in the team with nationalities other than Turkish as well.

Table 3. Interview Questions

No Questions
1 What is your role in the organization, and what kind of responsibilities do you have in the company
and the projects?
2 Can you describe the project and the technologies being used in the project?

Which of the following Software Life Cycle Processes do you participate in the project?
Project Planning, Project Assessment and Control, Stakeholder Needs and Requirements Definition,
Systems/Software Requirements Definition, Architecture Definition, Design Definition,
Implementation, Integration, Verification, Validation
4 Do you experience any issues with the processes/practices that you participate in the project?
5 Do you practice the tasks/activities defined for each process specified in ISO/IEC 12207?
6 Do you think there are tasks that you fail or don’t achieve completely?
7
8
9

What kind of problems occur in the project due to these issues?
How did you realize these problems? Do you have any further observations on the problems?
Do you know if these problems are caused by the SaaS provider or the development team that you

belong to?

10 Do you have any recommendations or a way to solve/prevent these problems?

11 Do you experience any further challenges regarding the usage of SaaS$ applications in the project?

12 Do you sometimes choose easy/limited solutions to problems in your project, instead of using a better
approach?

13 Do you have rework or refactoring cycles for your source code?

14 Do you have any problems that you choose not to fix/solve and only monitor the course/trend over
time?

15 Are you familiar with the technical debt metaphor?

16 Do you measure the technical debt that is present in your project, using any tools or processes?

17 Do you mostly monitor or take further action on technical debt issues?

18 How do you decide the managerial activities on the technical debt issues?

19 Do you have any metrics or scale to prioritize the technical debt issues?

20 Do you have any technical debt that is expected to become worse in the future?

21 To what extent does technical debt affect your motivation?

22 Is your management aware of technical debt and are they taking any action?

23 Do you have additional issues that you would like to mention/highlight?

24 Do you think that there’s room for improvement for your project/organization?

3.3 Validity Threads

In the design stage of this research, another aspect that we considered was the mitigation strategies to the validity
threats. As a qualitative research methodology, the case study approach is subject to certain validity challenges.
To ensure the integrity of our findings, we have determined and implemented measures to address potential
threats to internal, construct, and external validity.
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3.3.1. Construct Validity

Construct validity assesses whether the research tools accurately measure the variables or constructs they aim to
evaluate [36]. For our study, it was necessary to ensure our interview questionnaire was capable of identifying
SaaS-related TD categories without oversight. To this end, we utilized the ISO/IEC 12207 [38] software life cycle
process standard as our foundation. We selected ten processes that spanned both technical and managerial
categories from ISO/IEC 12207.

Another element that could influence construct validity is the potential ambiguity in terms and definitions used in
the research. In particular, as presented in Table 2, team members demonstrate different levels awareness
regarding TD. Recognizing that members of the SaaS project development team might interpret the term “technical
debt” in various ways, we reframed our questions. Instead of asking, “What specific technical debt issues do you
encounter?”, we posed, “What kind of problems do you experience in relation to a specific process?”.

3.3.2. Internal Validity

Internal validity considers the degree to which the observed effects in the research are actually caused by the
manipulated variables or interventions, rather than some other external factors [36]. In our case study, we
considered the possibility that the SaaS development team members might provide answers they believe the
researchers want to hear. To mitigate this potential bias, we assured the participants that their responses would
be kept confidential, and any data published would be anonymized. We believe this approach minimizes
participant bias. Furthermore, instead of prompting for confirmatory answers, we encouraged participants to give
detailed, descriptive, open-ended responses to our interview questions, elaborating on problematic situations as
comprehensively as possible.

3.3.3. External Validity

External validity concerns the generalizability of the research findings outside the specific context or sample in
which the research was conducted [36]. As the study focuses on a single CRM application, the findings might not
be generalized to other SaaS applications or other domains. In the findings and results sections, we clearly stated
the research findings. These insights are highly valuable; however, they pertain primarily to the specific CRM
application studied. Additional qualitative and quantitative research is needed to explore technical debt categories
in SaaS application for other domains. We performed the interview with nine employees in a SaaS project and
covered a wide diversity of the roles and experience levels within the development team. This has provided a more
comprehensive view of the technical debt landscape.

3.4 Case Study Conduct
In this section, we explain the data collection and data analysis stages of the case study.

3.4.1 Data Collection

The data was obtained from semi-structured interviews based on the questions provided in Table 3. We followed
the techniques recommended by Patton [39] to ensure comprehensive coverage of every process listed in Table 1,
while also retrieving participants’ experiences in a flexible way. In total, nine face-to-face interview sessions were
conducted, with each taking around 45 minutes. Out of the nine interviewees, two preferred to conduct their
interviews in English. Each team member was responsible for atleast one SDLC process listed in Table 2. The SDLC
processes experienced by the organization, in terms of the number of participants responsible for each process,
are detailed below.

At the start of each interview session, the participants were asked about the processes for which they were
responsible. To aid in this, the names and purposes of each process were presented to the participants. If a
participant requested examples for any process, these were also provided by referring to the activities defined in
the ISO/IEC 12207 standard. Table 4 given below shows the SDLC process involvement for each interview
participant.

Table 4. SDLC process involvement for each interviewee

Process Name / Interviewee # 1 2 3 4 5 6 7 8 9
Project Planning Process X X X
Project Assessment and Control Process X
Stakeholder Needs and Requirements Definition Process X X X X X X
Systems/Software Requirements Definition Process X X X X X
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Architecture Definition Process X X X

Design Definition Process X X X X X
Implementation Process X X X X X X
Integration Process X X X X X

Verification Process X X X X X X
Validation Process X X X X

3.4.2 Data Analysis: Coding and Categorization

In analyzing the data, we applied open and axial coding techniques to identify themes, as recommended by [40]
and Lochmiller [41]. First, the interview data was first transcribed. The coding and categorization processes were
carried out in three iterative and incremental stages.

During the first stage, open coding helped us specify initial TD indicators within the project. Next, we established
connections between the codes, focusing on process levels and keywords highlighted by the participants. These
stages enabled us to detect TD categories specific to SaaS development, addressing RQ1 and RQ2 respectively.
While determining TD categories, we sought patterns that could define TD category themes. To ensure consistent
and accurate coding, two review sessions were held: one after the open coding and another at the end of the
analysis.

The TD indicators identified from the interview transcripts, along with the resulting TD categories, will be
presented in the following section.

4. Findings

SaaS$ applications are intrinsically complex. They are built to serve clients with diverse needs and designed to be
universally accessible. Therefore, they frequently subject to updates and modifications. As businesses race to
introduce new features or adapt to market demands, there is often a tendency to make swift decisions, sometimes
overlooking long-term implications. Such decisions can inadvertently introduce technical debt.

Table 5 given below presents technical debt indicators and categories for both SaaS applications and generic
software development projects. In total, we identified 38 TD categories, and 15 of them are specific to SaaS
projects. We also found 104 TD indicators in total, 23 being related only to SaaS projects.

These indicators were derived directly from responses given by interview participants during our case study. Once
the indicators were defined, the categories were determined over three iterations. Multiple instances of TD
indicators have been removed from Table 5.

The table's first column specifies if the TD category and its associated indicators are common in generic software
development or are unique to SaaS projects. This is followed by columns providing the TD category name, its
description, and the corresponding TD indicators. The table is organized in ascending order based on the TD
categories. SaaS-specific technical debt categories are highlighted with an orange background.

Table 5. TD categories, TD descriptions and associated TD indicators

TD Type TD Category Category Description TD Indicators

SaaS-Specific

/ Generic

Generic 1. Communication Represents any problems a. Communication barriers on

Issues related to conveying or work tracking

understanding information b. Miscommunication on customer
among team members, requests
stakeholders, or customers. c. Miscommunication with

stakeholders/team members

Generic 2. Design Adaptability Indicates the difficulties in a. Customer driven volatile design
Challenges adjusting designs based on
evolving customer requests or
requirements.
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Generic 3.  Designand Denotes scenarios where the a. Incomplete implementation wrt
Implementation design and the actual design
Mismatch implementation don'talignor  b. Insufficient design maintenance
match as intended. c. Insufficient design
verification/validation
Generic 4.  Design Inadequacy Addresses instances where the a. Design with
design isincomplete, flawed, or incomplete/incorrect
based on incorrect requirements
assumptions. b. Incomplete design
c. Lackof solid design principles
Generic 5.  Design Inefficiency Covers situations where the a. Overengineering
design process or outcome is
inefficient, overly complex, or
doesn't adhere to standard
practices.
Generic 6.  Design Process Refers to instances where the a. Poor design process
Inefficiency design process is flawed or
doesn't yield optimal results.
Generic 7.  Document Indicates a lack of adequate a. Insufficient maintenance of
Maintenance updates, maintenance, or design documentation
Deficiency attention to various project or
system documents.
Generic 8. Documentation Refers to situations where a. Inadequate architecture
Deficiency critical documentation is definition
missing or inadequate, b. Inadequate design definition
potentially leading to c. Insufficient design
confusion or mistakes. documentation
d. Insufficient requirements
documentation
e. Missing documentation
SaaS-Specific 9. Explorative SaaS Challenges that emerge when a. Exploration of new approaches
Challenges attempting to innovate or in SaaS
implement new methods,
features, or processes within a
SaaS$ environment.
SaaS-Specific 10. Inadequate SaaS Occurs where the SaaS a. Inadequate support from SaaS
Support provider does not offer provider
enough assistance, guidance,
or customer service for users
facing issues.
Generic 11. Inadequate This theme refers to the a. Bug-focused releases
Technical Debt challenges of managing, b. Customer-driven quick fixes
Management addressing, or accumulating c. Delayed problem identification
technical debt in the project. d. Developer-initiated refactoring
e. Incomplete solutions
f.  Rework for fixed problems
g. Lack of design refactoring
h. Post-verification problem
identification
i.  Quick unconventional fixes
j-  Refactoring cycles
k. Rework time constraints
l.  Rigid architecture ang coding
structure
m. Temporary fixes
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Generic 12. Inefficient Work Captures issues related to a. Decision ambiguities
Planning/Estimation = misestimating work durations, b. Estimation difficulties
improperly planning tasks, or c. Issue priority conflicts
having conflicts about d. Planning conflicts with upper
priorities management
e. Priority conflicts
f.  Rising ticket resolution time
SaaS-Specific 13. Insufficient SaaS A lack of clarity or adequate a. Insufficient impact information
Communication information from the SaaS from SaaS
provider. This can be in terms
of potential impacts, updates,
or changes that might affect
users.
Generic 14. Issue/Task Highlights problems arising a. Insufficientissue details
Description Issues from unclear or incomplete
descriptions of tasks or issues.
SaaS-Specific 15. Known SaaS-Specific Issues that are already a. Pre-existingissues with SaaS
Issues identified and recognized with
the SaaS provider. These are
often listed or documented but
remain unresolved.
Generic 16. Legacy System This theme refers to the a. Legacy system maintenance
Challenges difficulties associated with
maintaining, upgrading, or
working within older systems
that may no longer be efficient
or compatible with newer
technologies.
Generic 17. Process Adherence Highlights situations where a. Incomplete process adherence
Issues established processes are not b. Ineffective parallel design-
being followed or are implementation cycles
incompletely adhered to. c. Neglected backlog maintenance
Generic 18. Process Definition Describes situations where a. Ambiguous completion criteria
Ambiguity processes or criteria are not b, Undefined checkpoints
clearly defined, leading to
confusion or misalignment
Generic 19. Quality Assurance Encompasses challenges and a. Absent code convention
Inefficiency inefficiencies in ensuring the checklist
quality of code, designs, or b. Delayed testing cycles
implementations. c. [Ineffective code review
d. Self-code verification neglect
SaaS-Specific  20. Reactive SaaS The need for users to make a. Adjustmentsneeded due to SaaS
Adjustments changes, fixes, or adaptations alterations
due to unexpected or
uncommunicated changes
made by the SaaS provider.
Generic 21. Release Management Denotes difficulties related to a. Mismatch of customer and
Issues managing product releases, product needs
updates, or ensuring
customers can keep up with
the release pace.
Generic 22. RequirementlIssues  Refers to problems related to a. Inadequate requirement
understanding, gathering, or gathering
clearly defining requirements. b, Incomplete requirement
understanding
c. Incomplete requirements
d. Requirement consensus lack
€. Undefined stakeholder needs
f.  Vague requirements
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Generic 23. Requirements and Highlights situations where a. Insufficient design
Design Mismatch there's a disparity between verification/validation
what's required and the
resulting design.
SaaS-Specific  24. SaaS Configuration Challenges related to the a. Extensive SaaS-side
Overhead extensive setup, tuning, or configurations
customization required on the
SaaS side. It indicates that the
SaaS might have a complex or
not have user-friendly
configuration setup.
SaaS-Specific  25. SaaS Imposed These are strict constraints set a. Limitations imposed by Saa$S
Limitations by the SaaS provider (such as governor
the number of API calls per b. Constraints imposed by SaaS
hour, storage capacity, provider
customization  options, or ¢, [nability to exceed SaaS
integration capabilities). limitations
SaaS-Specific 26. SaaS-Induced Challenges that arise directly a. Platform-driven design
Modifications due to changes, updates, or alterations
decisions made by the SaaS b. Release-induced
provider. This can include incompatibilities
anything ~ from  platform ¢ peprecation-induced
changes to the deprecation of disruptions
certain features.
SaaS-Specific  27. SaaS-Platform Refers to the constraints that a. Salesforce-specific SaaS
Specific Limitations are unique to a specific SaaS constraints
platform. Salesforce has its
own set of limitations distinct
such as platform-specific
development languages,
modules, or unique
architectural elements.
SaaS-Specific 28. SaaS Testing and Difficulties faced during the b. Testing and troubleshooting
Troubleshooting testing or troubleshooting issues due to SaaS$ limits
Limitations phases because of constraints c. SaaS-related troubleshooting
or peculiarities in the SaaS. difficulty
SaaS-Specific 29. Setup and Difficulties related to creating, a. Time-consuming SaaS
Replication setting up, or duplicating SaaS environment setup
Challenges environments. This canrange  b. Difficulty in replicating live
from initial environment setup environments
to trying to reproduce specific ¢ Challenges in customer
conditions for testing or environment replication
troubleshooting.
SaaS-Specific  30. Shared This theme pertains to a. Accountability on both vendor
Accountability situations where both the and development team
software vendor and the
development team share the
blame for issues or conflicts. It
emphasizes that responsibility
is not solely on one party.
Generic 31. Standards and Best Represents scenarios where b. Absence of architectural
Practices Violation industry standards, best standards
practices, or internal c. Absent unit test standards
guidelines aren't followed. d. Best practice implementation
neglect
e. Flawed testing process
f.  Incomplete unit tests
g. Lack of a defined design process
h. Neglect of solid design
principles

—

Neglected code conventions
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j-  Non-conforming code practices
k. Undefined test steps
SaaS-Specific 32. Technological Issues that arise due tousinga a. Diverse technology hindrances
Diversity Challenges  mix of different technologies,
tools, or platforms. This might
be the integration of varied
systems or the problems that
arise from them.
Generic 33. Testing Limitations Deals with challenges in the a. Insufficient testing
testing phase, including time b. Manual testing overhead
restrictions, missing tests, or c. Missed edge case testing
lack of automation. d. Missing unit test coverage
e. Time-restricted testing
Generic 34. Time Management Encompasses challenges a. Deadline pressures
Issues related to deadlines, frequent b. Frequent release pressure
1'9193595.’ or general time c. General time constraints
constraints. d. Missed deadlines
SaaS-Specific 35. Trade-offs due to Recognizing both the a. Multi-tenancy-related SaaS
SaaS Architecture advantages and disadvantages trade-offs
of using a particular SaaS due b. SaaS limits acknowledged, but
to its design or structure, seen as not positive
especially with architectures
like multi-tenancy.
Generic 36. Verification Highlights inefficiencies or a. Customer-identified issues
Inefficiency challenges in the verification b. Verification difficulties
phase, whether it's customer ¢. Verification-identified issues
or internal verifications.
Generic 37. Workaround Refers to reliance on a. Limitation workarounds
Dependencies workarounds, be it due to b. Platform-specific workarounds
platform constraints, specific c. Request-specific workarounds
requests, or other limitations.
SaaS-Specific  38. Workaround for SaaS The effort and methods a. Employing workarounds for
Limitations employed to find alternative SaaS limits/issues

solutions or bypasses for
issues or limits set by the SaaS
provider.

5. Discussions

SaaS$ applications have recently gained significant interest due to their adaptability and scalability characteristics.
These applications can serve to many clients with varying needs. However, this flexibility can contribute to
increased TD levels in SaaS projects. In this study, we identified technical debt categories specific to SaaS projects.
Our study was not limited to SaaS; we also identified categories of technical debt that apply to generic software
development. The SaaS-specific TD categories identified in this study are novel, whereas the generic categories are
consistent with prior literature on technical debt. However, these generic TD categories are explained at a finer

level of abstraction, thereby providing a deeper understanding of the associated challenges.

5.1 SaaS-Specific Technical Debt Indicators and Categories

Technical debt is a well-discussed topic in general software development, but SaaS environments bring their own
set of challenges and characteristics. The limitations imposed by SaaS platforms play a significant role in finding
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quick solutions and making swift decisions which leading to technical debt. The technical debt categories we
specified in this study for SaaS development are;

Explorative SaaS Challenges
Inadequate SaaS Support
Insufficient SaaS Communication
Known SaaS-Specific Issues
Reactive SaaS Adjustments

Saa$ Configuration Overhead

SaaS Imposed Limitations,
SaaS-Platform Specific Limitations
SaaS-Induced Modifications

10. SaaS Testing and Troubleshooting Limitations
11. Setup and Replication Challenges
12. Shared Accountability

13. Technological Diversity Challenges
14. Trade-offs due to SaaS Architecture
15. Workaround for SaaS Limitations

OO B W

Within the technical debt landscape, SaaS-related TD indicators stand out mainly from the characteristics of SaaS
platforms. These indicators that range from configuration overheads to platform-specific limitations highlight the
balance developers need to ensure between using the benefits of SaaS and managing its inherent constraints.

The Trade-offs due to SaaS architecture, SaaS imposed limitations, SaaS platform specific limitations and
Technological Diversity Challenges categories are basically related to strict nature of the SaaS platforms. The
architectural decisions made during the design and implementation phases of Saa$ solutions often lead to inherent
trade-offs. By its nature, SaaS usually adopts architectures like multi-tenancy [16]. While this approach offers
scalability and maintenance advantages, it can also introduce constraints. For instance, while one tenant (i.e. the
client organization) might benefit from a specific feature addition or update, another might find it disruptive.
Moreover, customization becomes challenging when trying to adjust to the diverse needs of various tenants
without affecting the base architecture. The architectural decisions to use such shared resources might lead to
performance bottlenecks or security concerns in SaaS projects. Recognizing these trade-offs is essential to ensure
that the advantages of a Saa$ solution outweigh its potential limitations. Developers and decision-makers need to
be continually be aware of these trade-offs to make informed choices, ensuring that the software remains resilient,
secure, and effective.

The SaaS development landscape also involves multiple stakeholders, including SaaS providers, developers, third-
party integrators, and end-users [17]. This dynamic nature can lead to situations where no single entity has full
ownership of a technical challenge or its resultant debt. The Shared Accountability category highlights these
blurred lines of responsibility. For instance, a limitation imposed by the Saa$ provider might lead the development
team to implement a workaround. If this workaround causes performance issues, it would not be clear who is
responsible for the issue. This shared accountability can complicate the resolution process and make it challenging
to specify the root cause of issues. For effective technical debt managementin SaaS projects, it is crucial to establish
clear lines of responsibility and communication pathways between all involved parties.

In SaaS projects, the complicated relationship between the Inadequate SaaS Support, Insufficient SaaS
Communication, and Known SaaS-Specific Issues categories highlights the shared challenges that developers face.
Although there is a close and symbiotic dependence between Saa$ providers and developers, this relationship may
lean towards a state of imbalance, often leading to the accumulation of technical debt. Even if SaaS providers
communicate well, SaaS developers might still have to deal with known problems with the platform. Knowing
about these issues does not always make them easy to avoid.

The Explorative SaaS Challenges technical debt occurs when developers try innovated operations within the SaaS
environment. Whether employing a novel API or integrating a new feature, uncertainties associated with these
actions may cause the development team to adopt shortcuts. The absence of established SaaS development
guidelines may increase the technical debt levels.

The categories of Inadequate SaaS Support and Insufficient SaaS Communication often interact hand-to-hand.
Insufficient support from SaaS providers may be in the form of limited guidance or insufficient documentation.
This can increase the problem by forcing developers into unexpected actions. Especially, poor SaaS provider
communication on platform updates, new features or other changes may result in misinterpreted features or
misunderstood functionalities, both of which contribute to an increase in technical debt.
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Similarly, the Known SaaS-Specific Issues and Reactive SaaS Adjustments TD categories represent potential
challenges that are recognized but may not be readily resolved. Developers may search for quick, reactive code
changes to overcome these issues. While such adjustments serve as temporary solutions, they inadvertently
contribute to the accumulation of technical debt.

The Saa$ Configuration Overhead, Setup and Replication Challenges and SaaS-Induced Modifications TD categories
refer to the additional workload required by the configuration and customization of a SaaS platform to meet
particular needs. Especially, a complex configuration structure without sufficient guidance can contribute to the
accumulation of technical debt. Lastly, the categories of SaaS Testing and Troubleshooting Limitations TD category
points to restrictions in effective software verification processes. Impediments in setting up suitable test
environments or replicating conditions can lead to less rigorous testing, thereby causing further technical debt.

A comprehensive understanding of these areas is critical for effective management of technical debt which is
basically comprised of seven stages: Identification, Measurement, Prioritization, Resolution, Monitoring,
Communication, and Prevention [7][42]. Awareness of potential technical debt is critical for a well-executed TD
management life cycle. For instance, awareness on the SaaS Configuration Overhead technical debt category would
enable teams to recognize specific type of indicators, making timely and accurate categorization in a SaaS context.
This TD categorization will aid in the efficient allocation of resources, accurate issue prioritization for resolving
TDs, and facilitate the development of resolution strategies.

5.3 Generic Software Technical Debt Categories

Our case study revealed 81 distinct indicators associated with 23 generic technical debt categories, as illustrated
in Figure 1. This graph, which includes redundant occurrences, aims to capture the frequency of each technical
debt category. From the data, we can note that the top three technical categories are SaaS-Related Technical Debt
(elaborated in Section 5.1), Inadequate Technical Debt Management, and Violations of Standards and Best Practices,
with 23, 13, and 11 instances respectively.

While Alves et al. [28] identified 13 high-level technical debt categories based on a systematic literature review,
our study takes this a step further. We provide a deeper level of categorization associated with indicators. We
argue that just referencing process names in TD categories does not suffice; each technical debt category should
clearly hint potential challenges.

In addition to SaaS related TD categories, our study has highlighted a new area of concern in technical debt:
Inadequate Technical Debt Management. Neglecting to manage technical debt effectively can have a snowball effect,
leading to even more debt. The importance here is not just recognizing how technical debt accumulates but also
understanding how to manage it properly. We recommend teams not only be cautious about occurring technical
debt but also prioritize its effective management through regular audits, targeted sprints, and long-term planning.
Lastly, we find categories like 'Verification Inefficiency' and 'Testing Limitations' to be pivotal. These emphasize
the crucial role that verification and testing play in managing technical debt. A lack of rigor in these areas can
worsen existing technical problems, making them increasingly complex to identify and resolve.
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TD Indicator Counts per TD Category

Issue/Task Description Issues
Document Maintenance Deficiency
Design Process Inefficiency

Design Adaptability Challenges

Process Definition Ambiguity
Workaround Dependencies
Verification Inefficiency

Requirements and Design Mismatch
Process Adherence Issues

Legacy System Challenges

Time Management Issues

Quality Assurance Inefficiency

Design and Implementation Mismatch
Testing Limitations

Communication Issues

Inefficient Work Planning/Estimation
Documentation Deficiency

Design Inadequacy

Release Specification/Management Issues
Standards and Best Practices Violation
Inadequate Technical Debt Management
SaaS Related Technical Debt Categories

o
5
=
o
=
[
N
o

25

Figure 1. TD indicator counts per TD category
6. CONCLUSIONS

While SaaS development holds significant potential and benefits, it comes with its unique challenges. Such
challenges highlight the need for a deeper understanding and strategic approach to SaaS development.

In this study, we approached to the problem from technical debt perspective and aimed to understand SaaS-
specific technical debt indicators and categories. We performed an exploratory case study by conducting
interviews with nine employees in a SaaS vendor. Based on the data we collected from interviewees, we identified
15 distinct SaaS-specific technical debt categories and 23 corresponding indicators. Additionally, we observed 81
generic software-specific technical debt indicators categorized into 23 types.

Addressing SaaS-specific categories is not just about acknowledging their existence, our study points out several
categories that are unique to SaaS development. This emphasizes the distinct challenges of SaaS development and
the need for specific strategies to manage its technical debt.

These granular categorizations are valuable in terms of enabling developers to identify, prioritize, tackle and
prevent SaaS specific issues effectively. Our findings highlight the multifaceted nature of technical debt and stress
the need for an encompassing approach to understanding and managing it. Therefore, our study makes a
significant contribution for effective management of technical debt in SaaS applications.

Future studies can be performed with multiple case studies and on understanding the impact of SaaS technical
debt on the overall software development lifecycle.
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Keywords Abstract: In this study, it was aimed to obtain Al203 from waste Tetra Pak packages
Aluminull?, by using the hydrometallurgical method. Tetra Pak recycling has become an
Tetra Pak,

increasingly researched topic around the world. Cellulose, polyethylene and
aluminum, which form the structure of Tetra Pak packages, are raw materials that
can be reused after recycling. Cellulose was separated from Tetra Pak's structure by
hydropulping process and polyethylene was separated from Tetra Pak's structure
by leaching with HC], and optimum parameters of these processes were investigated
in experimental studies. Aluminum in the structure was dissolved in acid solution
with 100% efficiency in the experiments carried out with 12.076 M and 9.057 M acid
concentration. Aluminum, which was dissolved in acid solution, was obtained as the
AlCl3 phase and precipitated as Al(OH)3 with the addition of 100% stoichiometric
NaOH, and the precipitates were calcined at 950 °C for 1 hour to obtain the Al203
structure. The materials used in the experimental studies and the products obtained
as a result of these experiments were analyzed by Atomic Absorption Spectrometry
(AAS), Fourier Transform Infrared (FTIR) Spectroscopy, Scanning Electron
Microscopy (SEM) / Energy-Dispersive X-ray Spectroscopy (EDS), and optical
microscopy techniques.

Recycling

Atik Tetra Pak Paketlerinden Al203 Geri Kazanimi

Anahtar Kelimeler 0z: Bu calismada atik Tetra Pak ambalajlarindan hidrometalurjik yontem
kullanilarak Al203 elde edilmesi amaglanmistir. Tetra Pak geri doniisiimi, diinya

Aliminyum, capinda giderek daha fazla arastirillan bir konu haline gelmistir. Tetra Pak

Tetra Pak, ambalajlarinin  yapisini olusturan seliiloz, polietilen ve aliiminyum, geri

Geri dontisim doniistiiriilerek yeniden kullanilabilen hammaddelerdir. Tetra Pak'in yapisindan
seliiloz hidropulping prosesi ile, polietilen ise HCI ile li¢ prosesiyle ayristirilmis ve
deneysel calismalarda bu prosesler i¢cin optimum parametreler arastirilmistir.
Yapidaki aliiminyum, 12,076 M ve 9,057 M asit konsantrasyonuyla yapilan
deneylerde %100 verimle ¢6zlinmustiir. Asit ¢ozeltisinde ¢ozlinen aliiminyum, AlCl3
faz1 olarak elde edilmis ve %100 stokiyometrik NaOH ilavesiyle AI(OH)s olarak
coktiirtilmiistiir. Bu ¢okeltiler Al203 yapisi elde etmek i¢in 950 °C'de 1 saat kalsine
edilmistir. Deneysel ¢alismalarda kullanilan malzemelerin ve bu deneyler
sonucunda elde edilen triinlerin analizleri Atomik Absorbsiyon Spektroskopisi
(AAS), Fourier Dontisimli Kizilotesi (FTIR) Spektroskopisi, Taramali Elektron
Mikroskobu (SEM) / Enerji Sacilimli X-Isin1 Spektroskopisi (EDS) ve optik
mikroskopi teknikleriyle gerceklestirilmistir.

*lgili Yazar, email: leventoncel@gmail.com

1. Introduction

One of the biggest challenges faced by the modern world is the efficient use of organic waste consisting of plastic,
rubber and solid waste [1]. Besides the recycling of waste, their volume needs to be reduced to create appropriate
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storage conditions [2]. The solid waste consists of organic materials, paper, cardboard, plastic, glass, aluminum
and other metals [3]. One of these waste materials is Tetra Pak. It is generally called Tetra Pak based on the name
of the first manufacturer, and it is widely used as aseptic packages for beverages such as milk and juice [1]. Tetra
Pak packages allow perishable products to be stored for 6 months without the need for cooling [4].

Tetra Brik™ aseptic package is produced by Tetra Pak Company and used for packaging after the ultra-
pasteurization process. This package consists of six layers mainly made of three materials, and these materials are
cellulose (73% by weight), low-density polyethylene (LDPE, 20% by weight) and aluminum (5% by weight). Small
amounts of printing ink, coatings and adhesives are also present in the structure (2% by weight) [4,5]. Each
component (cellulose, polyethylene, aluminum) of the used Tetra Pak package becomes the raw material for the
new product. Considering the environmental effects and limited raw material sources, it is important to recycle
these materials without generating waste.

Aluminum is the most produced metallic material after iron and steel [6]. Aluminum is used in industries such as
metallurgy, automotive, packaging, electric-electronics, aircraft-space, machine technologies and construction [7].
The densities of iron, copper and zinc are 7.78 g/cm3, 8.93 g/cm3 and 7.14 g/cm3, respectively. On the other hand,
the density of aluminum is 2.69 g/cm3. Due to this advantageous feature, the use of aluminum in industries such
as automotive, aerospace and marine industries, where weight is very important, is increasing day by day [8]. The
low weight of aluminum reduces fuel consumption, which leads to low CO: emissions. Today, 19% of the
greenhouse gas emission to the atmosphere originates from the transportation industry [9]. Aluminum’s melting
point is 660.25 °C, boiling point is 2467 °C, linear thermal expansion coefficient is 2.39E-07 cm/cm/°C (at 0 °C),
thermal expansion is 23.1um/(m.k) (at 25 °C), density is 2.69 g/cm3, specific heat is 0.9 J/gK and modulus of
elasticity is 76 GPA [10]. Due to these features, aluminum is used in many applications in the industry.

Aluminum can be produced as thin foil, it can be shaped easily, it prevents the passage of water, gas, steam and
microorganisms, it is not affected by weather change and the environment, and it is protective against ultraviolet
and infrared rays. Therefore, aluminum is used in Tetra Pak packages [1-3].

The mineral used in primary aluminum production is bauxite [11]. Alumina plants are usually built next to bauxite
ores. Bauxite ore extracted from the mine is treated with sodium hydroxide melt to obtain aluminum hydroxide.
The non-melting residues (red mud) formed as a result of this process are separated and alumina (aluminum
oxide) is obtained by calcination of aluminum hydroxide [12]. In this context, the use of alumina is also important.
Alumina is used as a raw material in the ceramic industry, glass industry, refractory materials, abrasive material
production, primary aluminum production, transparent armor production, and cutting tool insert production [13].
Considering that bauxite ores in the world are limited, to meet the increasing demand for aluminum, different
alternatives must be found, and aluminum used in every field must be recycled [12,14]. Tetra Pak packages
containing aluminum are recycled by a process called hydropulping [15]. In this process, the separation of the
cellulosic fibers takes place in a washing device using a sieve with two chambers. In the two-chamber sieve system,
aluminum containing polyethylene is collected in the inner chamber, and pulp (cellulosic fibers) is collected in the
outer chamber. In the hydropulping process, thin plastic and aluminum layers are kept in a waterproof membrane
and separated from cellulosic fibers by centrifugal forces. The high-quality cellulosic fibers obtained are used in
the production of products such as paper towels and writing paper [16]. Low-density polyethylene and aluminum
residues are extruded to obtain pellets [15,17]. The utilization of these residues can be carried out by using three
different methods. These methods are; i) aluminum recovery in pyrolysis furnaces, ii) recovery of polyethylene
and aluminum with plasma technology, iii) processing of polyethylene and aluminum mix to obtain high-quality
paper products [5,18]. Tetra Pak pyrolysis is performed in furnaces operating under inert atmosphere conditions
at temperatures ranging from 350 °C to 500 °C. The products obtained as a result of pyrolysis are aluminum, gas,
oil and coal [19]. Another method used to separate polyethylene and aluminum is plasma technology. In this
method, plasma with a temperature of 15000 °C is sprayed to heat the polyethylene and aluminum layers together
[20]. The main motivation of this study is to use a method with low energy requirement as an alternative to these
methods with high energy requirements.

According to Tetra Pak Company, there is still a lack of infrastructure for the management of the domestic waste
disposed of by storage. The global recycling of Tetra Pak packages used increased by 10% in 2012, from 528 tons
to 581 tons. The production of recyclable materials with new production methods allows the creation of new
companies and official jobs, as well as the use of recycled products. However, inadequate management of waste
can pose significant risks for public health and the ecosystem [3]. In this study, in line with these targets, it was
aimed to determine the optimum parameters to be used in the recovery of aluminum oxide with HCI acid leach
from Tetra Pak packages.
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2. Material and Method
2.1. Material
Waste Tetra Pak packages were used as the aluminum source in this study. Tetra Pak packages were cleaned and
contaminations were removed. The dimensions of the cleaned samples were reduced to obtain a homogeneous
mixture. Then, the samples, which were reduced in size, were mixed and as a result of this process, a homogeneous

structure with the characteristics of all scraps was obtained.

The chemical composition of Tetra Pak scraps, cleaned Tetra Pak scraps, and pelletized Tetra Pak packages in the
literature are shown in Table 1.

Table 1. Compositions of Tetra Pak samples (weight %) [3]

Material Cellulose Polythene Aluminum
Tetra Pak (Scrap) 75 20 5
Tetra Pak (Cleaned) 0 83 17
Tetra Pak (Pellet) 0 95 5

Sigma-Aldrich HCl acid was used to separate the components of the samples. Technical grade NaOH was used to
precipitate AlCls, which passed into the acid solution, and aluminum was precipitated in the hydroxide form.
Precipitated aluminum hydroxide was calcined to obtain Alz20s.

2.2. Method

In the first stage of the experimental studies, PE-Al and cellulose, which are the components of Tetra Pak packages,
were separated from each other by the hydropulping process according to the flow chart given in Figure 1. The
hydropulping method used by Akoglu et al. was optimized and used [21]. Initially, Tetra Pak packages were cut
into squares with an average edge length of 2.5 centimeters, then the mixture was washed with water at room
temperature for 15 minutes to remove food residues from the packages. Arcelik K-8140 TB blender was used to
perform the grinding process. Then PE-Al and cellulose phases were subjected to wet screening consisting of three
steps. In screening and wet screening processes, PE-Al and cardboard phases were separated from each other. The
screen used in the first screening step was 4 mm in size and its screen opening was 0.125 mm. In the second
screening step, the screen used was 2 mm in size and its screen opening was 0.125 mm.

Waste Tetra Pak packages

'

Washing (In water, 25 °C, 15 minutes)

'

Clean Tetra Pak packages

'

Holding in water (24 hours)

.

Grinding with blender — | ( 2 minutes, 330 rpm, solid/liquid: 1/20)

'

PE-Al wet screening | (+- 4 mm, 3 minutes)

'

PE-Al wet screening Il (+- 2 mm, 3 minutes)

'

Grinding with blender — Il ( 2 minutes, 330 rpm, solid/liquid: 1/20)

.

Drying (105 °C, 180 minutes)
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Figure 1. Hydropulping process flow chart

After the cellulose and PE-Al were separated from each other by the hydropulping method, a second process was
applied to separate the polyethylene and aluminum. In the second stage of the experimental studies, the optimum
parameters for dissolving aluminum in acid solution by treating the obtained PE-Al phase with HCl acid (wt. 37%)
were investigated. The experiment sets executed in the second stage were divided into two. In the first set of
experiments, the effects of acid molarities on the leaching efficiency were investigated (Table 2).

Table 2. Parameters applied in the experiment set investigating the effects of acid molarities in PE-Al separation

Experiment HCl, ml H20, ml Molarity, M
1 15 45 3.019
2 30 30 6.038
3 45 15 9.057
4 60 0 12.076

In the experimental set in question, fixed parameters for 1 g of PE-Al (wt. 18.94% Al), which was used as solid
phase, were; 25 °C test temperature (room temperature), 20 minutes leaching time, 450 rpm stirring rate and
1/60 solid to liquid ratio.

In the second set of experiments, in experimental studies carried out at low acid molarities (3.019 M and 6.038 M),
the effects of temperature on the leaching efficiency were investigated (Table 3). Experiments were carried out at
35 °C, 45 °C and 55 °C, respectively, based on the HCl acid concentrations used in experiments 1 and 2 (3.019 M
and 6.038 M). Fixed parameters in the second set of experiments were 20 minutes leaching time and 450 rpm
mixing speed.

In the experimental studies, Equation 1 was used to calculate the leaching efficiency (LE).

LE = ((Mass of aluminum passed into acid solution, g) / (Aluminum quantity in PE

_ 4L, g)) x 100 (1)
Table 3. Experimental parameters used in investigating the effect of temperature on the leaching efficiency in PE-Al
separation
Experiment HCI, ml H20, ml Molarity, M T, °C
5 15 45 3.019 35
6 15 45 3.019 45
7 15 45 3.019 55
8 30 30 6.038 35
9 30 30 6.038 45
10 30 30 6.038 55

2.3. Analysis methods

Fourier Transform Infrared (FTIR) Spectroscopy (Perkin Elmer Spectrum 100) was used to understand the
structure of precipitates. FEI Inspect S50 Scanning Electron Microscope (SEM) and EDAX Octane Prime Energy-
Dispersive X-ray Spectroscopy (EDS) were used to examine the crystallographic structures of the samples. Optical
microscope micrographs of the prepared samples were taken with the LEICA Optical Microscope before the
hydropulping process. Chemical analyses were performed with Perkin Elmer AAnalyst 800 Atomic Absorption
Spectrometer (AAS).

3. Results and Discussion

In the first stage of the experimental studies to obtain aluminum from waste Tetra Pak packages, cellulose / PE-Al
mix was separated from each other by hydropulping process carried out in accordance with the flow chart shared
in Figure 1. Before this process, optical microscope micrographs were taken to observe that if samples were
completely free from contaminants. Optical microscope micrographs are given in Figure 2. As seen in Figure 2,
there were no contaminants on the inner and outer surfaces of the samples, and there was metallic aluminum on
the inner surface. The PE-Al residues obtained after the hydropulping process are shown in Figure 3. It is seen that
the samples were completely free from cellulose.
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: *\‘« & 10.00um
Pak package (layer with

Figure 3. End products obtained as a result of hydropulping process; a) PE-Al phase, b) cellulose pulp and PE-Al phase, c)
cellulose pulp
The content of the PE-Al phase was measured by the chemical analysis method. As a result of the analysis, it was
determined that the chemical content of the material was 79.92% polyethylene and 20.08% aluminum by weight.
The average width of the PE-Al lamels was found to be 1.9 mm.

In the second stage, the process of separating Al from the PE-Al layer, which was separated from cellulose in the
first stage, was carried out hydrometallurgically. Experiments of dissolving aluminum in acid solution were
executed at room temperature for the increasing acid molarities, and increasing temperatures for low acid
molarities. When the experiment results were examined, it was determined that the amount of aluminum
dissolved in acid solution increased with increasing acid molarity. The results are seen in Figure 4 and Table 4.
When Figure 4 is examined, it is seen that the leaching efficiency was over 100% at 9.057 M and 12.076 M acid
concentrations. This is due to the probability of relatively low pulse and low homogeneity of the sample which was
weighed as 1 g. This situation is defined as the ingot effect in metallurgy and is frequently encountered in the
analysis of Au-Ag ores. Therefore, experiments at 9.057 M and 12.076 M acid concentrations, where 100%
efficiency was exceeded, provided sufficient conditions. Sufficient conditions were those where 100% efficiency
was achieved.

Table 4. The effects of HCl acid molarity and temperature on the leaching efficiency of aluminum

Experiment Molarity Temperature, °C eAffliiT;:}cl;?g/o
1 3.019 25 7.40
2 6.038 25 61.25
3 9.057 25 100.00 (116.68)
4 12.076 25 100 (100.42)
5 3.019 35 6.07
6 3.019 45 14.78
7 3.019 55 15.42
8 6.038 35 54.96
9 6.038 45 63.41
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Figure 4. The effect of HCl acid molarity on the leaching efficiency of aluminum

To increase the leaching efficiency of aluminum at 3.019 M and 6.038 M acid concentrations, experiments were
repeated at higher temperatures and the same molarity values, and the results were shared in Figure 5. It was
observed that the leaching efficiency of aluminum increased with increasing experiment temperatures. The
highest efficiency in this set of experiments was obtained as 89.76% at 55 °C, which was the highest temperature
used in the experiments. In experiments carried out at an acid concentration of 3.019 M, it was determined that
the leaching efficiency of aluminum did not exceed 20% despite the increase in temperature. According to these
data, it was determined that the acid molarity of the solution must be 6.038 M as a minimum.
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Figure 5. The effect of temperature on the leaching efficiency of aluminum

In the studies conducted, Atomic Absorption Spectrometer (AAS) was used to detect the remaining Al in PE-Al
samples which were treated with HCl. According to the analyses results, there was no aluminum in the composition
of the cakes when the molar concentration of HCI acid was high, but there was a small amount of aluminum left in
the system when the molar concentration of HCl acid was low (3.019 M HCl and 6.038 M HCI).

It was seen that aluminum reacting stoichiometrically with HCl, which was used in high concentrations, could
easily transform into AlCls as seen in Equation 2, then AlClz dissolved and passed into liquid phase, and for that
reason, it was not present in the cake phase.

241 + 6 HCI = 2AICl3 + 3H: (2)
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According to the reaction mechanism, excess material of the reaction between high concentration HCl and Al was
HCL Therefore, it was thought that all of the aluminum was used during the reaction and formed AlCl3, and AlCl3
passed to the raffinate phase with the remaining HCL. For this reason, there was no aluminum in leach cake in
leaching experiments performed at high concentrations of HCI.

However, when the molarity of the acid was low (3.019 M HCl and 6.038 M HCI), it was thought that the amount
of HCI reacting with aluminum was not enough for the reaction to occur 100% stoichiometrically, and therefore
aluminum was not completely used. Thus, aluminum was found in the filter cake obtained after leaching. In
addition, due to the large number of water molecules resulting from low concentration of HCI, formed AlCl3 could
react with excess H20 in the medium in accordance with Equation 3.

AICIz + 3H20 =AI(OH)s + 3HCI (3)

Due to the precipitated aluminum hydroxide as a result of the reaction occurred, the aluminum phase was
determined in the leach cake in the process performed at alow concentration of HCl solution. Also, if there is excess
water molecule in the media, it forms aluminum oxide salt with the following reaction mechanism (Equation 4).

2AICl3 + 3H20 = Al:03 + 6HCI 4)

The aluminum oxide salt formed as a result of this reaction also precipitates, and this causes the leach cake to
contain aluminum. Leaching operations were carried out at high temperatures to remove aluminum, which was
seen at low molarity values, but aluminum found in leach cake could not be dissolved in acid solution. The reason
for this is the low solubility constants of Al(OH)3 and Al203, which are compounds predicted to occur by the
reaction mechanisms described above, therefore by increasing the temperature, the solubility does not reach the
level to pass the raffinate phase.

The structure of the polyethylene separated from aluminum by the hydrometallurgical process was characterized
by the FTIR method and the results are given in Figure 6.
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Figure 6. FTIR patterns of filter cakes obtained from experimental studies carried out with 6.038 M HCI and increasing
temperatures

According to Figure 6, no impurities based on Al or other structures were found in the structure of the polyethylene
obtained as a result of leaching with 6.038 molar HCI solution. Accordingly, for the solution having 6.038 M acid
concentration, it was determined that at every temperature used in the experiments, aluminum was dissolved in
acid solution at a high rate and completely separated from polyethylene. After determining the leaching
efficiencies of aluminum, the solution with the best efficiency (25 °C, 9.057 M HCI acid concentration) was
prepared and PE-Al was dissolved in acid solution under optimum conditions. 100% stoichiometric ratio of NaOH
was added to the aluminum which was dissolved in acid solution and AlCl3 was precipitated in Al(OH)3 form. In
this process, pH should be adjusted to 7. Whether the solution is acidic or basic prevents precipitation, since Al
tends to remain in solution in both cases. FTIR analysis result of Al(OH)3 obtained as the result of precipitation is
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shown in Figure 7. It is seen in the figure that Al(OH)s was successfully precipitated. However, it was determined
that there was some amount of precipitated Na[AI(OH)4] in the structure because of NaOH.

Na[AI(OH),] AI(OH)

Transmittance (%)

AI(OH),

I 1
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm'1)

Figure 7. FTIR pattern obtained by adding NaOH to filter cakes in experimental studies carried out with 9.057 M HCl and 25
°C of temperature

After the precipitation process, the calcination process was carried out to obtain Al203 from Al(OH)s. In the
calcination process, samples were calcined at 950 °C for 1 hour, and the FTIR pattern of the obtained products is
shown in Figure 8. When Figure 8 is examined, it was determined that Al203 was successfully obtained and some
amount of aluminum hydroxide remained in the structure.
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Figure 8. FTIR pattern of calcined Alz03
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SEM analyses were performed to examine the microstructures of precipitated and calcined samples. The SEM
image of Al(OH)s is seen in Figure 9, and the EDS analysis is given in Table 5. The SEM image of Al203 obtained as
a result of calcination is seen in Figure 10, and the EDS analysis is shared in Table 6. EDS analysis shared in Table
5 shows that a low amount of sodium remained in the structure in parallel with the FTIR results. According to the
results of EDS analysis shared in Table 6, as a result of the calcination process; Na could not be eliminated, the
amount of H, which was 36.60%, decreased to 3.37% and the amount of O increased from 21.04% to 42.95%.
According to these data, it was determined that Al203 was obtained successfully.

t 1 2,9 (i
Figure 9. SEM image of Al(OH)3
Table 5. EDS analysis of Al(OH)3
Element keV Mass % Sigma Atom %
Al 1.486 37.56 0.59 51.47
(0] 0.525 21.04 0.27 20.06
Na 1.041 4.80 0.23 12.02
H 2.621 36.60 0.24 16.45
Total 100.00 100.00
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[ ) mm
Figure 10. SEM image of calcined Al203
Table 6. EDS analysis of calcined Al203
Element keV Mass % Sigma Atom %
Al 1.486 52.65 0.40 55.94
0] 0.525 42.95 0.19 42.47
Na 1.041 1.03 0.17 0.21
H 2.621 3.37 0.18 1.38
Total 100.00 100.00

Figure 11 shows the SEM images of Al(OH)3 and Alz0s at different magnifications. It is seen in the figure that the
hydroxide structure turns into a finer oxide structure as a result of the transformation from Al(OH)s to Al20s.
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Figure 11. SEM images of Al(OH)3 and Al203 at different magnifications; a) Al(OH)3 at 50X magnification, b) Al(OH)3 at 240X
magnification, ¢) AI(OH)3 at 500X magnification, d) Al203 at 50X magnification, e) Al203 at 240X magnification, f) Al20s3 at
500X magnification

4., Conclusion

In this study, optimum parameters for obtaining Al203 from waste Tetra Pak packages were determined by
carrying out experimental studies.
=  Waste Tetra Pak samples were purified from cellulose and contaminants by subjecting to the
hydropulping process, then HCl acid leaching was applied, and aluminum was separated from
polyethylene by dissolving in acid solution.
= Inthe experiment carried out with the parameters of 12.076 M acid concentration, 25 °C temperature and
400 rpm stirring rate, aluminum was completely dissolved in acid solution, and was obtained as the AlCl3
phase.
= Then, Al(OH)3 precipitation was acquired with stoichiometrically 100% NaOH addition. The Al(OH)3
precipitate was calcined at 950 °C for 1 hour, and the Al20s structure was successfully obtained.
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Keywords
Drug Candidate, Abstract: In this study, a novel triazolopyrimidinone derivative, 5-(Chloromethyl)-
Pencil Graphite Electrode, 2-(2-chlorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7 (3H)-one, abbreviated CMCP,

Drug-DNA Interaction,

: o was synthesized as a viable therapeutic candidate. Using electrochemical techniques
Triazolopyrimidinone

such as Differential Pulse Voltammetry (DPV) and Cyclic Voltammetry (CV), we
investigated its electrochemical characteristics and interactions with both single-
stranded DNA (ssDNA) and double-stranded DNA (dsDNA). We explored the
experimental parameters, including pH, concentration and scanrate to provide
best analytical results. Our methodology involves analyzing changes in
electrochemical signals, specifically the peak current of guanine bases, before and
after interactions with the drug. Furthermore, stability tests were performed on
CMCP over several days. The results unveiled noteworthy changes in guanine bases
following CMCP interactions with both ssDNA and dsDNA, underscoring the
potential influence of this compound on DNA structure.

ila¢ Aday1 olarak Yeni Sentezlenen Pirimidin- Triazole Yapil Bir Bilesigin
Elektrokimyasal Yapisinin incelenmesi

Anahtar Kelimeler 0z: Bu calismada, umut vadeden yeni bir ilag aday1 olarak triazolopirimidinone
lla¢ Aday1, tiirevi olan 5-(klorometil)-2-(2-klorofenil)-[1,2,4]triazolo[1,5-a]pirimidin-7 (3H)-
Kalem Grafit Elektrot, on (kisaltilmis olarak CMCP) sentezlenmistir. Diferansiyel Puls Voltametri (DPV) ve

flag-DNA Etkilesimi,

Triazolopirimidinon Dongiisel Voltametri (CV) gibi elektrokimyasal teknikler kullanilarak,

elektrokimyasal 6zellikleri, ayrica tek sarmal DNA (ssDNA) ve cift sarmal DNA
(dsDNA) ile etkilesimleri arastirllmistir. Optimum sonuglar saglamak icin pH,
konsantrasyon ve taramahizi  gibi ¢esitli deneysel parametreler arastirilmistir.
Calismada, ilagla etkilesimden once ve sonra guanin bazlarmin pik akimi gibi
elektrokimyasal sinyallerdeki degisiklikleri analiz edilmistir. Ayrica, CMCP iizerinde
birkag¢ giin boyunca kararlilik testleri yapilmistir. Sonuglar, CMCP’'nin hem ssDNA
hem de dsDNA ile etkilesiminden sonra guanin bazlarinda dikkat ¢ekici degisiklikler
oldugunu ortaya koymustur ve bu bilesigin DNA yapisi {lizerindeki potansiyel
etkisini vurgulamaktadir. Bu deneysel bulgular, CMCP’'nin DNA iizerindeki etkisi
nedeniyle ilerideki ila¢ gelistirme g¢alismalar1 icin umut vadeden bir aday oldugu
gorisiini desteklemektedir.
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1. Introduction

Heterocyclic compounds, a versatile class of organic compounds, have attracted considerable attention due to
their significant impact on the field of chemistry and their wide-ranging applications [1,2]. The most prevalent
heterocycles typically consist of five- or six-membered rings and incorporate heteroatoms such as nitrogen
(N), oxygen (0), or sulphur (S) [3]. Nitrogen-containing heterocyclic compounds are a key component of many
natural products, drug molecules, and organic functional materials [4]. Triazolopyrimidinone, a fused
pyrimidinone-triazole heterocyclic compound, has been the subject of extensive research in various fields.
These compounds have exhibited a broad spectrum of activities, encompassing antibacterial [5], antifungal
[6], antiviral [7], anticancer [8] and antimicrobial agents [9]. They also highlight the potential of
triazolopyrimidinones to be used as starting points for the development of novel drugs for the treatment of
these and other diseases [10-12].

DNA is the most popular pharmacological target of many drugs because it is essential for all cellular processes
[13]. The interaction between drugs and DNA is important in medicine because they influence both therapy and
potential side effects. Understanding these interactions is critical for creating more effective treatments and safer
drugs. Investigating the mechanisms underlying drug-DNA interactions not only provides insights into
pharmacological effects, but it also paves the way for novel DNA-targeted drug design [14]. DNA-drug interactions
are unravelled using a variety of techniques, including optical and infrared spectroscopy, Nuclear Magnetic
Resonance (NMR), circular and linear dichroism, viscosity assays, Mass Spectrometry (MS), molecular docking,
and electrochemical methods. These techniques provide valuable insights into the pharmacological effects of drugs
and the molecular mechanisms of disease [15-18]. Electrochemical methods, such as Cyclic Voltammetry (CV) and
Differential Pulse Voltammetry (DPV), offer a unique window into the dynamic interrelationship between drugs
and DNA molecules [19]. The advantages of electrochemical approaches include their portability, simplicity, and
quickness. Despite the complexity of the samples, their high selectivity assures precise identification of the target
analytes, and their sensitivity allows for the detection of trace quantities. Cost-effectiveness is one of their main
advantages because it makes them available for routine analysis [20].

In this study, the electrochemical characteristics of 5-(Chloromethyl)-2-(2-chlorophenyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-7(3H)-one, CMCP, a triazolopyrimidinone derivative and its interactions with both single-stranded
DNA (ssDNA) and double-stranded DNA (dsDNA) were investigated using DPV and CV. (depicted in Figure 1). The
objective of this study is to contribute to the ongoing development of innovative therapeutic compounds.
Specifically, attention was directed towards the novel potential drug candidate CMCP, which is recognized for its
triazolopyrimidinone structure, and a comprehensive examination of its electrochemical properties was
conducted. Various experimental parameters, such as pH, concentration and scanrate  were systematically
explored using DPV. Additionally, critical parameters such as reproducibility, precision, linearity, as well as the
limits of detection (LOD) and limits of quantification (LOQ) were determined. CMCP stability and interaction with
ssDNA and dsDNA were assessed under optimal storage conditions (dark room at 25°C) on specific days (day 0,
day 1, day 3, day 7, and day 30). DPV was used to monitor changes in guanine bases, which are essential for DNA
structure and function. The significant alterations in guanine bases observed following CMCP interaction with
ssDNA and dsDNA highlight the crucial nature of these findings.

2. Material and Method

2.1. Apparatus

Analytical Thin Layer Chromatography (TLC) was conducted using Merck silica gel F-254 plates. The melting
points were determined employing the Stuart SMP 30 melting point apparatus (Staffordshire, ST15 OSA, United
Kingdom). These melting point measurements were conducted in open capillary tubes. The synthesis of the
compounds through microwave irradiation (MW) was performed utilizing the Milestone MicroSYNTH (Milestone
S.r.l, Italy) microwave apparatus. The SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific, Waltham, MA) was
used to apply temperature cycles in a controlled and accurate manner, allowing dsDNA denaturation and the
separation of the two DNA strands in the sample. The Heating Thermoshaker (Thermo Fisher Scientific, Waltham,
MA) was employed for various tasks, including incubating samples at specific temperatures and gently mixing
samples while maintaining precise temperature control. A PalmSens4 potentiostat/galvanostat/impedance
analyser was used for all DPV and CV measurements. The PalmSens4 was connected to a computer via a USB cable
and controlled using the PSTrace 5.8 program. A three-electrode system was used in the experiment, with a pencil
graphite electrode (PGE) as the working electrode, an Ag/AgCl reference electrode, and a platinum wire counter
electrode. The graphite lead was held in place with a Rotring T 0.5 mm pencil (Rotring, Germany). A local bookstore
provided HB pencil leads (Tombo, Japan) measuring 60 mm in length and 0.5 mm in diameter. A conductive cable
was attached to the metallic part of the pencil to provide electrical connection between the graphite lead and the
holder.
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2.2. Chemicals

Ethanol absolute (99.9%) and glacial acetic acid were acquired from Isolab Chemicals. Double-stranded salmon
sperm DNA (dsDNA) was procured from Sigma Chemical Co. (St. Louis, USA), while all other chemicals were
sourced from reputable suppliers, including Merck (Darmstadt, Germany), Tokyo Chemical Industry C. LTD.
(Tokyo, Japan), Alfa Aesar-Acros Organics (Thermo Fisher Scientific), and Carlo Erba Reagents (Milano, Italy),
ensuring their high purity. Solvents used were of analytical grade and were used as received without additional
purification.

Various buffers, such as 0.5 M Acetate (ACB) at pH levels of 3.8, 4.8, and 5.6, 0.05 M Phosphate (PBS) at pH 7.4, 0.1
M sodium borate (BBS) at pH levels of 8.2 and 9.8, as well as 0.02 M NaCl and 0.05 M Tris-EDTA (TE) buffer at pH
8.0, were employed in the experiments. CMCP was synthesized at Izmir Katip Celebi University, Faculty of
Pharmacy, Department of Pharmaceutical Chemistry, and generously provided. A stock solution of CMCP was
prepared in Dimethylformamide (DMF) and stored in a dark room at 4°C to prevent degradation.

2.3. Experimental

2.3.1. Synthesis of CMCP

Triazolopyrimidinones are attainable through a range of chemical processes, such as cycloaddition, condensation,
and cyclization reactions. These reactions generally involve the combination of appropriate precursor compounds
to create the triazole and pyrimidinone rings. 5-(2-chlorophenyl)-3-amino-1,2,4-triazole (10 mmol) and ethyl 4-
chloroacetoacetate (20 mmol) in 12-18 ml acetic acid (MW, 20 min, 180°C) was refluxed. The formed solid was
filtered off, washed with acetic acid then dried to yield CMCP. Compounds CMCP (5-(Chloromethyl)-2-(4-
methoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7(3H)-one) used in the next step without purification.

5-(Chloromethyl)-2-(2-chlorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7(3H)-one (CMCP).
Yellow solid; yield, 52 %; m.p., 113 °C; 1H-NMR (DMSO-d6, 400 MHz) 6 8.02 (d, ] = 8.7 Hz, 2H), 7.07 (d, ] = 8.8 Hz,
2H), 6.16 (s, 1H), 4.66 (s, 2H), 3.81 (s, 3H) ppm; 13C-NMR (DMSO0-d6, 100 MHz) 6§ 161.6,156.1,151.8,128.7,114.8,

100.4, 55.8ppm; HRMS m/z: 290.0555 (Calcd for (C13H11CIN402), 290.0571). We reported HRMS data to within 5
pg/mL to support molecular formula and purity assignment.

" 0 /*\
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/\ / Ri NH;
H R1 cl NH

HoN N
Aminoguanidin bicarbonate 2-Chiorobenzoyichloride 5-{2-Chlorophenyl)-4H-1,2,4-triazol-3-amine
+
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N
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N
5-(Chioromethyl}-2-2-chtorophenyl}- Ethyl 4-chloro-3-oxobutanoate
[1,2, 4jtriazolof1.5-ajpyrimidin-7{3H)-one
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Figure 1. General synthesis scheme of the pyrimidinone-triazole derivative: CMCP.
2.3.2. Pre-treatment of PGE

In preparation for our experiments, the pencil graphite electrodes (PGEs) were activated by applying a potential
of +1.4 V for a duration of 30 seconds within ACB at pH 4.8. The primary objective of this activation was to minimize
background current, thereby enhancing the precision of subsequent electrochemical measurements.
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The PGEs, having undergone this electrochemical pre-treatment, were subsequently employed as the working
electrodes in all ensuing experiments. Electrochemical surface pre-treatment serves to increase the surface area
of electrodes, introduce functional groups on the electrode surface for stronger interactions with DNA molecules,
and eliminate impurities from the electrode surface that might interfere with DNA analysis [21]. These attributes
are pivotal in expediting electron transfer at the electrode interface [22], a fundamental factor contributing to the
effectiveness of our experimental investigations.

2.3.3. Interaction

The electrochemical behaviour of CMCP was investigated through the application of DPV, considering scenarios
with and without the presence of both ssDNA and dsDNA. The investigation began by examining the interaction of
CMCP with ssDNA, employing a denaturation method as outlined in a previously referenced study [23]. To
commence this particular phase of the experiment, we initiated a precise thermal treatment. Specifically, we
subjected the sample to a brief heating step lasting 1 minute, with the temperature set at 95°C. Subsequently, we
rapidly cooled the sample by placing it on ice. Subsequently, CMCP was introduced, and the ssDNA was
immobilized onto the PGEs. Following this immobilization step, DPV measurements were conducted. In the
subsequent phase, the interaction of CMCP with dsDNA was scrutinised. Solutions containing dsDNA and CMCP
were gently agitated at 45°C and 600 rpm for a duration of 30 minutes. Following the interaction period, PGEs
were immersed in these solutions, and DPV was employed for analysis.

2.3.4. Measurement

DPV and CV measurements were carried out across a voltage range spanning from +0.4 to +1.4 V, with a scan rate
set at 50 mV/s. These tests were consistently executed under typical room temperature conditions (25°C). The
visual representation of the experimental process was illustrated in Figure 2.

Activation Interaction Measurement

I)CMCP  1I)JdsDNA+CMCP 1l1)ssDNA+CMCP —CMCP

—dsDNA+CMCP
—ssDNA+CMCP

) 9

@cvce @asona @ssova Lan /)

I
PGE
Figure 2. The experimental steps were as follows: activation of PGE with ACB, CMCP interaction with both dsDNA
and ssDNA, and DPV measurements.

3. Results

3.1. Electrochemical Properties of CMCP

In this section, an investigation into the electrochemical behaviours of the drug candidate molecule was conducted
using DPV. Initially, the impact of pH on the electrochemical oxidation signals of the drug candidate was assessed,
and the results are illustrated in Figure 3. pH plays a pivotal role in drug metabolism and therapeutic efficacy,
making it essential to identify the optimal pH conditions for the drug candidate. In the pH study, a range from 3.8
to 9.8 was examined using DPV. The objective was to identify the pH conditions that induce significant changes in
peak current and peak potential.

As itis seen from the Figure 3, the drug candidate has an oxidation signal at around +1V. The results revealed that
CMCP consistently exhibited stable responses, with the most prominent peak observed at pH 3.8. Consequently,
pH 3.8 was selected as the dilution buffer. This thorough exploration of pH conditions provides crucial insights
into the electrochemical behaviour of the drug candidates and their potential therapeutic applications.
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Figure 3. The effect of pH on peak currents and peak potentials. The bar graph showcases the behaviour of the
CMCP across various pH values spanning from 3.8 to 9.8. Notably, the highest peak currents for CMCP were
observed at pH 3.8.

The subsequent phase of the study focused on establishing the analytical concentration ranges of the drug
candidate through DPV measurements conducted at a scan rate of 50 mV/s. Calibration plots, depicted in Figure
4, were constructed across varying concentrations of CMCP. Notably, the resulting calibration graph exhibited a
linear relationship between current response and concentrations. Specifically, the calibration plot for CMCP
exhibited a correlation coefficient of 0.9975 (as depicted in Figure 4). The precise and reliable quantification of
CMCP concentrations achieved using the developed methodology is clearly evident from these results.
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Figure 4. Calibration graph of CMCP was obtained by plotting drug concentrations against the current peaks. DPV
measurements were performed with different concentrations from 2.5 pg/mL to 20 pg/mL.

Calibration graph played a pivotal role in calculating the LOD and LOQ for the CMCP. Specifically, the
concentrations 2.5, 5, 10 and 20 pg/mL were employed for the determination of LOD and LOQ for CMCP. The LOD
and LOQ for CMCP were calculated to be 1.2 pg/mL and 4.1 pg/mL, respectively using the equation LOD: 3 s/m,
and LOQ: 10 s/m (s is the standard deviation for the blank solution and m is the slope of the related calibration
curve)[28].

By varying the scan rate, valuable insights can be gained into the kinetics and mechanism of electrochemical
reactions. Adjusting the scan rate enables the exploration of different reaction pathways, assessment of the
reversibility of redox processes, and analysis of the comprehensive electrochemical characteristics of compounds.
Therefore, the study of scan rate provides a comprehensive understanding of the underlying processes and aids
in the design and optimization of electrochemical detection methods and sensor devices. In the last part of the
study the influence of scan rate (V) on peak current (Ip) values was explored utilizing CV, covering a scan rate
range from 25 mV/s to 150 mV/s.
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Figure 5. Effect of scan rate on peak currents (A),  peak current vs. the square root of the scan rate (B), effect of
scan rate on the log of peak currents of CMCP (C).

The anodic peak currents (Ipa) exhibit a strong linear relationship with scan rates (v) (Figure 5A). This correlation
can be mathematically expressed by the following linear equation:

Ip,(nA) = 0.02647v + 12.036 (R? = 0.9918) (1)

The relationship between Ipa and the root of the scan rate (v1/2) also possesses a linear behaviour (Figure 5B) the
linear equation is as follows:

Ip,(uA) = 144.85v(1/2) — 6.0866 (R* = 0.9925) 2)

Linear behaviour was also determined between log(Ipa) and log(v) within the scan rate range between 25 mV/s
and 150 mV/s (Figure 5C):

log Ip, = 0.5925logv + 2.1876 (R? = 0.9931) 3)

Considering the insights from the literature, these obtained slope values closely align with theoretical
expectations, particularly in the case of a value close to 0.5. This alignment suggests the prevalence of diffusion-
controlled processes. In contrast, a theoretical value of 1 indicates processes influenced by adsorption [24,25]. For
Equation 3, the determined slopes were calculated as 0.5925. This result distinctly implies that the electrochemical
oxidation of CMCP diffusion-controlled processes.

3.2. Interaction

The electrochemical behaviours of CMCP were examined using DPV in the presence and absence of dsDNA. We
begin by conducting a test to assess the interaction of CMCP with ssDNA. To facilitate this, a common method
involving physical denaturation of dsDNA fragments was employed, as detailed in a referenced study [23]. In this
process, a stock solution of dsDNA was initially prepared, and subsequently, 100 pL of dsDNA was aliquoted and
sealed in centrifuge tubes. Following this, all samples were subjected to a 1-minute heating step at 95°C in a
thermal cycler, followed by cooling on ice for 10 minutes. After adding 10 pg/mL of CMCP, the resulting ssDNA
was immobilized onto pre-treated PGEs for 30 minutes through adsorption. After this immersion, DPV
measurements were carried out.

In the second stage, the interaction of CMCP with ssDNA was examined. Solutions were prepared by mixing 50
pg/mL of dsDNA and 10 pg/mL of the CMCP in ACB. Following this, these solutions underwent thermal agitation
at 45°C and 600 rpm using a thermal shaker for 30 minutes. Subsequently, 100 pL of the resultant interaction
solution was carefully transferred into tubes. Then, PGEs were submerged in the interaction solutions for a
duration of 30 minutes. After this immersion, DPV measurements were carried out to evaluate the outcomes of the
interaction.
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Figure 6. Impact of CMCP Interaction on dsDNA and ssDNA. DPV results present guanine oxidation currents for
dsDNA (A) and ssDNA (B) following interaction with CMCP.

In Figure 6A, the CMCP peaks were recorded as 26.45 pA at1.01 Vand 22.10 pAat 1.09 V. The two significant
peaks of dsDNA in ACB (pH: 3.8) were measured at 8.32 pA at +0.91 V and 9.13 pA at 1.16 V. The addition of the
CMCP drug decreased the two significant peak values of dSDNA to 5.41 pA and 7.66 pA, respectively. Following the
interaction with CMCP, the peak potential of dsDNA shifted to +0.90 V, while the other peak potential remained
unchanged. This shows that CMCP specifically affects the electrochemical properties of dsDNA.

In Figure 6B, the peaks of CMCP were measured at 25.73 pA at 1.01 Vand 19.03 pA at1.09V. The two notable
peaks for ssDNA were initially measured at 9.35 pA at 0.91 V and 10.39 pA at 1.16 V. Adding the CMCP drug
significantly reduced the significant peak values for ssDNA to 4.27 pA and 6.16 uA, respectively. The presence of
CMCP shows a distinct impact on the oxidation potentials of ssDNA. One peak potential for ssDNA shifted
negatively from +0.91 V to +0.89 V, but the other peak potential remained unchanged. In this context, variations
in peak potential-whether they are positive or negative-offer insights into the interaction mechanism between the
drug candidate CMCP and DNA. Positive shifts in peak potential commonly signify intercalative binding, whereas
negative shifts are indicative of electrostatic binding [26]. In the scope of our investigation, the observed negative
shift in peak potential could be attributed to an irreversible electrode process. This phenomenon might be
explained by electrostatic binding occurring between CMCP and DNA.

In order to investigate the toxicity effects of CMCP on dsDNA and ssDNA, guanine peak changes were calculated
before and after interaction. Here is a simplified example of an equation that could be used to calculate the
percentage change in peak current as an indicator of toxicity:

Peak current (before interaction)— Peak Current (after interaction)

Toxicity (%) =

x100 4)

Peak Current (before interaction)

This equation yields a percentage value reflecting the extent of alteration in the electrochemical response
attributable to the drug-DNA interaction. A greater percentage change may imply a more pronounced impact,
potentially indicating heightened toxicity. In our investigation, this metric was determined as 53% for ssDNA and
41% for dsDNA. Broadly, an S% value exceeding 85 typically signifies non-toxicity, while a value within the range
of 50 to 85 suggests a level of moderate toxicity. Conversely, a value below 50 is indicative of significant toxicity
[27].

3.3. Stability

In our study, we investigated the stability of CMCP by subjecting freshly prepared solutions to controlled storage
conditions within a light-protected environment at a constant temperature of 25°C. The tests were carried out
over distinct time intervals, specifically on day 0, day 1, day 3, day 7, and day 30. Temporal changes in the peak
currents of the drug were observed.
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Figure 7. Change in current for CMCP examined at 25 °C for different days, e.g., 0, 1, 3, 7, and 30. The current value
of the CMCP was about 78 % by the end of 30 days.

Here, CMCP exhibited good stability for 30 days of storage without significant percentage changes in current
values, e.g. At the end of day 30, the percentage of the current value for CMCP was determined as 78%. The findings
provide strong evidence that the stock solution of CMCP was stable for 30 days. This observation highlights the
potential benefits of long-term use, as most of the drug candidates retained their essential pharmaceutical
properties over an extended period.

4, Discussion and Conclusion

In conclusion, our study investigated the electrochemical properties of triazolopyrimidinone derivative, CMCP and
its interaction with ssDNA and dsDNA, employing DPV and CV. Our investigation centred on the newly identified
drug candidate, CMCP characterized by its triazolopyrimidinone structure, and systematically probed its
electrochemical behaviour. Through DPV experimentation, we systematically assessed the parameters including
pH, concentration and  scan rate . The ensuing determination of key parameters such as detection limits,
reproducibility, precision, linearity, and LOD and LOQ further enriched our understanding. In the pursuit of
stability, we conducted comprehensive assessments under optimal storage conditions, illuminating the durability
of this compound on specific occasions. Employing DPV before and after interaction revealed substantial
modifications in guanine bases upon the interaction of CMCP with dsDNA, thereby highlighting the pivotal role of
our research findings. Our endeavour underscores the intricate interplay between electrochemistry, drug
candidate, and DNA, underscoring the potential for innovative drug development and therapeutic advancement in
the field of biomedicine.
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Anahtar Kelimeler Oz: Tarihi ve kiiltiirel miras a¢isindan toplumlar i¢in énemli olan yapilarin gelecek
Tarihi yapilar, i . kusaklara kullanilabilir bir sekilde aktarilmasi amaciyla giiniimiiz teknolojisinde
Sonlu elemanlar yontemi, kullanilan gelismis sensorler ile yapiya zarar vermeden frekans ve mod gibi

Sayisal modelleme,

Dinamik analiz yapinin dinamik davranislar belirlenebilmektedir. Bu veriler yardimi ile yapinin

geometrisi ve malzeme 6zellikleri birlestirilerek dogru sayisal modeller olusturulup
yapilarda hasar tespiti yapilabilmekte ve sonrasinda ise gerekli tedbirler alinarak
yapinin servis 0mri uzatilabilmektedir. Bu ¢alismada, Yozgat'ta 1890’larda insa
edilen Miralay Serif Bey konaginin sonlu elemanlar metodu yardim ile sayisal
modellenmesi yapilarak yapinin dinamik analizi yapilmistir. Calismada yerinde
yapilan 6l¢iimler sonucunda yapinin boyutlar geometrisi ve malzeme 6zellikleri
belirlenerek yapinin sayisal modeli olusturulmustur. Yapiya ait malzeme 6zellikleri
her kat icin diger katlardan bagimsiz bir sekilde izotropik ve anizotropik malzeme
olarak belirlenmistir. Tanimlanan modellerin dinamik analizinin tamamlanmasinin
ardindan yapi dinamik parametrelerinden mod sekilleri ve frekans degerleri
hesaplanarak gerekli karsilastirmalar yapilmistir. Sonug¢ olarak farkli malzeme
ozellikleri ile olusturulan modellemelerden elde edilen yapilarin dinamik
parametrelerinin belirgin sekilde degistigi tespit edilmistir.

Comparison of Dynamic Behaviors of Historical Miralay Serif Bey Mansion Based on
Material Properties

Keywords Abstract: For the purpose of passing on the structures that are important for
Hlls.torlcal structures, societies in terms of historical and cultural heritage to future generations in a
Finite element method, healthy condition, dynamic behaviors of structures such as frequency and mode can

Numerical modeling,

} i be determined with advanced sensors used in today's technology without damaging
Dynamic analysis

the structure. By combining these data with geometry and material properties of
structures and creating accurate numerical models, structural damages can be
determined, and then service life of structures can be extended by taking necessary
precautions. In this study, dynamic analysis of the Miralay Serif Bey mansion, which
was built in Yozgat in 1890s, was made by numerical modeling with finite element
method. First, geometry of the structure along with its dimensions was determined
and a numerical model was created with a realistic estimation of material
properties. Material estimates were made for each floor as isotropic and anisotropic
materials regardless of the other floors. After completing dynamic analysis of
defined models, mode shapes and frequency values were calculated from the
dynamic parameters of the structure and necessary comparisons were made.
Consequently, It is determined that the dynamic parameters of the structure
obtained from the numerical models created with different material properties
change significantly.
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1. Giris

Tarihi yapilar, kiiltiirel mirasin gelecek nesillere aktarilmasini saglayan ve tiim insanligin ortak degeri olarak
nitelendirilen yapilardir. Bu mirasin gelecege giivenle aktarilmasi amag¢lanmalidir. Bunun i¢in tarihi yapilarin
tarihi ve islevsel 6zelliklerine bagh olarak korunmasi, bakimi, onarimi ve giiclendirilmesi gereklidir. Ozellikle
yaplya zarar vermeden bu islemlerin yapilmasi ¢ok onemlidir ve gelisen teknoloji ile birlikte yapiya zarar
vermeden analiz yapmak miimkiindiir [1].

Tarihi yapilarin glivenli bir sekilde uzun yillar boyunca ayakta kalabilmesi i¢in bu yapilarin 6zellikle deprem ve
rizgar gibi dinamik yiikler etkisi altindaki davranislarinin bilinmesi gerekmektedir Yapilarin dinamik ytikler
altindaki davranislarinin bilinmesi ancak yap1 dinamik parametrelerinin belirlenmesi ile miimkiindiir. Bu dinamik
parametreler yapinin periyodu ve dogal frekansi, mod sekilleri ile soniim oranidir. Bu parametrelerin belirlenmesi
yapinin sayisal olarak modelinin olusturulmasi ve ardindan yapilacak dinamik analiz ile miimkiindiir. Yapinin
dinamik davranisini belirleyen bu parametreler yapilarin tasariminda 6nemli yer tutan dinamik yiiklerin
hesaplanmasinda ve onceden olusturulmus sayisal modellin giincellenerek daha uygun bir yapr modeli
olusturulmasi amaciyla kullanilmaktadir. Bu dinamik parametreler yapinin yapildigi malzemenin 6zelliklerine,
yapisal 6zelliklere, hasar durumuna ve sinir sartlarina baglidir. Yap: modeli olusturulurken yapinin geometrisi
Olctimlerle belirlenmektedir fakat yapi malzemesinin 6zellikleri zamanla degismektedir [1].

Tarihi y1gma yapilarin modellenmesinde en dnemli husus yapida tasiyici olarak gérev yapan yigma duvarlarin
modellenmesidir. Yigma yapilarin sayisal olarak tasarimi malzemenin ve modelleme yéntemlerinin farkliligi
sebebiyle geleneksel betonarme veya celik tasiyici sisteme sahip bir yapinin modellenmesine gore farklidir. Yigma
yapilarin sayisal olarak modellenebilmesi i¢in detayli ve basitlestirilmis mikro modelleme ile makro modelleme
gibi ¢esitli yontemler gelistirilmistir. Detayli mikro modellemede yapinin tasiyici elemani olan duvarin yapildigi
malzemenin mekanik 6zellikleri ayr1 ayr1 tanimlanir. Bu modelleme de ¢atlaklarin malzeme ile harcin arasindaki
ylizeyde olusacagi varsayilir. Basitlestirilmis mikro modellemede birbirine komsu iki malzeme ile har¢ arasinda
kitle yogunlastirilmasi yapildigi ve ¢atlaklarin yaklasik olarak ara ylizeyde olusacagi kabul edilerek harcin Poisson
orani yok sayilir. Makro modellemede ise malzeme ile har¢ beraber ve kompozit bir sekilde ¢alistig1 varsayilir. Bu
yontem genel olarak biiyiik yapilarda kullanilir. Yigma yapilarin modelleme teknikleri Sekil 1'de gosterildigi
gibidir [1].

harg ara yizey kompozit

TR i

e

---1---1---r--.

Sekil 1. Yigma Yap1 Modelleme Yontemleri

Ayrica tarihi y1gma yapilarin modellenmesi hem yapiy1 olusturan elemanlarin geometrik dlgtilerindeki hem de
yapida kullanilan malzemelerdeki farkliliklar sebebiyle geleneksel tasiyici sisteme sahip yapilara gore daha
karmasiktir. Bu nedenle bu yapilarin modellenmesinde yapiy1 ¢ok sayida kii¢iik pargalara bolerek ¢oziimleme
fikrine dayanan sayisal bir ¢éziim yodntemi olan Sonlu Elemanlar Metodu (SEM) kullanilmaktadir. Gelisen
bilgisayar teknolojisi sayesinde elle ¢6ziilmesi ¢ok karmasik ve zor olan mithendislik problemleri SEM ile ¢éziime
kavusturulmaya baslanmistir. Bu yontemde ilk 6nce sayisal ¢6ziimii yapilacak olan yapi kiiciik pargalara boliinerek
elemanlara ve diiglim noktalarina ayrilir. Sonra her bir elemanin fiziksel davranislari ayr1 ayr1 tanimlanir. Tim
yapinin yaklasik denklem sistemini olusturabilmek i¢in diiglimlerdeki elemanlar sekil fonksiyonlar1 yardim ile
birlestirilir. Diigtimlerde bilinmeyenleri iceren denklem sistemleri ¢6ziiliir ve secilen elemanlardaki bilinmeyen
degerler hesaplanir [2].

Tarihi yapilarda bir diger énemli husus ise bu yapilarin bakimi, onarimi ve giiglendirilmesi sirasinda yapiya bir
zarar verilmemesidir. Gelisen teknoloji ile yapiya zarar vermeden yapinin mevcut durumu ve durumunda yasanan
degisiklikler Yapisal Saglik izleme (YSI) ile anlik takip edilebilir. Yapisal saglik izleme genellikle koprii ve gokdelen
gibi daha fazla dinamik ytike maruz kalan yapilarda uygulansa da bu izleme islemi tarihi yapilarda da uygulanarak
yapilarin dinamik davranisi belirlenebilir. Ayrica gerektigi takdirde yap1 tekrardan modellenebilir veya mevcut
model glincellenebilir. Yapisal saglik izleme ile dinamik parametrelerin belirlenmesi sismik titresim ivmedlcerler
ile miimkiindiir. lvme degerleri sismik ivmedlcerler ile belirlenir ve elde edilen verilerin analizi yapilarak yapinin
dinamik parametrelerin tahmini yapilir. Bu parametreler 1s18inda da yapinin dinamik davranisi belirlenmis olur.
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Bu yontem yapiya ek olarak titresim kuvveti verilmedigi gibi herhangi bir yikima ve kalic1 hasara neden olmadigi
icin ayrica ¢ok pahali ve kullanilmasi karmasik cihazlara gerek duyulmamasindan dolay: glintimiizde tercih edilen
bir yontemdir. Yap1 sadece cevresel (ortamsal) titresimden (yap1 cevresindeki yaya ve trafik hareketi, riizgar ve
deprem gibi yatay yiikler gibi) etkilenmekte ve yapinin bu titresimlere verdigi tepkiler dl¢iilebilmektedir. Yapinin
verdigi bu tepkilere gore yap1 dinamik parametreleri belirlenebilir.

Tarihi yapilarin modellenmesi ve dinamik parametrelerinin belirlenmesi ile ilgili iilkemizde ve diinyada ¢esitli
¢alismalar bulunmaktadir. Tarihi Lala Pasa Camii'nin statik ve dinamik davranisi sonlu elemanlar metodu ile
incelenmistir. Bu inceleme esnasinda deprem yonetmenligi, malzeme 6zellikleri ve bilgisayar programlarindan
faydalanmislardir. Statik analizde tarihi yapinin kendi agirligi ile beraber sehrin iklimsel 6zelliklerinden dolay1 kar
yukini kullanmislardir. Dinamik analizde ise bolgeye yakin bir konumda 1992 yilinda meydana gelen Erzincan
depreminin ivme degerlerinden faydalanmislardir. Yapinin programda sayisal modelinin tamamlanmasindan
sonra yapilan statik analiz sonucunda yapida en fazla zorlanan boélgenin pencere ve kapi kenarlari oldugu
belirlenmistir. Dinamik analiz sonucunda yapinin frekans ve mod sekillerinin bulunmasi ile yapida ana kubbenin
daha fazla zorlandig1 sonucuna varilmistir [3]. Tarihi Roma amfi tiyatrosu ve Canegliano katedralinde yapilarin
davraniglarini yiiksek giivenle belirlemek amaciyla yapilar yaklasik bir y1l boyunca izlenmistir. Amfi tiyatro da
ivmeodlgerler araciligiyla titresim verilerini ve incelenen ¢atlaklarin yer degistirmesini tespit etmek i¢in bir yapisal
saglik izleme sistemi kurulmustur. Katedrale ise farkl bir sistem olan optik izleme sistemi ile ¢atlaklarin genisligini
degerlendirilmistir. Yapilari en iyi sekilde degerlendirmek, korumak ve belirsizlikleri azaltmak i¢in istatistiksel
modeller ve hasar tespit algoritmalari gelistirilerek uygulanmistir. Calismanin sonucunda yapida hasarin yol agtig1
degisiklikler tahmini olarak hesaplanmistir [4]. iki farkl yapi malzemesi kullanilarak insa edilmis kubbelere sahip
iki tarihi camiinin dinamik parametreleri sismik ivmedlcerlerle hesap edilmistir. Bu ¢alismada camilerden biri
y1gma yapi olup kubbesi y1gma tugla ile yapilmistir. Diger cami ise betonarme bir kubbeye sahiptir. Her iki yapida
cevresel titresime tabi tutulmus ve yapilarin dogal frekans degerleri, mod sekilleri ve séniim oranlari
bulunmustur. Calismanin sonucunda betonarme kubbeye sahip caminin diger camiye gore daha yiiksek frekans
degerlerine sahip oldugu hesaplanmistir [5]. 2009 yilinda italya'da meydana gelen depremden etkilenen tarihi bir
kilisenin zarar seviyesini tespit etmek ve yapinin depreme karsi gosterdigi tepkinin test edilmesi amag¢lanmstir.
Yap1 yaklasik olarak iki y1l boyunca statik ve dinamik agidan incelenmistir. Depremden kaynaklanan yer hareketi
ve ortamsal titresimler ivmedlger vasitasiyla izlenmistir. Frekans bolge ayristirmasi yontemini kullanarak yapinin
dinamik parametrelerinin ve deformasyonlarinin yapida herhangi bir titresim etkisi olusturan bir kuvvet
vermeden hesaplamistir [6]. Tarihi Sinik tas kemer kopriisiinin hem 3 boyutlu sonlu elemanlar modeli
olusturularak hem de ¢evresel titresimden yararlanilarak Operasyonal Modal Analiz yontemi ile yapinin dogal
frekansi, soniim orani ve mod sekilleri gibi dinamik davranisi belirleyen parametrelerin hesaplanmasi
amagclanmistir. Deneysel 6l¢iimler esnasinda li¢ eksenli ve tek eksenli ivmedlger kullanilmistir. Sonug olarak teorik
ve deneysel modal analiz sonucunda ilk mod sekillerinin birbirini destekledigi ve ilk modun enine dogrultuda
otelenme oldugu belirlenmistir. Fakat teorik ve deneysel modal analiz sonucunda yapida olusan frekanslarin
birbirleriyle uyumlu olmadig1 gériilmustiir [7]. Bir baska calismada tarihi Tagar kopriisii sonlu elemanlar yontemi
ile modellendikten sonra dogrusal ve dogrusal olmayan sismik analizler yapilmistir. Sismik etki olusturmak
amaciyla 1992 yilinda gergeklesen Erzincan depreminin ivme kayitlari dikkate alinmistir. Yapida gozlenen ilk
catlaklar, koprii kemerinin ve kemerin yan duvarinin temel ile birlesen kisimlarinda meydana gelmistir. Képriiniin
titresim hareketi nedeniyle sonradan yeni ¢atlak bolgeleri olusmus ve bu catlaklar koprii icerisinde biiyiiyerek
devam etmistir [8]. Tas kemer kopriilerin deprem anindaki dinamik davranisini belirlemek amaciyla Erzurum
Kiregli képriisii incelenmistir. Képrii izerine yerlestirilen ivmedlger ile cevresel titresimler kullanilarak yapinin
frekanslar1 ve mod sekilleri belirlenmistir. Yapinin sonlu elemanlar modeli olusturularak yapilan modal analizi
sonucunda yapinin dogal frekanslari ve mod sekilleri hesaplanarak deneysel yontem ile karsilastirilmistir. Model
iyilestirilmesi yapilarak sonlu elemanlar modeli lizerinde 1992 Erzincan depremi kaydi kullanilarak analizler
yapilmistir [9]. Tarihi tas kemer kopriilerin dogal frekanslarini belirlemek i¢in deneysel bir baginti gelistirmek
amaciyla geometrisi farkl tarihi nitelige sahip 30 adet tas kemer koprii belirlenmistir. Secilen kopriiler 6nce sonlu
eleman yontemi ile modellenmis ve modal analiz yapilarak dogal titresim frekanslar1 ile mod sekilleri
belirlenmistir. Daha sonra bu képriilerin geometrik boyutlariyla dogal frekanslari arasindaki iliskinin belirlenmesi
amaciyla boyutlara bagh frekans hesabi igin deneysel bir baginti ortaya konulmustur. Elde edilen deneysel
bagintinin tek acgiklikli kemer kopriilerin frekans degerlerinin tahmininde gergek ile uyumlu sonuglar verdigi
gozlemlenmistir [10]. Dongjiang Kemer Baraji’'nin dinamik parametrelerini belirlemek amaciyla barajin etrafina
cesitli patlayicit maddeler yerlestirilerek yapi titrestirilerek barajin bu titresimlere verdigi tepkiler belirlenmistir.
Calismada deneysel analizler ile yapinin sonlu elemanlar metodu kullanilarak hazirlanan modeli iizerinden elde
edilen sonuglar karsilastirilmistir. Yapilan karsilastirma ile deneysel analiz ve sonlu eleman modeli lizerinden
yapilan analiz sonuglarinin birbirine uyumlu oldugu tespit edilmistir [11]. Tarihi yapilarin deprem etkisi altindaki
davranisinin modelleme yaklasimlarina gore belirlenmesi amaciyla Bursa Ulu Camii makro modelleme teknigi
kullanilarak doért farkli sekilde modellenmistir. Modeller sonlu elemanlar yéntemine gore olusturulmus ve
dinamik analiz ise zaman tanim alani yontemi kullanilarak yapilmistir. 1. modelde minarenin tiim elemanlari
eksiksiz dikkate alinmistir. 2. modelde merdiven, 3. modelde hem merdiven hem de kapi pencere boslugu yoktur.
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4. modelde ise merdivenli, kap1 pencere bosluksuz, serefesiz ve diiz kiilahl1 olarak modellenmistir. ivmeélgerler
kullanilarak yapidan alinan titresim kayitlar ile yapinin dinamik 6zellikleri belirlenmis ardindan sayisal ve
deneysel modeller karsilastirilarak model iyilestirme yapilmistir. Daha sonra yapida hem modal analiz hem de
1999 Kocaeli Depreminden alinmis ivme degerlerine gére deprem analizi yapilmistir. Sonug olarak mod sekilleri
incelendiginde, biitiin modellerin benzer modal davranis gosterdikleri goriilmektedir. Sadece dogal titresim
periyotlart dikkate alindiginda merdivenli sistemde merdivensiz sisteme gore daha yiiksek dogal titresim
periyodu olustugu gozlemlenmistir. Bu durumun sebebinin yapinin kiitlesinde meydana gelen artistan kaynakli
olabilecegi diistiniilmiistir [12]. 17. ylizyilda insa edilmis La Iglesia de la Compaiifa de Jesus kilisesinde yapilan
gliclendirmenin uygunlugunun dogrulanmasi amaciyla yapiy1 sonlu elemanlar yontemi ile modelleyerek secilen
bolgelerden titresim verileri almistir. Ortam titresimleri Hybrid Bridge Evaluation System kurularak kaydedilmis
ve veriler donistiiriicii ile toplanip bilgisayara aktarilarak islendikten sonra frekans-domain ve time-domain
metotlarini iceren bir yazilim ile islenen verilerden yapinin dogal frekanslari ve mod sekilleri belirlenmistir. 1998
yilinda yapilan onarim c¢alismasindan sonra elde edilen frekanslar, 1999 yilinda yapilan gii¢lendirme
calismasindan sonra elde edilen frekanslar, SAP2000 programinda analitik olarak sonlu elemanlar yontemiyle
modellenen yapinin analizi sonucu elde edilen frekanslar ve 2001 yilinda yapilan titresim testi sonucu
ivmedlcerler ile alinan kayitlarin islenmesinin ardindan yazilim ile belirlenen frekans degerleri karsilastirilmistir.
frekanslarinin arttigi gozlemlenmistir [13]. Tarihi St. Sergius -Bacchus kilisenin mevcut durumu ve
dayanikliiginin tespiti amaciyla ¢ogunlukla tugla tas ve harctan insa edilen yapinin malzeme testleri yapilmis,
yapinin geometrisinin 6l¢iilerek planlarinin hazirlanmasinin ardindan hasarli bélgeler tespit edilerek yapi sonlu
elemanlar yontemi ile modellenerek analizi yapilmistir. Yap1 lizerinde tespit edilen catlaklar ile hesaplamalar
sonucu tahmin edilen catlaklar karsilastirilarak eslestirilmistir. Ayrica yapiy1 tanimlamak igin serbest titresim
Ol¢limleri yapinin galeri kat1 seviyesinde ve kubbe halkasinda yapilmistir. Titresimler sonucu elde edilen verilere
gore bes adet frekans degeri ve mod sekli hesaplanmistir. Yapilan ¢alismanin sonuglarina gore yapinin
restorasyonuna ve giiclendirilmesine baslanmistir [14]. 1748-1755 yillar arasinda insa edilen tarihi Nur-u
Osmaniye Camii’'nin deprem ytikleri altindaki davranisini ve dinamik parametrelerini belirlemek amaciyla yap1
icerisine titresim kayitlarini elde edebilmek icin gerekli cihazlar yerlestirilerek titresim verileri kaydedilerek veri
analizi yapilmistir. Bu analizlerden elde edilen hakim frekanslar ve mod sekilleri belirlenmistir. Tarihi yapilarda
kullanilan hasarsiz test tekniklerinden olan Operasyonel Modal Analiz teknigi ile 2 adet sayisallastirici ve 7 adet
3-Eksenli ivmedlger kullanilarak yapidan serbest titresim kayitlari alinmistir. Ivme kayitlar1 kullamilarak
hesaplanan Fourier ve gii¢ spektrumu analizleriyle ana eksenler dogrultusunda 6 adet mod ve serbest titresim
frekanslar elde edilmistir. Elde edilen dinamik verilere gore ilk iki frekansin her iki dogrultudaki 6telenme
seklinde ve liciincii frekansin burulma seklinde ortaya ¢ikmasi nedeniyle yapi tasiyici sisteminin ve dinamik
davranisinin oldukga iyi oldugu belirlenmistir. Ayrica yapinin kible dogrultusundaki davranisin, kibleye dik
dogrultudaki davranisina gore daha rijit oldugu sonucuna varilmistir [15]. Tarihi yapilari korumak ve bu yapilarda
hatali uygulamalar1 azaltmak amaciyla yapilan ¢alismada malzeme 6zelliklerinin en uygun sekilde belirlenmesi ve
uygulamalar ile ilgili birtakim oneriler verilmistir. Bu sebeple incelenen yapidan laboratuvarda gergeklestirilecek
testler icin ahsap, harg ve siva malzemesi olmak iizere toplam 8 adet numune alinarak kimyasal ve mineralojik
analiz testleri yapilmistir. Teste yapilan harg¢ ile siva numunelerinde karbonat, stilfat, ve fosfat tuzlarina
rastlanilmamistir. Fakat kloririin var oldugu belirlenmistir. Tim numunelerde proteinin bulunmasi, harcin
baglayiciligini arttirmak i¢in organik bir malzeme kullanildigini géstermektedir. Yapinin dis cephe ylizeylerinde
mineral sivanin kaldirilmasi ve onun yerine siva uygulanmasi ayrica ahsap malzemenin dayanikliligini yitirdigi
kisimlarda ise kullanilan malzemenin ayni tiirden malzeme ile degistirilmesi onerilmistir [16]. Tarihi yapilarda
olusan hasarlarin tespitinin yapilmasi bu yapilarin korunumu icin 6nem arz ettiginden hasarsiz test yontemleri
kullanilarak Sevilla’da bulunan Tabernacle Sapeli sonlu elemanlar metodu ile degerlendirilmistir. Calismada
Dijital goriintii isleme, infrared termografisi, lazer seviyelendirme, ortam titresim testleri ve yer radari gibi yeni
teknolojik yéntemler kullanilmistir [17]. Porto Torres'teki (Sardinya, italya) en énemli Roma Hamami olan “Re
Barbaro” Sarayi'nin yerinde testleri ve yapisal analizlerinin yapildigi calismada lazer tarayicy, ylizey radar testleri,
ses testleri, kizilotesi termografi testleri ve fiberskop incelemeleri gerceklestirilerek toplanan veriler, sonlu
elemanlar yapisal modelinin olusturulmasinda kullanilmistir [18].

Bu ¢alismada Yozgat ilinin Merkez ilgesinde Asagi Nohutlu mahallesinde imarda 9 pafta 261 ada 4 parselde
bulunan Miralay Serif Bey Konag1 dinamik agidan incelenmistir. Miralay Serif Bey Konagi dénemin kaynaklari ve
Bagbakanlik Osmanl arsivlerine gére 1890 yilinda dénemin alay komutani Miralay Serif Bey tarafindan insa
ettirilmistir. Daha sonra 1924 yil icerisinde Tiirkiye Cumhuriyeti kurucusu Gazi Maresal Mustafa Kemal Atatiirk
ve esi Latife Hanim Anadolu’daki resmi gezilerine ¢iktiklarinda Miralay Serif Bey Konagi'nda da istirahat
etmislerdir. Onceleri Ankara il Ozel idaresinin kontroliinde bulunan konagin kullanma hakki Yozgat il Ozel
idaresine devredilmistir. Baglarda muallim mektebi olarak kullanilan konak, ardindan hastane olarak hizmet
vermis olup, yapiin zemin kati izcilik kuruly, iist katlar ise anaokulu olarak da kullanildiktan sonra artik
gliniimiizde yap1 Kalkinma Bakanligina baglh olan Orta Anadolu Kalkinma Ajansinin Yozgat ilindeki ofisi olarak
varligini siirdiirmektedir.
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Yapinin elemanlarindan iist salon ve ¢ati katindaki déseme ile tavanlar 6nceleri ahsap iken 1959 yilinda sokiilerek
betonarme bir yapiya doniistiirilmiistiir. Zemin ve 1. kat dosemeleri ise 1989 yilinda yapilan tadilat ¢alismalari
ile betonarmeye c¢evrilmistir. Bu tadilatlar sonucunda yapinin i¢ kisminda o donemin dzellikleri tamamen yok
olmustur. Fakat dis cephede hi¢bir degisiklik yapilmamistir. 2014 yilinda Kalkinma Bakanligina baglh Orta Anadolu
Kalkinma Ajansi tarafindan yapiy: eski haline getirmek, déseme ve tavanlari tekrardan ahsap olarak insa etmek
amaciyla baslatilan tadilat 2017 yilinda sona ermistir. i¢ Anadolu'nun diger geleneksel tarihi konaklarinda da
oldugu gibi bu tarihi yapida disaridan i¢ kisimlara dogru sokak, bahge, sofa ve oda siralamasina gore insa
edilmistir. Yapinin giineyi ile batis1 bahgeye, kuzeyi ve dogusu yola bakmaktadir. Konak biri zemin kat olmak lizere
toplamda ii¢ kattan olusmaktadir. Giineyinde ve batisinda iki giris kapisi vardir. Konagin ana yap1 malzemesi tastir
ve tamamen y1gma tas teknigi kullanilarak insa edilmistir. Yapinin cephelerinde moloz tas, kesme tas ile harman
tuglas1 kullanilmis ve kat seviyeleri tas silmelerle belirlenmistir [19]. Sekil 2 ve Sekil 3’de Miralay Serif Bey
konaginin vaziyet plani ile restorasyon oncesi, sirasi ve sonrasi goriiniisleri verilmektedir.

Sekil 3. Miralay Serif Bey Konag1 Restorasyon Oncesi, Sirasi ve Sonrasi Gériiniisleri

2. Materyal ve Metot

Calismaya konu olan Miralay Serif Bey konaginin sayisal modellemesi ve analizi SEM kullanilarak yapilmistir. Bu
kapsamda yapinin modellenmesi ve analizi solid elemanlar kullanilarak yapilmistir [2]. Tarihi yapilarin ytizyillar
once insa edilmis olmasi ve bundan kaynakl 6zellikle bu yapilarda kullanilan malzemelerde ve yapi geometrisinde
yasanan belirsizliklerden dolay1 bu ¢alismada Miralay Serif Bey konaginin farkli malzemeler kullanilarak ve farkl
sartlar altinda 4 farkli durum igin sayisal modeller olusturulmustur. Bu modellerde mekanik o6zellikleri ve
davranislar1 dogrultuya ve yone gore degismeyen izotropik malzemelerden beton ve ¢elik yap1 malzemelerinin
kullanimi ile mekanik o6zellikleri ve davranmislari dogrultu ve yone gore farkliik gosteren anizotropik
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malzemelerden ahsap yapi malzemesinin kullanimi tercih edilmistir. Bilgisayar programi ile modellenen dort
farkli1 yap1 modelinde dikkate alinan parametreler asagida verilmektedir.

e Tek Tip Yap1 Malzemesi Kullanilarak Olusturulan Yap1 Modelleri

e Farkli Tip Yap1 Malzemeleri Kullanilarak Olusturulan Yap1 Modelleri

¢ Yapinin Katlarinda Farkli Beton Siniflar1 Kullanilarak Olusturulan Yap1 Modelleri

¢ Yapinin Duvar ve Dosemelerinde Farkli Beton Siniflar1 Kullanilarak Olusturulan Yap1 Modelleri

Yukarida bahsedilen 4 modelde de kullanilan ortak parametreler Tablo 1’de verilmektedir.
Tablo 1. Sonlu elemanlar modelinde kullanilan ortak parametreler

Diigiim Noktasi Sayisi Eleman Sayisi Minimum Eleman Boyutu (mm)
26112 13474 10,00

Sekil 4’de temeli sonlu elemanlar metoduna dayanan bilgisayar programinda modellenen Miralay Serif Bey konagina ait
yapinin sonlu elemanlar modeli verilmistir.

0 Se+003 1e+004 (mm) P/I\‘ X
— T

2,5e+003 7,5e+003

Sekil 4. Miralay Serif Bey Konagi Sonlu Elemanlar Modeli
3. Bulgular

Sonlu elemanlar modeli tamamlanan Miralay Serif Bey konaginin dinamik davranisini belirleyebilmek icin yapinin
sinir sartlar1 belirlenmis ve dinamik (modal) analiz yapilmistir. 4 farkli model {izerinde yapilan analizler
sonucunda yapinin dinamik davranisini belirleyen en énemli parametrelerden olan yapinin dogal frekansi ve mod
sekilleri belirlenmistir. Modellerde 6 adet frekans degerine karsilik gelen 6 adet mod sekli belirlenmistir. Fakat ilk
3 mod seklinin deprem aninda baskin mod sekilleri olacaginin bilinmesinden dolay1 bu ¢alismada mod sekilleri
incelenirken ilk 3 adet mod sekli dikkate alinmistir. Asagida 4 farkli model iizerinde yapilan dinamik analizler
sonucunda elde edilen dogal frekans degerleri verilmistir.

3.1 Tek tip yap1 malzemesi kullanilarak olusturulan yap1 modelleri

Yapinin modellenmesi asamasinda tiim yapida tek bir yapi malzemesinin kullanilmasi tercih edilmistir. Bu
malzemeler izotropik malzemelerden beton ve c¢elik ile anizotropik malzemelerden ahsap olmak iizere 3 farkh
yap1 malzemesi kullanilarak 3 farkli yap1 modeli elde edilmistir. Bu sekilde yap1 modellerinin olusturulmasindaki
amag¢ yapida kullanilan malzemenin mekanik 6zelliklerinin ve davranisinin dogrultu ve yone gore degisip
degismemesinin yapinin dinamik davranisina olan etkisini incelemektir. Ciinkii 6zellikle yiizyillar 6nce insa
edilmis tarihi yapilarda giiniimiizdeki yap1 modellerinin aksine daha ¢ok mekanik 6zellikleri ve davranislari
dogrultu ve yone gore degismeyen anizotropik malzemeler tercih edilmistir. Tablo 2’de verilen frekans
degerlerine gore izotropik malzemelerin anizotropik malzemelere gore daha rijit olmasi frekans degerlerini
artirmis ve bu durumdan dolay1 deprem esnasinda yapilan salinim hareketinin daha kisa siirecegi sonucuna
varilmistir. Modellerin analizi sonucu olusan ilk 3 mod seklinden de beklenildigi gibi ilk iki mod sekli her iki
dogrultuda 6telenmenin olusacagi, liglincii mod sekli ise burulma etkisi olarak ortaya ¢ikacagi gézlemlenmistir.
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Tablo 2. Tek tip yap1 malzemesi kullanilarak olusturulan yap1 modellerinin frekans degerleri
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Mod No

B Malzemesi Beton Olan Yapinin Frekans Degerleri (Hz)
W Malzemesi Celik Olan Yapinin Frekans Degerleri (Hz)

M Malzemesi Ahsap Olan Yapinin Frekans Degerleri (Hz)

Malzemesi beton olan yap1 modelinin dinamik analizi sonucunda olusan 1. mod sekli asagida Sekil 5’de
verilmektedir.

A

Te+004 (mm)

2,5¢+003 7,5e+003

Sekil 5. Tek Tip Yap1 Malzemesi Beton Olan Modelin 1. Mod Sekli

3.2 Farkl tip yap1 malzemeleri kullanilarak olusturulan yapi1 modelleri

Tek tip malzeme ile modellenen yapilardan farkli olarak birden fazla malzeme bu modellerin olusturulmasinda
kullanilmistir. Burada yapinin alt kismindaki iki katinda da rijitligi fazla olan malzeme kullanilirken, yapinin en iist
katinda ise daha az rijit olan malzeme kullamlmistir. Ornegin yapinin zemin ve birinci kat1 beton malzemesi ile
modellenirken ikinci kati ise ahsap malzemesi ile modellenmistir. Ayni sekilde beton ile ¢eligin ve ¢elik ile ahsabin
da kullanildig1 modeller de bulunmaktadir. Ayrica ti¢ farkli malzeme tiiriiniin de rijitliklerine gore farkh katlarda
kullanildig1 modelde mevcuttur. Yapilan analizler sonucunda Tablo 3’ de goriilecegi gibi ahsap rijitligi beton ve
celige gore daha az olan bir malzeme oldugu i¢in kullanildig1 yapinin frekans degerini diistirmektedir. Bu durumun
tam tersi olarak celik ise rijitliginin diger malzemelere gore fazla olmasi sebebiyle kullanildig1 yapinin frekansini
artirmaktadir. Mod sekilleri ise tek tip malzeme ile iiretilen modellerde oldugu gibi ilk 2 mod seklinde 6telenme
tciincli mod seklinde burulma hareketi gdstermektedir.
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Tablo 3. Farkli tip yap1 malzemeleri kullanilarak olusturulan yap1 modellerinin frekans degerleri
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Mod No

B Malzemesi Beton ve Celik Olan Yapinin Frekans Degerleri (Hz)
B Malzemesi Beton ve Ahsap Olan Yapinin Frekans Degerleri (Hz)
m Malzemesi Celik ve Ahsap Olan Yapinin Frekans Degerleri (Hz)

| 3 Farkli Malzemeden Yapilmis Yapinin Frekans Degerleri (Hz)

Beton ve celik malzemesi kullanilarak modellenen yapinin dinamik analizi sonucunda olusan 6rnek 1. mod sekli
asagida Sekil 6’da verilmektedir.

1e+004 (mm)
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Sekil 6. Farkh Tip Yapi Malzemesi Beton ile Celik Olan Modelin 1. Mod Sekli

3.3 Yapinin katlarinda farkli beton siniflari kullanilarak olusturulan yap1 modelleri

Bu boliimde ii¢ farkl elastisite modiliine sahip beton sinifi modellerde farkh katlarda kullanilmistir. Elastisite
modiili fazla olan beton zemin ve birinci katta kullanilirken, elastisite modiili daha az olan beton ikinci katta
kullanilmistir. Ornegin elastisite modiilii 32000 MPa olan C30 betonu zemin ve birinci katta kullanilarak ve
elastisite modiilii 30000 MPa olan C25 betonu ikinci katta kullanilarak yapi modellenmistir. Ayni sekilde elastisite
modiilii 28000 MPa olan C20 betonu da modellerde tercih edilmistir. Tablo 4’den de anlasilacag: gibi kullanilan
malzemenin elastisite modiilii arttikga yapt modellerinin frekanslar1 artmakta fakat bu artisin kullanilan
malzemelerin elastisite modiilleri arasinda ¢ok farkin olmamasi nedeniyle diisiik seviyede kaldig1 goriilmektedir.
Bu durum yine de elastisite modiiliiniin artisina bagl olarak deprem aninda yapinin daha kisa siirede salinim
yapmasina neden olacaktir. Mod sekilleri ise diger modellerde oldugu gibi ilk iki mod seklinde 6telenme tiglinci
mod seklinde burulma hareketi géstermektedir.
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Tablo 4. Yapinin katlarinda farkli beton smiflari kullanilarak olusturulan yapi modelleri

70,00
o
~ 60,00 oy - &
z I 3 o o
= N < <
o 50,00 n =
s A~
~ o0
>t0 ~ o
0
g 40,00 o o R “
") N o Q
c o I~ ﬁ N
T 30,00 N o
X~ ’ O N
o ~ o
[T
20,00
10,00
0,00
1 2 3 4 5 6
Mod No

B Malzemesi C25 ve C20 Betonu Olan Yapinin Frekans Degerleri (Hz)

B Malzemesi C30 ve C25 Betonu Olan Yapinin Frekans Degerleri (Hz)

Yapinin katlarinda C25 ve C30 betonu kullanilarak modellenen yapinin dinamik analizi sonucunda olusan 1. mod
sekli asagida Sekil 7'de verilmektedir.

0,0055351
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Sekil 7. Yapinin Katlarinda Farkli Beton Siniflar1 Kullanilarak Olusturulan Modelin 1. Mod Sekli
3.4 Yapinin duvar ve déosemelerinde farkli beton siniflar1 kullanilarak olusturulan yap1 modelleri

Bu asamada ise elastisite modiilii ¢ok diisiik beton ile elastisite modiilii daha ytliksek oldugu bir betonun yapida
beraber uygulanmasinin yapinin frekans ve mod sekillerinde meydana gelecek degisikliklerin incelenmesi
amaglanmistir. Bunun i¢in bazi duvarlarda elastisite modiilii ¢ok diisiik olan C8 betonu, C14 betonu ile C16 betonu
kullanilirken désemelerde ise tamamen C30 betonunun kullanilarak ii¢ farkli yapt modellenmistir. Analizler
sonucunda elde edilen veriler Tablo 5’de verilmektedir. Analiz sonucuna gore elastisite modiili ve rijitligi diisiik
olan beton sinifinin yapida kullanilmasi yapinin deprem davranisini olumsuz etkilemektedir. Mod sekillerinde ise
diger modellere gore herhangi bir degisiklik yoktur.
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Tablo 5. Duvar ve ddosemelerde farkl beton siniflar1 kullanilarak olusturulan modellerin frekans degerleri
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Mod No

W Duvarlari C8 Ddésemeleri C30 Betonu Olan Yapinin Frekans Degerleri (Hz)
M Duvarlari C14 Désemeleri C30 Betonu Olan Yapinin Frekans Degerleri (Hz)

m Duvarlari C16 Dosemeleri C30 Betonu Olan Yapinin Frekans Degerleri (Hz)

Yapinin duvar ve déosemelerinde farkl beton sinifi kullanilarak modellenen yapinin dinamik analizi sonucunda
olusan 1. mod sekli asagida Sekil 8'de verilmektedir.
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Sekil 8. Yapinin Duvar ve Désemelerinde Farkli Beton Siniflar1 Kullanilarak Olusturulan Modelin 1. Mod Sekli
4. Tartisma ve Sonug

Yapilan g¢alismada tarihi 6zellikleri ve islevsel yonii nedeniyle medeniyetler i¢in dnemli olan tarihi yapilarin
korunmasi, gelecek nesillere aktarilmasi ve yapisal sagligin takip edilebilmesiicin ele alinan Yozgat'ta 1890 yilinda
insasinin tamamlandig1 tahmin edilen, giinlimiize kadar bir¢ok defa tadilat gérmiis ve kullanim amaci degistirilmis
li¢c kattan olusan Miralay Serif Bey konaginin sonlu elemanlar metodu ile sayisal olarak modellenmis ve dinamik
analizi yapilmistir. Yiizyillar 6nce insa edilmis tarihi yapilarin geometrisinde ve kullanilan malzemelerinde
yasanan degisimler diisiiniilerek ele alinan yapinin 4 farkli durumda farkl sekillerle modellemesi yapilmistir. Bu
yapt modelleri i{izerinde yapilan dinamik analizler sonucunda olusturulan yapi modellerinin dinamik
parametrelerinden olan frekans degerleri hesaplanmis ve mod sekilleri belirlenmistir. Bu dinamik parametreler
yapinin 6zellikle deprem ve riizgar gibi dinamik yiikler etkisi altindaki davranisini belirlemektedir.

Dinamik analizler sonucunda yapida kullanilan malzemenin rijitligi arttikca frekans degerinin artacagi ve periyot
degerinin azalacag1 gézlemlenmistir. Calismada da goriildiigii gibi izotropik malzemelerin rijitliginin anizotropik
malzemelerin rijitligine gore daha fazla olmasi sebebiyle izotropik malzemelerin kullanildig1 yapt modellerinde
daha ytiksek frekans degerlerinin olustugu goriilmustir. Rijitligi daha az olan anizotropik malzemenin (ahsap)
farkli malzemeler kullanilarak olusturulan yapi1 modellerinden de goriildiigii gibi yapinin sadece tek bir katinda
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kullanilmasi halinde bile frekans degeri azalmaktadir. Bu durumda anizotropik bir malzemenin yapinin tasiyici
elemanlarinda kullanilmasi halinde olabilecek bir deprem aninda yapi1 daha fazla salinim yapacaktir. Diger
biiyiik olan beton veya celik gibi bir malzemenin yapida kullanilmasi da frekans degerini artiracaktir. Tam tersini
diistinecek olursak, yine modellenen yapilarda da goriildigi gibi yapinin tasiyici elemanlarini etkileyen herhangi
azalacak ve periyodu artacaktir. Bu durum depremin sonrasinda olusabilecek baska bir deprem veya artci
sarsintilarda yapinin daha fazla salinim yapmasina neden olabilir. Yapilarin tasiyici sistemlerinin insasi
asamalarinda gerekli beton teknolojisi kurallarina uyulmamasi halinde yapinin bazi tasiyici elemanlarinin
dayanimi diger tasiyici elemanlarin dayanimina gore daha az olabilmektedir. Yapilan yap1 modellerinin analiz
sonuglarinda da gorildiigi gibi bu gibi durumlarda yapinin herhangi bir elemanin beton dayanim sinifinin diger
elemanlara gore daha diisiik olmasi1 yapinin deprem gibi yatay ve dinamik yiikler karsinda gosterebilecegi dinamik
davranis performansini olumsuz yonde etkilemektedir. Olusturulan modellerin analizleri sonucunda yapinin
toplam yiiksekliginin artmasi frekans degerini azaltacaktir. Bu durum yiiksek yapilarin deprem esnasindaki
salinimi da artiracaktir. Baska bir acidan bakilacak olursa, yap1 toplam ytiksekliginin artis1 yapinin kendi agirligini
da artiracak ve bu durum yine yapinin frekansini azaltacak ve yap1 hem daha fazla deprem yiikiine maruz kalacak
hem de daha fazla salinim yapacaktir. Sonug olarak bu nedenlerden dolay1 yapilarin dinamik analizi 6zellikle de
var olan tarihi yapilarin dinamik analizi deprem ve riizgar gibi dinamik bir ytik altinda yapilarin gogmeden ayakta
kalip kalmayacagini énceden tespit etmek ve yapiy1 tekrardan modellenmesi ile birlikte gerekli yapisal saglik
takibini baglatarak yapinin hasar gérmesini engellemek ve servis dmriinii artirmak agisindan son derece
o6nemlidir.

Tesekkiir

Yazarlar tarihi yapinin projeleri ve sanat tarihi raporunun temininde gostermis olduklar1 destekten dolay: Sanayi
ve Teknoloji Bakanligina bagli Orta Anadolu Kalkinma Ajansina i¢ten tesekkiirlerini iletmektedir.
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Anahtar Kelimeler 0z: Son zamanlarda, insanlarla saglik hizmeti saglayicilar1 arasinda sorunsuz

Ultra-genis bant, iletisimi kolaylastirmak amaciyla esnek giyilebilir antenler kullanan kablosuz saglik

Esn‘?k anten, izleme sistemlerine olan talep hizla artmaktadir. Bu bilimsel arastirmanin temel

Geri donis kaybi (S11), amaci, ekonomik olarak uygulanabilir, denim ilizerine 6zenle tasarlanmis kumas

Duran dalga orani tabanli esnek giyilebilir bir anten tasariminin operasyonel verimliligini

I((VSWR)’ degerlendirmek, dzellikle de kablosuz saglik izleme alanindaki uygulanabilirligine
azanc,

odaklanmaktadir. Bu antenin 6nemli bir 6zelligi, fiziksel boyutunun minimum
olmasidir ve 50 mm x 35 mm x 1.0 mm 6l¢iilerindedir; ayrica, 2.44 GHz ‘de yaklasik
%96.7 ve 7.66 GHz ‘de %96.2 gibi yliksek verimliliklere sahip olarak mitkemmel
performans sergilemektedir. 7.66 GHz frekansinda sirasiyla 4.32 dBi ve 4.87 dBi
olarak olciilen ytliksek kazang ve dogruluk o6zellikleri de dikkat ¢ekicidir. Bu ultra
genis bant (UWB) antenin dnemli vurgulari, kompakt form faktord, hafif yapisi,
maliyet etkinligi, dogal esneklik, basit iiretim stireci ve giyimle sorunsuz
entegrasyonu icermektedir. Bu 6zel 6zellikler, onu kablosuz viicut alani ag1 (WBAN)
sistemlerine 6zgii olarak 6zel olarak tasarlanmis bir giyilebilir insan viicut anteni
olarak uygun kilan unsurlar1 vurgular. Ozellikle, yukarida bahsedilen anten
tasariminin hem simiilasyon hem de dl¢iim sonuglari, 6zellikle ultra genis bant
operasyonlar1 baglaminda, WBAN uygulamalar i¢in Gistinligiinii ve uygunlugunu
dogrulamaktadir.

Kablosuz saglik izlemi

Denim-Based Wearable Fork-Shaped Ultra-Wideband Antenna for Wireless Skin Cancer
Monitoring Systems

Keywords Abstract: Recently, there has been a burgeoning demand for wireless health monitoring
Ultra-wideband (UWB), systems employing flexible wearable antennas to facilitate seamless communication between
Flexible antenna, individuals and their healthcare providers. The principal objective of this scholarly
Return loss (S11), investigation revolves around assessing the operational efficiency of an economically viable,
Voltage standing wave fabric-based flexible wearable antenna design meticulously fashioned on denim, with a
ratio (VSWR), specific focus on its applicability in wireless health monitoring. The significant feature of this
Gain, antenna is its minimal physical size, measuring 50 mm x 35 mm x 1.0 mm, and it also draws
Wireless health attention as an antenna with excellent performance, boasting high efficiencies of

S approximately 96.7% at 2.44 GHz and 96.2% at 7.66 GHz. It exhibits commendable attributes
monitoring

in high gain and directivity, quantified at 4.32 dBi and 4.87 dBi, respectively, at a frequency
of 7.66 GHz. The pivotal highlights of this ultra-wideband (UWB) antenna encompass its
compact form factor, lightweight construction, cost-effectiveness, inherent flexibility,
straightforward fabrication process, and seamless integration into clothing. These distinctive
attributes underscore its suitability as a wearable human body antenna tailor-made for
deployment within wireless body area network (WBAN) systems. Notably, both the
simulation and measurement outcomes of the abovementioned antenna design corroborate
its preeminence and suitability for WBAN applications, particularly in the context of ultra-
wideband operations.

*[1gili Yazar, email: eaydin@atu.edu.tr
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Denim-Based Wearable Fork-Shaped Ultra-Wideband Antenna for Wireless Skin Cancer Monitoring Systems
1. Introduction

The utilization of textile antennas represents a pioneering paradigm within apparel. This innovative concept
introduces multifaceted functionalities to garments, transcending their conventional roles. These enhanced
attributes encompass the capacity for sensory perception and communication and the capability to effectuate
actions while affording a safeguarding interface against external elements. Sensory perception entails the strategic
integration of sensors directly into clothing fabric. These sensors are adept at capturing diverse physiological
parameters emanating from the human body, including but not limited to temperature and respiration rate. This
convergence of technology and attire engenders a symbiotic relationship between the wearer and the textile,
wherein the garments become an interface for continuous physiological monitoring. The integration of wearable
antennas into the fabric further amplifies the functionality of materials by facilitating wireless communication
between the human body and the ambient environment. This symbiosis, often referred to as body-centric
communication, transcends the boundaries of traditional communication methods, enabling a seamless exchange
of information without the constraints of physical devices. This technological fusion augments the connectivity of
the individual and seamlessly integrates the digital realm with the physical self.

The apex of this paradigm is realized through actuating capabilities, wherein actuators are seamlessly embedded
within the fabric of garments. These actuators serve the purpose of notifying and alerting the wearer regarding
specific events or triggers by employing auditory alarms or visual notifications. This proactive communication
mechanism engenders heightened awareness and responsiveness, seamlessly melding the digital and human
dimensions. In summation, the advent of textile antennas heralds a transformative epoch in attire. Garments
evolve into intelligent interfaces that transcend traditional roles by amalgamating sensory perception, body-
centric communication, and actuating functionalities. This confluence of textile engineering and cutting-edge
technology expands the horizons of human-attire interaction. It exemplifies the potential of smart textiles to
redefine the boundaries of both fashion and function [1]-[3].

Due to its unique composition and operational characteristics, a textile antenna is a distinct and divergent
archetype juxtaposed with conventional antennas. In stark contrast to the rigidity inherent in traditional antenna
construction, textile antennas are predominantly or entirely fashioned from textile materials, circumventing the
necessity for inflexible substrates prevalent in conventional antenna designs. The pliability intrinsic to textile
antennas is a striking departure from the established norms of antenna engineering, affording them a remarkable
degree of flexibility that is inherently absent in their traditional counterparts. The composite structure of textile
antennas is predicated upon the amalgamation of two distinct categories of fabrics: conductive and non-
conductive. Within this construct, conductive fabrics play an instrumental role by serving as conduits for the
propagation of electromagnetic waves. These fabrics are strategically employed as conductive patches, enabling
efficient and effective wave transmission and reception.

Conversely, non-conductive fabrics, forming the substrates of textile antennas, engender a structural foundation
that supports the functional components. These non-conductive substrates contribute significantly to the textile
antenna's mechanical integrity and stability. The efficacy and performance attributes of textile antennas,
encompassing metrics such as gain, bandwidth, efficiency, and reflection coefficient, are inherently contingent
upon the specific fabric types employed during construction. The dielectric constant of the substrate material
emerges as the pivotal determinant in this regard, exerting a pronounced influence on the antenna parameters.
Notably, the choice of fabric directly governs the substrate's dielectric properties, thereby wielding a pivotal power
over the ultimate operational characteristics of the textile antenna. The textile antenna represents an innovative
departure from the established landscape of antenna design, redefining the conventional norms through its textile-
based composition and inherent flexibility. The dichotomy between conductive and non-conductive fabrics forms
the foundation for its functional architecture, with the former enabling electromagnetic propagation and the latter
bestowing structural robustness. The intricate interplay between fabric selection, dielectric constants, and
resultant antenna attributes underscores the paramount role of textile composition in shaping the antenna's
performance landscape [2]-[5].

Crucial attributes governing the selection and application of textile materials in the context of antenna design
encompass a range of factors, including the dielectric constant, fabric thickness, surface resistivity of conductive
fabrics, moisture content of textiles, and the mechanical behavior exhibited by both dielectric and conductive
fabric components. The interplay of these attributes significantly influences the overall performance and
effectiveness of textile-based antennas. Various textile materials have found utility in constructing antennas, each
harboring distinctive characteristics and potentialities. These materials include Vellux, synthetic felt, Cordura,
fleece, and upholstery fabric. The composition and attributes of these materials hold implications for the resultant
antenna's functionality. Concomitantly, the conductive aspect of textile antennas relies on fabrics imbued with
conductive properties. Examples encompass woven fabrics endowed with nickel plating, knitted fabrics enriched
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with silver leaf, and woven fabrics adorned with composite silver copper-nickel plating. Additional instances
contain specialized conductive fabrics such as Flectron and Zelt, contributing to the diverse material choices
available for textile antenna construction (Salvado et al., 2012).

The seamless integration of antennas into textile-based garments and their optimal positioning on the human body
hinge upon specific criteria. Notably, these antennas manifest compact dimensions and forms, rendering them
amenable to unobtrusive placement. This diminutive stature of textile antennas is often embodied through
microstrip or patch antenna configurations. These configurations, predominantly microstrip and patch antennas,
have surfaced as suitable solutions for various applications, including but not limited to aviation, military
hardware, and communication systems. Their discreet design and robust performance attributes render them
efficacious choices for contexts where space constraints and inconspicuousness are paramount considerations [7].
The proliferation of wearable devices has garnered prominence across both civilian and military spheres,
primarily attributed to their heightened utility in facilitating communication endeavors. Additionally, these
devices have observed increased adoption within local area networks (LANs) and wide area networks (WANs),
where the assurance of secure data transmission is paramount. Noteworthy is the application of wearable
technology in the context of textile sensors, which prominently feature in monitoring physiological parameters. Of
particular significance is the utilization of Bluetooth-enabled interfaces to seamlessly transmit the acquired
physiological data, particularly heart rate measurements, to interconnected smart devices such as smartphones
[8]. The ambit of e-textiles further expands the repertoire of physiological signals amenable to monitoring [9],
[10], enriching the potentialities of wearable technology in health and performance monitoring. The fabrication
process is central to successfully designing and realizing wearable textile antennas. This pivotal task encompasses
arange of methodologies tailored to the textile context. Foremost among these is employing flexible copper sheets,
a pragmatic and uncomplicated approach for realizing antenna patches and accompanying ground planes. This
fabrication method emerges as an economically reasonable and time-efficient solution, effectively contributing to
streamlining the production process [11].

In contemporary times, the integration of wireless body area networks within the domain of biomedical
applications has substantially permeated everyday existence [12]-[15]. In this landscape, wearable antennas
emerge as a distinctive subset of patch antennas, uniquely tailored to operate with the human form while worn
[16]. The proliferation of wearable technology presents a burgeoning prospect, potentially mitigating medical
errors and enhancing the overall caliber of healthcare provisions within medical facilities. The scope of this
endeavor encompasses the conceptualization and implementation of a wearable antenna optimized for medical
applications. This endeavor is particularly resonant in light of the imperative nature of early detection of many
life-threatening ailments, whereby timely identification can be instrumental in instigating life-saving interventions
[15], [17]. In recent years, the domain of ultra-wideband applications has witnessed a notable surge in interest
directed towards medical imaging applications. Among these applications, ultra-wideband (UWB) microwave
imaging is promising in biomedical contexts. Its capacity for profound tissue penetration and commendable
resolution underscores this, positioning it as a potent modality for identifying malignancies like cancer. Within
this overarching context, the present study begins designing and developing an antenna primed for delineating
skin cancerous tissues, thereby capitalizing on the intrinsic capabilities of UWB microwave imaging [18].

Ultra-Wideband (UWB) antennas are types of antennas that enable communication over broad frequency bands
and facilitate high-speed data transfer. These antennas play a significant role, particularly in the field of wearable
technology. In this context, the design, simulation, and production of a flexible UWB antenna integrated into denim
fabric can offer various advantages in wearable technology applications. The flexible structure of denim fabric
provides an ideal material for the design of wearable devices, offering comfort and freedom of movement.
Integrating a UWB antenna into this fabric can provide communication capabilities that are discreetly embedded
in the clothing the user wears. This represents a crucial step in the design of wearable technology devices,
emphasizing aesthetics and functionality. The simulation process plays a critical role in optimizing the design and
improving antenna performance. The simulation of the UWB antenna integrated into denim fabric takes into
account factors such as material properties, antenna dimensions, and placement to achieve the best performance.
During the production phase, considerations include the availability of flexible materials and their compatibility
with wearable technology. Flexible Printed Circuit Board (PCB) technologies and specialized production processes
enable the manufacturing of UWB antennas integrated into denim fabric. This facilitates better integration of
wearable technology products into industrial production processes. Flexible UWB antennas integrated into denim
fabric find applications across a wide range of wearable technology, including health monitoring, location tracking,
and interactive wearable applications. For instance, health monitoring devices can continuously track vital signs
such as body temperature and heart rate. In location tracking applications, precise location data can be transmitted
to determine the user's exact whereabouts. In conclusion, flexible UWB antennas integrated into denim fabric play
a significant role in making wearable technology more functional and user-friendly. These designs, by combining
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fashion and technology, have the potential to enhance the user experience and integrate wearable technology
seamlessly into daily life.

This paper comprehensively explores the development, simulation, and fabrication of a flexible Ultra-Wideband
(UWB) antenna seamlessly integrated into denim fabric, with a specific focus on its applicability in wearable
technology. The study entails a systematic investigation aimed at optimizing the geometric configuration of the
antenna through a parametric analysis, shedding light on the influence of dimensional variations on its overall
performance. The simulation results of the designed antenna closely align with the empirical findings obtained
from the physical prototype. Remarkably, the fabricated antenna exhibits exceptional fidelity to the simulation
data, achieving an impressive 96.2% accuracy in the S11 parameter and a 96.7% accuracy in the gain value when
compared to the simulated outcomes. The antenna's peak simulated gain and directivity reach noteworthy levels
at 2.4 dBi and 4.87 dBi, respectively, while offering a substantial impedance bandwidth spanning 1.8 GHz, ranging
from 2.12 to 10.04 GHz. This remarkable bandwidth maintains a minimum impedance matching of -47.64 dB for
S11 and -42.65 dB, showcasing its outstanding performance. Notably, the physical dimensions of the fabricated
antenna are compact, measuring 50 mm x 35 mm x 1.0 mm, with a peak gain of 4.4 dB. It is worth emphasizing
that this UWB antenna design surpasses the performance of comparable antennas documented in existing
literature, establishing its suitability for applications in wearable technology, particularly within the context of
Wireless Body Area Networks (WBANs) used for wireless health monitoring. As a prospective avenue for further
investigation, the antenna presented in this study can be subjected to tests involving various antenna parameters
to accommodate a range of human body movements and positions. This endeavor holds the potential to enable
diverse applications in the realms of human body movement recognition and classification.

2. Material and Method

In the suggested configuration of the Fork-shaped microstrip patch antenna, the fundamental structure involves a
denim substrate between the upper conductor, functioning as a Fork-shaped radiating patch, and the lower
conductor, serving as a ground. Fabrication of the designed antenna takes place on a denim substrate with
dimensions measuring 35 mm x 50 mm x 1 mm. Using denim as a substrate presents an optimal selection for a
wearable and pliable antenna within a wireless health monitoring system. This preference stems from its ability
to manifest sought-after attributes, encompassing cost-effectiveness, elevated flexibility, minimal mass,
substantial mechanical resilience, and requisite radiation properties. This substrate possesses a relative
permittivity of 1.7 and a loss tangent of 0.025. The ground plane and the radiating patch are constructed utilizing
adhesive copper tape, which exhibits a conductivity of 5.88 x 107 S/m and has a thickness of 0.035 mm. A
microstrip feed line is integrated to achieve impeccable impedance matching of 50 Q for the fabricated antenna.
This feed line features 13.5 mm x 2.85 mm dimensions and is connected to a Sub-Miniature Version A (SMA)
connector. The design framework of the proposed antenna, encompassing the radiating patch, substrate, and
ground, is visually represented in Figure 1. Specific antenna design measurements are outlined in detail in Table
1.

Optimization and parametric exploration are undertaken by subjecting various parameter specifications to
variation. This comprehensive approach is aimed at attaining the ultimate design configuration. These tasks are
executed employing the Computer Simulation Technology (CST) Microwave Studio, which serves as the designated
software for antenna simulation. The optimized design incorporates strategically placed slots within the radiating
patch and the ground to enhance the antenna's performance. This innovative addition contributes to superior
impedance matching, expanded bandwidth, minimal bending impacts, reduced electromagnetic deposition, and
decreased overall size due to eliminating excess metallic components.
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(b)
Figure 1. Fork-shaped UWB-antenna in CST Simulation (a) Radiating patch geometry (b) Ground structure.

Table 1. Dimensions of the proposed antenna.

Antenna Design Parameters | Dimensions (mm)
Substrate width (Ws) 35
Substrate length (Ls) 50
Patch width (Wp) 20
Patch length(Lp) 23
Feed length (Lf) 24
Feed width (Wf) 3.5
Slot length (Ls1, Ls2) 16.95
Slot width (Ws1, Ws2) 4
Ground width (Wg) 35
Ground length (Lg) 24
Thickness of substrate (h) 1
Thickness of copper tape (t) 0.035
Blend radius (Br) 10
Blend ground (Bg) 15
Chamfer ground (Cg) 2

The procedure encompassing the conceptualization and production of a pliable antenna intended for wearability
involves several sequential stages. Firstly, the choice of substrate material takes place in tandem with the
consideration of other design factors aligned with the particular requisites of the application. Subsequently,
determining the antenna's geometry and dimensions is established, a pivotal step in achieving the desired
functionality. The deployment of an electromagnetic (EM) simulator, such as CST, is then executed, engaging in
iterative simulations until the targeted performance metrics are attained, signifying the antenna's operational
efficiency. Following this, preparing a textile-based adaptable substrate tailored to the application's specifications
takes precedence, ensuring optimal compatibility. The manufacturing stage entails the precise crafting of the
antenna. This entails the accurate segmentation of self-adhesive conductive copper tape and the chosen substrate
material (in this case, denim), with the subsequent adhesion of the copper tape onto the substrate's surface.
Integrating the SMA connector ultimately culminates the process, facilitating seamless connectivity and finalizing
the wearable, flexible antenna's assembly. The testing and measurement of the designed antenna parameters were
carried out using a handheld LITEVNA (24) vector analyzer.

In this study, the selection of textile denim fabric as the substrate for designing and realizing a flexible wearable
UWB antenna is exemplified in Figure 2 (a). The antenna of focus is meticulously planned, virtually simulated, and
refined using CST simulation software, employing a frequency-domain solver. The technique of employing copper
tape is harnessed for the antenna's construction, wherein a 0.035 mm thick adhesive copper tape is affixed to serve
as both the radiating patch element and a ground plane structure on the denim fabric substrate. This highly
conductive material is well-suited for the antenna's economical fabrication. To facilitate the operational capacity
of the constructed antenna, a 50 0 SMA connector is linked with a microstrip feed line. As depicted in Figure 2 (b),
the flexible fabric-based wearable antenna spotlighted in this work exhibits high suitability for applications
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involving body-worn setups, attributable to its inherent conformability and resilience that enable its attachment
to non-planar, bent, or curved surfaces.

(b)
Figure 2. Front view of the produced antenna (a), Photo of the backside or ground side of the produced antenna (b), and
Flexible denim-based wearable antenna (c).

3. Simulation outcomes and parametric study findings

Return loss, also known as reflection coefficient or S11, and Voltage Standing Wave Ratio (VSWR) represent critical
metrics for assessing antenna performance and analyzing power losses within the antenna system. In an ideal
scenario, conditions are perfect, and the antenna should reflect no power. However, practical situations often
involve imperfections, discontinuities, or impedance mismatches between the feed line and radiating patch,
resulting in some power being reflected.

For reliable performance, it is generally accepted that Si1 should have a minimum value of -10 dB and a VSWR
value of around 2.0 is considered suitable. In the simulation of our design, we observed an S11 of -47.64 dB and -
42.65 dB at frequencies of 2.44 GHz and 7.66 GHz, respectively. The corresponding VSWR values were measured
at 1.22 and 1.12 for 2.44 GHz and 7.66 GHz, respectively. Visual representations of these metrics are provided in
Figure 3.

_ Return loss characteristics

Retum loss (in dB)

Frequency (in GHZ)

(@

Voltage standing wave ratio characteristics
T

VSWR

(b)
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Radiation patterns illustrate the variation of radiation power in different directions from the antenna. In our
analysis, we present 3D radiation pattern plots in Figure 6 to depict gain and directivity at frequencies of 2.44 GHz
and 7.66 GHz. Additionally, 2D polar fields of radiation patterns are displayed in Figure 5 for the resonance
frequencies of 2.44 GHz and 7.66 GHz. Figure 4 shows that at 2.44 GHz, the simulated gain and directivity are 2.23
dBi dB and 2.4 dBi, respectively. At 97.66 GHz, the gain and directivity of the proposed antenna measure at 4.32

Figure 3. Simulated return loss (a) and VSWR (b) characteristics.

dBi and 4.87 dBi, respectively.

Figure 4. Simulated gain and directivity graphs at resonance frequencies. (a) Gain at 2.44 GHz, (b) Directivity at 2.44 GHz, (c)

(9

(b)

(d)

Gain at 7.66 GHz, (d) Directivity at 7.66 GHz.
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Figure 5. Radiation pattern graphs at resonant frequencies. (a) Radiation pattern gain at 2.44 GHz, (b) Radiation pattern
directivity at 2.44 GHz, (c) Radiation pattern gain at 7.66 GHz, (d) Radiation pattern directivity at 7.66 GHz.
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To demonstrate the influence of slots on the designed antenna, we comprehensively analyze the simulated surface
current distributions at two distinct frequencies, namely 2.44 GHz and 7.66 GHz. These simulations were
conducted at the phase of 0°, and the results are meticulously showcased in Figure 6.

A thorough examination of these figures reveals that the electric dipole exhibits maximum surface current
concentration primarily along the feed line, the edges of the slots, and the truncated ground. Moreover, it is
noteworthy that the surface current distribution undergoes significant variations with the phase change.
Furthermore, to offer a comprehensive overview of the antenna's performance characteristics, we have compiled
a detailed summary of the simulation outcomes in Table 2. This table encapsulates crucial data of the presented
antenna's performance parameters, providing a holistic perspective on its performance under different conditions.

A/m

(@) (b)

Figure 6. Surface current distribution at phase 0° (a) at 2.44 GHz and (b) at 7.66 GHz.

Table 2. Simulation-based evaluation of antenna performance.

Antenna performance parameteres F1 F2
Resonant frequency (GHz) 2.44 7.66
Return loss S11 (dB) -47.64 -42.65
VSWR 1.22 1.12
Gain (dBi) 2.23 4.32
Directivity (dBi) 2.4 4.87
Efficiency (%) 96.7 96.2
Impedance bandwidth (GHz) 1.18 -
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4. Experimental Results and Discussions

The S11 parameter of the presented antenna was measured using a handheld Vector Network Analyzer (LiteVNA)
with a frequency range from 1 GHz to 6.3 GHz. Figure 7 (a) illustrates the proposed denim-fabric-based flexible
antenna measurement using the VNA. This new research specifically examined and demonstrated the on-body
effect of wearable UWB antenna design on return loss (Si1) characteristics for potential use in skin cancer
detection studies. The antenna was placed on the body's right arm to illustrate the on-body return loss effect of
the wearable antenna, and measurements were repeated, as shown in Figure 7 (b).

(b)

Figure 7. Return loss (S11) measurement using a vector network analyzer (a), measurement of on-body influence (b).

The present study delved into exploring the impact of wearable UWB antenna design on S11 characteristics when
positioned on the human body. The antenna was affixed to the left arm to elucidate the on-body return loss effect
of the wearable antenna, as depicted in Figure 7 (b). Figure 8 illustrates simulated and measured S11 characteristics
in two distinct settings: free-space and on-body wearable conditions.

As evident from Figure 8, a marginal discrepancy was discernible in the S11 measurements between free-space and
on-body conditions. These disparities in measurements were primarily attributable to the dynamic movements of
the human body, encompassing bending and twisting, as well as the partial absorption of radiated energy by bodily
tissues. Furthermore, there was a commendable convergence between the simulated and assessed reflection
coefficients in free-space conditions, demonstrating an accuracy rate of 90.5%. In contrast, the accuracy rate of the
presented fabricated antenna under on-body conditions was 72.4%.

Return loss characteristics
T T

m-\.\\_

—?

Retum loss (in dB)

B measured (free space) ’
* measured (on body)
= simulaled {free space] I

o0 ! 1 1 1
1 : 2 25 5

35 s
Frequency (in GHZ)

Figure 8. A comparison graph of return loss characteristics for measurements in a simulation environment (free space,
measured (free space), and measured (on body).

5. Conclusion

This paper provides a comprehensive account of developing, simulating, and fabricating a flexible Ultra-Wideband
(UWB) antenna integrated into denim fabric for wearable applications. The research encompasses a parametric
study to optimize the antenna's geometric configuration and elucidate the impact of dimensional variations on its
performance. The simulation results for the designed antenna exhibit a remarkable congruence with the empirical
outcomes derived from the fabricated prototype. The fabricated antenna demonstrates a noteworthy level of
fidelity to the simulation data, boasting an impressive 96.2% accuracy in the S11 value and a 96.7% accuracy in the
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gain value compared to the simulated results. The peak simulated gain and directivity reach values of 2.4 dBi and
4.87 dBi, respectively, accompanied by a substantial impedance bandwidth spanning 1.8 GHz, ranging from 2.12
to 10.04 GHz, representing an impressive -47.64 dB and -42.65 dB, respectively, as the minimum impedance
matching of S11 over the bandwidth. The physical dimensions of the fabricated antenna exhibit a compact form
factor, measuring 50 mm x 35 mm x 1.0 mm, and the peak gain measures 4.4 dB. Importantly, this UWB antenna
design demonstrates superior performance characteristics compared to similar antennas referenced in the
literature (Table 3), underscoring its suitability for wearable applications in wireless health monitoring within the
context of Wireless Body Area Networks (WBANSs). As a prospective avenue for further research, the antenna, as
presented in this study, can be tested for various antenna parameters to accommodate different human body
movements and positions. This exploration holds the potential to facilitate diverse applications in human body
movement recognition and classification.

Table 3. Analyzing Antenna Performance: A comparative study between the presented antenna and similar WBAN textile
antennas found in the literature.

Antenna Resonant Directivi Impedance
[Ref] Dimensions Substrates Fr(;g:;;l)lcy S11 (dB) Gain ty (dBi) bandwidth (GHz)
Minimum
40 impedance
Rogers 6.0 matching of | 5 jp; Not 3.1t010.6
3 . . . .
(191} 50x50x1.5mm RO4003 9.0 /511}/1:"” 108dBi | reported UWB
O bandwidth:
-25
Minimum
impedance
nylon- Not matching of Not 872 to 13
[18] 36 x48x 6.12 mm3 based /S11/ over 7.04 dB '
substrate reported the reported UWB
bandwidth:
-22
Minimum
impedance
a cloth with matching of
[20] | 30x30x075mm? |  100% Not /S11/ over Not Not 301016
reported reported reported UWB
cotton the
bandwidth:
-30
3.0 -12.0 2.74 0
[21] 4535 Denim 7.0 -18.0 417 . I\L‘;ie 4 4.2t 1%?/\,(36'48 %)
9.0 -35.0 4.074 P
2.1366 -22.23 3.3
[22] | 86x90x1.06mm? | Denim 4.756 -38.10 T 42 (g;‘i}%}l;;‘;ﬁf)
11.49 -20.79 P 5.19 AT ETHT
. 3.82 -26.41 3.45 3.61 3.2t011.8 (114.6 %)
3
(23] | 30x35x1.2mm Denim 9.80 -15.0 4.63 4.86 UWB
This . 2.44 -47.64 2.23 (dBi) 4.32 2.12t010.04
3
Study 35x50x1 mm Denim 7.66 -42.65 2.4 (dBi) 4.87 UWB
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Keywords Abstract: Wind-storms are extremely destructive natural disasters that cause

Fragility Curve, structural damage, and consequently severe personal injuries and casualties. To

Monte-Carlo Simulation, reduce these injuries and casualties, risk assessment of existing structures and

Wind Force, . improvement of building design regulations have become important. To assess the

Structural Reliabilty, . ; e ..

Structural Dynamics risk of structure.ll .systems,. .analytlc.al fragility a}qallysw is a recently developed
method by providing conditional failure probabilities for the structural systems.
However, the analytical fragility analysis requires extensive computational time and
effort which makes it infeasible for large scale structures. This proposed paper
develops a new methodology (Analytical Linear Fragility Analysis: ALFA) to simplify
and to expedite the analytical fragility analysis for linear structural systems without
compromising accuracy. ALFA is exemplified by obtaining the fragility curves of 70
different multi-degree of freedom linear mass-column systems subjected to varying
wind loading conditions. The fragility curves of the same mass-column systems
were also obtained using Monte-Carlo (MC) based brute-force methodology, which
is a commonly used computationally expensive method in literature, and results are
compared. This comparison yields the conclusion that ALFA is 240 times faster than
the brute-force one, without losing accuracy. Moreover, ALFA can be utilized for
improvement of performance-based design specifications and the preliminary risk
assessment of nonlinear structural systems.

Riizgar Firtinalari Sirasinda Lineer Yapisal Sistemlerin Hizli ve Dogru Analitik
Kirilganlik Analizi i¢in Bir Metodoloji: ALFA

Anahtar Kelimeler 0z: Riizgar firtinalari, yapisal hasara ve sonug olarak ciddi kigisel yaralanmalara ve
Kirilganlik Egrisi, kayiplara neden olan son derece yikici dogal afetlerdir. Bu yaralanma ve can
Monte-Carlo Simiilasyonu, kayiplarini azaltmak i¢in mevcut yapilarin risk degerlendirmesi ve bina tasarim
$§Z?§l 21111]\{/2;1 irlik yonetmeliklerinin iyilestirilmesi 6nem kazanmistir. Yapisal sistemlerin riskini
Yap 1Di ik ’ degerlendirmek icin, analitik kirilganlik analizi, yapisal sistemler i¢in kosullu ariza
pisal Dinamil o .. . . j L.
olasiliklar: saglayarak son zamanlarda gelistirilen bir yontemdir. Bununla birlikte,
analitik kirilganlik analizi, biliytik dlgekli yapilar icin uygulanamaz hale getiren
kapsamli hesaplama zamani ve ¢abasi gerektirir. Onerilen bu makale, dogruluktan
6din vermeden dogrusal yapisal sistemler icin analitik kirilganlik analizini
basitlestirmek ve hizlandirmak i¢in yeni bir metodoloji (Analitik Lineer Kirilganlik
Analizi: ALFA) gelistirmektedir. ALFA, degisen riizgar ytikii kosullarina maruz kalan
70 farkli cok serbestlik dereceli lineer kiitle kolon sisteminin kirilganlk egrilerinin
elde edilmesiyle 6rneklenmistir. Literatiirde hesaplama a¢isindan pahali bir ydntem
olan Monte-Carlo (MC) tabanlh kaba-kuvvet metodolojisi kullanilarak aym kiitle-
kolon sistemlerinin kirilganlik egrileri elde edilmis ve sonuglar karsilastirilmistir.
Bu karsilastirma, ALFA'nin kesinligi kaybetmeden kaba kuvvetten 240 kat daha hizl
oldugu sonucunu verir. ALFA, performansa dayali tasarimlarin iyilestirilmesi ve
dogrusal olmayan yapisal sistemlerin 6n risk degerlendirmesi i¢in kullanilabilir.
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A Methodology for Fast and Accurate Analytical Fragility Analysis of Linear Structural Systems during Wind Storms: ALFA
1. Introduction

Bu Wind-storms (hurricanes, typhoons, and tropical cyclones) can be accepted to be one of the most devastating
and costly natural disasters affecting civil infrastructures [1-6], live trees in forest and urban areas [7,8], and
consequently human lives. These natural disasters cause significant property damages and personal injuries -
even fatally [4,9,10]. For instance, two different tornadoes in 2011, which cut through Tuscaloosa, Alabama and
Joplin, Missouri, caused a total of 553 recorded fatalities [11]. Furthermore, wind-induced tree failures cause an
average of 31 deaths per year in the United States, according to the records during 1995-2007 [10]. Thus, arborists,
structural engineers, insurance industries, and regulatory authorities (e.g., NIST, IBHS, FEMA, ASCE, AISC, and ACI)
greatly exert to mitigate these human and socio-economic losses by providing advanced risk assessment of
structures and also by improving the current building design specifications and guidelines [1,4,7-9,12]. For the
advanced risk assessment of constructions (e.g., [2,13-16]) and live trees (e.g., [8]), analytical fragility analysis is
recently adopted tool to construct the fragility curves of the structures.

Analytical fragility analysis, which is introduced in the early 1980s for the risk assessment of nuclear power plants
(e.g., [17-19]), is a tool to provide conditional failure probabilities of structural systems. The fragility analysis has
been received increasing attention among scientific community studying on performance-based structural
engineering since, especially, last two decades [20]. Recently, fragility analysis is a preferable tool used by
researchers on wind (e.g., [2,8,13-16,21-23]) or seismic loading (e.g., [20,24-27]) for the risk assessment of
structures. In regard to the wind loading, the studies of Ellingwood et al. [22], Lee and Rosowsky [13], van de Lindt
and Dao [14], Quilligan et al. [15], Ciftci et al. [8], and Sim and Jung [16] addressed the fragility analysis for light-
frame wood failures, roof sheathing failures, wood-frame building failures, steel and concrete wind turbine towers,
live-tree failures, and window failures in buildings, respectively.

For the analytical fragility analysis of structures, Monte-Carlo (MC) Simulation is the most commonly used reliable
method by researchers to randomly generate sampling data [8,16,28]. Using the MC simulations, the risk
assessment of structures can be done by considering the effects of several uncertainties, involved either in the
mechanical and physical properties of the structures or in the loading condition exerted on the structures. It is
difficult to develop an analytical closed-form formulas or explicit equations for a relationship between these
uncertainties and the dynamic response of the structures [24]; thus all these uncertainties can be combined into
MC simulations (as a brute-force approach) to represent the combined effects of the uncertainties on the risk
assessment of structures and to statistically construct accurate and reliable fragility curves. However, the main
disadvantage of the MC simulations is to be greatly computationally expensive [29,30]. Randomly generated
sampling data of MC simulations are delivered to an external finite element (FE) based package-program that
requires extensive computational time and effort to accurately calculate demand stresses or deformations of the
structures using full dynamic time history analyses [31]. In order to reduce these extensive computational time
and effort, the analytical fragility analysis traditionally utilizes an empirical method, which is called as two-
parameter lognormal distribution function, originally developed in 1980s [31]. This method is based on a
statistical relationship between external loading parameters (e.g., wind speed, peak ground acceleration-PGA, and
spectrum intensity-SI) and the dynamic response of structures. Thus, the analytical fragility curves of structures
are traditionally constructed to be a lognormal cumulative distribution function based on this relation, which can
be obtained using a less number of FE based MC simulations [2,13,16,18,26,32-34]. However, this method may
have non-negligible errors due to the dispersions in the statistical relationship between external loading
parameters and the dynamic response of structures [35]. Also, Jeong and Elnashai presented a new simplification
method to reduce the extensive computational time and effort for the construction of fragility curves [31]. In this
study, first, these researchers constructed the multi-degree of freedom (MDOF) models of 3 bridges and 2
reinforced-concrete buildings using a FE based package-program. Then, these numerical models are converted
from MDOF to representative or equivalent single-degree of freedom (ESDOF) systems. Consequently, the
extensive computational time and effort regarding to the time history dynamic analyses for each MC simulation of
MDOF systems have been reduced. Then, one can construct the equivalent fragility curves using the ESDOF, instead
of the MDOF system of structures. However, the limitation of these conversions may also cause non-negligible
errors for the analytical fragility curves [29].

This study presents a new theoretical methodology (ALFA) to reduce the computational time and effort required
for an accurate analytical fragility analysis. To the best of the author’s knowledge, an accurate analytical fragility
analysis utilizing the parameters of dynamic amplification factor and phase angle regarding to the dynamic
characteristics of structures has not been employed. In this methodology, these parameters are calculated using
relatively less number of harmonic time history analyses. In other words, to satisfy the desired accuracy for the
fragility analysis of a structure requires tens of thousands (e.g., 56000 in [8]) or even hundreds of thousands FE
based dynamic time history analyses, which is called a MC based brute-force methodology. For the similar
accuracy, ALFA requires a comparatively very few number (a total of 100 dynamic harmonic analyses were used
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to calculate the dynamic parameters) of dynamic analyses to construct the fragility curves of linear structural
systems. Therefore, the required time for ALFA is significantly less than the MC based brute-force methodology.
As a case study, the analytical fragility curves of a total of 70 different multi-degree of freedom (MDOF) mass-
column systems are constructed using both the MC based brute-force methodology and ALFA with similar
accuracies. Therefore, it was shown that the fragility curves of the MDOF mass-column systems have been
accurately (0.23 % mean-error with a standard deviation of 0.29 %) obtained with ALFA 240 times faster than the
MC based brute-force methodology.

Overall, this new methodology would be beneficial for (i) the design-regulations of structures to build more
sustainable, stable, and safer structures, (ii) the decision on whether the existing structures should be retrofitted,
and (iii) the preliminary risk assessment of nonlinear structural systems.

2. Material and Method

The presented methodology (ALFA) decreases the computational time and effort required for an accurate
analytical linear fragility analysis. ALFA is addressed in five main sub-sections; (1) structural modeling, (2)
stochastically generation of wind forces, (3) harmonic analysis for generated wind forces, (4) steady-state
deformation response, and (5) probability of exceedance for failure estimation. The flowchart in Figure 1
represents these sub-sections to summarize the presented methodology.

2.1. Structural Modeling

A general MDOF system, structurally, consists of several matrices regarding to mass, stiffness and damping. As the
case studies for this work, first, these matrices are assigned in a Matlab-code to define a total of 70 different MDOF
mass-column systems as in Figure 1. The degree of freedom (DOF) of these 70 different MDOF systems varies from
1 to 200 in increments of 2 (for the range between 1 and 100) and in increments of 5 (for the range between 100
and 200). Thus, the size of the matrices (e.g, mass, damping, stiffness) of each mass-column system varies
regarding to the number of the DOF. For example, 2DOF and 4DOF systems have two lumped masses and two
columns, and four lumped masses and four columns, respectively. After defining the MDOF systems, second, the
assumption of Panofsky and Dutton [36] was used in order to define the excitation forces for the MDOF systems.
According to this assumption, wind-speed (V(z,t)) varies with the ratio of z (height above ground in [m]) to h (the
reference height=10 m) as in Eq.1. From fluid dynamics, the applicable wind-force (F(z,t)) in time domain
depends on square of the wind-speed, as follows (see [8]);

pairACd

1/7)
2 ]

F(z,t) = [V(z D)2, where  V(z,t) = V() E o)

in which A is frontal area [m2], pair is air density [kg/m3], Cd is non-dimensional drag coefficient, and V(t)h is a
function of wind-speed [m/s] in terms of time at the reference height of h, 10 m.

To capture the characteristics of the dynamic response of the MDOF systems, ALFA utilizes the frequency-response
parameters (Rd: dynamic amplification factor, and ¢: phase angle). The frequency-response parameters of each
MDOF system could be obtained using a series of harmonic analyses. Thus, a total of 100 harmonic excitation forces
of F(z,t,wh), which is defined in the equation below, is assigned to each lumped-mass of the MDOF systems as in
Figure 1.

Pt veon ()

in which the square term represents the amplitude of the harmonic excitation forces previously addressed in Eq.1.
Each frequency (w) of these harmonic excitation forces varies from 0.05 [rad/sec] to 5.00 [rad/sec] in increments
of 0.05 [rad/sec].

F(z,t,w) =

/712
] sin(wt), where w =[0.05,0.10,0.15,...,5.00] 2)

The frequency-response parameters (Rd and ¢) are selected as the primary output of this sub-section. Rd (dots in
Figure 2) is the ratio of the maximum displacement of the dynamic response of the MDOF systems subjected to
harmonic excitations to the maximum displacement of the static response of the MDOF systems. The maximum
static displacement, (Uy;), can be computed using the multiplication of the inverse of the stiffness matrix and the
excitation force vector ((Us.), = K~!F). The maximum dynamic displacement can be computed using a numerical
integration method or finite element methods. For the case studies of this work, Wilson method was selected as
the numerical integration method in order to compute the dynamic response of the MDOF systems, and
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consequently to compute Rd and ¢. ¢ (stars in Figure 2) is the phase angle which defines the time lag in frequency
domain between the computed dynamic response and the applied excitation force.

STRUCTURAL MODELING (1) WIND LOADING, F(t) 2)
Caa F(z.t,w,)
m, .
e ] o
T E 5 ]
Ik L '“‘;.ww‘n !A ii*lhih
™4 Cn n o 9 " = WJI A L’Mﬁ / hHA'qul ? ‘“w' rlw
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Figure 1. Flowchart for ALFA
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Figure 2. R4 (dots) and ¢ (stars) in frequency domain varying from 0.05 rad/sec to 5.00 rad/sec in increments of 0.05
rad/sec for 3-DOF mass-column system

The frequency-response parameters are particularly useful to calculate the dynamic response (Ugy,,) of the MDOF
systems subjected to harmonic excitation forces. The equation below can be used for this calculation [37];

Udyn(t) = (Us)oRg sin(wt — ¢) 3)

in which (U;), is the maximum static response of the MDOF system as addressed above. Additionally, it should be
stated that each of the frequency-response parameters (R; and ¢) is a function of the harmonic excitation
frequency, w. The functions of R; and ¢ are plotted in Figure 2 for a 3-DOF system, as an example among a total of
70 different case studies.

In reality, the wind excitation forces are not harmonic; they are in irregular forms and stochastic within varying
frequencies in time domain. Thus, first, the stochastic wind-force samples will be generated for the excitation
forces of 70 different MDOF systems in Section 2.2. Second, the dynamic response of the MDOF systems subjected
to the generated wind-samples will be accurately obtained by Section 2.3 and 2.4.

2.2. Stochastically Generated Wind-Force Samples

As mentioned previously, the drag force or wind-force (F(z, t, w)) depends on wind-speed (Eq. 1). The critical step
for the calculation of the drag force is to have realistic wind-speed samples. Therefore, in order to generate a
significant number of realistic wind-speed samples, wind-speed generation process, which was presented by the
study of Ciftci et al. [8], is used. According to this generation process, it is necessary to have power spectral density
(PSD) regarding to wind-speed measurements. For an empirical formula of PSD, Davenport's formula [38] is used
as follows;

916700
—Cw

I)S[)(U)) = in (4)

[1 + (Iilvm)z]ws)
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where c is the surface drag coefficient (selected to be 0.005 for this work based on the recommendation in [38] for
an open unobstructed country), w is the wind frequency [rad/sec], and pV is the mean of the wind-speed samples.
For a targeted mean wind-speed value, randomly distributed Gaussian wind-speed samples (V¢) in time domain
can be generated using spectral representation method as follows [39];

K
Vi) = Z A, sin(w,t) + B, cos(w,t) (5)

in which Ar and Br are independent Gaussian random variables with zero mean and variance (¢;?), which can be
calculated;

02 = PSD(w,)Aw (6)

where PSD (w,) is the discrete value of the power spectral density at w,, and Aw is the interval of wind frequencies
for equally divided frequency range.

Egs. 4-6 generate the randomly distributed Gaussian wind-speed samples. Since wind samples are commonly
represented by Lognormal or Weibull distributions in the literature, the generated Gaussian samples are
converted to the Lognormal distribution using Nataf model [40], as described in the study of Ciftci et al. [8]. By the
repetition of the steps of the generation process, a total of 1,000 different wind-speed samples were randomly
generated for each mean wind-speed (varying from 20 m/s to 32 m/s in increments of 0.5 m/s). As an example
for 3DOF system, one of the generated wind-speed samples can be seen in Figure 3 for the targeted mean wind-
speed (30 m/s). Furthermore, using this wind-speed sample and Eq. 1 (e.g.,, arbitrarily selected values of A, Cd and
pair are 3 m2, 1.0 and again 1.0, respectively), the wind-force sample was also calculated and shown in Figure 3.
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Figure 3. One of the generated wind-speed samples for the targeted mean wind-speed, 30 m/s (top); the calculated wind-
force sample using the wind-speed sample and Eq. 2 (bottom)
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2.3. Harmonic Analysis for Generated Wind Forces

Any periodic function can be represented by Fourier series as the summation of an infinite number of sine and
cosine terms. The Fourier series representation for the wind-force samples [F(t)] randomly generated in Section
2.2 can be written as follows;

nf
a 21
F(t) = 70 + Z(an cos(nwt) + b,sin(hwt)), wherew = — N
n=1

where a,, a, and b,, are constant coefficients. w and 7 are the fundamental frequency and the length of the periodic
wind-force samples, respectively. For the case study of this research, upper limit of the summation, ns, was
arbitrarily selected to be 999 to obtain the desired accuracy, and a total of 24,000 generated wind-force samples
with varying frequencies for each targeted mean wind-speed (from 20 m/s to 32 m/s in increments of 0.5 m/s)
could be represented by the summation of a total of 47,976,000 (24000(1 + 999 + 999)) harmonic wind-forces
using the Fourier series representation.

2.4. Steady-State Deformation Response

In this study, the generated wind-force samples are the excitation loading for the MDOF systems, and these forces
can be expanded within a number of Fourier series as described in Section 2.3. According to this expansion (Eq. 7),
the equation of motion for the linear MDOF systems can be written as follows,

999

MX 4+ CX + KX = F(zt) = (% + Z(an cos(nwt) + b, Sin(nwt))> <(h :Zm)mm) 8)

in which h is the height above ground, and z is the location-vector for the lumped masses of the MDOF systems, as
previously addressed. Furthermore, M, C, and K, which have been defined in Section 2.1, are the mass, damping,
and stiffness matrices of the systems, respectively. X is the displacement-vector for the MDOF systems, w is the
fundamental frequency of the periodic wind-force samples as in Eq. 7, and the other variables have been also
defined previously.

Using the principle of superposition and knowing that both Rd and ¢ are a function of n times w (nw = w defined
in Section 2.1), the steady-state solution of the equation of motion (Eg. 8) can be represented as the summation of
the steady-state solutions of each equation as follows;

MX + CX + KX = (a,, cos(nwt)) ((E)(;)>

fromEq.3 = _Xp ) = (ugp)oRq(nw) cos(nmt — ¢(nm)) )
> _Xp(t) = ([K]"*a,)Rq(nw) cos(nwt — ¢p(nw))
o . @
MX + CX + KX = (b, sin(nwt)) (H)
- (10)
fromEq.3 = X, () = (us)oRa(nw) sin(nwt — cl)(noo))
= ip(t) = ([K]™'a,)R4(nw) sin(nwt — cl)(noo))
L an [12\3)\ /a0 NO)
MX+ CX+ KX = (7) (E) = (7) (cos(nwt)) (H) , forn=20
from Eq.3 = Yp(t) = (ug)oRq(nw) cos(nwt — cl)(nw)) , forn=20 (11)
> %0 = (K3)

Using the principle of superposition for the solutions of Egs. 9, 10 and 11, the complete steady-state solution of Eq.
8 can be expressed as;
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f()p(t) = ([K]‘1 370) + Z([K]‘lan)Rd(nw) cos(nwt — ¢p(nw))
999" (12)
+ Z([K]_lbn)Rd(nw) sin(nwt — ¢p(nw))

n=1
2.5. Probability of Exceedance for Failure Estimation

Fragility analysis requires the comparison between the displacement-demand of the lumped-masses of the MDOF
mass-column systems and a predefined certain damage state. As the case studies for this work; while the
displacement-demand is calculated using Eq. 12, the certain damage state can be defined as the compressive yield
stress (due to the wind-induced bending moment) of the column material for the MDOF systems. Thus, the limit
state of the fragility analysis is based on the yield moment (My) of the base column. After defining the limit state
(or threshold, £), the probability of exceedance for the failure estimation (Pf) can be calculated in terms of a given
time period of T ([8]);

= >
P:(§, T) = Prob trggg%(]M(t) > My (13)

in which M(t) is the calculated moments in time domain at the base section of the column when the MDOF systems
are subjected to randomly generated wind loading. M(t) is calculated using the complete steady-state solution
()?p (t)), expressed in Eq. 12, because M(t) depends on )?p (t) according to the knowledge of the fixed-end-moments
in the text-books of structural analysis. As mentioned previously, My is the threshold for the yield moment during
atime interval (T). Thus, it can be accepted that the threshold is equal to the yield moment, and it can be expressed
as;

3
_ moyD 14
y = 35 (14)
where it is assumed that the column has a solid cross-section. As the case studies of this work, the yield stress (a,)
and the diameter (D) of the section of the base column were arbitrarily selected to be 28 MPa for a live wood

material and 0.5 m, respectively.

3. Results

The main goal of this paper is to present a new, fast, and accurate methodology on constructing analytical fragility
curves for linear structural systems. To compare the accuracy and the required computational time of ALFA with
the reliable MC based brute force method, the fragility curves of a total of 70 different MDOF systems subjected to
a total of 1000 randomly generated wind excitations (regarding to varying wind speeds between 20 m/s to 32 m/s
in increments of 0.5 m/s) were computed using both methods. Since the construction of the fragility curve of one
MDOF system requires to run a total of 24,000 (1,000 x [32-20] / 0.5) MC simulations for the brute-force method;
a total of 1,680,000 (24,000x70) MC simulations were run to obtain a total of 70 different fragility curves.

As an example for the case studies in this work, the fragility curves of the 3-DOF system are shown in Figure 4
regarding to the accuracy of ALFA. According to the figure, it is seen that the fragility curves of two different
methods are greatly similar. Using the fragility curves of the brute-force method as a base, the maximum of the
relative error is 0.90 % throughout the wind-speed axis (from 20 m/sec to 32 m/sec) with a mean of 0.23 % and
a standard deviation of 0.29 %. Additionally, when the fragility curves of MDOF systems were separately obtained
using the two methods, the required computational times were counted using the Matlab-code, “tic” and “toc”
commands. Figure 5 is the plot for the required computational times for two different methodologies versus the
number of the degree of freedom (DOF) of structural systems varying from 1 to 200. It can be stated that, according
to Figure 5, the difference between the speeds of ALFA and the brute-force method exponentially increases with
the number of DOF. Furthermore, it should be noted that all these computational times depend on the speed of
CPU and RAM of the authors™ computer.
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The required computational time (TALFA) to obtain a fragility curve using ALFA can be also approximately
estimated by Eqgs. 15-18,

Tarea = Tsm + Dws(Tsgwes + Thawt + Tssar) (15)
Ton ~ 100(Ty) (16)
nws(ngwfs + Thaws + Tssdr) = 0, for a large number of DOF (17)
Tarpa = Tem = 100(Typ), for a large number of DOF (18)

in which T, Tsgwrs) Thawss Tssar TEpPresent the required computational time for the sub-sections (“structural
modeling”, “stochastically generated wind-force samples”, “harmonic analysis for generated wind forces”, and
“steady-state deformation response”) previously described in Sections 2.1, 2.2, 2.3, and 2.4. The subscripts in Egs.
15-18 are represented by the initial letters of these sub-sections. nws is the number of mean wind-speed for the
case studies of this proposed paper (nws = (32-20)/0.5 = 24 for varying mean wind-speed from 20 m/s to 32 m/s
inincrements of 0.5 m/s). Tbfis the required computational time of the Wilson method for only one MC simulation.
According to Eq. 16, the required computational time for the sub-section (“structural modeling”) of ALFA
approximately equal to 100 times Tbf, because Wilson method is also used for ALFA in order to compute the
frequency-response parameters (Rd and ¢). Tsgy s, Thaws Tssar €an be accepted negligible, relatively with Ty, (see
Eq. 17). Since Ty, is a great value for a large number of DOF, while the other ones (Tsgy s, Thaws Tssar) nearly do

not depend on the number of DOF. Finally, T; 4 is approximately equal to 100 times of Tbf (see Eq. 18).

The required computational time (Tbf-m) to obtain a fragility curve using MC-based brute-force method can be
approximately estimated by,

Torm = NywshsTpr (19)

in which ns (selected as 1,000 for the case studies) is the number of stochastically generated wind-force samples,
and nws is 24 as previously mentioned. Thus, Ty,;_,, is approximately equal to 24,000 times Tbf. By assuming that
real structures consists of a significant number of structural members, Eq. 18 is compared with Eq. 19 for a large
number of the DOF as follows,

Ty Ty
Tatra ~ 100 (nb;m) = (;’16“) when ng = 1,000 & n, = 24 (20)
S*'ws

From Eq. 20, it can be stated that ALFA is 240 times faster than the other methodology (MC-based brute force) for
a large number of DOF. This relationship between Ty¢_,, and T,;r, would have been seen in Figure 5, if Figure 5
was plotted for a larger number of DOF than 200.

4., Discussion and Conclusion

This proposed paper presents a new methodology (ALFA) on fast constructing the fragility curves of linear
structures with a negligible error. There is a trade-off between the speed and the accuracy of the methodology. If
the dynamic amplification factor and phase angle of a structure are obtained using a less number of varying
harmonic loading frequency, the speed of ALFA will increase (see Egs. 16-18). For example, the mean error of the
fragility analysis of the 3-DOF mass-column system is 0.23 % (Figure 4), while the number of varying harmonic
loading frequency (Eq. 1) is 100 between 0.05 rad/sec and 5.00 rad/sec in increments of 0.05 rad/sec. Thus, the
required computational time of ALFA can be decreased using a less number of varying harmonic loading frequency,
but the error will increase. Additionally, the error of the fragility analysis also depends on how much the
frequency-response parameters (Rd and ¢) can be represented accurately using an optimum range and optimum
interval for the harmonic loading frequency in Eq. 1. Thus, a user of ALFA, first, should focus on the smoothness
and the reliability of the parameters frequency domain (Figure 2). Furthermore, Rd and ¢ are plotted in terms of
the discretely varying harmonicloading frequencies in increments of 0.05 rad/sec, for the case studies of this work.
Then, these plots are assumed to be a continuous function using cubic-interpolation between the discrete values,
in order to calculate the R; and ¢ in Eq. 12. This interpolation may explain the reason to have an increasing error.
The other reason of the error is due to the application of the harmonic analysis on the generated wind-force
samples (see Section 2.3). In other words, the harmonic analysis was applied for the case studies of this work using
ny =999 instead of infinity. If n; had been decreased greatly, some non-negligible errors would have occurred.
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For a fragility analysis, at least one limit state should be defined. In the literature, for example, the limit states of
structures can be separately defined for several performance levels such as immediate occupancy (10), life safety
(LS), and collapse prevention (CP), which are commonly used by civil engineers. The main aim of this paper is to
develop a new methodology for fast and accurate fragility analysis of structures, not to compute the fragility curve
of a specific structure for a specific performance level. Thus, the performance levels (e.g., 10, LS, and CP) were not
used for the case studies of this work. However, it can be stated that ALFA can be applied for MDOF structural
systems regarding various performance levels. Additionally, this presented methodology is developed for elastic
range of structural materials, not for plastic region. The future investigations about the effects of the geometric
and material nonlinearities of structures on ALFA can be also useful, especially, for the nonlinear risk assessment
of steel structures.

For the case studies of this work, Wilson method was selected as a numerical integration method to obtain the
frequency-response parameters (Rd and ¢), which are addressed in Section 2.1. Whereas Wilson method is one of
the commonly used numerical integration methods in vibration analysis; another numerical method (e.g.,
Newmark method) or a finite element method would have been also selected. The accuracy of the presented
methodology depends on the accuracy of the Wilson method used for Section 2.1, “structural modeling”. Thus, it is
greatly important to accurately model the structures using a reliable numerical or finite element method.

For the loading condition in the case studies of this work, Davenport's formula was selected regarding to the power
spectral density (PSD) for Section 2.2. Although Davenport's formula is one of the most commonly used empirical
formulas, another empirical formula would have been selected for wind-speed generation, or enough number of
real wind-speed measurements would have been used.

It is well known that structures before being constructed are often modeled by engineers using finite element
methods (FEMs). So, the frequency-response parameters of these structures, which are required for ALFA, can be
rapidly computed using the FE models of the structures instead of using numerical integration methods, such as
Wilson method. In other words, several harmonic excitation loads in varying frequencies can be applied using the
FE models, and the frequency-response parameters corresponding to critical points of the structures can be
obtained. Then, the demand response of the structures subjected to random excitation forces can be rapidly
computed by using ALFA, without solving dynamic equations anymore. Furthermore, especially for the special
structures which have high importance factor for design, the design regulations may be updated in future. In these
design regulations, the fragility analysis may be mandatory for these special structures, (i) to build more reliable
structures, (ii) to accurately evaluate the insurance of existing structures, and (iii) to decide whether the structures
should undergo retrofitting or which kind of repairing strategies and priorities should be applied.

ALFA was developed in this paper in order to accurately simplify and expedite the analytical fragility analysis for
the assessment of linear structural systems subjected to wind loading. The main parts of ALFA are (1) to obtain
the frequency-response parameters belonging to the dynamic model of structures, (2) to stochastically generate
wind-force samples, (3) to represent these wind-force samples using Fourier series, (4) to estimate the steady-
state response of the structural systems, and (5) to compute the probability of exceedance of the systems regarding
the yield moment capacities of the structural systems. All these steps of ALFA are put into practice as the case
studies of this work. The fragility analysis of a total of 70 different MDOF mass-column systems is computed using
ALFA and MC based brute-force method to compare the computational time and effort required for both of the
methods. This comparison shows that fragility analysis can be computed 240 times faster using ALFA than the
latter method.

In summary, ALFA is a powerful tool to rapidly obtain the fragility curves of linear structural systems with a high
accuracy level. These fragility curves can provide additional ideas and reliable information on risk assessment of
structural design of new buildings for engineers and also on the insurance evaluation of the existing structures for
the decisions of policy makers.
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Abstract: In that study, the formerly proposed method for seismic retrofitting of
RC frames with fiber reinforced lightweight panels and polymer binders were re-
tested with full scale frames for the first time in a numerical analysis performed
by Abaqus . Later, modelling was performed with beam elements and equivalent
compressive strut approach in Sap2000 and a validation of modelling was done.
Then ,the method was applied to 3 story and 5 story frames by using beam
elements and equivalent compressive strut approach in Sap2000. Retrofitting
method increased the lateral load capacity by 2.76 times if compared with
traditionally infilled frame according to the analysis done in single story frames.
In 3 story frames, the retrofitting with panels increased the lateral load capacity
by 3 times and in 5 story frames by 3.18 times if the retrofitted specimens were
compared with traditionally infilled structures. Also, the strengthening of infill
walls with panels is effective for increasing stiffness of structures.

Betonarme Yapilarin Yiikksek Mukavemetli Hafif Beton Paneller ve Poliiiretan
Baglayicilar Kullanilarak Gii¢clendirilmesi icin Bir Oneri

Anahtar Kelimeler;
Polimer baglayici,
Abaqus,

Sap2000,
Gliclendirme,

Beton panel

Ozet: Bu calismada, betonarme cercevelerin fiber takviyeli hafif paneller ve
polimer baglayicilarla sismik olarak gii¢clendirilmesi i¢in daha o6nce o6nerilen
yontem, Abaqus tarafindan gergeklestirilen sayisal bir analizde ilk kez tam 6lgekli
cercevelerle yeniden test edildi. Daha sonra Sap2000'de kiris elemanlar1 ve
esdeger basing c¢ubugu yaklasimiyla modelleme yapilarak modellemenin
dogrulanmasi yapilmistir. Daha sonra yontem Sap2000'de kiris elemanlar1 ve
esdeger basing ¢ubugu yaklasimi kullanilarak 3 kath ve 5 katli ¢ergevelere
uygulanmistir. Tek kath ¢ercevelerde yapilan analize gore gliclendirme yontemi,
geleneksel dolgulu cerceveye gore yanal ylik kapasitesini 2.76 kat artirmistir. Eger
giiclendirilen cergeveler geleneksel dolgulu cercevelerle karsilastirilsa, 3 kath
cercevelerde panellerle giiclendirme, yanal yiik kapasitesini 3 kat, 5 kath
cercevelerde ise 3.18 kat artirmistir. Ayrica dolgu duvarlarin panellerle
giiclendirilmesi yapilarin rijitliginin arttirilmasinda etkilidir.

*ilgili Yazar, email: hakankoman@hotmail.com

1. Introduction

Destructive earthquakes caused many casulties around the globe in the past. In the last 30 years, the improvement
of performance based methods, the improvements in computational methods, the improvements in construction
practice decreased the risk in developed countries whereas the risky building stock of developing countries
continued to threaten the human lives. Recent earthquakes in Kahramanmaras region in 2023 revealed this fact
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once again. An earthquake with a magnitude of 7.8 happened in Pazarcik, Kahramanmaras. Just after 9 hours, an
earthquake with a magnitude of 7.5 happened around 100km away in Elbistan, Kahramanmaras. This means the
damaged buildings due to the first strong ground motion were forced to consume energy again due to the second
ground motion. One can argue the approach followed in seismic codes because it’s based on the ductility of RC
structures and the existence of two powerful earthquakes in a short period demands high deformation from
structures.

Unfortunately, Kahramanmaras earthquakes will not be the last strong earthquakes. In a previous study, the
probability of an earthquake with a magnitude of 7.0 or higher in the sea of Marmara between 2000 and 2030 was
given as 62% (+15) [1]. More recent studies agreed with this expectation. In one study, it’s said that the possibility
of breaking in the Marmara fault in a single earthquake can not be disregarded [2]. These facts indicate that a
strong earthquake can soon cause catastrophic damage in Istanbul.

Practical and feasible seismic retrofit methods are needed to strengthen risky building stock and/or to improve
the performance of relatively new buildings which were constructed according to the codes. One of most practical
method for strengthening of existing buildings is the application of CFRP wrapping of columns and beams or
application of CFRP for strenghtening infill walls. For instance in a past numerical and experimental study, it’s
concluded that retrofitting the frame’s and infill wall with CFRP material increased the load capacity of RC frames
by a factor of 2 to 3 [3]. In a separate research study [4], a proposal was made to retrofit infill walls within
reinforced concrete (RC) frames using CFRP (Carbon Fiber Reinforced Polymer) strips. In this context, a model to
define the ductility ,stifness and load capacity of frame was developed for the retrofitted frames. The model's
validity was confirmed through experimental verification, utilizing data from two independent studies.
Subsequently, this model was employed to analyze a 3-story RC structure constructed in the 1970s [4]. The
analysis concluded that, based on the pushover results, retrofitting infill walls with CFRP, significantly enhanced
the structure's stiffness and strength, eliminating the need for additional retrofitting methods [4].

But the cost of CFRP material and neediness of careful application generally restricts its widely usage in
construction practice in Tiirkiye. Still the traditional strengthening approach in practice is based on increasing the
lateral rigidity of structures by adding RC shear walls. In 1985, after Vina Del Mar earthquake which is happened
in Chile with a moment magnitude of 7.5, observations showed that the usage of RC shear walls in design of RC
structures prevented a big catastrophy [5]. However adding shear walls to the structures requires labor and time.
During the construction of new shear walls, residents often loses their access to the building. This fact restricts the
application of method widely especially in residental buildings.

Previously, a method was proposed to strengthen existing infill walls by using precast concrete panels [6]. The
method aimed to disturb residents not more than a simple painting process inside the building. Later that idea
was improved by using high strength fiber reinforced lightweight concrete panels and polyurethane binders
between panels and walls in a numerical study. Application of high strength lightweight panels does not require
sophisticated workanship. Also their specific weight is 1966kg/m3 which is 18% lighter than conventional
concrete. The numerical study was performed by using scaled RC frames and it’s seen that using polyurethane
binders prevents the detachment of panels from the wall and the method increases the lateral load carrying
capacity by 2 to 4.5 times if frames with hollow brick infills are thought as reference specimens [7]. Using
polyurethane binder prevented the detachment of panels from wall even in 6% lateral drifts [7]. Polyurethane
binders were first proposed in a previous study for [8] the purpose of masonry strengthening with and without
CFRP and it was concluded that the deformation capabilities of rubber like material reduces the stress
concentrations and provides ductility to masonry. In a recent study [9], the material was used between mortarless
wall and RC frame members and the results showed that using polymer binder decreased the initial stiffness of
frame and the stresses in the mortarless wall decreased.

In this study, the previously suggested idea was re-tested in numerical analysis performed in Abaqus [10] (to gain
knowledge) and model it with simplier finite elements in Sap2000 [11] softwares. For that purpose, a full scale RC
frame from a previous experimental and numerical study was chosen [12]. First, full scale RC frames were
subjected to a quasi-static lateral loading in Abaqus and the behavior was understood. Later the numerical analysis
was extended by using beam elements in Sap 2000 software. In Sap 2000 software the infill walls were modelled
by using imaginary compressive struts which have pinned ends. The results were compared with the detailed finite
element analysis performed in Abaqus and validation of compressive strut approach was done. Later, multistory
frames were modelled and capacity curves were obtained. The results show that the proposed method is
promising to strengthen risky building stock and/or to improve the performance of relatively new buildings which
were constructed according to the codes.

2. Materials and Method
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The dimensions of the frame were derived from a past study in which both experimental and numerical analyses
were conducted using Abaqus [12]. This allows for a comparison of the results presented here with those obtained
from previous experimental and numerical data. That comparison was performed in a separate study where
metallic elements were proposed between frame and panel [13]. However, it's important to note that the steel and
concrete materials were replaced with local equivalents, the differences in material strength fell within an
acceptable range. In the previous study, the compressive strength of the concrete in Abaqus was 27.74MPa,
whereas here it's considered to be 30MPa (cubic strength). Full-scale single-story RC frames were employed for
the analysis [13].

For the steel used in the previous experimental and numerical analyses [12], the material's yield and tensile
strengths were 472MPa and 656MPa, respectively. In this study, the values for yielding and tensile strength were
491MPa and 553MPa, respectively, for longitudinal rebars. In terms of confinement rebars, the previous study
utilized steel with a yielding strength of 308MPa, whereas in this study, the yielding strength was 277MPa, as
previously explained.

The column height was set at 2600mm, measured to the bottom of the beam, and the bay length was 2800mm. The
assumed column cross-section was 350mm x 350mm, while the beam cross-section was 350mm x 400mm. The
longitudinal rebars for columns were assumed to be 8¢16, and for beams, 4¢16. Confinement rebars for both
beams and columns were of size ¢8/100/150mm.

In the numerical analysis, the base of each column was considered as a fixed support, eliminating the need to
separately model a foundation beam. A vertical load of 700kN (5.71 MPa applied to the column surface) was
imposed on the columns. Subsequently, a second specimen was prepared with a wall panel and metallic elements
inside the frame. Figure 1 displays the properties and rebar details of the RC frames obtained from the previous
study[12] and the proposed retrofitting method . All measurements are presented in millimeters and Figure 1 also
illustrates the proposed strenghtening system with panels. The panels which have interaction with frame elements
were assumed to be anchored to the frame elements. The situation whether they are anchored or not changes the
behavior as indicated in the previous study [7]. Between panels and wall polymer binder is sued rather than epoxy.
Because as indicated in the previous study [7], polymer binder allows a ductile behavior after 3% lateral drift and
even in 6% lateral drifts no detachment between wall and panels happen. However in epoxy situation detachment
happens and frame shows a brittle behavior after 3% lateral drift.
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Figure 1. The properties of frame taken from past study [12] and proposed retrofitting method

2.1. Abaqus modelling

The frame was modelled in Abaqus sofware and Sap2000 software separately. In Abaqus software C3D8R
elements were implemented for all kinds of solid elements except rebars. For the rebars of RC frame, the modelling
was done by using “wire” element in the software. A two noded linear beam element called B31 was used in
Abaqus to model rebars. All of the rebars were embedded inside the concrete frame in the software to define
adherence between rebars and concrete. That way the frame was considered as a reinforced concrete cross
section. The frame was pushed up to 0.026 lateral drift ratio in the past study [13] and load displacement curve
was compared with the previous experimental and numerical study [12]. A good agreement was found. In this
study, bare frame results were used again. Also a frame with a traditional infill wall is prepared. Traditional hollow
clay bricks were used for the construction of wall. Thirdly, another frame was prepared in Abaqus by applying the
proposed retrofitting method with high strength lightweight fiber reinforced panels.

Abaqus employs the finite element method to initially establish system stiffness, mass, and damping matrices. In
the numerical solution of the equation of motion within explicit analysis, Abaqus utilizes the central difference
method. In this method, stiffness, mass, and damping matrices are not needed to be rebuilt at each step, and
displacements at the [+1 step are determined based on displacements at the [ and I-1 steps [14]. In explicit dynamic
analysis with Abaqus, computational costs are generally low. A substantial portion of computational power is
dedicated to calculating the internal forces of elements.

When performing quasi-static analysis using explicit dynamic analysis in Abaqus, certain conditions must be met
because a static problem is transformed into a dynamic one. To consider the problem as quasi-static, inertial forces
need to be maintained at a certain level. The control of the kinetic energy’s ratio to the total internal energy of the
deforming material is essential after the analysis. If this ratio is less than 0.10, the analysis can be regarded as
quasi-static [14]. The finite elements (mesh) of the systems can be seen in Figure 2. 50mm elements were used to
model frame, mortar and panels and100mm elements were used to model traditional infill wall and polymer layer
between wall and panels.

The column bases were assumed to be fixed support in bare frame analysis and in frame analysis with walls, wall
bases were assumed to be fixed support also. The loading conditions can be seen in Figure 2.

Figure 2. a. The loading conditions of strengthened frame b. The mesh of frame with proposed retrofitting method
2.1.1 Modelling the concrete of frame in abaqus

In the field of literature, various theories and models have been proposed to predict the plastic behavior of
materials when subjected to multidirectional stresses. These stresses can be conceptualized as a combination of a
hydrostatic component and a deviatoric component. The different theories consider either the hydrostatic part,
the deviatoric part, or both of them to forecast material behavior. Von Mises theory asserts that the hydrostatic
component of stress can be disregarded, assuming that only the deviatoric component is responsible for plastic
deformation. In contrast to Von Mises theory, the Drucker-Prager theory takes into account the influence of both
the hydrostatic and deviatoric components of stress. Within the Abaqus software, the Concrete Damaged Plasticity
(CDP) model is available for concrete modeling, and it is a modification of the Drucker-Prager model. As depicted
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in Figure 3 [15], the K coefficient determines the modification. In the CDP model, the K coefficient is assumed to
be 2/3, whereas in the Drucker-Prager model, it is assumed to be 1.
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Figure 3. Demonstration of CDP model yielding surface [15]

Abaqus uses the method shown in Figure 4 [16] to establish the compressive stress and its corresponding strain
for concrete. Figure 4 indicates the dc coefficient to consider the impact of changes in the plasticity of concrete
under compression. Abaqus relies on the relationship between plastic strain and corresponding stress values for
this purpose.
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Figure 4. Stress-strain relationships of concrete [16]

The stress -strain values must be determined to follow the method expressed in Figure 4 in Abaqus. The strain
corresponding to the maximum stress was assumed as 0.0022(g,) for C25 concrete class and the modulus of
elasticity was assumed as 31000MPa. The cubical strength of C25 concrete (fo) was taken as 30MPa. In Abaqus
cubical strength value must be implemented in the software. A previous study [17] contains the following
formulation to determine the values in the stress-strain graph of concrete.

f _ € £)? €3

F=21 (0) 1.33 (0) +02(5) (1)
The tensile strength of concrete is calculated as 0.7 times the square root of fcx (characteristic strength of concrete).
When examining the stress-strain behavior in a tension situation, it was considered to be linear until reaching the
material's strength. Beyond that point, an exponential decrease was incorporated into the stress-strain curve.
Plastic deformation values were employed and the parameter "di" which signifies the effects that diminish the
elasticity of concrete in tension, was set to zero. For the CDP model in Abaqus, additional parameters were
necessary. The assumptions for the dilation angle (representing the expansion angle in the p-q plane), eccentricity
(the ratio of tensile strength to compressive strength of concrete), and fbo/fco ratio (the ratio of compressive
strengths of concrete under two-directional and unidirectional loading) were 38 degrees, 0.1, and 1.16,
respectively. These parameter choices were based on a prior experimental and numerical study, in which
numerical simulations yielded results that closely approximated experimental findings [16].

2.1.2 Modelling the rebars of frame in abaqus

There are two kinds of steel material for longitudinal and confinement rebars in this study. The materials which
had been used in the previous study [7] were used again. The steel used for longitudinal rebars was characterized
by a yield strength of 491 MPa and a tensile strength of 553 MPa, and it was commercially known as B420C. For

525



A Proposal For Strengthening of RC Structures By Using High Strength Lighweight Concrete Panels and Polyurethane Binders

the stirr-ups, a steel with a yield strength of 277 MPa and a tensile strength of 387 MPa was used, and it was labeled
as SAE steel. The steel's behavior was assumed to be consistent in both tension and compression. In Abaqus, stress-
strain values must be implemented. In a previous study [16] steel’s stress-strain curve was accepted as elastic-
perfectly plastic for Abaqus analysis and the results were in good agreement with experiments. As indicated before
“wire” elements were used for modelling. Using wire elements is not the only way to model rebars in Abaqus. As
an alternative approach truss element or solid elements could be used however as indicated in a previous study
[17] wire elements allows analyzing the structure when subjected to higher loads than the situation with solid
elements. That's why wire element approach was chosen. In a study [18] where RC frames were analyzed
experimentally and numerically, steel’s stress-strain curve was accepted as linear plastic hardening, and the
results gave good agreement with experiments. In this study, steel’s stress-strain curve was considered by using
the approach of previous study [7]

2.1.3 Modelling the high strength lightweight fiber reinforced concrete

The panels used for strenghtening the infill wall were considered to be produced with a high-strength, steel fiber-
reinforced lightweight concrete which had been developed based on prior experimental research using expanded
clay aggregates [19]. Expanded clay aggregates has a porous surface, thus, cement paste penetrates into the
aggregate resulting a mechanical interlocking in the bond zone. This eliminates the weakness of coarse aggregate
cement paste transition zone. A few different mixtures were used in theprevious study. 510kg/m3 cement amount,
0.28 water/binder ratio, 2 percent steel fiber ratio, 50kg/m3silica fume was used in the production of high strength
lighweight concrete with a compressive strength of 85.4 MPa (cubical). The concrete’s density was obtained as
1966kg/m?3, its elasticity modulus was determined as 28000 MPa, and its Poisson's ratio was determined as 0.16
[19].

The parameters for the Concrete Damaged Plasticity (CDP) model were assumed to be the same as for ordinary
concrete. These parameters included the dilation angle, eccentricity, and the fbo/fco ratio, which were set at 38
degrees, 0.1, and 1.16, respectively. To describe the stress-strain relationships of the concrete, the Hognestad
model was used.

As previously mentioned, Abaqus necessitates the inclusion of plastic strains in the CDP model. Figure 5 illustrates
the stress-strain graph for fiber reinforced lightweight concrete.
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Figure 5. Stress-strain relationships of high strength lightweight concrete determined by Hognestad model [7]

In a study, an idealized and conceptual tensile stress-crack width (stress-strain) relationship curve of ultra-high
performance fiber-reinforced concrete in a direct tension test was given [20]. After maximum load, the behavior
was determined as an exponentially decreasing curve. The same method was followed for defining stress-strain
relationships of concrete in tension here.

2.1.4 Modelling the polymer material between panels and infill wall

The polymer binder considered in the study is a polyurethane injection material produced by Sika company. It’s a
two component material. When applied, the two components were mixes, quickly the product hardens and became
like a rubber material. That is why, here, rubber material modelling was considered to model the behavior. Rubber
and rubber-like materials exhibit stress-strain curves that differ from those of metals. These curves include an
ascending branch after some initial yielding. When modeling hyperelastic materials, stress-strain relationships are
derived from the strain energy function, which quantifies the energy stored as the material deforms. Various
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models proposed in the literature define hyperelastic behavior by utilizing this strain energy. In a past study,
where the material was used between CFRP and masonry bricks, Mooney-Rivlin theory was applied to model the
hyperelastic behavior [21]. In that study the same material used in the previous study [7] was used again so Cio
and Co1 coefficients needed in Mooney-Rivlin Theory was considered as -0.05 and C10, as 0.47. The more detailed
explanation can be found in the mentioned studies [7,21].

2.1.5 Modelling the interaction between binders and materials

The interaction between rubber like binder and materials can be defined in Abaqus in two ways. One of the
approach is considering cohesive elements to model the binder. Another way is considering that the interaction
between binders and materials has a surface-based cohesive behavior. This method allows for the modeling of
connections with extremely thin interface thickness, employing the traction-separation constitutive model.
Traction-separation laws are employed to define the behavior of joints in tension and shear failure modes. When
the assembly is initially loaded, the joint exhibits linear elastic behavior. After reaching the peak traction value, the
joint starts to have a plastic response.

There are some criterion to define the initiation of damage. Maximum nominal stress criterion was chosen in
Abaqus. This criterion indicates that if the stress in tensile mode, or in shear mode of failure is equal to the strength
of joint, damage starts. To characterize the behavior after joint failure, fracture energy of joint must be determined.
The fracture energies of the joints were determined based on experimental results. In a preceding investigation
[22], experiments involving masonry bricks were conducted to ascertain fracture energies in various failure
modes. In a separate study using the results of experimental work [22] for joints containing mortar binder, the
fracture energy was determined as 0.10 N/mm for mode 1 tension failure) and 0.183 N/mm for mode 2 shear
failure [7]. In contrast, flexible joints constructed with a polymer binder exhibited fracture energies of 4.22 N/mm
for mode 1 failure (tension) and 10.93 N/mm for mode 2 failure (shear) [23]. These values were employed in the
numerical analysis. To address mixed-mode failure scenarios, the Benzeggagh-Kenane rule was implemented in
Abaqus, guided by previous research [23] suggesting its effectiveness when critical fracture energies for second
and third mode shear failures are identical. Additionally, an exponent of 2 for the Benzeggagh-Kenane rule was
chosen in line with recommendations from the same study, specifically for brittle behavior. Following joint failure,
a Mohr-Coulomb shear sliding model was established, incorporating a friction coefficient of 0.66. For a more
detailed explanation, refer to the earlier study [7].

2.1.6 Modelling the hollow clay brick infill wall and mortar

Macro modelling approach was used to model the infill wall. For that purpose, the same wall modelling in the
previous study [7] was used. In the macro modeling approach, the compressive and tensile strengths of the infill
wall were determined in this study by using the following formulas based on Eurocodes as follows [7]:

fure=0.4 x3.56%75 x5925= 1 57MPq @)
Fori=0.4x0.9%75 x0.257°25= 0.26 MPa 3)

Here, f,;, indicates the characteristic compressive strength, 3.56 MPa is the strength of hollow brick and 5 MPa
indicates the strength of mortar in compression. f,, indicates the tensile strength, 0.9MPa indicates the tensile
strength of hollow brick, 0.257MPa indicates tensile strength of mortar [7]. The modulus of elasticity of hollow
brick was 1111.49 MPa and the homogenised wall’s modulus of elasticity was 1012MPa [7].

The mortar used for constructing the wall was a mixture of cement, lime, and sand in a ratio of 1:2:9. In Abaqus,
the Concrete Damaged Plasticity (CDP) model was employed to simulate the behavior of the mortar. In contrast to
concrete modeling, the dilation angle for the mortar was determined to be 36.4 degrees. Experimentally, the
mortar's compressive strength, Young's modulus, Poisson's ratio, and tensile strength were found to be 5MPa,
700MPa, 0.157, and 0.257MPa, respectively [7].

2.2.Sap2000 modelling

Sap2000 software is also based on finite element method. RC frame was considered to be constructed by using
beam elements in the software. By using beam elements, frame can be analyzed in a linear analysis. However a
nonlinear pushover analysis was needed to model the frame’s behavior in large lateral drifts. Pushover analysis is
a nonlinear-static loading procedure in which an incremental lateral displacement loading is applied. That way
it's possible to know the lateral capacity curve of the structure. After some amount of increments of loading, frame
loses its linear-elastic behavior and starts to yield. But it's widely known that most of the nonlinear behavior
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happens in column-beam ends in the RC structures and in other regions of beams and columns, deformations still
stay in linear elastic range. That's why rather than modelling the whole frame’s elements nonlinearly, defining
plastic hinges in column-beam end zones reduces the cost of computation. To model the plastic hinge, the moment
curvature or moment-rotation graph of RC elements’ cross-sections must be determined. Of course due to the
existence of axial forces, moment capacity of column cross section will be dependent on axial force level. The axial
force-moment interaction diagram of column must be taken into account also. If it's thought that second order
effects do change the behavior, P-delta effects must be taken into account in the software.

In Sap2000 software, to model the plastic hinges, using lumped plastic hinges is one way , but in that study, fiber
plastic hinge modelling is chosen. In fiber modelling approach, first the RC cross section is divided into fiber
elements. Later by integrating the behavior of every fiber element , the moment carrying capacity and moment
curvature relationship is determined. Then the curvature can be divided by the length of plastic hinge and rotation
values can be found if it's needed. In that study, the element cross section was divided by 15x15 grids to form fiber
elements. In the cross-section, the stress-strain relationships of concrete must be different in the confined region
because the lateral pressure due to the existence of stir-ups(confinement rebars) changes the behavior of concrete.
For that purpose, Mander model which is available in Sap2000 was used. Mander model can be seen in Figure 6
[24].
25

20

15

Stress

10

0 0,005 Strain 0,01 0,015 0,02
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Figure 6. Mander model for defining stress-strain relations of concrete [24]

In Figure 6 [24], by the increase of displacement between confinement rebars, the model approaches to unconfined
one. In this study, the distance between confinement rebars in plastic hinge regions were 100mm. In fiber
modelling, for the concrete outside of confinements is assumed as unconfined concrete. The rebars are modelled
by considering the strain hardening of steel as explained in section 2.1.2. For beam cross-section the plastic
moment capacity was calculated as 76.85kNm. For column, 3D column interaction surface is obtained by the
software. In the 3D curve, for any angle, Force-moment values can be seen. For instance for P-M3 surface of curve
the following values in Table 1 are obtained.

Table 1. Interaction surface of column (P-M3)
Ax.Force KN Moment(KNm)

-3806 0
-2490 129.47
-2168 150.2437
-1817 164.59
-1431 173.47
-996.43 179.18
-674.92 163.27
-306.27 140.35
-5.83 108.53
458.42 49.37
789.52 0

Atthe ends of members P-M2-M3 plastic hinges which had been derived from fiber modelling of cross section were
assigned. To determine the place where plastic hinges were formed, the points calculated by 0.9 of member length
and 0.1 of member length are used. Hinge length was assumed as 0.1 of the member length.

The frames which contains traditional infill wall and infill wall with strengthened panels were modelled by using
equivalent compressive strut approach. In literature, many formulas were proposed to model the compressive
strut. Some of the proposed formulas were the foundation of methods in seismic codes. In Eurocode 8 [25] for
irregularity analysis it’s said infills must exist in modelling and it’s said that infill walls must be taken into account
if they contribute to the lateral rigidity of structures however modelling approach is not explained in details. But
in FEMA-356 [26] it’s said that effect of infill walls must be taken into account with a FEM (finite element method)
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analysis or it must be modelled by using equivalent strut approach and the formulation is given. The formulation
in FEMA-356 is based on the study of Mainstone [27]. But the method in FEMA-356 does not consider the level of
vertical load. Also, in TSC 2018 [28], for the walls which are strengthened by using a special kind of reinforced
mortar, equivalent strut approach is proposed. However, again the level of vertical loading is not taken into
account. For this reason in a past study [29] a method considering the vertical load level was proposed. In the
proposed method, the initial rigidity of actual system is considered to be equal to the system with equivalent strut
by using the following formulation [29]:

2 1
Kqcos™0 + 24%(1 - 1,5(3'1—'3*1‘—, +2)7Y (4)

Di=

k k
1+-445in20+0.25-%cos20
Ke Kp

Here, Di represents the initial rigidity, while kg, k., k;, denote the axial stiffness of the diagonal, column, and beam
respectively. The variables h’ and I’ refer to the height and length of frame considering the midpoints of columns
and beams in the calculations. The © angle is the angle of compressive strut inside the frame. Also kg, k., k;, can
be considered by following the approach outlined in the equation 5 [29]:

_ Egqtw _ EfAc _ EfAp
kg==— ke=-" kg ==~ (5)

In equation 5, Ef represents the frame's modulus of elasticity, Ac is the cross-sectional area of the column, and Ap
denotes the cross-sectional area of the beam, t indicates the thickness of infill wall and w indicates the width of
infill wall. In a previous study [30] where equivalent struts were modelled inside RC frame, the width of equivalent
struts were calculated by using different formulations proposed in literature and codes and it was seen that, by
using the proposed approach explained in equations 4-5, the width of equivalent strut was determined 1.64 times
of the width determined by Eurocode 8 approach and 2.23 times of the width determined by Mainstone’s approach.
In the same study [30], equivalent struts were modelled by assigning nonlinear hinges in the middle of struts. The
modelling of hinge was described by Figure 7 [30]. In Figure 7, the ultimate force of nonlinear strut was calculated
by multiplying the strength and the area of equivalent strut whereas the elastic force was calculated by multiplying
elastic stress which can be assumed around 0.7 of ultimate strength and the area of compressive strut.

Axial Force

Nmax = Cmax Wt

Ne=c.wt

Ay= (Sp - \-e)d

Axial Deformation

Figure 7. The axial force deformation relationship of nonlinear hinges in the middle of compressive struts [30]

In the modelling of equivalent compressive struts, the equations 4-5 were used. For the modelling of nonlinear
hinges in the middle of equivalent struts, the approach explained in Figure 7 was used. In equation 4, the initial
rigidity of frames with infills were obtained by using the Abaqus results.

3. Results
3.1. Load displacement curves of frames modelled in abaqus

As explained before, bare frame was taken from an experimental and numerical study [12]. Also it's modelled in a
previous study with equivalent Turkish concrete and steel materials in an another study [13]. The comparison and
validation of Abaqus results with the materials used here were done in that study [13]. Here the Abaqus modelling
of bare frame were performed by using the same approach. The results can be seen in Figure 8. If Figure 8 is
observed it’s seen that the frame’s behavior is ductile. The maximum lateral load carried by bare frame is
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269632.53N. The initial rigidity of bare frame can be calculated as 21886.06 N/mm from the graph by considering
the first point where linear elastic behaviour finished. The discrepancy between the experiments and Abaqus
graph can be related with differences in Chinese and Turkish materials. Also , analysis could be more precise if
more elements were used.
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Figure 8.a. The force displacement curve of bare frame in prior study [12] b. The force displacement curve of bare frame [13]

After the validation of Abaqus analysis by comparing with experiments, the frame with traditionally infilled wall
can be analyzed. The frame is loaded around 120mm which indicates 4% lateral drift ratio to see the behavior in
large drift. If the traditionally infilled frame is considered, the lateral load capacity is determined as 380109N
which is similar with the lateral load capacity of frame with traditionally infilled wall in previous study [12] as
seen in Figure 9. The initial rigidity of frame with traditionally infilled wall can be calculated as 35550.32N/m.
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Figure 9. a. The force displacement curve of traditionally infilled frame in prior study [12] b. The force displacement curve of
traditionally infilled frame

In the third kind of frame, the infill wall was strengthened by high strength lightweight concrete panels. As seen in
Figure 10, the capacity of frame increased to 1052406.12N level. This is 2.76 times of traditionally infilled frame’s
capacity and 3.9 times of bare frame’s capacity. The initial rigidity can be calculated as 88575.30N/mm. The initial
rigidity is approximately 4 times of bare frame and 2.5 times of the frame with traditionally infilled wall.
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Figure 10. The force displacement curve of frame in which the infill wall was strengthened with panels

In Abaqus, dynamic explicit analysis was performed. In a previous study where a quasi-static loading of a historical
wall was performed, the energy balance of the system in Abaqus was explained. Internal energy (EI) (Total strain
energy of the material), energy absorbed by viscous damping (Ev), kinetic energy of deforming material (EKE),
energy absorbed by frictional forces (EFD), work done by external forces (EW), and the total energy of the system
can be written in the same equation as follows [14]:

El+ Ev+ EKE+ EFD+ EW = Etotal (6)

As stated earlier, in equation 6, “the kinetic energy of deforming material” / “total internal energy” ratio must be
observed after analysis to check if the analysis can be accepted or not. In Abaqus after the analysis, the energy
values for whole model during loading process can be seen. As a general rule, the kinetic energy should not exceed
5% -10% of the internal energy throughout most of the process [14]. As seen in Figure 11, throughout the loading,
kinetic energy values are very low for the strengthened frame with lightweight concrete panels. Also, for other
frames the ratio is checked and it’s concluded that the analysis can be accepted as a quasi-static loading. In other
words, the whole frame models were not accelerated enough to be accepted as a dynamic loading. So, the results
can be compared with a quasi-static experiment.
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Figure 11. Internal energy and kinetic energy of frame strengthened with panels

3.1. Load displacement curves of frames modelled in sap 2000

The frames were modelled in Sap2000 according to the approach explained before in section 2.2. Bare frame is
modelled by using plastic hinges. In the frames with traditional and strengthened infill walls, the properties of
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equivalent compressive strusses were determined by using equations 4-5. In equations 4-5, every quantity except
the width of compressive strut is known. The initial rigidity of frames were derived from Abaqus analysis results.
By using the equations 4-5, width of compressive strut of the frame with traditional infill wall is determined as
370mm. To determine the width of the compressive strut of the frame with strengthened infill, first an equaivalent
axial modulus of elasticity for the strengthened infill was considered as 7344MPa according to equation 7. Later
by using this value the width of equivalent strut was calculated as 335mm approximately according to equatons
4-5.

AlEl + AZEZ = (Al + Az) X Eeq (7)

In equation 7, A; and E; indicates the cross-sectional area of brick infill wall and modulus of elasticity of brick
infill wall whereas 4, and E, indicates the cross sectional area of high strength lightweight concrete panels. E,, is
the equivalent modulus of elasticity.

The nonlinear hinges in the middle of compressive struts with pinned ends must be determined for modelling. For
that purpose, the method explained in Figure 7 was used. For traditionally infilled frame, the elastic force in hinge
was determined as 76960 N, and the maximum force was determined as 113950N. Deformation value was
calculated as 11.46mm.

For the frame with strengthened infill, again the nonlinear hinge was determined according to Figure 7. For that
purpose, first, the ultimate axial strength of strengthened infill must be determined. To determine the ultimate
axial strength of infills, equations 8-10 which are taken from a previous experimental study [6] were considered.

Finfillwall + Fpanels = Istrengthened wall (8)

Finfiniwau = finfin X ti x wi 9)

Fpanel=7 X fpo.ZSx tp X wp (10)

In equations 8-10, ti and tp indicates the thickness of infill wall and panel, wi and wp indicates the width of infill
and panels. Thickness of infill wall is 200mm, width of infill is 335mm, the strength of infill wall is 1.54 MPa and
the strength of panels are 85.4 MPa as explained previously. Equation 10 is derived by fitting a curve to the real
panel strength of specimens in the previous experiments [6]. Here in the determination of panel strength a
calibration was done and panel strength found by equation 10 was increased by a factor of 1.5. In an experimental
study, some specimens can have strengths which are lower than expected. The ultimate strength was calculated
as 744758N and elastic force in the nonlinear hinge was assumed as 70% of ultimate force. The compressive struts
which have pinned ends were modelled linearly with nonlinear hinge in the middle. The load displacement curves
and their comparison with abaqus results can be seen in Figure 12,13,14.
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Figure 12. The force displacement curve comparison of bare frame
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Figure 13. The force displacement curve comparison of frame with infill wall

1200
1000
800

600

Abaqus
400

Sap2000

Lateral Force (KN)

200

0 20 40 60 80 100 120 140
Displacement (mm)

Figure 14. The force displacement curve comparison of frame with strengthened infill wall

3.2. Load displacement curves of multistory frames modelled in sap 2000

The Sap 2000 analysis was verified by comparing Abaqus results and considered to be representative for the real
phenomenon. As explained in section 2.2, modelling of infill walls in multistory structures as equivalent
compressive struts is adopted in seismic design codes. Also, in a previous study [31] where nonlinear dynamic
analysis of infilled single and multistory RC frames were performed by using equivalent struts and shear spring,
the displacements and base shears were compared with experiments and a good agreement was found both for
single and multistory frames. In other study [6], the equivalent compressive strut approach for modelling was
applied in the nonlinear static (pushover) analysis of 2 story frames and results showed good agreement with
experiments. So, the validated modelling for single story frames can be used for multistory frames. Nonlinear
static (pushover) analysis were performed on 3 and 5 story frames in order to analyze the effect of proposed
strengthened method. In multistory frames, rebars, member dimensions, bay length and story height were taken
as same with single story frames. Because the single story frame in the previous experimental study [12] was a
representative of RC frames in China. In the multistory bare frame modelling, dead loads excluding the selfweight
of RC frame members were considered as 30KN/m and live loads were considered as 20KN/m. In the frame with
traditionally infilled wall, wall weight on the beam was assumed as 10KN/m. In the frame with strengthened infill,
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wall weight was taken as 15KN/m. On the frames, first, a vertical pushover analysis were taken into account by
using G+nQ combination as explained in TSC-2018 [28], later incremental nonlinear static loading starting from
the final results of G+nQ loading was applied n number was assumed to be 0.3.

The same nonlinear hinge approaches which were used to model single story frames were used in the modelling.
For 3 story specimens in bare frames no wall is considered. The frames with traditional infill and strengthened
infill were modelled by assuming walls in every frame in every story. In Figure 14 and in Figure 15, the pushover
curves can be seen. The frame without any walls carried 392.15KN load maximum load at 84mm displacement,
the frame with traditional infill wall carried 711.08KN maximum load, the frame with strengthened infill carried
2105.18KN maximum load.
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Figure 14. The force displacement curves of 3 story frames

If the pushover curves of 3 story frames were observed, in the 3 story frames, traditional infill walls increased the
lateral load capacity by 1.81 times when compared with frame without any infill wall. Strengthening infill walls
with panels increased the capacity by 3 times when compared with the frame which contains traditional infill
walls. However, despite the increase in stiffness and strength, the proposed strengthening method with panels
reduced the ductility of structure if the behavior was compared with bare frame without any infill walls.
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Figure 15. The force displacement curves of 5 story frames
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If the pushover curves of 5 story frames were observed, the existence of traditional infill wall increased the lateral
load capacity from 332.75KN to 572.75KN . This indicates an increase by a factor of 1.72. The panel strengthening
affected the frames and maximum load carrying capacity increased from 572.75 KN to 1825.81KN. This indicates
an increase by a factor of 3.18 if the frame with traditional walls and frame with strengthened walls are compared.
However, despite the increase in stiffness and strength, the proposed strengthening method with panels reduced
the ductility of structure if the behavior was compared with bare frame without any infill walls.

4, Discussion and Conclusion

In this study, the method proposed in previous studies [6,7] was investigated by using full scale frames in Abaqus.
Later a validation was performed by using Sap2000 software. With the highlight of these analysis, multistory
frames were analyzed in pushover analysis in Sap2000.

In single story full scale frames, it was seen that bare frame carried a max. load of 269632.53N. Traditionally
infilled frame carried 380109N which is similar with the lateral load capacity of frame with traditionally infilled
wall in previous study [12]. Traditional infill wall increased the load capacity of frame by 40%. The proposed
strengthening method for the infill wall increased the load carrying capacity to 88375.30N level. This is 2.76 times
of traditionally infilled frame’s capacity and 3.9 times of bare frame’s capacity. In a prior investigation [7], the
application of the proposed method to scaled reinforced concrete (RC) frames, using 7.5mm-sized panels and a
polymer binder between the panels and infill wall, resulted in an approximately 2 times increase in lateral load
capacity compared to frames with traditional infill. In this study, the retrofitted frame supported 2.76 times more
load than its traditionally infilled counterpart. The consistency and even improvement in results suggest that
differences may be attributed to variations in concrete strength between the two studies and the influence of the
scaling process.

In a previous numerical and experimental study [3], retrofitting frames and infill walls with the proposed method
using Carbon Fiber Reinforced Polymer (CFRP) material increased the load capacity of RC frames by a factor of 2
to 3 when compared to non-retrofitted traditionally infilled specimens. Thus, the effectiveness of the
strengthening method with high-strength lightweight panels and polymer is comparable to retrofitting with CFRP.
In previous study [6], precast panels were employed for strengthening, leading to an increase in lateral load
capacity from 65.5-86.6 KN to 148.9-254.7 KN, marking a 3.88-fold improvement in the best case. Although epoxy
binder was used in that study, a higher load increase could be anticipated, as reported in the prior study [7].
However, the use of a polymer binder prevents panel detachment from the wall during large drifts and provides a
ductile response. The initial rigidity of the bare frame is calculated at 21,886.06 N/mm, while the frame with a
traditionally infilled wall has an initial rigidity of 35,550.32 N/m, indicating a 1.62 times increase, as expected. The
well-known influence of infill walls on a structure's rigidity and period is evident. The initial rigidity of the
retrofitted frame is calculated at 88,575.30 N/mm, approximately four times that of the bare frame and 2.5 times
that of the frame with a traditionally infilled wall. This promising result suggests the effectiveness of the proposed
method in strengthening structures with insufficient lateral rigidity.

After the validation of single story frame results in Sap2000, it’s seen that the modelling of traditionally infilled
frame in Sap2000 software is more consistent with real experiments in previous study [12] after 0.01 lateral drift
ratio. Validation of Sap2000 results with Abaqus highlighted the way for modelling of multistory frames by using
equivalent compressive struts. If the pushover curves of 3 story frames were observed, in the 3 story frames,
traditional infill walls increased the lateral load capacity by 1.81 times when compared with frame without any
infill wall. Strengthening infill walls with panels increased the capacity by 3 times when compared with the frame
which contains traditional infill walls. If the pushover curves of 5 story frames were observed, the existence of
traditional infill wall increased the lateral load capacity from 332.75KN to 572.75KN . This indicates an increase
by a factor of 1.72. The panel strengthening affected the frames and maximum load carrying capacity increased
from 572.75 KN to 1825.81KN. This indicates an increase by a factor of 3.18 if frame with traditional walls and
frame with strengthened walls are compared.

In a recent study [14], high strength lightweight concrete wall and metallic elements were porposed to increase
the stiffness, ductility, lateral load capacity of structures. The wall was assumed to have interaction with frame
also. It was seen that; in the case when wall had interaction with frame, adding high strength lightweight wall and
metallic elements to bare frame increased the lateral load capactiy of bare frame by 112%. However the proposed
method in this study increased the lateral load capacity by 3.9 times when compared with bare frame.

The pushover curves obtained here can be compared with a previous study [32] where frames were modelled in
a detailed finite element analysis and later pushover analysis were conducted to multistory frames by using a more
practical software using super element approach. In the previous study, adding unreinforced masonry infill walls
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to multistory structures increased the lateral load capacity of structure around 4 times when compared with bare
frame, but ductility decreased. In this study the behavior of multistory frames showed a similar behavior. The
proposed method here increased the lateral load capacity by 3.9 times. So the pushover analysis results are
consistent with previous studies.

The proposed method can be applied to strengthen the buildings which has insufficient lateral stiffness and
strength. Traditionally, addition of RC walls to the structure was used in practice to enhance the stiffness and
strength. But addition of RC walls to structures requires labor and time. Residents must leave the structure during
the constructional work. In contrast, the proposed method here aims not to force the residents to be out of the
building during the application process. Panel sizes are selected such as that the passage of panels through doors
of buildings is possible and practical retrofit can be applied to walls. The polymeric binder between wall and panels
isa two-component binder which gets hardened immediately after application. In this study during the in plane
loading of RC frames the infill wall’s central axis was thought to be same with the central axis of columns and infill
wall had interaction with inner surfaces of frame elements as seen in Figure 1. In real applications eccentricity can
be observed, thus it’s advised here to extend the investigation in future studies. The strengthened infill walls are
modelled as equivalent compressive struts here, however they can be modelled as equivalent columns in other
investigations.

As a conclusion, the practical method used here is promosing for increasing the lateral load capacity and stiffness
of existing structures and the proposed modelling approach performed with Sap 2000 will highlight the way to
model the behavior for practicing engineers.
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Anahtar Kelimeler 0z: Bu calisma, tamimlayic veri analitigi araglarindan biri olan dilsel 6zetleme

Bisiklet paylasim sistemi, kullamilarak kentsel hareketlilik modellerinin nasil analiz edilebilecegini

Bulanik kiimeler, incelemistir. Makale, kentsel hareketlilik modellerini anlamak i¢in zengin bir bilgi

Dilsel 6zetleme, - kaynagi olan kentsel bisiklet paylasim sistemi verilerine odaklandi. Calismada giin,

Kentsel hareketlilik, . R IR s . g

Seyahat 6riintiisii, saa‘F, istasyon ve kuﬂllanlc.l tur}.l g"lbl (,‘e$ltlj degiskenlere sahip bl.r veri .s.etl .kullarzlldl..
Veriler, bulanik kiimenin giicii araciligiyla kentsel hareketlilige iliskin degerli
bilgiler sunan dilsel agiklamalara dénitistiiriildii. Seyahat modellerinin analizi, glintin
cesitli zamanlarindaki yogun istasyonlarin belirlenmesini, kullanici segmenti
tercihlerini (6grenciler ve 06grenci olmayanlar) ve genel hareketlilikteki
degisiklikleri iceriyordu. Kentsel bisiklet verilerinin dilsel 6zetlemesinin sonuglari,
kentsel seyahat kaliplar1 hakkinda daha kapsamli bir bilgiye olanak sagladi. Kent
planlamacilar;, karar vericiler ve wulasim otoriteleri, kentsel hareketlilik
dinamiklerine 151k tutan sonuglar sayesinde kentin mevcut altyapisini optimize
edebilir, erisilebilirligi artirabilir ve kent sakinlerinin genis yelpazedeki ihtiya¢larini
karsilayabilirler. Calisma, tanmimlayici veri analitiginin, 6zellikle sehir
bisikletlerinden elde edilen bilgileri kullanarak seyahat modellerini incelemek i¢in
kullanildiginda, bilgiyi a¢iga ¢ikarmada ne kadar pratik olabilecegini gosterdi.

Urban Mobility Patterns with Linguistic Summarization: Insights from the Bicycle-

Sharing System
Keywords Abstract: This study examined how urban mobility patterns might be analyzed
Bicycle-sharing system, using linguistic summarization, one of the descriptive data analytics tools. The paper

Fuzzy sets,

Linguistic summarization,
Urban mobility

Travel pattern

focused on urban bicycle-sharing system data, a rich source of knowledge for
comprehending urban mobility patterns. The study used a dataset with several
variables: day, hour, station, and user type. The data was turned into linguistic
descriptions that offer valuable insights into urban mobility through the strength of
the fuzzy set. The analysis of travel patterns included identifying busy stations at
various times of the day, user segment preferences (students vs. non-students), and
changes in general mobility. The results of the linguistic summarization of the urban
cycling data allowed for a more thorough knowledge of urban travel patterns. Urban
planners, decision-makers, and transportation authorities may optimize the city's
current infrastructure, increase accessibility, and meet its residents’ wide range of
needs thanks to the results that shed light on the dynamics of urban mobility. The
study showed how practical descriptive data analytics can be in revealing
information, mainly when used to examine travel patterns utilizing information
from urban bicycles.
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Urban Mobility Patterns with Linguistic Summarization: Insights from the Bicycle Sharing System
1. Introduction

The dynamic nature of urban surroundings and the sheer volume of commuters, residents, and tourists add to the
complexity of urban mobility statistics [1]. Therefore, analyzing mobility in cities is difficult due to both this
complexity and the size of the data. Additionally, metropolitan areas are distinguished by various mobility options,
such as personal vehicles, public transportation, bicycle lanes, and pedestrian paths. The data generated by each
form of transportation are unique, which increases the complexity of the entire dataset for urban mobility.
Metropolitan mobility statistics are further complicated by metropolitan people's diversity and travel habits.
Based on variables including demography, socio-economic level, and individual preferences, people have diverse
travel patterns and travel preferences. Various data points must be considered when assessing urban mobility
patterns due to the heterogeneity in travel behaviours.

It's vital to comprehend mobility trends and travel habits for several reasons [2]. First, it aids decision-makers and
city planners in allocating resources wisely and developing appropriate infrastructure. By evaluating traffic
patterns, decision-makers can enhance transportation networks and increase overall mobility by identifying peak
travel times, congestion hotspots, and locations with insufficient transportation options. Understanding mobility
trends also enables proactive planning and foreseeing future transportation requirements. Decision-makers can
create policies that address the changing demands of the city's residents and ensure a sustainable and effective
transportation system by examining data on changing travel patterns, developing mobility technology, and shifting
demographics. Understanding mobility trends and travel habits is also crucial for solving environmental issues.

By examining data on commuting patterns and transportation preferences, policymakers can achieve goals such
as reducing carbon emissions, encouraging alternative modes of transportation and sustainable urban mobility
options, optimizing transportation networks, and easing traffic congestion. Decision-makers can customize
transportation policies, services, and infrastructure to meet the different demands of the city's residents by
considering characteristics like user type (such as student or regular), user preferences, and more. Although the
diversity of sources and factors used to create urban mobility statistics contributes to the complexity of these
statistics, this diversity can contribute positively to the solution of the problems. For decision-makers to manage
transportation networks, foresee future needs, address environmental problems, and ultimately improve the
quality of urban life, it is essential to understand travel patterns and mobility trends.

The bicycle-sharing system has emerged as a popular mode of public transportation in recent years due to its
ability to mitigate environmental effects and alleviate traffic congestion [3]. According to Galatoulas et al. [4], the
global presence of shared bicycle networks has expanded to encompass over 2900 systems. Given the projected
prominence of cycling as a fundamental mode of transportation in the future, it is imperative for policymakers to
investigate the advancements and methodologies within this domain thoroughly [5]. Therefore, examining
historical trip data has led to the investigation of bike-sharing systems in numerous cities as documented in
existing literature. He et al. [6] employed Poisson regression analysis to examine the data related to Utah.
Kaltenbrunner et al. [7] utilized data mining techniques to investigate Barcelona. Kou and Cai [8] focused on
extracting statistical patterns of trips in eight US cities, including Boston, Washington DC, Chicago, and New York.
Zhou [9] conducted a flow clustering analysis specifically for Chicago. Etienne and Latifa [10] employed a statistical
approach based on Poisson mixtures to analyze data from Paris. Garcia-Palomares et al. [11] developed a GIS-
based method for studying Paris. Li et al. [12] proposed a hierarchical prediction model for New York and
Washington. Kim [13] utilized machine learning techniques to analyze data from Seoul. Eren and Katanalp [14]
presented a hybrid approach that incorporated a Fuzzy Logic (FL)-based Geographic Information System (GIS),
Analytic Hierarchy Process (AHP), and Vise Kriterijumska Optimizacija I Kompromisno Resenje (VIKOR) method
for studying Izmir. Lathia et al. [15] conducted an empirical spatio-temporal analysis of London. Levy et al. [16]
examined transportation and geostatistical models in Tel Aviv, namely regression and all-or-nothing traffic
assignment. Similarly, Liu et al. [17] developed an optimization and artificial neural network-based model for
analyzing transportation in New York. The significance of this topic and the necessity for novel approaches have
been underscored by the utilization of travel chain matrices and transition matrices between activities in the study
conducted by Zhang et al. [18] pertaining to Zhongshan. Hence, the primary objective of this study is to elucidate
the travel patterns related to the bike-sharing system in Kayseri Province in Tiirkiye, an area that has not been
previously investigated. The study also seeks to furnish decision-makers with crucial insights and information. It
is envisaged that the use of the linguistic summarization method, a new approach to urban mobility, will provide
significant progress both in the methodological advancement of this discipline and in increasing the efficiency and
effectiveness of the bicycle sharing system.

The current study investigated how linguistic summarization might be used to analyze urban mobility trends using
bicycle sharing system data. The research aims to transform the raw data into linguistically rich descriptions
utilizing a descriptive data analytics technique, specifically linguistic summarization. This research seeks to
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identify travel patterns within a city depending on various factors, including day, hour, station, and user type. The
ultimate objective is to give concise and simply understandable information about urban mobility, leading to a
deeper understanding of travel behaviours and assisting urban planners and transportation authorities in making
well-informed decisions.

2. Material and Method

The method steps followed are: (i) data collection: urban bicycle data were gathered during a particular period,
including attributes like day, hour, station, and user type (student or regular); (ii) the fuzzy variables gathered,
(iii) linguistic summarization method was applied to analyze the travel patterns, (iv) discussion of results. This
section explained the problem definition following the basics of fuzzy sets and linguistic summarization.

2.1. Fuzzy sets

A mathematical framework called fuzzy set theory offers a flexible and accessible method for addressing
uncertainty and imprecision in data. The fuzzy set theory allows for degrees of membership in the unit interval
[0,1], in contrast to classical set theory, which assumes clear boundaries between elements as 0 or 1, allowing for
the depiction of ambiguity and gradual changes across categories [19].

A fuzzy set is described as a group of elements where each element has a degree of membership determined by a
membership function. On universe X, a fuzzy set 4 is defined as A = {x, uz(x)|x € X} where uz(x): X - [0,1] is the
membership degree of x. Each element is assigned a value between 0 and 1, representing the degree to which it
belongs to the set by the membership function. This level of participation accommodates the inherent ambiguity
and uncertainty prevalent in real-world events by allowing for a continuum of options. For example, there is
ambiguity when trying to express the time of the day with linguistic descriptions such as morning or noon. The
degree of being noon of 11 a.m. may be 0.75, and the degree of being morning may be 0.25.

When converting fuzzy sets into crisp sets, @ —cuts are used. If the membership degree of an element p4(x) is
greater than or equal to «, the membership degree of this element to the crisp set defined by 4, is equal to 1. In
the at —cut, if the membership degree of an element p,(x) is greater than a, the membership degree of this
element to the crisp set defined by A+ is equal to 1. The representations of @ —cut and a* —cut are given in Eq.
(1) and Eq. (2), respectively.

Ay = {x € X|us(x) = a} (1)

A+ ={x € X|us(x) > a} (2)

Fuzzy numbers are named according to the shape of their membership functions, such as triangular, trapezoidal,
S-shape, etc. The most popular membership functions are given in Eq. (3), Eq. (4), and Eq. (5) and shown in Figure
1.

x—a)/(b—a) a<x<bh

Triangular,p(x) =1(c—x)/(c—b) b<x<c 3)
0 otherwise
(x—a)/((b—a) a<x<bh
. _ 1 b<x<c
Trapezoidaly . q(x) = d-x)/d-0) c<x=d 4)
0 otherwise
0 x<a
X — a\? a+b
2 ( ) a<x<
b—a
Sap () = o b 5)
|1—2<b_a> > <x<bh
k 1 x>b
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Ua(x) ta(x) ta(x)
A A A
1 1 1 —

a b c X a b c > x a (a+B)/2 b X

(@) (b) ()
Figure 1. Fuzzy numbers (a) triangular, (b) trapezoidal, (c) S-Shape

Like in classical set theory, union and intersection procedures are supported by fuzzy sets. t-norm operator (&Q
:[0,1] x [0,1] - [0,1]) is used for intersection and t-conorm operator (@:[0,1] x [0,1] — [0,1]) is used for union.
Any of these operators should satisfy the following properties in Table 1.

Table 1. Properties of t-norm and t-conorm operators.

t-norm t-conorm
Identity / Neutral ®kx1)=x @ (x,0) =x
Monotonicity Y1 <y iein® (6, y1) <Q (x,y2) y1 <y, icin D (x,y,) <O (x,,)
Commutativity ® (x,y) =® (v, %) @D (x,y) =@ (v, %)
Associativity ® (x® 3,2) =Q (] (x,y),2) @ (x,® (¥,2)) =B (P (x,¥),2)

The basic t-norm operator is the minimum operator. A new fuzzy set is created when two fuzzy sets are
intersected, and its membership function represents the minimal degree of membership for each element in both
sets. The basic t-conorm operator is the maximum operator. When two fuzzy sets are unionized, a new fuzzy set is
created whose membership function represents the highest degree of membership that can be assigned to each
element in either set. For the fuzzy subsets of the universal set A; and A,, intersection and union of two fuzzy
subsets are given in Eq. (6) and Eq. (7), respectively.

agnag (0 =@ (14, (0, 14, () = min(us, (), s, (2)) (6)

Hayoa, ) = @ (11, (0, 1, () = Max (e, (), 1, (2)) ©)
2.2. Linguistic summarization

Large databases are mined for insights via a process called data mining. Descriptive techniques are required to
summarize and evaluate the data and find patterns and relationships [20]. A straightforward descriptive tool for
data analysis is statistical summarization. Though they might be less precise than statistical summaries,
consumers frequently prefer natural language summaries because of their superior understanding. Fuzzy
quantifiers, first introduced by Zadeh [21,22], are commonly employed in linguistic summarization to handle the
equivocal meanings of linguistic labels like few and most. Yager [23] continued to develop linguistic summarizing
studies as a cutting-edge method for drawing out information from databases that is brief and simple to
understand. Creating concise and understandable data summaries is the fundamental goal of linguistic
summarization.

Two types of protoforms based on absolute and relative quantifiers, introduced by Zadeh are employed in most
linguistic summary studies [24]. Absolute quantifiers are defined as a possibility distribution over non-negative
integers, while relative quantifiers are defined as a possibility distribution in the unit interval [0,1]. Two types of
protoforms are described as follows:

Type-I protoform: “Q Y A” [TD]. In this form, Q is a linguistic quantifier, Y is the object, A is a summarizer for any
attributes about objects of Y, and TD is the truth degree related to the form. For example, "About 50 of the
passengers are students.” [0.54]. Here, about 50 is an absolute linguistic quantifier, the passenger is the object, the
student is a summarizer about the user type attribute of passengers, and 0.54 is the TD of the summary.
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Type-II protoform: “Q B Y A” [TD]. In this form, in addition to the type-I form, B is a pre-summarizer for any
attribute about objects of Y. For example, "Most student passengers rent a bike on weekdays." [0.92]. Here, most
is a relative linguistic quantifier, student is a pre-summarizer about user type attribute of passengers, passenger is
the object, weekday is a summarizer about the day attribute of passengers, and 0.92 is the TD of the summary.

The most essential step in linguistic summarization is evaluating the generated protoforms. Quantified protoforms
are assessed by computing the related TDs. If the truth degree cannot be reliably obtained, then the generated
summaries cannot reflect the dataset accurately. The most basic TD is proposed by Zadeh [22] according to
absolute and relative quantifiers in Eq. (8) and Eq. (9), respectively.

M
TD = kg (Z m(wﬁ”)) (®)

m=1

Yo (a(vit) @ up(Wilt) )) 9)

TD =pu (
¢ %:1/13(1712)

where v is the value for kthattribute of mt object, u, is the membership function of summarizer A for attribute
k, ug is the membership function of linguistic quantifier Q. Since there is a summarizer and a pre-summarizer (A
and B) in type-II protoforms, there are two related attributes as k; and k,. v, is the value for k,thattribute of the
mt object, and vy, is the value for k,™ attribute of mt™ object. & is a t-norm operator used for the intersection of
two fuzzy sets.

Evaluation methods are grouped under two categories: scalar cardinality-based and fuzzy cardinality-based [25].
Although scalar cardinality-based methods such as Zadeh's are simple, fast, and popular for finding TDs, they have
a deficiency, causing inconsistencies in exceptional cases. They rely on counting the occurrences of elements;
therefore, they cannot distinguish the difference between the small amount of high and large amount of low
membership degrees. To overcome this inconsistency, fuzzy cardinality-based methods, such as the GD and ZS
methods, are proposed [26]. Fuzzy cardinality-based techniques such as restriction level-based method [27],
gradual number-based method [28], and semi-fuzzy quantifier-based method are also proposed to evaluate
linguistic summaries [29,30].

By suggesting a semi-fuzzy quantifier based method, which is a generalized version of a fuzzy linguistic quantifier,
Glockner [31] has contributed to the fusion of linguistics and logic. The characteristics of both the classical and
fuzzy quantifiers are present in a semi-fuzzy quantifier, which accepts crisp arguments like a classical quantifier
and generates a TD in the range [0,1] like a fuzzy quantifier [29]. Semi-fuzzy quantifiers handle crisp features like
a classical quantifier and generate a TD truth degree in unit interval like a fuzzy quantifier. Compared with fuzzy
quantifiers, it is easy to define semi-fuzzy quantifiers but hard to evaluate. For example, "About 70% of the
passengers are students” can be evaluated by a semi-fuzzy quantifier-based method, "About 70% of passengers
rent a bike in the mornings" cannot be evaluated by semi-fuzzy quantifiers without a Quantifier Fuzzification
Mechanism (QFM). Being a student is a crisp fact in the first phrase, whereas morning is a fuzzy phenom in the
second phrase.

A probabilistic QFM, F!, is proposed as in Eq. (3) by Diaz-Hermida et al. [29].

1 1
F’(Q)(Xl,...,XS):f f Q((XD)sayr r Xs)sq,) day ... da (10)
0 0

where X is a fuzzy property for s = 1,..., S, (X;)sq, is a-cut of X;, and Q is a semi-fuzzy quantifier of arity S. If
different a-cuts on X, ..., X, are finite, F is defined as in Eq. (4),

FIQ) (X, ., X;) = Zmozmoo (nay s or KDy, ) (et ). -m(as) (11)

where 0 = &g 41 < Agm, < < Qgq, Agg =1, 1 <5 <S5, and the mass assignment corresponding to ay; is
defined as m(asij) = a5 — A j+1, J = 0,1,...,mg. The distribution of probabilities could be interpreted from mass
assignments. Although Martin and Yun [32] initially defined it as a confidence measure, it is now employed for
evaluating linguistic summaries.
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2.3. Problem definition

Kayseri Ulasim A.S. operates the Urban Bicycle System (KAYBIS), a shared bicycle system implemented in Kayseri
Province, Tiirkiye. KAYBIS provides services in Kayseri Province with 90 kilometres of bicycle paths, 51 bicycle
stations, 1,000 specially designed bicycles, a structure suitable for expansion, and qualified personnel with a level
of knowledge and skills. KAYBIS has been awarded the 'Sustainable Development Award' by the International
Association of Public Transport (UITP). This study was conducted for KAYBIS in Kayseri, and the data belongs to
2023.

The objective was to effectively assess and analyze the circulation patterns within a community utilizing bicycle
data collected over seven days, which covers 17,596 rows of information, including day, hour, station, and card
details. This dataset contained essential data, such as the precise time of day, the station where the bicycles were
rented, and the type of card used (student or regular). Investigating this dataset makes it possible to learn
significant details about usage trends, popular stations during the day, and the preferences of different user
segments, such as students and non-students. A sample from the dataset is shown in Table 2.

Table 2. The sample data set of bike rental.
ID User Type Day Hour  Station
ID00001 Regular Monday  05:00 Public Hospital
ID04568 Student Thursday 21:00 Faculty of Architecture
ID07654 Regular Sunday 13:00 State Hydraulic Works
ID12980 Student Friday 16:00 Dormitories

User type is categorized under two values: regular and student. If the passenger is a student, then the value of the
student variable takes the value of 1; otherwise, it is 0. Similarly, if the passenger is a regular passenger, it takes
the value of 1; otherwise, it is 0. The day is categorized under two values: weekdays and weekend. If the boarding
is on Monday, Tuesday, Wednesday, Thursday, or Friday, the value of weekdays is 1; otherwise, it is 0. If the
boarding is on Saturday or Sunday, the weekend's value is 1; otherwise, itis 0. The station is categorized under 51
variables as station names (Public Hospital, Faculty of Architecture, etc.). If the passenger rented a bicycle from
any station, the station's value is 1; otherwise, it is 0. The hour is categorized under four values: morning, noon,
evening, and night, according to the fuzzy membership functions in Figure 2.

morning noon evening night

()

o

x: Hour

Figure 2. Fuzzy membership functions according to hours

The pre-summarizer and summarizer of a linguistic summary were selected from the categorized variables above
italicized. "Most" was used as a linguistic quantifier, defined by a trapezoidal membership function (0.5;0.75;1;1).
A total of 3136 linguistic summaries were generated through MATLAB code using a semi-fuzzy quantifier-based
method in Eq. (11) [33]. The 173 linguistic summaries had a TD greater than 0, and 38 had a TD greater than 0.80.
The final 38 linguistic summaries are given in Table 3.

3. Results

This paper utilized a linguistic summarization method to examine the information on the KAYBIS system. The
findings of this investigation are shown in Table 3. Out of the total of 38 linguistic summaries acquired, it was
determined that three of them pertain to the bicycle utilization period. Weekdays witnessed the highest bicycle
utilization levels among students and regular commuters. During weekdays, the morning hours exhibited the
highest levels of bicycle activity, as indicated by a TD value of 1. Out of the collected summaries, 18 were associated
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explicitly with KAYBIS stations. Patterns were successfully acquired for a total of 18 out of the 51 stations that
were included in the analysis.

Table 3. Linguistic summaries of -bicycle sharing system

Linguistic Summary TD

Most students rent a bike on weekdays. 0.92
Most morning passengers rent a bike on weekdays. 1.00
Most noon passengers rent a bike on weekdays. 0.86
Most passengers renting from Aydinlikevler station rent a bike on weekdays. 0.85
Most passengers renting from Ayse Baldoktii station rent a bike on weekdays. 0.95
Most passengers renting from Bahgelievler station are students. 1.00
Most passengers renting from Besyol station rent a bike on weekdays. 0.80
Most passengers renting from the public Hospital station rent a bike on weekdays. 0.95
Most passengers renting from the Dental Hospital station rent a bike on weekdays. 0.90
Most passengers renting from East Campus station are students. 1.00
Most passengers renting from East Campus station rent a bike on weekdays. 1.00
Most passengers renting from East Terminal station rent a bike on weekdays. 0.83
Most passengers renting from the State Hydraulic Works station are regular passengers. 0.81
Most passengers renting from the Faculty of Education station are students. 1.00
Most passengers renting from the Faculty of Education station rent a bike on weekdays. 1.00
Most passengers renting from Emirgan station are regular passengers. 1.00
Most passengers renting from Old Industrial Zone station are regular passengers. 1.00
Most passengers renting from Old Industrial Zone station rent a bike on weekdays. 1.00
Most passengers renting from the Faculty station are students. 1.00
Most passengers renting from the Faculty station rent a bike on weekdays. 1.00
Most passengers renting from the Faculty of Science and Literature station are students. 1.00
Most passengers renting from the Faculty of Science and Literature station rent a bike on weekdays. 1.00
Most passengers renting from Fuzuli station are regular passengers. 1.00
Most passengers renting from Kaski station are regular passengers. 0.97
Most passengers renting from Kocak station are regular passengers. 1.00
Most passengers renting from Kiigiik¢alik station are regular passengers. 1.00
Most passengers renting from the Faculty of Architecture station are students. 1.00
Most passengers renting from the Faculty of Architecture station rent a bike on weekdays. 1.00
Most passengers renting from Mustafa Simsek station are regular passengers. 1.00
Most passengers renting from Mustafa Simsek station rent a bike on weekdays. 1.00
Most passengers renting from the 30 August station rent a bike on weekdays. 0.86
Most passengers renting from Seker station rent a bike on weekdays. 0.92
Most passengers renting from Technopark station are students. 0.87
Most passengers renting from Technopark station rent a bike on weekdays. 1.00
Most passengers renting from TOKI station are students. 0.95
Most passengers renting from Yildiz Park station rent a bike on weekdays. 1.00
Most passengers renting from the19 May station rent a bike on weekdays. 0.93
Most passengers renting from Dormitories station are students. 1.00

The KAYBIS system may be found around the city and contains stations in various districts. Linguistic summaries
of stations and usage times were obtained as a result of the linguistic summarization. The information collected as
a consequence of linguistic summarization revealed that the number of stations has fallen to 18, and the conclusion
that can be drawn from this information is that these stations are used more frequently. It is essential to consider
these outcomes when making decisions, such as those involving planning additional stations or an increase in
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capacity. Information regarding the different kinds of KAYBIS users and stations can be found in the remaining 17
summaries. Table 4 and Figure 3 show the stations acquired by linguistic summarizing and their station name.

Table 4. Station Name and Number

Code Station Name Code Station Name
A Old Industrial Zone ] Faculty of Architecture
B Ayse Baldokti K Faculty of Education
C Besyol L Mustafa Simsek
D Dental Hospital M 19-May
E Aydinlikevler N 30 August
F Public Hospital 0 Technopark
G Seker P Yildiz Park
H East Terminal Q Faculty
I East Campus R Faculty of Science and Literature
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Figure 3. Locations of the stations

In contemporary urban environments characterized by fast development, there is a growing imperative to
enhance sustainability, mitigate carbon emissions, and maximize urban mobility. Within this particular
environment, urban areas encounter many obstacles [34]. These issues encompass a range of elements, including
shifts in travel patterns, advancements in technology, alterations in population demographics, and the emergence
of pandemic-related risks. Consequently, cities are compelled to reassess and reconsider their conventional
transportation plans. This paper seeks to utilize linguistic summarization techniques in the context of bicycle-
sharing systems to enhance urban mobility. The primary goal was to equip decision-makers with valuable insights
derived from data on evolving travel patterns, advancements in mobility technology, and shifting demographics.
These insights can then inform the development of policies that effectively address the evolving needs of city
residents. By adopting this approach, urban areas can implement crucial measures to cultivate a sustainable and
efficient transportation infrastructure. To optimize the operation of bike share systems, it is imperative to discern

recurring usage patterns and ascertain the factors contributing to them, elucidating the underlying demand
dynamics [13].

4, Discussion and Conclusion

The study's objective was to evaluate urban cycling data using linguistic summarization techniques so that urban
planners and politicians can quickly detect trip patterns, improve infrastructure, and better understand urban
mobility dynamics. The study's conclusions are highly significant and provide numerous contributions to the study
of urban mobility. First, enhanced insight into travel patterns was provided. Based on bicycle-sharing system data,
the study's conclusions provided a better understanding of how people move around the city. The study also
announced valuable insights into how people move around in urban environments by identifying popular stations
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at various times of the day and examining user preferences. Urban planners, decision-makers, and transportation
authorities can use this improved understanding to help them make informed decisions on improving
infrastructure and transportation systems. Second, the study's results are highly beneficial for data-driven
decision-making because they are based on examining real-world cycling data. The study simplifies complex
information using linguistic summarization, enabling clear communication and well-informed decision-making.
Third, the study's results contribute to the optimization of urban mobility by pointing out trends and patterns that
can be utilized to raise the effectiveness and efficiency of transportation networks. Both city residents and visitors
would benefit from improved traffic management, less congestion, and more environmentally friendly mobility
options that could arise from this. Finally, the work contributes to the application field by examining urban
mobility patterns using linguistic summarization. To sum up, the study's results improved our knowledge of urban
mobility patterns and provided practical guidance to decision-makers. The study's conclusions could positively
influence urban mobility, leading to the development of cities that are more effective, sustainable, and centred on
people. To develop a more thorough understanding of the dynamics of urban mobility, future studies may expand
on this approach to include other forms of transportation and explore more variables.
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Anahtar Kelimeler 0z: Medikal verilerin simiflandirilmasi ve analizi, ¢esitli saglik sorunlarinin tanisinda
Federe Ogrenme, ve tedavisinde 6nemli bir rol oynar. Medikal veriler, icerdikleri hassas bilgiler
Isbirlik¢i Ogrenme, nedeniyle 6zel giivenlik Onlemlerine gereksinim duyarlar. Bu nedenle, veri
Medikal Veri, paylasimi olmadan model egitimi islemlerinin u¢ noktalarda gerceklestirilmesini,
Ver@ Gizliligi, veri paylasimi yerine model parametrelerinin paylasilmasini ve giincellenmesini
Derin Ogrenme saglayan federe 0grenme yaklasimlari kullanilir. Bu sayede, veriler merkezi bir

sunucuda toplanmadigindan ve paylasilmadigindan, gizlilik riskleri azalir. Bir
federe 6grenme yaklasimi olan FedAvg, katilan tiim u¢ noktalarin yerel model
parametrelerinin ortalamasini alarak kiiresel modeli giinceller. Ancak bu yontemde,
u¢ noktalar farkli model performanslarina sahip oldugunda yakinsama siiresi ve
performansi etkileyen sinirlamalar ortaya c¢ikar. Bu ¢alismada bu simirlamalari
ortadan kaldirmak i¢in en yiiksek yerel model test dogruluguna sahip u¢ noktanin
yerel model parametrelerini kullanarak kiiresel modeli giincelleyen FedBest isimli
bir yaklasim onerilmistir. Onerilen FedBest yaklasimi ile FedAvg yaklasiminin
performanslart BloodMNIST, PathMNIST ve DermaMNIST veri setleri iizerinde
kiyaslanmistir. Deneylerden elde edilen sonuglara gore, FedAvg'nin medikal
siniflandirmada basarili oldugu ancak FedBest algoritmasinin, daha yiiksek
dogruluk oranlarina ve daha hizh bir yakinsamaya sahip oldugu gériilmiistiir.

Federated Learning for Medical Data Ciassification

Keywords Abstract: The classification and analysis of medical data play a crucial role in the

Federated Learning, diagnosis and treatment of various health issues. Due to containing sensitive

&Oc}ﬁlg;rggz: Learning, information, medical data require special security measures. Therefore, federated

Data Privacy,’ learning approaches are used to perform model training operations at the endpoints

Deep Learning without data sharing, allowing the sharing and updating of model parameters
instead. This way, privacy risks are reduced as data is not collected and shared on a
central server. One federated learning approach called FedAvg updates the global
model by taking the average of local model parameters from all participating
endpoints. However, this method has limitations on convergence time and
performance when endpoints have varying model performances. To address these
limitations, this study proposes an approach called FedBest, which updates the
global model using the local model parameters of the endpoint with the highestlocal
model test accuracy. The performance of the proposed FedBest approach is
compared to the FedAvg approach on the BloodMNIST, PathMNIST, and
DermaMNIST datasets. According to the results obtained from the experiments,
FedAvg demonstrates success in medical classification, but the FedBest algorithm
shows higher accuracy rates and faster convergence.
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Medikal Verilerin Siniflandirilmasinda Federe Ogrenme

1. Giris

Medikal verilerin islenmesi ve analizi, saglik alaninda énemli bir rol oynamaktadir. Bu verilerin dogru sekilde
analizi, hastaliklarin erken teshisi, tedavi planlamasi ve hastalarin saglik durumlarinin takibi gibi bircok klinik
uygulama i¢in hayati 6nem tasir. Ancak, medikal verilerin gizliligi ve giivenligi konulari, bu alanda ¢alisan
arastirmacilar ve saghk kuruluslari icin 6nem teskil etmektedir. Geleneksel olarak, medikal veriler merkezi
sunucularda depolanir ve analiz edilir. Ancak, bu yaklasim giivenlik aciklarina yol agabilir ve hasta gizliligi riskini
artirabilir. Ozellikle hassas kisisel saghk bilgileri iceren verilerin merkezi sunucularda toplanmasi, yetkisiz erisim,
veri ihlalleri ve koti niyetli saldirilar gibi giivenlik risklerini beraberinde getirebilir.

Bu sorunlari ¢6zmek ve medikal verilerin gizliligini korumak ic¢in, federe 6grenme yaklasimi son yillarda biiyiik
ilgi gormektedir. Federe 6grenme, verilerin merkezi bir sunucuda bir araya getirilmesi yerine, veri sahipleri
arasinda dagitilmis bir 6grenme siirecini kullanir [1]. Bu yontemde, model egitimi u¢ noktalarda gerceklestirilir ve
sadece giincellenmis model parametreleri merkezi sunucuya iletilir. Bu sayede, medikal veriler u¢ noktalarda kalir
ve gizlilik riski azalirken, ayn1 zamanda modelin toplam performansi da artirilabilir.

Federe 6grenme, medikal alanda 6zellikle medikal veri analizinde ¢esitli calismalarda incelenmistir. Zhang ve ark.
izole medikal kurumlardaki verilerin gizliligini dikkate alan, COVID19 tespiti yapabilen dinamik fiizyon tabanl bir
federe 6grenme yaklasimi onermislerdir [2]. Odera, saglik alaninda federe 6grenme uygulamasi icin yapilan
literatiir taramasim kapsayan kapsamli bir inceleme sunmus, federe 6grenmede karsilasilan zorluklar ve
uygulama cercevelerini ele almis ve ayni zamanda HIPPA ve GDPR gibi diizenlemelere uygun olarak gizlilik
zorluklarina yonelik olasi ¢oziimleri tartismistir [3]. Sheller ve ark. cok sayida u¢ noktada bulunan hasta verilerini
paylasmadan derin 6grenme ile beyin tiimoérii segmentasyonunu miimkiin kilan bir federe 6grenme yaklasimi
onermislerdir [4]. Yoo ve ark. medikal alanda federe 6grenme ortami olusturmak icin yonergeler olusturmus ve
bu yonergelerle birlikte federe 6grenimindeki kritik konulari ortaya koymay1 ve uygulanabilir ¢6ziimler sunmay1
amaclamislardir [5]. Wibawa ve ark. medikal verilerin gizliligini ve giivenligini artirmak i¢in federe 6grenmede
homomorfik sifreleme yaklasimi énermislerdir [6]. Farhad ve ark. Medikal Nesnelerin Interneti'nde (IoMT) veri
yonetimi ve mahremiyet sorununu ele almak icin federe 6grenmenin potansiyelini tartismiglardir [7]. Zhao ve
Huang, bagimsiz ve 6zdes dagilimli (Independent and Identically Distributed, IID) olmayan Iveri sorunlarinin
yaygin oldugu medikal kurumlararasindaki her u¢ noktada yerel olarak veri tireterek u¢ noktalar arasinda IID
olmama durumunu azaltan, medikal goriintii siniflandirmasina yonelik bir yenilikci dagitim bilgi paylasimi federe
o0grenme yontemi olan FedDIS'i dnermistir. Deneysel sonuclar, FedDIS'in IID olmayan veri senaryolarinda
Alzheimer hastaligt MRI ve MNIST veri kiimeleri tizerindeki federe 6grenme performansinin énemli dlgiide
artirabilecegini gostermistir [8]. Sohan ve Basalamah, medikal goriintii analizinde federe 6grenme iizerine
sistematik bir inceleme yiiriitmiislerdir [9]. Yi ve ark. hasta verilerinin gizliligini saglamak, biiyiik miktarda etiketli
veri toplama ve liretme maliyetini ortadan kaldirmak icin federe 6grenme tabanli bir medikal teghis yontemi
onermislerdir [10]. Nazir ve Kaleem, derin sinir aglar1 ile medikal goriinti analizinde federe Ogrenme
uygulamalarini incelemis, federe 6grenme model performansini artirmak icin yapilan bazi calismalara deginmis
ve federe 6grenmenin gelecekteki arastirma yonlerini vurgulamislardir [11]. Genel olarak, bu ¢alismalar federe
o6grenmenin medikal veri analizinde yiiksek dogruluk elde ederken mahremiyeti koruyabilme potansiyelini
gostermistir.

Bu ¢alismanin amaci, medikal verilerin siniflandirilmasinda daha yiiksek dogrulukta ve hizli yakinsayabilen bir
federe 6grenme yaklasimi sunmaktir. Yeni bir federe 6grenme yaklasimi olarak FedBest yaklasimi dnerilmis ve
literatiirde yaygin kullanilan FedAvg yontemi ile BloodMNIST, PathMNIST ve DermaMNIST veri setleri tizerinde
kiyaslanmistir. Sonuclar incelendiginde, FedBest yaklasimi, kiiresel model test dogrulugu bakimindan FedAvg
yontemine gore daha hizli yakinsama elde ederek daha yiiksek performans gostermistir. Ozellikle DermaMNIST
ve BloodMNIST veri setlerinde, FedBest yaklasiminin daha yiliksek basari elde ettigi gézlenmistir. DermaMNIST
veri seti iizerinde, FedAvg yaklasiminda {i¢ egitim turu sonunda kiiresel model performansi %67,07'den
%71,86'ya ylikselirken, FedBest yaklasiminda ise %68,26’dan %73,05’e yiikselmistir. BloodMNIST veri seti icin
ise, FedAvg yaklasiminda ii¢ egitim turu sonunda kiiresel model performansi %37,68'den %84,51’e ylikselirken
FedBest yaklasaminda ise %73,94’ten %84,86’ya yiikselmistir. Bu sonuglar, medikal veri siniflandirma
gorevlerinde FedBest yaklasiminin Federe 6grenme stireci i¢in etkili bir alternatif olabilecegini vurgulamaktadir.

Makalenin organizasyonu su sekildedir: Birinci béliimde konuyla ilgili literatiire sunulan ¢alismalar verilmistir.

ikinci béliimde, federe 6grenme yontemleri ilgili bilgiler verilerek énerilen yontem sunulmustur. Ugiincii bélimde
elde edilen sonuglar verilmistir. Dordiincii béliimde ise tartisma ve sonuca yer verilmistir.
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2. Materyal ve Metot

2.1. Federe Ogrenme Mimarisi

McMahan ve ark. [14] tarafindan 2016’da onerilen Federe 6grenme [12,13], birden ¢ok u¢ noktanin, verilerini
merkezi bir sunucuyla paylasmadan kiiresel bir modelin egitilmesine olanak taniyan dagitilmis bir makine
égrenimi teknigidir. Federe 6grenmenin temel siireci Sekil 1'de gosterildigi tizere su sekilde ilerler: ilk olarak, bir
baslangic modeli sunucu tarafindan segilen u¢ noktalara gonderilir. Daha sonra segilen u¢ noktalar, kendi
verileriyle yerel modeli egitirler. Ardindan, bu yerel modeller, glincellenmis yerel model parametrelerini merkezi
sunucuya gonderir. Sunucu, aldig1 giincellenmis parametreleri bir araya getirir ve kiiresel modeli giinceller. Bu
giincellenmis kiiresel model tekrar u¢ noktalara génderilir ve bu siire¢ tekrarlanir. Her iterasyonda, ug noktalar
kendi verileri lizerinde 6grenme yapar, giincellemeleri paylasir ve merkezi sunucu kiiresel modeli giinceller. Bu
sekilde, verilerin merkezi bir sunucuya gonderilmesi yerine, sadece giincellenmis parametrelerin paylasilmasiyla
ogrenme gerceklestirilir. Boylece, kullanicilarin veya veri sahiplerinin gizliligi korunurken, kiiresel model de
stirekli olarak iyilestirilir.

@ Meodel

@ Veri seti |
F=m3
,- Sunucu

........ »  Model Egitimi

=% Egitilen model transferi
=% Giincellenen yeni model transferi

Toplanan modellerin
sunucuda glincellenmesi

=
o
ﬁ Veri gizliligi

Sekil 1. Federe 6grenme siire¢ semasi
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2.2.1. Federated Averaging (FedAvg)

Google tarafindan 2016 yilinda 6nerilen FedAvg [15] yaklasiminda kiiresel modelin gilincellenmesinde her bir ug
noktadaki yerel model parametrelerinin ortalama bilgisinden faydalanilir. Her ug¢ nokta, ham verilerini merkezi
sunucuya gondermeden ve diger u¢ noktalarla paylasmadan model egitim siirecine katkida bulunur ve bu da
Federe 6grenmeyi merkezi olmayan ortamlarda gizliligi koruyan degerli bir yaklasim haline getirir. Algoritma 1'de
FedAvg Algoritmasi sunulmustur.

Algoritma 1. FedAvg algoritmasi [16]. K, k degiskeni tarafindan endeksli u¢ nokta sayis;; B bitiin katiimcilarda bulunan
toplam 6rnek sayisi; B2 kK'inc1 katilimcinin 6rnek sayis, B, yerel minibatch boyutu; E, yerel epoch sayisi ve i), 6grenme oranidir.

FedAvg Algoritmasi

[Sunucu]:

Basla wg

for her t=1,2...do
Mm......max ([C.K],1)
S¢=rastgele m katihmci ayarla
for her katilimci igin k € S, in parallel do

wk, = YerelGuncelle(k, w)

Wi < Ef:l % Wkt+1

[Yerel]:

YerelGuncelle(k, wy,):

for her yerel epoch i € [1,E] do

Yerel verileri bol, B(n% B yiginlari)
foryigin b € B do

Wik <—Wek — nyerelAl(Wt,k; b)
return w to sunucu

Merkezi sunucuda, k degiskeni tarafindan endekslenen K sayida ug¢ nokta segilir. Secilen u¢ noktalarda egitilen
yerel modellerin parametreleri merkezi sunucuya YerelGuncelle() islevi ile génderilir. Son olarak, sunucu, K sayida
u¢ noktadan alinan tiim yerel model parametrelerinin (we:X) ortalamasini alarak kiiresel modeli giinceller. Sekil
2’de FedAvg yaklasimi siirecinin semasi sunulmustur.

ipa:

uc nokta 1

ER R o

u¢ nokta 2

i T i
Wit 4 Y jmy Wi

v

[ X X ]
o -
ipyE

ug nokta K

Sunucu

Sekil 2. FedAvg yaklasimi siire¢ semasi.
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2.2.2 FedBest

FedBest, federe 6grenme siirecindeki en iyi performans gosteren yerel model parametrelerini kullanarak kiiresel
modeli glincellemeyi amaglayan bir yaklasimdir. FedBest algoritmasinin temel adimlar1 Algoritma 2'de verilmistir:

Algoritma 2. FedBest algoritmasinin temel adimlari

FedBest Algoritmasi

1. Baslangic kiiresel modelin olusturulmasi.
2. Rasgele ug noktalarin secilmesi.
repeat
3. Segilen u¢ noktanin yerel model giincellemesi
yapmast:
a. Secilen u¢ nokta, yerel verilerini kullanarak yerel
modeli egitir.
b. Gilincellenen yerel model, merkezi sunucuya
iletilir.
4. Kiresel model giincelleme islemi:
a. Merkezi sunucu, tiim u¢ noktalardan gelen yerel
modelleri alir.
b. Kiiresel model,en iyi performans gosteren yerel
modelin parametreleri ile glincellenir.
until Belirli bir durum saglanana kadar (6rnegin,
maksimum iterasyon sayisina ulasilana kadar veya belirli
bir durma kriterine kadar).

1. Baslangi¢ kiiresel modelin olusturulmasi: Olusturulan baslangi¢ kiiresel model, verilerin 6zelliklerini
yakalamak ve siniflar arasinda ayrim yapmak icin etkili bir yapida olmalidir. Bu g¢alismada CNN
(Convolutional Neural Network) tabanl bir baslangic modeli olusturulmustur.

2. Rastgele u¢ noktalarin secilmesi: Rastgele u¢ nokta se¢imi, federe 6grenme siirecinin dagitilmis ve isbirlikei
yapisini saglar. Farkli u¢ noktalarin katilimi, daha cesitli ve kapsayici bir veri seti temsili anlamina gelir. Bu
da kiiresel modelin daha genel ve giincel bir sekilde giincellenmesini saglar.

3. Secilen u¢ noktalarin yerel model giincellemesi yapmasi:

a. Secilen u¢ nokta, yerel verilerini kullanarak yerel modeli egitir: Her secilen u¢ nokta, kendi
yerel verilerini kullanarak egitim islemini gerceklestirir. Yerel model, u¢ noktanin sahip oldugu
veriye 6zgl bilgileri icerir ve yerel egitim stireci boyunca giincellenir.

b. Giincellenen yerel model, merkezi sunucuya iletilir: Uc¢ noktalardaki yerel egitim
tamamlandiktan sonra giincellenen yerel model, merkezi sunucuya iletilir.

4. Kiiresel model giincelleme islemi:

a. Merkezi sunucuy, tiim u¢ noktalardan gelen yerel modelleri alir.

b. Kiiresel model en iyi performans gosteren yerel modelin parametreleri ile giincellenir:

Merkezi sunucu, alinan yerel modeller arasindan en iyi performans gésteren modeli secer. Bu
yaklasim, kiiresel modelin daha iyi performans gosteren yerel modelin bilgisini kiiresel modele
entegre etmesini saglar. En iyi performans gosteren yerel model parametreleri, kiiresel modelin
performansini artirmak icin kullanilir. Sekil 3’te FedBest yaklasimi stire¢ semasi sunulmustur.
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1) Kiiresel modelin olugturulmasi 2) Ug nokta segimi

e ® ©®
« @ - @ L J Bl
x3 . 2 ' . . .vn
2 : : —
= . . . Output layer
S v
Input layer Hidden layers
3 ) Yerel model egitimi 4) Kiiresel model giincellemesi
e el e =8 b 27
e =RHE £ . Best yerel| =] = [HE
EE- E E be. / model ,r’| [,
— = Nt —E—=
C= ‘ e
— —
Kiiresel modelin

a & FO5 e e Best yerel s
8 = e y H
8 it S O ol L

Bl . .
-~ giincellenmesi

Sekil 3. FedBest yaklagimi siire¢ semasi.

3. Deneysel Calismalar ve Bulgular

Bu béliimde, FedAvg ve bu calismada 6nerilen FedBest yaklasimlarinin medikal veri siiflandirmada etkinliklerini
degerlendirilen deneysel calismalara yer verilmistir. Bu c¢alismada siniflandirma algoritmasi olarak CNN
(Convolutional Neural Network) mimarisi kullanilmistir. Calisma kapsaminda u¢ nokta sayisi dort olarak
belirlenmistir yani, federe 6grenme, CNN modelinin dért u¢ noktadan olusan merkezi olmayan bir ag lizerinde
egitilmesini iceriyor. Medikal veriler, dort u¢ noktaya esit sekilde dagitildiktan sonra veriler u¢ noktalarda kalmis
ve bu sekilde veri gizliligi ve glivenligi saglanmistir. CNN modeli, her u¢ noktanin kendi verileri iizerinde yerel
olarak egitilmis ve boylece her u¢ noktanin veri kiimesinin belirli 6zelliklerinden 6grenmesine olanak saglanmistir.
Yerel egitimden sonra, kiiresel bir model olusturmak i¢in dért u¢ noktadan alinan yerel modeller sunucuda bir
araya getirilmistir. Federe 6grenme algoritmalarindan FedAvg yaklasiminin performansi ve onerilen FedBest
yaklasiminin performansi BloodMNIST, PathMNIST ve MedMNIST medikal veriler ile yapilan deneyler tizerinden
degerlendirilmistir.

Modeller Google Colab’da Python programlama dili ile kodlanmistir. Deneyler Intel (R) Core (TM) i7-10750H 2.6
GHz islemci, 16 GB RAM ve Windows 11 isletim sistemi bulunan bilgisayar ile yapilmistir. Bu calismada, Keras
kiitiiphanesi kullanilarak bir CNN modeli olusturulmustur. Olusturulan CNN modelin mimarisine ait parametreler
Tablo 1’de verilmektedir.
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Tablo1. CNN Modelinin yapisi ve parametre sayisi

Layer(type) Output Shape #parameters
conv2d(CONV2D) (None,26,26,28) 784
Max_pooling2d(MaxPooling2D) (None,13,13,28) 0
Conv2d_1(CONV2D) (None,11,11,56) 14168
Max_pooling2d_1(MaxPooling2D) (None,5,5,56) 0
Conv2d_2(CONV2D) (None,3,3,56) 28280
flatten (Flatten) (None,504) 0
dense (Dense) (None,56) 28280
dense_1(Dense) (None,10) 570
Droupout (Droupout) (None,10) 0
Total parameters - 72,082
Trainable parameters - 72,082
Non-trainable parameters - 0

3.1.Veri Seti

Sekil 4’te baz1 6rnekleri verilen MedMNIST, standartlastirilmis biyomedikal goriintiiler iceren genis dlgekli bir veri
kiimesidir. 2-Boyutlu (2B) 12 veri kiimesi ve 3-Boyutlu (3B) 6 veri kiimesi icermektedir. MedMNIST, farkl veri
olceklerinde (100'den 100.000'e kadar) ve farkh gorevlerde (ikili / ¢ok sinifli, ordinal regresyon ve cok etiketli)
2B ve 3B goriintiiler iizerinde smiflandirma yapmak icin tasarlanmistir. Tiim gorintiiler, ilgili siniflandirma
etiketleriyle birlikte 28 x 28 (2B) veya 28 x 28 x 28 (3B) boyutlarina énceden boyutlandirilmistir. Biyomedikal
goriintilerdeki farkl veri tiirlerini kapsayan toplamda 708.069 adet 2B goriintii ve 9.998 adet 3B goriintii
icermektedir [18].

OCTMNIST PneumoniaMNIST RetinaMNIST

OrganAMNIST
MO |

AdrenalMNIST3D VesselMNIST3D SynapseMNIST3D
‘ ‘ L 44

Sekil 4. MedMNIST 'e genel bakis

Bu ¢alismada, medikal goriintiilerden olusan MEDMNIST veri setinden BloodMNIST, PathMNIST, DermaMNIST
kullanilarak deneyler yapilmistir.

3.1.1 BloodMNIST Veri Seti

BloodMNIST veri kiimesi, enfeksiyon, hematolojik ya da onkolojik hastaligi olmayan ve kan toplama aninda
herhangi bir farmakolojik tedavi gérmeyen bireylerin normal hiicrelerinden elde edilen bir veri kiimesidir.
Toplam 17.092 goriintii icermektedir ve 8 sinifa ayrilmistir. Kaynak veri kiimesi egitim, dogrulama ve test seti
olmak tizere 7:1:2 oraninda béliinmiistiir. Kaynak goriintiilerin ¢oziintirligi 3 x 360 x 363 pikseldir ve merkezden
kirpilarak 3 x 200 x 200 boyutlarina indirgenmis, ardindan 3 x 28 x 28 boyutlarina yeniden boyutlandirilmistir
[18].
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3.1.2. PathMNIST Veri Seti

PathMNIST, kolorektal kanser histoloji slaytlarindan sagkalim tahminine ydnelik 100.000 adet goriintii yamasi
(NCT-CRC-HE-100K) ve farkl bir klinik merkezden saglanan 7.180 adet goriintii yamasi (CRC-VAL-HE-7K) iceren
bir veri setidir. Veri seti, 9 farkli doku tiiriinden olusur ve ¢cok sinifli siniflandirma gorevini icerir. Kaynak
goriintiileri 3 x 224 x 224 piksel boyutundan 3 x 28 x 28 piksele yeniden boyutlandirilmistir. NCT-CRC-HE-100K
9:1 oraninda egitim ve dogrulama setlerine ayrilmistir. CRC-VAL-HE-7K test seti olarak kullanilmaktadir [18].

3.1.3. DermaMNIST Veri Seti

DermaMNIST, yaygin pigmente cilt lezyonlarinin ¢ok kaynakli dermatoskopik goriintiilerinin biiyiik bir
koleksiyonu olan HAM1000019,20,21 temel alinarak olusturulmustur. Veri kiimesi, 7 farkli hastaliga ait
smiflandirilmis 10.015 dermatoskopik goriinti icermektedir ve ¢oklu simf simiflandirma gorevi olarak
tanimlanmistir. Goriintiiler egitim, dogrulama ve test setlerine 7:1:2 oraninda béliinmiistiir. Kaynak goriintiilerin
boyutu 3 x 600 x 450'dir ve 3 x 28 x 28 boyutuna yeniden boyutlandirilmistir [18].

3.2. MedMNIST Veri Seti Deney Sonuglar1

Kullanilan MedMNIST veri setlerinin adil bir sekilde dagitilmasini saglamak icin egitim veri seti egitim dncesi
karistirllmis ve dort ug nokta arasinda esit olarak paylastirilmistir. Egitim siirecinde her turda ve her u¢ noktada
egitilen model icin ayni sayida epoch sayisi kullanilmistir ve modelin asir1 6grenmesini dnlemek icin federe
O0grenme egitim turu sayisi Ui¢ olarak belirlenmistir. Tablo 2-4’te, BloodMNIST, PathMNIST ve DermaMNIST icin
her bir u¢ noktanin yerel olarak egitilmis modellerin performansini yansitan egitim dogrulugu ve test dogrulugu
metrikleri sunulmaktadir. Yerel modellerin bir araya getirilmesiyle elde edilen kiiresel modelin test sonucu da
Tablo 2-4’iin son satirlarinda gosterilmektedir.

3.2.1. BloodMNIST Veri Seti Deney Sonuclari

Tablo 2, BloodMNIST veri seti icin FedAvg ve FedBest yaklasimlarina ait {i¢ egitim turundaki siniflandirma
sonuglarini sunmaktadir. Tablo 2'deki sonuglar, FedAvg ve FedBest yaklasimlari icin {i¢ egitim turunun sonunda,
tiim u¢ noktalardaki yerel model dogruluklarinin ilk turdaki egitim sonuclarina gére nispeten yiiksek dogruluk
degerlerine ulastigini gostermektedir. FedAvg yaklasimi kullanilarak egitilen kiiresel model, iigiincii egitim
turundan sonra %84,51'lik bir dogruluk elde ederken, FedBest yaklasiminda %84,86'lik bir dogruluk elde etmistir.
Bu degerler, modelin dogrulugunu gelistirmede her iki yaklasimin etkinligini gostermektedir. FedAvg ve FedBest
yaklasimlarinda, u¢ noktalarin yerel model dogruluk degerleri ii¢ egitim turu gercgeklestikten sonra incelendiginde,
onemli performans farkliliklari ortaya cikmaktadir. Ug egitim turu sonrasi1 FedAvg yaklasiminda, ug nokta 1 yerel
modeli %82,39, u¢ nokta 2 yerel modeli %82,04, u¢ nokta 3 yerel modeli %83,45 ve u¢ nokta 4 yerel modeli
%383,10 dogruluk elde etmistir. FedBest yaklasiminda ise u¢ nokta 1 yerel modeli %81,69, u¢ nokta 2 yerel modeli
%83,45, u¢ nokta 3 yerel modeli %82,75 ve u¢ nokta 4 yerel modeli %82,75 dogruluk elde etmistir. FedAvg
yaklasiminda ii¢ egitim turu sonunda kiiresel model performansi %37,68'den %84,51’e yiikselirken FedBest
yaklasaminda ise %73,94’den %84,86’ya yiikselmistir.

FedBest yaklasimi, BloodMNIST veri setinin siniflandirilmasinda yakinsama hizi ve genel performans acisindan
FedAvg'ye gore daha iyi performans gostermistir. Her egitim turu oncesi kiiresel model giincellemesi i¢in sadece
en iyi test dogruluguna sahip u¢ noktanin yerel model parametreleri kullanildiginda, bir sonraki turda ug
noktalarin yerel model performanslari test dogrulugu bakimindan bir 6nceki tura gore genellikle daha iyi sonug
elde etmistir.
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Tablo 2. BloodMNIST Veri Seti Deney Sonuclari

Ug CNN 2. Egitim 2. Egitim 3. Egitim 3. Egitim
noktalar Model FedAvg FedBest FedAvg FedBest
Train acc: 0.8464 0.8705 0.8835 0.8665 0.9127
1
Test acc: 0.7711 0.8451 0.8275 0.8239 0.8169
Train acc: 0.7691 0.8343 0.8815 0.8685 0.8906
2
Test acc: 0.7465 0.7711 0.8063 0.8204 0.8345
Train acc: 0.8183 0.8544 0.8484 0.8785 0.9016
3
Test acc: 0.8134 0.8169 0.8134 0.8345 0.8275
Train acc: 0.7982 0.8183 0.8333 0.8765 0.8835
4
Test acc: 0.7606 0.7923 0.8169 0.8310 0.8275
LT Test acc: ge;;;‘ég:
Model ’ : 0.7570 0.8451 0.8451 0.8486
FedBest:
0.7394

Sekil 5-7'de ii¢ egitim boyunca alinan u¢ noktalardaki yerel model performans sonuclarinin grafikleri
sunulmaktadir. Grafikler, 50 epoch sonunda her u¢ noktanin yerel modelinin egitim dogrulugu (train accuracy) ve
kayip degerlerini (train loss), ayrica validasyon dogrulugu (validation accuracy) ve kayip degerlerini (validation
loss) gostermektedir. Grafikler, her u¢ noktanin egitim siirecindeki performansini ve yerel modelin dogrulugu ile
kayip tizerindeki degisimleri takip etmemize olanak saglamaktadir. Sekil 5’te ilk egitim turu icin merkezi
sunucudan her u¢ noktaya gonderilen baslangic CNN modelinin, u¢ noktalardaki yerel verilerle egitim performans
sonuglar1 grafikleri bulunmaktadir. Sekil 5'teki grafikler incelendiginde, her bir u¢ noktanin yerel model
performansi egitim siirecinin baslangicinda egitim ve validasyon dogrulugu icin diisiik bir degerde basladigini
ancak yerel modellerin 50 epok sonunda egitim ve validasyon performanslarinin arttigini gostermistir. Egitim ve
validasyon kayip grafiklerinde ise baslangicta ytliksek bir kayip degeri vardir, ancak egitim turu sonuna dogru
kayip degeri diismiistiir. Bu kayip grafigindeki diisiis, modelin genel performansini iyilestirdigini gostermektedir.
Sekil 6’da ilk egitim turunda egitilen yerel model parametreleri merkezi sunucuda FedAvg ve FedBest yaklasimlari
ile giincellenen yeni kiiresel modelin, u¢ noktalardaki yerel verilerle ikinci egitim turu performans sonuglarinin
grafikleri bulunmaktadir. ikinci egitim turu éncesi merkezi sunucuda giincellenen kiiresel model, ilk egitim
turundaki baslangic CNN modelin, egitim ve validasyon baslangi¢ dogruluk degerlerine gore her iki yaklasimda da
daha yiiksek deger ile bagladigi goriilmiistiir. Ozellikle FedBest yaklagimi, baslangic degerlerinin FedAvg'ye gore
daha yiiksek degerde basladig1 grafiklerde gosterilmistir. Bu durum, ikinci egitim turu i¢in u¢ noktalara génderilen
kiiresel modelin, ilk egitim turundaki baslangic CNN modeline kiyasla, federe 6grenme yaklasimlariyla
giincellenerek kiiresel model performansinin gelistigini gostermektedir. Sekil 7'de ise ikinci egitim turunda
egitilen yerel modellerin merkezi sunucuda FedAvg ve FedBest yaklasimlari ile kiiresel modeli giincellenmesi
sonucunda elde edilen yeni kiiresel modelin, her bir u¢ noktaya tekrar gonderilip egitime baslandiginda, yerel
model baslangic performanslarinin bir 6nceki tura gore daha yiiksek baslangic degerle egitime basladig
goriilmiistiir. Ugiincii egitim turu sonunda, model performansinin belirli bir seviyeye ulastigi ve degisiminin
sabitlendigi g6zlenmis ve liclincii egitim turunda federe 6grenme siireci tamamlanmistir.
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Sekil 5. Birinci egitim sonunda BloodMNIST veri seti i¢in bulunan sonuglarin grafikleri; x ekseni, epok sayisini, y ekseni ise
egitim sirasinda elde edilen Egitim/Validasyon dogruluk (Train/Validation accuracy) ve Egitim/Validasyon kayip (Train/
Validation loss) degerlerini gdstermektedir.
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Sekil 6. ikinci egitim sonunda BloodMNIST veri seti icin bulunan sonuglarin grafikleri; x ekseni, epok sayisini, y ekseni ise
egitim sirasinda elde edilen Egitim/Validasyon dogruluk (Train/ Validation accuracy) ve Egitim/Validasyon kayip (Train/
Validation loss) degerlerini gdstermektedir.
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Sekil 7. Uciincii egitim sonunda BloodMNIST veri seti igin bulunan sonuglarin grafikleri; x ekseni, epoch sayisini, y ekseni ise
egitim sirasinda elde edilen Egitim/Validasyon dogruluk (Train/Validation accuracy) ve Egitim/Validasyon kayip
(Train/Validation loss) degerlerini gostermektedir.

Sekil 8’de Tablo 1’de son satirda belirtilen her ti¢ egitim turu sonunda merkezi sunucuda FedAvg ve FedBest
yaklasimiyla giincellenen kiiresel modelin test dogruluk sonuclarinin ¢ubuk grafikleri sunulmustur. FedAvg
yaklasmi kullanarak giincellenenen kiiresel model performansi ilk egitim turunda %37,68, ikinci egitim turunda
%75,70, tglincli egitim turunda %84,51 degerinde model test dogrulugu performansi goéstermistir. FedBest
yaklasimi kullanilarak giincellenen kiiresel model performansi ilk egitim turunda %?73,94, ikinci egitim turunda
%84,51, liglincii egitim turunda %84,86 degerlerinde model test dogrulugu performansi gostermistir. Sekil 8'de
goriildiigii lizere FedBest yaklasimi FedAvg'ye gore kiiresel model test dogrulugu bakimindan daha hizh
yakinsama elde etmistir.

FedAvg Kiresel Model Test Dogrulugu

10

Birinci Egitim

Uganci Egitim

ikinci Egitim

FedBest Kuresel Model Test Dogrulugu

10

Birinci Egitim

Ugiincii Egitim

Ikinci Egitim

Sekil 8. BloodMNIST veri seti her egitim turu sonu FedAvg ve FedBest yaklasimiyla elde edilen kiiresel model performanslari.
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3.2.2. PathMNIST Veri Seti Deney Sonuclar1

PathMNIST veri seti i¢cin FedAvg ve FedBest yaklasimlarina ait ti¢ egitim turundaki siniflandirma sonuglar1 Tablo
3’te sunulmaktadir. Buna gore, tiim ug¢ noktalarin yerel model dogruluklar ii¢ egitim turu sonunda daha ytiksek
dogruluk degerlerine ulasmistir. FedAvg yaklasimi kullanilarak egitilen kiiresel modelin ii¢ egitim turu sonunda
kiiresel model test dogrulugunun %79,93 dogruluk verdigini, FedBest yaklasiminda ise kiiresel modelin %74,08
test dogrulugu verdigi goriilmektedir. Bu degerler, kiiresel modelin dogrulugunu gelistirmede her iki yaklasiminda
etkinligini gdstermektedir. FedAvg ve FedBest yaklasimlarinda, u¢ noktalarin yerel model dogruluk degerleri ii¢
egitim turu gerceklestikten sonra incelendiginde, FedAvg yaklasiminda, u¢ nokta 1 yerel modeli %69,40, u¢ nokta
2 yerel modeli %71,74, u¢ nokta 3 yerel modeli %70,23 ve ug¢ nokta 4 yerel modeli %72,07 dogruluk elde etmistir.
FedBest yaklagiminda ise ug¢ nokta 1 yerel modeli %81,69, u¢ nokta 2 yerel modeli %83,45, u¢ nokta 3 yerel modeli
%82,75 ve u¢ nokta 4 yerel modeli %82,75 dogruluk elde etmistir. FedAvg yaklasiminda {i¢ egitim turu sonunda
kiiresel model performansi %14,05’ten %79,93’e ylikselirken, FedBest yaklasaminda ise %68,06’dan %74,08’e
ytkselmistir.

FedBest yaklasimi PathMNIST veri setinin siniflandirilmasinda FedAvg’ye gére daha hizli bir yakinsama elde etmis
olsa da iigiincii egitim sonunda FedAvg yaklasimi kullanilarak egitilen kiiresel model test dogrulugu daha iyi sonug
vermistir. Kiiresel model giincellemesinde sadece en iyi test dogruluguna sahip yerel modelin parametreleri
kullanildiginda bir sonraki turlarda u¢ noktalarin yerel model test dogrulugu performanslarinda genel anlamda
bir dnceki tura gore daha iyi sonuglar elde edilmistir.

Tablo 3. PathMNIST Veri Seti Deney Sonuglar1

Ug CNN 2. Egitim 2. Egitim 3. Egitim 3. Egitim
noktalar Model FedAvg FedBest FedAvg FedBest
Trainacc: 0.7289 0.8222 0.8065 0.9075 0.9127
1
Test acc: 0.6388 0.6656 0.7993 0.6940 0.8169
2 Trainacc:  (.5279 0.8182 0.8121 0.8995 0.8906
Test acc: 0.5635 0.6756 0.7609 0.7174 0.8345
Trainacc:  (.6554 0.7906 0.8092 0.8903 0.9016
3
Test acc: 0.6739 0.7375 0.6973 0.7023 0.8275
Trainacc:  0.6765 0.8252 0.7825 0.8848 0.8835
4
Test acc: 0.6756 0.6823 0.6890 0.7207 0.8275
FedAvg:
Kiiresel Test acc: 0.1405
Model FedBest: 0.6221 0.7074 0.7993 0.7408
0.6806

Sekil 9-11'de i¢ egitim boyunca alinan uc¢ noktalardaki yerel model performans sonuglarinin grafikleri
sunulmaktadir. Grafikler, gosterilen 30 epoch sonunda her u¢ noktanin yerel modelinin egitim dogrulugu (train
accuracy) ve kayip degerlerini (train loss), ayrica validasyon dogrulugu (validation accuracy) ve kayip degerlerini
(validation loss) gostermektedir. Grafikler, her u¢ noktanin egitim siirecindeki performansini ve yerel modelin
dogrulugu ile kayip tizerindeki degisimleri takip etmemize olanak saglamaktadir. Sekil 5’te ilk egitim turu icin
merkezi sunucudan her u¢ noktaya gonderilen baslangic CNN modelinin, u¢ noktalardaki yerel verilerle egitim
performans sonuglar grafikleri bulunmaktadir. Sekil 9’daki grafikler incelendiginde, her bir u¢ noktanin yerel
model performansi egitim siirecinin baslangicinda egitim ve validasyon dogrulugu icin diisiik bir degerde
basladigini ancak yerel modellerin 30 epok sonunda egitim ve validasyon performanslarinin arttifini géstermistir.
Egitim ve validasyon kayip grafiklerinde ise baslangicta yiiksek bir kayip degeri vardir, ancak egitim turu sonuna
dogru kayip degeri diismiistir. Bu kayip grafigindeki diisiis, modelin genel performansini iyilestirdigini
gostermektedir. Sekil 10'da ilk egitim turunda egitilen yerel model parametreleri merkezi sunucuda FedAvg ve
FedBest yaklasimlan ile giincellenen yeni kiiresel modelin, u¢ noktalardaki yerel verilerle ikinci egitim turu
performans sonuclar grafikleri bulunmaktadir. Ikinci egitim turu éncesi merkezi sunucuda giincellenen kiiresel
model, ilk egitim turundaki baslangic CNN modelin, egitim ve validasyon baslangi¢c dogruluk degerlerine gore her
iki yaklasimda da daha yiiksek deger ile basladig) gériilmiistiir. Ozellikle FedBest yaklagimi, baslangi¢ degerlerinin
FedAvg'ye gore daha yiiksek degerde basladigi grafiklerde goésterilmistir. Bu durum, ikinci egitim turu i¢in ug
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noktalara gonderilen kiiresel modelin, ilk egitim turundaki baslangic CNN modeline kiyasla, federe 6grenme
yaklasimlariyla giincellenerek kiiresel model performansinin gelistigini gostermektedir. Sekil 11'de ise ikinci
egitim turunda egitilen yerel modellerin merkezi sunucuda FedAvg ve FedBest yaklasimlan ile kiiresel modeli
giincellenmesi sonucunda elde edilen yeni kiiresel modelin her bir u¢ noktaya tekrar gonderilip egitime
baslandiginda, yerel model baslangi¢c performanslarinin bir énceki tura gore daha yiiksek baslangic degerle
egitime basladid1 goriilmiistiir. Ugiincii egitim turu sonunda, model performansinin belirli bir seviyeye ulastig ve
degisiminin sabitlendigi g6zlenmis ve li¢lincii egitim turunda federe 6grenme siireci tamamlanmistir.
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Sekil 9. Birinci egitim sonu PathMNIST veri seti i¢in bulunan sonuclarin grafikleri; x ekseni, epoch sayisini, y ekseni ise egitim
sirasinda elde edilen Egitim/Validasyon dogruluk (Train/Validation accuracy) ve Egitim/Validasyon kayip (Train/Validation
loss) degerlerini gostermektedir.
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Sekil 10. Iikinci egitim sonu PathMNIST veri seti i¢in bulunan sonuclarin grafikleri;x ekseni, epoch sayisini, y ekseni ise egitim
sirasinda elde edilen Egitim/Validasyon dogruluk (Train/Validation accuracy) ve Egitim/Validasyon kayip (Train/Validation
loss) degerlerini gostermektedir.
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Sekil 11. Uciincii egitim sonu PathMNIST veri seti icin bulunan sonuglarin grafikleri;x ekseni, epoch sayisini, y ekseni ise
egitim sirasinda elde edilen Egitim/Validasyon dogruluk (Train/Validation accuracy) ve Egitim/Validasyon kayip (Train/
Validation loss) degerlerini gostermektedir.

Sekil 12’de ti¢ egitim turu sonunda alinan FedAvg ve FedBest kuresel model test dogrulugunun sonuglarinin bar
grafikleri sunulmustur. FedAvg yaklasmi kullanarak giincellenenen kiiresel model performansi ilk egitim turunda
%14,05, ikinci egitim turunda %62,21, ligiincii egitim turunda %79,93 degerinde model test dogrulugu
performansi gostermistir. FedBest yaklasimi kullanilarak giincellenen kiiresel model performansi ilk egitim
turunfa %68,06, ikinci egitim turunda %70,74, {iciincii egitim turunda %74,08 degerlerinde model test dogrulugu
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performansi gostermistir. Sekil 12’de goriildiigii lizere FedBest yaklasimi FedAvg'ye gore model dogrulugu
bakimindan daha hizli yakinsama elde etsede FedAvg yaklasimi ile giincellenen kiiresel model {igiincii egitim
sonunda daha iyi test dogruluguna ulagmistir.

FedAvg Kiresel Model Test Dogrulugu FedBest Klresel Model Test Dogrulugu
10 10

08 k]

06 06
04 04

02 02

oo 0o

Birinci Egitim ikinei Egitim Ugoinci Egitim Birinci Egitim ikinci Egitim Og¢unca Egitim

Sekil 12. PathMNIST veri seti her egitim turu sonu FedAvg ve FedBest yaklasimiyla elde edilen kiiresel model performanslari.

3.2.3. DermaMNIST Veri Seti Deney Sonuclar

Tablo 4, DermaMNIST veri seti icin FedAvg ve FedBest yaklasimlarina ait li¢ egitim turundaki siniflandirma
sonuclarini sunmaktadir. Tablo 4’'teki sonuglar, tiim ug¢ noktalarin yerel model {i¢ egitim turu sonunda ilk tura gére
daha yiiksek dogruluk degerlerine ulastigini gostermektedir. FedAvg yaklasimi kullanilarak egitilen kiiresel
modelin test dogrulugunun %71,86 dogruluk verdigini, FedBest yaklasiminda ise kiiresel modelin %73,05 test
dogrulugu verdigi goriillmektedir. Bu degerler, modelin dogrulugunu gelistirmede her iki yaklasimin etkinligini
gostermektedir. FedAvg ve FedBest yaklasimlarinda, u¢ noktalarin dogruluk degerleri ii¢ egitim turu
gerceklestikten sonra incelendiginde; FedAvg yaklasiminda, u¢ nokta 1 yerel modeli %67,66, u¢ nokta 2 yerel
modeli %69,46, u¢ nokta 3 yerel modeli %61,08 ve u¢ nokta 4 yerel modeli %64,67 dogruluk elde etmistir. FedBest
yaklasiminda ise u¢ nokta 1 yerel modeli %72,46, u¢ nokta 2 yerel modeli %68,86, u¢ nokta 3 yerel modeli %59,28
ve u¢ nokta 4 yerel modeli %70,66 dogruluk elde etmistir. FedAvg yaklasiminda ii¢ egitim turu sonunda kiiresel
model performansi %67,07°den %71,86'ya yiikselirken, FedBest yaklasiminda ise %68,26’'dan %73,05’e
ytikselmistir.

FedBest yaklasimi ile DermaMNIST veri setinin siniflandirmasinda FedAvg'ye gore daha hizh bir yakinsama elde
etmis ve DermaMNIST veri seti siniflandirmasinda kiiresel model test dogrulugu icin daha iyi sonu¢ vermistir.
Kiiresel model giincellemesinde sadece en iyi test dogruluguna sahip yerel model kullanildiginda bir sonraki
turlarda yerel modellerin test dogrulugunda genelde bir dnceki tura gore daha iyi sonuclar elde edilmistir.

Tablo 4. DermaMNIST Veri Seti Deney Sonuclari

Uc CNN 2. Egitim 2, Egitim 3. Egitim 3. Egitim
noktalar Model FedAvg FedBest FedAvg FedBest
Train acc: 0.7873 0.7787 0.7993 0.7513 0.8268
1
Test acc: 0.6766 0.6766 0.6168 0.6766 0.7246
Train acc: 0.7770 0.8370 0.8268 0.7788 0.8483
2
Test acc: 0.6766 0.6766 0.6407 0.6946 0.6886
Train acc: 0.7581 0.7719 0.8062 0.8316 0.8276
3
Test acc: 0.6766 0.6527 0.6826 0.6108 0.5928
Train acc: 0.7822 0.7702 0.7890 0.7959 0.8370
4
Test acc: 0.7186 0.6228 0.6647 0.6467 0.7066
FedAvg:
Kiiresel | Test acc: 0.6707
o S 0.6946 0.7186 0.7186 0.7305
0.6826
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Sekil 13-15’te ii¢ egitim turu boyunca alinan u¢ noktalardaki yerel model performans sonuglarinin grafikleri
sunulmaktadir. Grafikler, gosterilen 10 epoch sonunda her ug¢ noktanin yerel modelinin egitim dogrulugu (train
accuracy) ve kayip degerlerini (train loss), ayrica validasyon dogrulugu (validation accuracy) ve kayip degerlerini
(validation loss) gostermektedir. Sekil 13’te ilk egitim turu i¢in merkezi sunucudan her u¢ noktaya gonderilen
baslangic CNN modelinin, u¢ noktalardaki yerel verilerle egitim performans sonuclari grafikleri bulunmaktadir.
Sekil 14’te ilk egitim turunda egitilen yerel model parametreleri merkezi sunucuda FedAvg ve FedBest
yaklasimlart ile giincellenen yeni kiiresel modelin, u¢ noktalardaki yerel verilerle ikinci egitim turu performans
sonuglar grafikleri bulunmaktadir. Sekil 15’te ise ikinci egitim turunda egitilen yerel modellerin merkezi
sunucuda FedAvg ve FedBest yaklasimlari ile kiiresel modeli giincellenmesi sonucunda elde edilen yeni kiiresel
modelin, u¢ noktalardaki yerel verilerle ti¢ciincii egitim turu performans sonuglari grafikleri bulunmaktadir.
Ugiincii egitim turu sonunda, model performansinin belirli bir seviyeye ulastigi ve degisiminin sabitlendigi
gozlenmis ve iiciincii egitim turunda federe 6grenme siireci tamamlanmistir.

1.Egitim
1.0 10
0.9 0.9
o8 08
=
3 D a7
o o7 =2 07
3 2
.g 1] 2 os
8 ;
1] g o
E g
5 04 ﬁ 04
. 5
0.3 —— Ugnoktal = o3 —— Ugnoktal
Ug nokta2 Ugnokta2
02 —— Ugnokta3 02 —— Ug noktad
— Ugnoktad = Ug noktad
01 v ' -
“ 2 N 6 9 0 2 a 6 v
Epok Sayisi Epok Sayisi
—— Ug noktal 18 T
404
\‘ Ug nokta2 16 - — Ug nn:w;
\ —— Ug nokta3 34 4 3:;::‘(::3
351 e U nOktad 12 4 — Ug
—— Ugnoktad
10
_ 301 5 2
] 2 ]
> 8 26
o 251 ]
% = 24
E S 22
£ 204 E 201
H = 18
]
151 2 16
14
bl | 129 S e
iR = -~
—
054, . , ) ] 084 - i_f_’__‘q_‘_‘/
o 2 4 6 8 o 2 H b 5
Epok Sayisi Epak Sayisi

Sekil 13. Birinci egitim sonu DermaMNIST veri seti deney sonuglari grafikleri; x ekseni, epoch sayisini, y ekseni ise egitim
sirasinda elde edilen Egitim/Validasyon dogruluk (Train/ Validation accuracy) ve Egitim/Validasyon kayip (Train/ Validation
loss) degerlerini gostermektedir.

565



Medikal Verilerin Siniflandirilmasinda Federe Ogrenme

2.Egitim
FedaAvg 10 10
a9 <
5 ﬁ o8
-
'E, a7 g &5
= ] B p—— RN~
2 a8 % os
g &
05 £ ‘56
]
£ . 5
hig 3 04
oh = 4nolda1 S o3 —— Ugnokta1
= Uipnotez —— Ugnokta2
02 — Ug noktas 02 ~—— Ugnoktad
—— Ugnoktad s Up ki
01 v 01
0 4 8 0 2 4 6 8
Epok Sayisi Epok Sayist
14 .
~— Ug nokta1 16 =~ Ugnoktal
we Ug nokta2 v Ug nokta2
= = Ugnokts3 s —— Ugnokta3
e Ug noktad 32 e Ug noktad
10 30
5 28
8 g 26
> 8 g -
N e 24
S
E > 22
= 6 I
= o 20
hrd 3
C T 18
4 > i
14
2 12 W
oll B~ e TR < i
° e
0 2 4 6 8 o 2 4 6 8
Epok Sayisi Epok Sayist
Py
2.Egitim
FedBest 10 10
08 09
08 = os
3
5 o7 3 o7
g E i~ —— =
2 06
§' o8 T
0s £ oS
£ s
5 o4 8 os
i E
o3 ~— Ugnokta1 S o —— Ugnoktal
——— Ug nokta2 «w Ugnokta2
a2 = g nokin3 02 —— Ugnokta3
e U NOKta4 w Ug noktad
01 . v v o1
o 1 2 3 4 3 € 7 8 9 W 0 1 2 3I 4 5 6 7 8 9 10
Epok Sayis Epok Sayisi
12 a8
~— Ug noktal T | Ug nokta1
— Ugnokta2 44)  Usnokta2
10 ~— Ugnokta3 —— Ugnoktad
—— Ugnoktad 32 | — Ugnoktas
a0
(] 5 28
8 Z 26
= >
x = 24
6 g
£ 5 22
5 g »
w = 18
4 &
2 14
14
wi{ = —— = —
0 v v " N 08
L] 1 2 3 4 5 7 8 9 10 [} 1 3 4 5 [ 7 8 9 10
Epok Sayisi Epok Sayisi

SeKil 14. ikinci egitim sonu DermaMNIST veri seti deney sonuglar1 grafikleri; x ekseni, epoch sayisini, y ekseni ise egitim
sirasinda elde edilen Egitim/Validasyon dogruluk (Train/ Validation accuracy) ve Egitim/Validasyon kayip (Train/ Validation
loss) degerlerini gostermektedir.
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Sekil 15. Ugiincii egitim sonu DermaMNIST veri seti deney sonuglari grafikleri; x ekseni, epoch sayisini, y ekseni ise egitim
sirasinda elde edilen Egitim/Validasyon dogruluk (Train/ Validation accuracy) ve Egitim/Validasyon kayip (Train/ Validation
loss) degerlerini gostermektedir.

Sekil 16'da ii¢ egitim turu sonunda alinan FedAvg ve FedBest sonuglarin grafikleri sunulmustur. FedAvg yaklasmi
kullanarak giincellenenen kiiresel model performansi ilk egitim turunda %67,07, ikinci egitim turunda %69,46,
iglincii egitim turunda %71,86 degerinde model test dogrulugu performansi gostermistir. FedBest yaklasimi
kullanilarak giincellenen kiiresel model performansi ilk egitim turunfa %68,26, ikinci egitim turunda %71,86,
lglincli egitim turunda %73,05 degerlerinde model test dogrulugu performansi gostermistir. Sekil 11’de
gorildiigii tizere FedBest yaklasimi kullanilarak giincellenen kiiresel model test dogrulugunun FedAvg
yaklasimina gére model test dogrulugu daha hizli yakinsama elde etmis ve daha iyi performans gostermistir.

FedAvg Kilresel Model Test Dogrulugu FedBest Kiresel Model Test Dogrulugu

Birinci Egitim Ikinci Egitim  Uglinct Egitim Birinci Egitim Ikinci Egitim Ugiinch Egitim
Sekil 16. DermaMNIST veri seti her egitim turu sonu FedAvg ve FedBest yaklasimiyla elde edilen kiiresel model performanslari.

Tablo 5'te, BloodMNIST, PathMNIST ve DermaMNIST tiim veri setleri icin merkezi 6§renme yontemiyle egitilen
CNN modelinin sonuglari, bu ii¢ veri seti icin u¢ noktalara dagitilan verilerle egitilen yerel modellerin ilk egitim
turunda elde edilen sonuclarinin ortalamasi ve ii¢ egitim turunun sonunda alinan FedAvg ve FedBest sonuglari
ozetlenmistir.

Tablo 5. Kullanilan Veri Setleri ve Deney Sonugclari

CNN CNN

Veri Setleri (Tiim veri) (Ortalama)

FedAvg FedBest

BloodMNIST  po i ace: 09211 Testace: 07729 Testacc: 0.8451  Testacc: 0.8486
PathMNIST Testacc: 0.7926 Test acc: 0.6379 Testacc: 0.7993 Test acc: 0.7408
DermaMNIST Testacc: 0.6871 Testacc: 0.7186 Test acc: 0.7305

Test acc: 0.7365

Tablo 5’e gore li¢ farkh veri seti lizerinde yapilan deneyler sonucunda, BloodMNIST veri setinin u¢ noktalara
dagitilmadan 6nceki tiim egitim veri seti kullanilarak egitilen CNN model i¢in test dogrulugu yaklasik %92,11
olarak hesaplanmistir. Federe Ogrenme siireci 6ncesi tiim egitim veri seti dért u¢ noktaya rastgele dagitilmis ve
rastgele dagitilan egitim verileri ile egitilen yerel modellerin test dogruluklar1 hesaplanmis ve bu dért ug¢ nokta
yerel model test dogruluklarinin sonuglarinin ortalamasi alindifinda CNN model test dogrulugu ortalamasi
%77,29 olarak hesaplanmistir. Federe 6grenme siireci sonunda FedAvg yaklasimi kullanilarak elde edilen kiiresel
modelin test dogrulugu CNN ortalama deger olan %77,29'dan baslayip %84,51'e ylikselmistir. FedBest yaklasimi
ile elde edilen kiiresel modelin test dogrulugu CNN ortalama deger olan %77,29'dan baslayip %84,86'ya
ylikselmistir.
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PathMNIST veri setinin u¢ noktalara dagitilmadan dnceki tiim egitim veri seti kullanilarak egitilen CNN model i¢cin
test dogrulugu yaklasik %.79,26 olarak hesaplanmistir. Tim egitim veri seti dort u¢ noktaya rastgele dagitilmis ve
rastgele dagitilan egitim verileri ile egitilen yerel modellerin test dogruluklar1 hesaplanmis ve bu dért u¢ nokta
yerel model test dogruluklarinin sonuglarinin ortalamasi alindiginda CNN model test dogrulugu ortalama %63,79
olarak hesaplanmistir. Federe = 6grenme siireci sonunda FedAvg yaklasimi kullanilarak elde edilen kiiresel
modelin test dogrulugu CNN ortalama deger olan %63,79’dan baslayip %79,93'e yiikselmistir. FedBest yaklasimi
ile elde edilen kiiresel modelin test dogrulugu CNN ortalama deger olan %63,79'dan baslayip %74,08'e
yukselmistir.

DermaMNIST veri setinin u¢ noktalara dagitilmadan 6nceki tiim egitim veri seti kullanilarak egitilen CNN model
icin test dogrulugu yaklasik %73,65 olarak hesaplanmistir. Tiim egitim veri seti dort u¢ noktaya rastgele dagitilmig
ve rastgele dagitilan egitim verileri ile egitilen yerel modellerin test dogruluklar1 hesaplanmis ve bu dért ug nokta
yerel model test dogruluklarinin sonuglarinin ortalamasi alindiginda CNN model test dogrulugu ortalama %68,71
olarak hesaplanmistir. Federe = 6grenme siireci sonunda FedAvg yaklasimi kullanilarak elde edilen kiiresel
modelin test dogrulugu CNN ortalama deger olan %68,71’den baslayip %71,86'ya yiikselmistir. FedBest yaklasimi
ile elde edilen kiiresel modelin test dogrulugu CNN ortalama deger olan %68,71'den baslayip %73,05'e
yukselmistir.

4. Tartisma ve Sonug¢

Bu calismada, CNN derin 6grenme algoritmasi kullanarak medikal veri simiflandirmasi icin federe 6grenme
yaklasimlarindan FedAvg ve onerilen FedBest algoritmalarinin uygulamasi arastirilmistir. FedAvg algoritmasi, ug
noktalardan gelen yerel modellerin parametrelerinin ortalamalarini alarak kiiresel modeli giincellemeyi iceren bir
temel yaklasim olarak kullanilmistir. Bu yaklasim, verileri u¢ noktalarda tutarak her u¢ noktadan 6grenilen
bilgileri birlestirmemize olanak saglamistir. Federe 6grenme siirecini daha da gelistirmek icin FedBestalgoritmasi
kullanima sunulmustur. Bu algoritma, model giincellemesi i¢in en yiiksek model test dogruluguna sahip ug
noktanin yerel model parametrelerini kullanan bir yaklasimdir. Sonuglar, FedBest'in FedAvg'ye kiyasla
BloodMNIST ve DermaMNIST icin daha hizli yakinsama ve yiiksek dogruluk elde ettigini ve 6nerilen algoritmanin
medikal veri siiflandirma icin etkinligini gostermistir. PathMNIST veri seti icin ise FedBest daha hizli yakinsama
saglasada FedAvg yaklasimi ii¢ egitim sonunda FedBest ‘e gore kiiresel model test dogrulugunda daha iyi sonug
vermistir.

Sonuglar, en yiiksek test dogruluguna sahip yerel modelin katkilari daha fazla dikkate alindiginda, kiiresel modelin
daha hizl yakinsayacagini ve daha iyi siniflandirma yapabilecegini gostermistir. FedBest'te her egitim turu dncesi
en iyi performansa sahip olan u¢ noktanin bilgisinin yani sira cesitliligin saglanmasi bakimindan bazi turlarda
diger u¢c noktalardan da faydalanilabilir. Bu nedenle, FedAvg ve FedBest gibi algoritmalarin performansi,
kullanildiklar1 senaryoya, veri dagilimina, cihaz sayisina ve diger faktorlere bagh olarak degisebilir. Genel olarak,
bu ¢alisma, medikal veri siniflandirmasi i¢in federe 6grenmenin potansiyelini ortaya koymus ve saglik hizmetleri
uygulamalarinda mahremiyeti koruma tekniklerinin énemini vurgulamistir. Gelecekteki arastirmalar, federe
o0grenme algoritmalarin1 daha da optimize etmeye ve bunlarin diger medikal veri kiimelerine ve siniflandirma
gorevlerine uygulanabilirligini kesfetmeye odaklanabilir.
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