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ABSTRACT

Technological developments show their effects in all areas of life such as education, health,
entertainment, shopping, culture and art activities. With the penetration of the Internet into all
areas of life, the trading and shopping methods of societies, businesses and individuals have
changed. With e-commerce environments instead of physical merchandising, the shopping
models and behaviors of consumers have changed. The competition of e-commerce sites in the
global market is increasing day by day. In this study, it is aimed to evaluate the website
performance of these companies by determining the most visited e-commerce companies in
Turkey. Multi-criteria decision making (MCDM) techniques were used in the website
performance evaluation of e-commerce companies. In the study, website performances were
determined by 8 performance criteria. The weight values of the criteria used in the evaluation
were calculated with the AHP (Analytic Hierarchy Process) technique. TOPSIS (Technique for
Order of Preference by Similarity to Ideal Solution) technique was used to rank the websites
according to the determined criteria. Evaluation of continuously developed and improved e-
commerce platforms is important for companies to improve their services in terms of both due
diligence and competitive advantage.

E-Ticaret Firmalarinin Web Site Performanslarinin
Cok Kriterli Karar Verme Teknikleriyle
Degerlendirilmesi

074

Teknolojik gelismeler egitim, saglik, eglence, aligveris, kiiltiir sanat etkinlikleri gibi hayatin her
alaninda etkilerini gdstermektedir. Internetin hayatin her alanina girmesiyle toplumlarin,
isletmelerin ve bireylerin ticaret ve aligveris yontemleri farkhilagmustir. Fiziksel magazacilik yerine
e-ticaret ortamlari ile tiiketicilerin aligveris modelleri ve davranislari degismistir. Kiiresel pazarda
e-ticaret sitelerinin rekabeti her gecen giin daha da artmaktadir. Bu galigmada Tiirkiye’de en gok
ziyaret edilen e-ticaret firmalar1 belirlenerek, bu firmalarin web sitesi performanslarinin
degerlendirilmesi  amaglanmaktadir.  E-ticaret firmalarmin web sitesi performans
degerlendirmesinde ¢ok kriterli karar verme (CKKV) tekniklerinden yararlanilmistir. Calismada
web site performanslar1 8 adet performans kriteri ile belirlenmistir. Degerlendirmede kullanilan
kriterlerin agirlik degerleri, AHP (Analytic Hierarchy Process) teknigiyle hesaplanmustir. Web
sitelerin saptanmig olan kriterlere gore siralanmasi ise TOPSIS (Technique for Order of
Preference by Similarity to Ideal Solution) tekniginden yararlanilmustir. Siirekli gelistirilen ve
iyilestirilen e-ticaret platformlarmin degerlendirilmesi, hem durum tespiti hem de rekabet
avantaji saglamasi agisindan firmalarin hizmetlerini iyilestirmesinde 6nem arz etmektedir.
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1. Gll‘l§ (Introduction)

Cok kriterli karar verme (CKKV) teknikleri son yillarda yoneylem arastirmas: kapsaminda siklikla kullanilan
tekniklerden biridir. CKKV c¢alismalar1 karar vericinin karsilagtigi problemleri yapilandirabilmesini ve
¢oztime ulagtirabilmesini kolaylastirmistir. Giintimiizde bir karara varabilmek ozellikle karar: etkileyen ¢cok
sayida kriter varsa, olduk¢a zorlagmaktadir. Bir karar probleminde birden ¢ok alternatifin bulundugu
durumlarda bunlar birbirleriyle celisen kriterlere gére siralanmasi igin birgok CKKV teknigi mevcuttur.
CKKYV teknikleri, isletmelerin karsilagtiklar: karar problemlerinde tanimlanmis olan kriterlerin agirhiklarini
hesaplamada ve alternatiflerin siralanmasinda yaygin olarak kullanilmaktadir. Uriin, konum, strateji, dagitim
kanali, tedarikgi, lojistik firmasi, proje, ve personel se¢imi gibi bir¢ok isletme problemlerinin ¢oziimiinde
CKKYV tekniklerinden yararlanilabilir.

Teknolojik gelismelerle birlikte egitimden ticarete kadar birgok alanda islemler dijital ortamlarda
gerceklesmektedir. E-ticaret ya da elektronik ticaret, kisaca ¢evrimici gerceklesen ekonomik faaliyetler olarak
tanimlanmaktadir [1]. Mobil uygulamalar ya da web siteleri araciligiyla yiiriitiilen e-ticaret, hem bireyler hem
de kurumlar tarafindan islem kolaylig1, zaman tasarrufu, diisiik maliyet gibi nedenlerle tercih edilmektedir.

Elektronik ticaret platformlarinin kullanimi zellikle COVID-19 pandemi déneminde artmigtir. Pandemi ile
sosyal ve ticari hayat etkilenmis, eglence, egitim, saglik, bankacilik gibi tiim hizmetler internet ortamina
tasginmugtir. Misteriler fiziksel temastan kaginmak amaciyla aligverislerini elektronik ortamdan yapmaya
yonelmistir. Bu donemde miisteriler aligverislerini fiziksel magazadan yapmak yerine e-ticaret sitelerini tercih
ettiklerini belirtmis, e-ticaret web sitelerinde ziyaret¢i ve satis sayisinda artiglar gorillmiistiir. Pandemi
doneminde e-ticaret hacminde Tiirkiye, en biiytik artiglarin gériildiigii tilkeler arasinda yer almigtir. E-Ticaret
web sitelerinin kullanilmasinda artis goriilmesi sebebiyle bu web sitelerinin sayfa agilma siiresi, sayfa hizi ve
boyutu gibi web site performans 6zellikleri nemli hale gelmistir. Miisteriler tarafindan tercih edilmek isteyen
isletmeler web sitesinin teknik 6zelliklerine 6nem vermek zorundadir. Miisterinin web sitesinde gecirdigi
ortalama siire, hemen ayrilma orani, ziyaret bagina gérintiiledigi sayfa sayisi, web sitesin toplam ziyaretgi
sayist gibi ozellikler web sitesinin performans ve kullanim istatistiklerini etkilenmektedir. Web sitesinin
performansi, isletmelerin daha ¢ok miisteriye ulasabilme ve satiglarini artirabilmesi i¢in 6nem arz etmektedir

[2].

Literatiirde web sitesi performans degerlendirmesine iligkin ¢aligmalar bulunmakta olup, bu ¢alismalarin
siklikla yenilenmesi 6nem arz etmektedir. Degisen toplumsal ve teknolojik gelismeler e-ticaret hizmeti sunan
isletmeleri de etkilemekte ve isletmeler rekabet avantaji ile siirekli iyilestirmeye yonelik yeni ¢alismalar
yapmaktadir. Bu nedenle web sitesi performans degerlendirmesi ¢aligmalarinin isletmelerin giiglii ve zayif
yonlerini tespit edebilmesi, rakiplerine goére durum tespiti yapabilmesi, yapilan iyilestirmelerin
degerlendirilmesi gibi nedenlerle literatiire kazandirilmas: 6nemlidir.

Bu ¢alismada Tirkiye’de en c¢ok ziyaret edilen e-ticaret isletmelerinin, web site performansini belirleyen
kriterler, bu kriterlerin agirlig1 ve e-ticaret web sitelerinin performans siralamasinin belirlenmesi
amaclanmaktadir. E-ticaret web sitelerinin performans kriterleri uzman gorisiiyle belirlenmis olup, web
sitelerinin kargilastirlmasinda CKKV tekniklerinden AHP ve TOPSIS tekniklerinden yararlanilmigtir. AHP
teknigiyle belirlenen kriterlerin agirhk degerleri tespit edilmis, TOPSIS teknigi ile de e-ticaret web siteleri
belirlenen kriterlere gore siralanmasi saglanmustir. Tirkiye’de en ¢ok ziyaret edilen e-ticaret siteleri
www.similarweb.com sitesinden Ekim 2022’de alinan verilere gore belirlenmistir.

Bu ¢aligmada kapsamindaki arastirma sorular1 sunlardir:

e Tiirkiye’de en ¢ok ziyaret edilen e-ticaret isletmelerinin web site performansini belirleyen kriterler
nelerdir?

e Tiirkiye’de en ¢ok ziyaret edilen e-ticaret isletmelerinin web site performansini etkileyen kriterlerin
onem/agirlik degeri nedir?

e Tiirkiye’de en ¢ok ziyaret edilen e-ticaret isletmelerinin web sitesi performans siralamasi nasildir?

2. Kavramsal Cergeve (Conceptual Framework)

Bu béliimde CKKV, AHP ve TOPSIS teknikleriyle ilgili kavramsal bilgiler ve literatiirde yer alan ¢aligmalar
sunulmaktadir.
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2.1. Cok kriterli karar verme (CKKV) teknigi (Multi-criteria decision making technique)

Cok kriterli karar verme (CKKV); birok kriterin birlikte degerlendirilmesi ile alternatiflere degerler atayan
bir siireg olarak tanimlanmaktadir. CKKV, ayn1 anda birden ¢ok uygulanan kriterler arasindan en iyi se¢imin
yapilmasint miimkiin kilan bir tekniktir. Rasyonel bir karara varilmasinda siklikla segilen bu teknik, teknigin
amaglar1 ve kisitlar ¢ercevesinde sinirlanmaktadir. CKKV teknikleri, karar vericilerin alternatiflerini birgok
kritere gore tanimlar, siralar, degerlendirir, derecelendirir, seger veya reddeder [3]. Bu sebeple bir problemin
CKKYV problemi sayilabilmesi i¢in en az 2’ser tane gelisen kriter ve alternatif ¢oziime ihtiyaci vardir [4].

CKKYV, teorik gelisimiyle beraber uygulama agisindan da karar analizlerinde olduk¢a hizli bir gelisim
gostermistir. Kuvvetli bir mantik yapisina sahip olup, karar tespitlerinde gostermis oldugu basarili ¢oziimler
ile karmasik problem ¢oziimiinde bir¢ok uygulama alaninda kullanilmaktadir [5].

CKKV Kkarar vericilerin onceliklerini de dikkate alarak ayn: 6lgiilere sahip olmayan ve birbirleriyle ¢elisen
kriterleri karakterize eden karmagik yapidaki problemlerin ¢oziimiinde de kullanilmaktadir. Yoéneylem
aragtirmasi altinda hizla gelisen CKKV, problemin ¢oziimlenmesinde kriter se¢imi, ¢ok disiplinli olma ve
bilimsel yaklasim gibi 6zellikleriyle yenileyen bir alani da betimlemektedir [6]. CKKV problemlerinin ana
amact tanimlanan bitiin kriterleri dikkate alarak en yiiksek diizeyde memnuniyeti saglayan en iyi
alternatifleri/¢coziimleri belirlemektir [7].

2.2. AHP tekni8i (AHP technique)

1968’de Myers ve Alpert tarafinda ortaya atilan analitik hiyerarsi teknigi (AHP), 1970]i yillarda Thomas L.
Saaty tarafindan gelistirilmis, cok kriterli karmagsik problemlerin ¢6ziimiinde yaygin bir sekilde kullanilmaya
baslamistir. AHP, 6zel bir hiyerarsik toplamsal agirliklandirma siirecidir ve ¢ok nitelikli karar problemleri
i¢in bir 6l¢tim, yapilandirma ve sentezleme teknigidir [8].

AHP ile baz: kisisel degerlendirme problemlerinde sayisal bir degerlendirme gergeklestirmek miimkiindiir
[9]. Bu teknige bagvuran birey sezgileriyle ve/veya deneyimleriyle alternatifleri degerlendirebilmekte ve her
bir alternatif i¢in rakamsal bir sonug elde edebilmektedir. AHP karar vericilerin kriter 6nceliklendirmesine
olanak taniyan ve olas: alternatifler {ireterek, karmagik problemlerin ¢6ziilmesini miimkiin hale getiren bir
modeldir. Ayrica bilgilerde degisiklik yapildiginda, ¢6ziim veya sonu¢ duyarliligs karar verici tarafindan test
edilebilmektedir. AHP, ¢ok girdili ve karmagik durumlarda, insan beyninin problem ¢ozme ve diigiinme
bicimini zorlamak yerine, bu karmasik problemlerin ¢éziimiinde kullanilan giiclii bir tekniktir. AHP, kisilerin
kendi karar verme mekanizmalarini tanimlamalarini miimkiin hale getirir ve daha iyi bir kararlarin
iiretilmesini saglar. Insanin tamamen iggiidiisel olarak gerceklestirdigi, gercek hayatta bilingli 6grenilmemis
karar mekanizmasina dayanmaktadir. Bu modelde, tecriibe ve egitim 6nem arz etmemektedir [10].

AHP, karar alternatiflerini siralarken ikili karsilagtirma matrisleriyle goreceli agirliklandirma yapmaktadir
[11]. Nitel ve nicel faktorlerin bir arada degerlendirilmesini miimkiin kilan AHP teknigi, bireylere karar
verirken, ikili karsilastirmalarla, biiyiik 6lctide destek saglamaktadir [12]. Bir¢ok uygulamaya esas olusturan
AHP’nin uygulama asamalar1 agagida verilmistir [11,13-16]:

Asama 1 - Problemin tanimlanmasi ve amacin belirlenmesi: [lk olarak karar verme problemi tanimlanarak
amacin belirlenmesi gerekmektedir.

Asama 2 - Karar alternatiflerin ve kriterlerin belirlenmesi: Problemde kullanilacak olas1 karar alternatiflerin
belirlenmesi gerekmektedir. Hangi alternatifin secilecegine iliskin karar etkileyen, karar kriterlerinin de
belirlenmesi gerekmektedir.

Asama 3 - Hiyerarsik yapmin olusturulmasi: AHP tekniginde problemin hiyerarsik yapisinin
gorsellestirilmesi olduke¢a 6nemlidir. Burada karar problemi hiyerarsik olarak diizenlenerek daha anlagilir ve
degerlendirilebilir hale getirilmesi amaglanmaktadir. Hiyerarsik yapiya iliskin 6rnek bir gorsel Sekil 1’de
verilmistir.
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KRiTERLER| ‘ ’ | | ‘ | ‘

ALTERNATIFLER | | ‘ | | |

Sekil 1. Analitik Hiyerarsi Modeli (Analytical Hierarchy Model)

Asama 4 - Onceliklerin belirlemesi: Saaty (1987), éncelikleri belirlemek amaciyla bir 6lgek gelistirmistir. Bu
olgek karar kriterlerinin ikili kargilagtirlmasinda kullanilmaktadir. Olgege gore karar kriterleri ve her bir
kriterine gore karar alternatifleri ikili karsilagtirmalarla 1 ile 9 arasinda degerlendirilir. Degerlendirme skalas:
Tablo 1’de verilmistir.

Tablo 1. Ikili kargilagtirma skalasi [11] (Pairwise comparison scale)

Dereceler Onem Diizeyi Dereceler Onem Diizeyi

1 Esit 6 Giiglii Dereceden Daha Fazla Onemli

2 Zayif veya Biraz Daha 7 Cok Kuvvetli veya Kanitlanmig Derecede Onemli
3 Orta Derecede Fazla 8 Cok ok Giiglii Derecede Onemli

4 Orta Dereceden Fazla 9 Agirt Derecede Onemli

5 Giiglii

Olgekte karar vericiler, kriterleri ikili kargilagtirarak, her kriter icin en uygun énem derecesini belirlemektedir.
Saaty, 1-9 Olgegi ile karar vericilerin iki seenek arasindaki kargilastirma yapmalarinin kullanim agisindan
kolaylik sagladigini 6ne slirmiistiir. Bu olgekte Ornegin bir nitelik agisindan degerlendirdigimizde,
“Alternatifl'in Alternatif 2'ye, Alternatif 1'in Alternatif 3'e ve Alternatif 2'nin Alternatif 3'e hangi oranda tercih
edildigi yani bu alternatiflerin birbirlerine gére ne kadar 6nemli oldugu” sorusunun yanit: belirlenmektedir

[9].

Asama 5 - Ikili kargilastirma matrisinin belirlenmesi: Burada iki kriter kendi aralarinda karsilastirilir. Bu
karsilastirma karar vericinin degerlendirmesidir. AHP tekniginde oncelikler dikkate alinarak, nitel ve nicel
degiskenler beraber degerlendirmektedir. Hiyerarside olusturulan elemanlar ikiserli olarak ele alinip,
belirlenen kriterlerden birine gore karsilastirilir ve bu islem gerceklestirilirken diger kriterler isleme dahil
edilmeden tiim kriterler hakkinda teker teker degerlendirme saglanmaktadir.

Kriterlerin ikili karsilastirma matrisi Tablo 2’de sunulmugtur. Bu matriste n sayida kriter, i = 1,2, ... n sayida
kritere kadar ve j = 1,2, ... n’ye kadar olmak {izere satir ve siitunlarda siralanarak karsilagtirma matrisi
olusturulmustur. Matriste bulunan W; / W; terimleri, kargilagtirma matrisinde hedefe ulasmada i. kriterin j.
kriterine gore ne kadar daha anlamli, yani 6nemli oldugunu belirtmektedir. Kriter sayisina gére toplamda
n(n-1)/2 adet ikili kargilagtirma yapilmaktadir. Ornegin 4 kriterin taniml oldugu bir uygulamada toplamda
6 adet ikili kargilastirma yapilmistir (Tablo 2).

Tablo 2. Kriterler i¢in ikili kargilagtirma matrisi (Pairwise comparison matrix for criteria)

Kriterler Kriter 1 Kriter 2 cen Kriter n
Kriter 1 Wy I Wy Wy I W, . Wy I W,
Kriter 2 W, | Wy W, | W, Wy I W,
Kriter n W, | Wy W, | W, . W, I W,

Matematiksel acidan; W_i/ W_j = aij (i,j = 1,2,...,n)

W_i -> i.nci alternatifin agirhgini

W_j -> j.nci alternatifin agirligini
ifade etmektedir. Bu asamada olusturulan karsilagtirma matrisi (nxn) boyutunda bir kare matristir. Késegen
tizerinde bulunan matris bilesenleri 1 degerini almaktadir. A ikili karsilagtirma matrisi asagida yer almaktadur:

A= |1 @y o Gy o 1o Lo 1.
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Asama 6 - Oncelik vektériiniin olusturulmast: Bu asamada vektérlerin agirlik degerlerinin hesaplanabilmesi
i¢in ilk olarak ikili kargilagtirma matrisi normallestirilmelidir. Burada 6ncelikle n adet ve n bilegenli B siitun

vektorii olugturulmaktadir. B stitun vektor agagida verilmistir:
B = [byy byy...bp ]
B siitun vektori (1) formiili ile belirlenir:

b (1)

U B

Yukarida bahsedilen adimlar her degerlendirme kriteri igin tekrarlandiginda belirlenen kriter sayis1 kadar B
stitun vektorii olusturulacaktir. Kriter sayisi kadar olusan B siitun vektorii bir matris seklinde birlestirilerek
normalize olmus ikili karsilastirma matrisi (C Matrisi) elde edilmis olunur. C matrisine iligkin matematiksel
ifade soyledir: C = [C11 C1p « C1p €21 €22 wr Coperenvernnnnnn Cn1 Cnz - Cm |-

Normalize edilmis matris ile kriterlerin birbirilerine gére 6nem degerleri, yani agirlik degerleri elde edilir.
Onem degerlerin elde edilmesi igin normalize matrisinin satir bilesenlerinin aritmetik ortalamasi alinir. Buna
iligkin formil (2) de verilmistir:

n
X1 Cij
n

w; 2)
Hesaplamalar sonucunda asagida yer alan oncelik vektorii (W siitun vektoril) elde edilmektedir. W =

Wy wy .oowy, |

Asama 7 - Tutarlilik oraninin hesaplanmasi: AHP tutarlilik orani (consistency ratio -CR), oncelik vektorii ve
kriterler arasinda gergeklestirilen karsilastirmalarin tutarlhliginin test edilmesini saglamaktadir. Tutarlilik
orani, kriter sayisinin Temel Deger (A) katsayisi ile karsilastirilmasini ifade etmektedir. Temel degerin
hesaplanabilmesi i¢in bir 6nceki adimda olusturulan A karsilagtirma matrisi ile W 6ncelik vektori ile
carpilarak D siitun vektorii elde edilmektedir. D=

[A11 Q1p oo Qip A1 Qo oo oy eeeinnnnnnnn Api Apy e G | X [Wy Wy oWy ]

Degerlendirme kriterlerinin her biri i¢in elde edilen D siitun vektorityle W siitun vektoriiniin karsiliklt
elemanlarinin bélinmesiyle, E degeri elde edilir. Buradaki D degerinin aritmetik ortalamasi alinarak,
karsilastirmaya bagli temel deger (A) elde edilmektedir (Formiil 3). Temel degerin elde edilmesinden sonraki
islem ise tutarliik gostergesinin (CI) elde edilmesidir. CI degerini elde etmek i¢in formiil (4)ten
yararlanilmaktadir. Son olarak ise tutarlilik oram1 (CR) hesaplanir. Bu adimda elde ettigimiz tutarlilik
gostergesi (CI), rassallik gostergesine (RI) boliinerek CR degeri elde edilir (Formiil 5).

1= H=b (3)

Ccl = g (4)
CI

CR= — (5)

Tutarhilik oranini elde edebilmek i¢in RI degerine ihtiyag vardir ve bu deger, rastgele indeks tablosundaki
kriter sayisina (n) gore belirlenmektedir. Tablo 3’te rastgele indeksler yer almakta olup, bu tabloda 1 ile 15
arasinda bulunan kare matrisler icin rastgele degerler bulunmaktadir.

Tablo 3. Rastgele indeks (RI) tablosu (Random index (RI) table)

N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Rassallik

. . 0 0,58 09 1,12 1,24 1,32 1,41 1,45 1,51 1,48 1,48 1,56 1,57 1,59
Gostergesi

Karar verici degerlendirme asamasinda tutarliik oranini her kritere dayali olarak kullanabilmektedir.
Tutarlhilik orani son karari verirken kalite ve gegerlilik acisindan olduk¢a 6nemlidir. AHP teknigi tutarliigin
test edilmesini sagladig i¢in diger CKKV tekniklerinden daha ¢ok giiven olusturmaktadir. Hesaplamalar
sonucunda karar matrisinin tutarliginin saglanabilmesi i¢in tutarlilik orani 0,10°dan kii¢lik olmasi istenir
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(CR< 0,10). Tutarlilik orani sifira ne kadar yakin ise daha tutarl bir karsilagtirma sonucu elde edilecektir.

Sonucun belirlenmesinden sonra, karsilagtirma isleminin tutarlilik oranini saglayip saglanmadiginin kontroli
yapilmalidir. Eger tutarlilik orami saglanmazsa, karar vericinin karari gézden gecirmesi ve diizeltmesi
beklenir. Daha sonra ikili karsilagtirma matrislerinden agirliklarin hesaplama islemi gerceklestirilmektedir.
Boylece her kriterin ¢oziimdeki agirlig1 belirlenmis olur.

2.3. TOPSIS teknigi (TOPSIS technique)

Hwang ve Yoon'un 1980 yilinda gelistirdikleri teknigi giiniimiizde organizasyonlarda performans
degerlendirme kriteri olarak siklikla kullanilmaktadir. Bu nedenle TOPSIS teknigi ile birgok alanda
uygulamalar yapilmakta ve giin gegtik¢e de 6neminin arttig1 goriilmektedir [17].

TOPSIS teknigindeki temel mantik, secilmis olan alternatifin pozitif ideal ¢6ziime (PIS) miimkiin mertebe
yakin ve negatif ideal ¢oziim (NIS) icin ise olduk¢a uzak olmast istenir. Dolayisiyla teknik, ideal ¢oziime en
fazla benzerlikte olan bir alternatif segmektedir [18].

Her bir kriterin ayni sekilde degisen (artan/azalan) bir fayda egilimine sahip oldugu varsayilmaktadir [19] ve
bu nedenle pozitif ve negatif ideal ¢oziimlerin tanimlanmasi oldukea kolaydir. TOPSIS tekniginde elde edilen
degerlerin en iyileri pozitif ideal ¢6ziimii, en kotiileri ise negatif ideal ¢6ztimii ifade etmektedir. Alternatifin
degerlendirirmesinde pozitif ideal ¢6ziime en yakin ve negatif ideal ¢6ziime en uzak olan secenek, en iyi
alternatif kabul edilmektedir [20]. TOPSIS tekniklerinde uygulanan agamalar asagida verilmistir [21-22];

Asama 1 - Problemin tanimlanmasi ve amacin belirlenmesi: [lk olarak karar verme problemi tanimlanarak
amacin belirlenmesi gerekmektedir.

Asama 2 - Karar alternatiflerin ve kriterlerin belirlenmesi: Problemde kullanilacak muhtemel karar
alternatiflerin belirlenmesi gerekmektedir. Hangi alternatifin segilecegine iliskin karari etkileyen karar
kriterlerinin de belirlenmesi gerekmektedir.

Asama 3 - Karar matrisinin olusturulmasi: Karar matrisi satirlarinda tstiinliiklerine gore siralanan karar
alternatifleri, stitunlarinda ise karar vermede karari etkileyen kriterler yer almaktadir. Karar matrisi, karar
verici tarafindan olusturulan (mxn) boyutundadir ve A matrisi ile ifade edilmektedir [23]. A;; =

[A11 Q1p oo Qip A1 Qo oo Aoy veevnenaenns A1 Az o A |-

A matrisi baglangi¢ matrisi olarak da ifade edilmektedir ve burada m problemin ¢oziimiinde kullanilacak
alternatiflerin sayisini ve n degeri degerlendirmeye alinacak kriterlerin sayisini ifade etmektedir.

Asama 4 - Karar matrisinin normallestirilmesi: Bu siireg, gesitli nitelik boyutlarini benzer sekilde boyutsuz
niteliklere doniistiirmeye ¢aligir. Karar matrisinin olusturulmasindan sonra matristeki her bir 4;; degeri
asagidaki formiilden (6) yararlanarak normalize edilmektedir [24].

aji
r; I (6)

j = >
She1 A

Bu formiil ile her bir degerin, bulundugu siitundaki degerlerin kareler toplaminin karekokiine boliinerek
normalize edilmesi saglanmaktadir [23]. R ile gosterilen normallestirilmis karar matrisi ifade etmektedir.

Rij = [11Ti2 e Tin 121 Tag o Tapeeenennnnnn Tt Ymz o Tmn |

Asama 5 - Agirhiklandirilmis normalize matrisin elde edilmesi: Degerlendirmeye alinacak kriterlerin agirlik
degerleri (w;) belirlenmesi bu agamanin ilk adimidir. Karar verici tarafindan belirlenen kriter atanan agirlik
degerlerin toplamini 1 olmasi gerekmektedir. Asagidaki sekilde formiiliize edilir;

?;1 VI/l-]- =1
(7)

Bu agirlik degerleri (w;) bir 6nceki adimda elde edilen normalize matrisin (R Matrisi) her bir siitunda yer
alan elemanlari ile garpilmaktadir ve béylece Agirlikli Standart Karar Matrisi (V) elde edilmektedir[23];V;; =
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[WiTyq Wal g oo Wyl WiTaq WoTho oo WTop eennennnn. Wi Tt Walmz - WyTmn |-

Asama 6 - Pozitif ideal ve negatif ideal ¢6ziimlerin belirlenmesi: Karar vericinin amaci biiyiikleme ise; her
stitunda en biyiik deger bulunur ve ideal ¢6ziim olarak tanimlanir. Her stitundaki en kiigiik deger
belirlenerek, negatif ideal ¢6ziim tanimlanir. Karar vericinin amaci kiigitkleme ise; her bir stitunda en kiigtik
deger bulunur ve ideal ¢6ziim olarak tanimlanir. Sonrasinda her siitundaki bityiik deger bulunarak negatif
ideal ¢6ztim tanimlanir [24].

Pozitif ideal ¢ozim (AY) = {maxl-vl-jU € ]), (min;v;j|j €J'} (8)

Formiil 8'den hesaplanacak set A* = {v{,v5, ..., v} seklinde gosterilmistir. Burada her bir siituna ait en
biiyiik deger ifade edilmektedir.

Negatif ideal ¢ozim (A7) = {minivij lj € )), (max;vj|j €J'} 9)

Formiil 9°dan hesaplanacak set A~ = {vy,v;, ..., v; } seklinde gosterilmistir. Burada her bir siituna ait en
kiigiik deger ifade edilmektedir. Yani, karar verici fayda kriterini degerlendirdiginde en biiyitkk degeri
secerken, maliyet agisindan baktiginda ise en kiigiik degeri sececektir. Amaci en biiyiikleme olan bir

problemin pozitif ideal ve negatif ideal ¢oziimiin elde edilmesi Tablo 4’te verilmektedir.

Tablo 4. Pozitif ideal ve negatif ideal ¢oziimlerin elde edilmesi [Obtaining positive 1deal and negative 1deal solutions)

Kriterler
Alternatifler

C, c, C,
Ay Vig = wy.my Vig = wy.1, Vin = Wy .T1p
Ay Va1 = wy .1y Vaz = Wy Ty
Am Vi1 = Wy Ty Vina = Wz .1z Vinn = Wn T
A* (Pozitif ideal) V, = Maks v, V, = Maks v;, V,, = Maks v,
A~ (Negatif ideal) V, = Min vy, V, = Min v, V, = Min v,

Asama 7 - Ayirma 6l¢iimiiniin hesaplanmasi: Degerlendirmeye alinacak kriter degerlerinin pozitif ideal ve
negatif ideal ¢oziim setinden sapmalari bu asamada elde edilmektedir. Bunun igin Oklid Uzaklik
yaklagimindan yararlanilabilir [25]. Bu yaklagim ile elde edilen sapma degerleri pozitif ideal ayrim (S;") ve
negatif ideal ayrim (S;) olarak ifade edilmektedir. Sapma degerlerinin belirlenmesinde, formiil (10) ve
(11)’den yararlanilmaktadir;

SH= Xy — vh)? i=12,...,m (10)

ST= |Em iy — v))? i=12,...,m (11)

1

Bu formiiller ile hesaplanacak (S;") ve (S;) sayilari, dogal olarak problemde belirlenmis alternatif sayisi kadar
olmasi gerekmektedir.

Burada (S;") her bir alternatifin pozitif ideal ¢6ziimiinden Oklid mesafesine olan uzakligidir. (S;") ise her bir
alternatifin negatif ideal ¢6ziimiinden Oklid mesafesine olan uzakligidir [19].

Asama 8 - [deal ¢oziime gore goreli ¢oziimiin hesaplanmast: Bu adimda her bir alternatifinin ideal ¢ziime
goreli yakinlig1 (C;*) hesaplanmaktadir. Bunun igin adim 8’de elde edilen pozitif ideal ve negatif ideal ayirim
dlgiilerinden yararlanilmaktadir. Burada (C;") degeri negatif ideal ayrim 6l¢iisiiniin toplam ayirim él¢iisiine
boliinmesi ile edilmektedir ve formiil (12) ile hesaplanmaktadir [26];

C'=—== i=12..m (12)

Burada (C;*) degeri, 0 < (C;*) < 1 araliginda bir deger alir.
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(C}) = 1ilgili alternatifin pozitif ideal ¢6ziime mutlak yakinligini gostertmektedir.
(C}) = 0ilgili alternatifin negatif ideal ¢oziime mutlak yakinligini gostertmektedir.

Son olarak her bir alternatif i¢in elde edilen (C;") degerleri biiyiikten kiigiige siralanir ve burada en biiyiik
(C{*) degerine sahip olan alternatif en iyi veya optimal alternatiftir.

2.4. Literatiirde AHP, TOPSIS ve web sitesi performansi (AHP, TOPSIS and website performance in the literature)

Literatiirde CKKV tekniklerinden olan AHP ve TOPSIS teknikleriyle gerceklestirilmis ¢aligmalarin bazilari
Ek-3’te sunulmustur [12, 13, 15, 16, 27-36]. CKKV teknigi ¢ok girdili karar siireglerinde siklikla kullanilan bir
tekniktir. Literatiirde yer alan e-ticaret web sitelerin performans degerlendirmelerini iceren ¢aligmalarin
bazilar ise soyle 6zetlenebilir:

Sulova, web sitesi temel performans gostergelerini ziyaret bagina goriintiillenen sayfa sayisi, web sitesinin
ziyaretci sayisi, kullanicinin web sitesinden hemen ayrilma oranlar ve web sitesinde gecirilen ortalama siire
oldugunu vurgulamustir [37]. Elisa ise web sitesinde sayfanin acgilma siiresinin performans
degerlendirmesinde temel kriter oldugunu ifade etmistir [38].

Maruf, CKKV tekniklerinden olan SWARA ve WASPAS kriterlerini kullanarak Tiirkiye’de en ¢ok ziyaretgi
sayisina ulagan 10 e-ticaret web sayfasini performanslarina gore degerlendirmistir. Calisma Gtmetrix ve
Similarweb’den 2021 yii Ocak ay1 verilerine gore degerlendirmistir. SWARA kriteri ile web sitesi
performansini performans katsayisi (%), agilma siiresi, hemen ayrilma orani, toplam ziyaretci sayisi, diinya
siralamas, Tiirkiye siralamasi, sayfada gegirilen ortalama siire ve goriintiilenen ortalama sayfa sayisi kriterleri
ile belirleyip, bu kriterlerin agirliklarini tespit etmistir. En yiiksek agirlikli performans kriterini web sitesinin
acilma siiresi olarak belirlemistir. En diisiik agirlikli performans kriterleri ise web sitesinin Tiirkiye’de ve
diinyada yer aldig1 siradir. WASPAS kriteri ile web sitelerin performans kriterlerine gore siralanmasinda ilk
siray1 Trendyol almaktadir. En iyi performanstan diisitk performansa Trendyol’'u, Ciceksepeti, Sahibinden,
Hepsiburada, Amazon, Gittigidiyor, N11, Morhipo, Idefix ve ePttavm igletmeleri izlemektedir [39].

Maruf ve Ozdemir, CKKV tekniklerinden olan SWARA ve ARAS kriterlerini kullanarak Tiirkiye'de
kullanilan 15 ticari banka web sitesi performanslarina gore degerlendirmistir. Veriler 2021 yili Ocak ayina ait
olup, veri kaynag: olarak Gtmetrix ve Similarweb’den yararlanilmistir. Web sitesi performansi performans
(%), hiz indeksi (s), agilma siiresi (s), boyut (mb), hemen ayrilma orani (%), toplam ziyaretci sayisi, diinya
siralamasi, Tiirkiye siralamasi, gegirilen ortalama siire (s) ve goriintiilenen ortalama sayfa sayisi kriterleri ile
belirlenmistir. SWARA Kkriteri ile elde edilen kriter agirlik degeri azalan sirayla performans, agilma siiresi, hiz
endeksi, boyut, goriintiillenen ortalama sayfa sayisi, toplam ziyaretci sayisi, hemen ayrilma orani, gegirilen
ortalama siire, diinya siralamasi ve Tiirkiye siralamasi kriterleridir. Secilen banka web sitelerinin ARAS kriteri
ile performans siralamalari ise azalan sirada HSBC, Fiba Bank, Seker Bank, Yap1 ve Kredi Bankasi, Is Bankast,
OdeaBank, Vakifbank, Garanti BBV A, Ziraat Bankasi, Halkbank, QNB Finans Bank, Deniz Bank, Tiirkiye
Ekonomi Bankasi, ING Bank ve Akbank’tir. Calisma kapsaminda HSBC en iyi web site performansina
sahiptir [40].

Nacar ve Ozdemir (2021), e-ticaret web sitelerine iliskin degiskenlerin arasinda bulunan iliskileri ve pandemi
déneminin (COVID-19) bu iliskilere olan etkisi farkli dénemlerde arastirmustir. Bu ¢aligmada 2020 yili subat,
may1s ve ekim aylarina ait verilerle (veriler aylik olarak sunulmaktadir), Tiirkiye’de en gok ziyaret edilen 16
e-ticaret web sitesini acik erigimle veri paylasan Similarweb ve Gtmetrix veri kaynagindan elde etmistir. Web
sitesinin teknik ozellikleri, web sitesine giris kaynaklar1 ve web sitesi i¢in yapilan aramalar ile web sitesi
kullanim istatistikleri incelenmistir. Bu degisken setleri arasinda giiglii bir iliskinin oldugu ve incelemeye dahil
edilen aylarda farkli web site 6zelliklerinin 6ne ¢iktigini, degiskenler arasinda bulunan iliski yapisinin
pandemi doneminde degistigi gozlemislerdir. Ek olarak web sitesi agilma siiresi, diisiik sayfa boyutunun
diinya ve Tiirkiye siralamasini etkiledigini vurgulamiglardir [2].

Naheem (2016), ticari web trafigi verileri saglayan Amazon.com'un bir yan kurulusu olan Alexa Internet'i
kullanan Malayalam gazete web sitelerini webometrik kriterler kullanilarak degerlendirmistir. Bu ¢aliymada
Kerala'daki 6nde gelen 13 Malayalam gazetesi web sitesi degerlendirmeye alinmistir. Calismaya dahil edilen
gazete web siteleri sunlardir; Chandrika, Deepika, Deshabhimani, Janayugom, Janmabhumi, Kerala
Kaumudi, Madhyamam, Malayala Manorama, Mangalam, Mathrubhumi, Siraj, Thejas ve Veekshanam.
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Burada her bir web sitesi Alexa veri bankasinda aratilarak trafik siralamasi, gortntiilenen sayfalar, hiz,
baglantilar, hemen ¢ikma yiizdesi, sitede gegirilen siire, arama yiizdesi ve Hintli/yabanci kullanicilar (Kitle
cografyasi) gibi veriler elde edilmistir. Calisma sonucunda, yiiksek trafik siralamasina sahip bazi gazeteler bazi
ozelliklerde zayif performans gosterirken, diisitk trafik siralamasina sahip bazi gazeteler iyi performans
gostermistir. Diger gazetelerle karsilastirildiginda Malayala Manorama hem kiiresel hem de Hindistan'da en
yiksek trafik siralamasina sahip oldugu tespit edilmistir. Bununla birlikte Malayala Manorama en yiiksek
sayida baglantiya sahiptir. Siraj gazetesinin web sitesi, en yiiksek giinliik goriintiilenen ortalama sayfa sayist
ve ziyaretgiler tarafindan sitede gegirilen tahmini giinliik siireye sahip oldugu belirlenmistir. Madhyamam en
yiiksek indirme hizina sahiptir. En diisiik hemen ¢ikma yiizdesi ise Veekshanam gazetesinin web sitesinde
ol¢tlmiistiir. Arama motorlarindan gelen ziyaretlerin en yiiksek yiizdesine Janayugom; en yiiksek yabanci
kullanic1 sayisina Chandrika'nin sahiptir. Burada Malayalam gazetelerinin yabanci kullanicilarinin gogu
Katar, BAE, Suudi Arabistan ve Kuveyt gibi Korfez tilkelerinden geldigi gozlemlenmistir [41]. Bu sonuglar
Malayalam’da ¢evrimici gazetelerin performans degerlendirmesi ile rekabet avantaji saglamasi icin
gelistirmesi gereken yonleri hakkinda bilgi vermektedir.

Gymera ve Jah (2020), Kipfashion adinda bir Afrika moda giyim firmasinin e-ticaret magazasini analiz ederek,
optimize etmiglerdir. Caliyma arama e-ticaet magazasini arama motoru goriiniirliigiine gore optimize etme
ve magazayl e-doniisiim i¢in optimize etme hedeflenmistir. Google analytics araciliyla, SEO ve diger
optimizasyon siirecleri uygulanmistir. Caligma sonucunda isletmenin basarisini etkileyen (doniisiim oranini
en {st diizeye ¢ikaran) kriterler belirlenerek, basartyr artirmak amaciyla yeni stratejiler belirlenmistir. Web
sitesi performansi, kullanic1 deneyimi, arama motorlarindaki goriiniirliik ve sosyal medya platformlarindaki
varlik, isletmenin basarisini etkileyen kriterlerdir. Gymera ve Jah web sitesi hizinin, miisterinin magaza
hakkindaki ilk izlenimi verdigini vurgulamislardir. Web sitelerin yiiksek bir performansa sahip olmasi
durumunda, yiiksek geri doniis ziyaretleri, diisiik hemen ¢ikma oranlari, daha yiiksek dontistimler, katilim,
organik aramada (arama motoruna girilen anahtar kelimeler) daha yiiksek siralarda yer alma ve daha iyi
kullanict deneyimi sagladigini belirtmislerdir. Web sitesi hizinin yavas olmasi, maddi olarak magazay:
olumsuz yonde etkiledigi ve magazanin itibarina zarar verdigi belirtilmistir. Pazarlama ve satig siireglerini
olumlu yonde degistirmek ve miisteri sayisini artirmak icin, e-ticaret olarak hizmete sunulan ¢evrimigi
magazanin web sayfasi ylikleme siiresinin azaltilmasi onerilmislerdir [42].

3. Yontem (Method)

Bu boliimde arastirma yontemi, 6rneklem, web sitesi performans kriterlerinin se¢imi ve bu kriterlerinin
agirhiklandirmasina iligkin ayrinti bilgi sunulmaktadir.

3.1. Arastirma yontemi (Research method)

Bu ¢aligmada Tiirkiye’de satis yapan isletmelerin e-ticaret web sitesi performansi degerlendirilmistir. Tarama
tiirinde gergeklestirilen bu ¢alismada, ticretsiz ve acgik olarak erigsim saglanan veriler analiz edilmistir. E-
ticaret web sitelerinin performanslarina gore siralanmasinda CKKV tekniklerinden olan AHP ile TOPSIS’ten
yararlanilmigtir. Degerlendirme kriterlerinin agirlik degerlerinin elde edilebilmesinde AHP teknigi, web
sitelerinin bu kriterlere gére siralanmasi ise TOPSIS tekniginden yararlanilmistir. Her iki teknik igin
hesaplamalar Microsoft Excel uygulamasinda gerceklestirilmistir. Arastirmada karsilastirilan e-ticaret siteleri
verileri ise acik ve ticretsiz olarak veri paylagimi yapan Similarweb.com ve https://gtmetrix.com adresinde elde
edilmistir.

3.2. Orneklem (Sample)

Tirkiye’de en ok ziyaret edilen e-ticaret siteleri, 2022 yil1 Ekim ay1 Similarweb.com tarafindan yayinlanan
listedeki ilk 15 web sitesi olarak secilmistir. Bu listeye gore en ¢ok ziyaret edilen e-ticaret firmasi web siteleri
siralamas1 azalan sirayla Trendyol.com, Al0l.com.tr, FLO.com.tr, Hepsiburada.com, DeFacto.com.tr,
Ciceksepeti.com, Turkcell.com.tr, Dolap.com, Karaca-home.com, Sahibinden.com, Amazon.com.tr,
Letgo.com, n11.com, Migros.com.tr ve Mavi.com’dur [43].

3.3. Web sitesi performans kriterlerinin se¢imi ve agirliklarinin belirlenmesi (Selection and weighting of website
performance criteria)

Web site performansi belirlenirken diinya siralamasi, tilke siralamasi, toplam ziyaretgi sayisi, ziyaret bagina
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sayfa sayisi, ortalama ziyaret siiresi, hemen ayrilma orani, performans katsayis: ve hiz endeksi kriterleri
siklikla kullanilmakta olup, bu ¢alismada bu kriterler ile analiz yapilmistir. Bu kriterlerin belirlenmesinde
uzman goriisiinden yararlanilmistir. Performans kriterlerinin yer aldig1 anket, e-ticaret ve web teknolojileri
hakkinda bilgi sahibi olan 10 uzmana iletilmis ve yanitlar1 degerlendirilmistir.

Aragtirmada karsilagtirilan e-ticaret sitelerine iligkin performans verileri ise agik ve icretsiz olarak veri
paylasgimi yapan Similarweb.com ve https://gtmetrix.com adresinden elde edilmistir. Similarweb.com
sayfasindan diinya siralamasi, iilke siralamasi, toplam ziyaretci sayisi, ziyaret basina sayfa sayisi, ortalama
ziyaret siiresi ve hemen ayrilma orani; Gtmetrix.com adresinden ise web sitesi performans katsayisi ve hiz
indeksine iliskin veriler elde edilmistir. Bu performans kriterlerine iliskin aciklamalar 6yledir.

Diinya Siralamasi: Aragtirilan web sitesinin, diinyadaki e-ticaret web siteleri arasinda hangi sirada oldugunu
gosterir.

Ulke Siralamasi: Web sitesinin Tiirkiye’deki e-ticaret web siteleri arasinda kaginci sirada oldugunu gosterir.

Toplam Ziyaretci Sayis1 (Milyon): Web sitesini ziyaret eden aylik tahmini toplam miisteri sayisini ifade
etmektedir.

Ziyaret Basina Sayfa Sayis:: Web sitesinde ziyaret bagina goriintiilenen toplam sayfa sayisini ifade etmektedir.
Aylik olarak ziyaret bagina goriintiilenen toplam sayfa sayist toplam ziyaretgi sayisina boliinerek, ortalama
deger olarak ifade edilmektedir.

Ortalama Ziyaret Siiresi (Dk.): Miisterilerin web sitesinde gecirdigi ortalama siireyi dakika cinsinden ifade
etmektedir.

Hemen Ayrilma Orani (%): Hemen ¢itkma irani (Bounce Rate) olarak da ifade edilir. Web sitesi ziyaretgisinin,
acilis sayfasi haricinde bagka bir sayfayi ziyaret etmeden siteden ayrilma yiizdesini gosteren bir metriktir.

Performans (%): Performans puani/katsayisi, kullanict web sayfasini performans degerlerini ifade eder ve %
olarak tanimlanir. Performans puanini, %45 ‘lik etki ile yiikkleme performansi, %40 ile etkilesim ve %15 ile
gorsel stabilite olusturmaktadir. Bu performans metrikler ile GTmetrix testleri tarafindan elde edilen
Lighthouse Performans Puanidir. Lighthouse, Google tarafindan yayimlanan bir performans analiz aracidur.

Yiikleme performansi; ziyaretcilerin web sayfasindaki gercek icerigi (metin, resim, video vb.) goriintiilleme
hizi, web sayfasinin ekranda gorsel olarak tamamlanma hiz1 ve web sayfasindaki en biiyiik "igerik 6gesinin”
(ana resim, video, baslik metni vb.) ziyaret¢inin ekraninda tamamen goriiniir hale gelmesi icin gegen siireyi
kapsamaktadir. Etkilesim ise sayfanin kullanici etkilesimi i¢in giivenilir bir sekilde en kisa hazirlanma siiresi
ve kullanicinin sayfayla etkilesim kurmasini engelleyen etkenlerle ilgili bir metriktir. Gorsel stabilite sayfa
yiklenirken web 6gelerinin beklenmedik sekilde kaymasi durumunu icermektedir.

Hiz Indeksi (s): Bir web sayfasinin 8gelerinin gériiniir hale gelme siiresini saniye (s) biriminde tanimlayan
“web sayfas1 ylikleme performansi” metrigidir [44].

Yukarida agiklamasi verilen web sitesi performans kriterlerinin agirliklar1 uzman goriisii ile belirlenmistir.
Agirliklarin belirlenmesinde literatiirde siklikla kullanilan Saaty (1987) tarafindan gelistirilmis ve 1 ile 9
arasinda puanlandirilan Saaty 6l¢eginden yararlanilmigtir. Ankette uzmanlardan e-ticaret web sitelerin
performansini etkileyen kriterleri karsilastirmali puanlandirmasi istenilmistir. Performans kriterlerinin
agirlig1, uzmanlarin anket sorularma kargilastirmali olarak verdigi yanitlarin toplamimin katilimer sayisina
boliinmesiyle, yani aritmetik ortalamasinin alinmasiyla elde edilmigtir. Anket formunda web site
performansin etkileyen kriterlerin aciklamalarina da yer verilmistir. Performans kriterleri diinya siralamasi,
tilke siralamasi, toplam ziyaretci sayisy, ziyaret basina sayfa sayisi, ortalama ziyaret siiresi, hemen ayrilma
orany, performans katsayist ve hiz endeksi olmak tizere 8 adettir. Ankette aciklama metni, ikili kargilagtirma
puanlama Ornegi ve belirlenen kriterler i¢in puanlama tablosu yer almaktadir. Puanlama degerlerine iliskin
aciklama Tablo 1’de sunulmustur. Ikili karsilagtirma tablosunda, performans kriterinin énem derecesi yani
agirligini belirlerken; 1 esit 6nem durumu olan en diigitk 6nemi, 9 ise agir1 6nem durumunu temsil etmektedir.
Anketin tamam1 Ek-1 olarak sunulmustur (Puanlanmis 6rnek bir anket Ek-2’de verilmistir). Uzmanlarin
verdikleri yanitlar dogrultusunda kriter agirliklar: belirlenmistir. Kriter agirliklar1 bulgular boliimiinde Tablo
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5 olarak sunulmustur.
4, Bulgular (Findings)
4.1. Web sitesi performans kriterlerine iligkin bulgular (Findings regarding website performance criteria)

Caligmada degerlendirilen e-ticaret web sitelerin performans kriter degerlerinin veri seti Kasim 2022°de
olusturulmus olup web sitelerin Ekim 2022’ye ait performans degerleri Sekil 2’de gosterilmistir.

Kriterler
- Toplam Ziyaret .
. Ulke R R Ort. Ziyaret| Hemen . .
Diinya Ziyaretgi Bagina . Performans | Hiz indeksi
Siralamsi Siiresi Ayrilma
Siralamasi . Sayisi Sayfa (%) (s)
—_ (Tiirkiye) . (Dk.) Orani1 %
= (Milyon) Sayisi
% Trendyol.com 159 7 179,1 6,97 6,55 36,11 56 2,9
-‘é A101.com.tr 4476 96 14,11 3,48 2,25 52,36 32 4,4
ﬁ FLO.com.tr 4304 95 8,69 9,82 4,48 38,65 53 2,9
e
K ; nil.com 1354 31 35,2 4,62 3,59 46,59 37 6,4
:T-, o |Hep iburada.com 369 15 94,77 5,75 5,23 41,63 33 5
g o |DeFacto.com.tr 7854 180 6,58 5,48 3,42 37,09 67 2,5
& zn Ciceksepeti.com 2505 54 22,96 3,62 4,13 56,85 43 2,9
2 E Turkcell.com.tr 4729 104 12,55 3,88 3,11 51,8 39 10,5
° Dolap.com 12751 256 3,19 9,35 5,48 36,73 65 1,3
e
8 Karaca-home.com 64579 1219 0,74 4,64 3,03 51,04 34 7
i; hibinden.com 160 6 122,7 16,07 9,37 27,33 52 9,4
Y |Amazon.com.tr 916 22 42,97 6,34 4,16 42,9 73 4,7
Letgo.com 4616 207 5,57 6,33 4,33 36,2 35 2,9
Migros.com.tr 3864 87 11,65 6,79 3,4 51,65 13 12,2
Mavi.com 10957 244 4,06 7,37 4,2 43,61 17 5

Sekil 2. Alternatifler, kriterler ve performans degerleri (Alternatives, criteria and performance values)
4.2. AHP teknigi bulgular1 (AHP technique findings)
AHP teknigi asamalarina iligkin bulgular sirasiyla s6yledir.

Asama 1 - Problemin Tanimlanmasi ve Amacin Belirlenmesi: Giiniimiizde gelisen teknoloji ve rekabet ortami
e-ticaret firmalarinin sunduklar1 hizmetleri siirekli iyilestirmesine ve gelistirmesine neden olmaktadir. Bu
calismada Tirkiye'deki e-ticaret firmalarmin web site performanslarini etkileyen degiskenler, bu
degiskenlerin agirlik degerleri ve isletme performansinin belirlenmesi amag¢lanmaktadir. AHP teknigi ise e-
ticaret firmalarinin web sitelerin performans kriterlerinin agirliklarini (6ncelik vektorii) belirleme amaciyla
kullanilmistir.

Asama 2 - Karar Alternatiflerin ve Kriterlerin Belirlenmesi: Tiirkiye’de en ¢ok ziyaret edilen e-ticaret siteleri,
2022 yili Ekim ay1 Similarweb.com tarafindan yayimnlanan listedeki ilk 15 web sitesi olarak segilmistir. Bu
listeye gore en ¢ok ziyaret edilen e-ticaret web siteleri siralamasi azalan sirayla Trendyol.com, A101.com.tr,
FLO.com.tr, Hepsiburada.com, DeFacto.com.tr, Ciceksepeti.com, Turkcell.com.tr, Dolap.com, Karaca-
home.com, Sahibinden.com, Amazon.com.tr, Letgo.com, n11.com, Migros.com.tr ve Mavi.com’dur [43].

Web sitesi performans kriterleri diinya siralamast, iilke siralamast, toplam ziyaretci sayisi, ziyaret bagina sayfa
sayisl, ortalama ziyaret siiresi, hemen ayrilma orani, performans katsayisi ve hiz endeksi olmak tizere 8 adettir.
Uzman goriisiinden yararlanilarak kriterler belirlenmis olup, kriterlere iliskin aciklamalar Bolim 2.3’te
sunulmustur.

Asama 3 - Hiyerarsik Yapinin Olusturulmas:: Belirlenen e-ticaret sitelerinin web sitesi performanslarinin
siralanabilmesi i¢in problemin hiyerarsik yapist olusturulmus ve Sekil 3’te sunulmugtur.
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E-Ticaret Sitelerin Web Site Performanslarina

Gore Siralanmasi

/ / - \

Toplam . Ortalama Hemen
Ulke Siralamasi | | Ziyaretgi Sayisi AT Ziyaret Sresi Ayrilma Orani

Diinya Hiz indeksi

Siralamasi

Sekil 3. Problemin hiyerarsik yapist (Hierarchical structure of the problem)

Asama 4 - Onceliklerin Belirlemesi: Web sitesi performans kriterlerinin agirliklarinin belirlenmesinde uzman
goriisiinden yararlanilmigtir. Performans kriterlerinin 6nem diizeyi Saaty (1987)'nin gelistirdigi ikili
karsilastirilma ile belirlenmigtir. Uzman goriisii dogrultusunda belirlenen ikili karsilastirma sonuglar: Tablo
5’te sunulmustur.

Tablo 5. Ikili karsilagtirma uzman goriisii sonuglar1 (Pairwise comparison expert opinion results)

Tkili Tkili
Kriterler Karsilastirma Kriterler Karsilastirma

Degerleri Degerleri
Diinya Siralamast - Ulke Siralamast 1,91 Hemen Ayrilma Oran: - Ziyaret Basina 3,55

Sayfa Sayis1

Toplam Ziyaretgi Sayisi - Diinya Siralamasi 3,60 Performans - Diinya Siralamas: 5,90
Toplam Ziyaretgi Sayisi - Ulke Siralamast 4,40 Performans - Ulke Siralamasi 5,20
Ziyaret Bagina Sayfa Sayisi - Diinya Siralamas: 4,00 Performans - Toplam Ziyaret¢i Sayist 4,30
Ziyaret Bagina Sayfa Sayist - Ulke Siralamasi 4,00 Performans - Ziyaret Bagina Sayfa Sayis1 5,00
?g::let Bagina Sayfa Sayist - Toplam Ziyaretci 2,25 Performans - Ortalama Ziyaret Siiresi 3,50
Ortalama Ziyaret Siiresi - Diinya Siralamasi 4,80 Performans - Hemen Ayrilma Orani 2,90
Ortalama Ziyaret Siiresi - Ulke Siralamasi 4,40 Performans - Hiz Indeksi 1,38
Ortalama Ziyaret Siiresi - Toplam Ziyaret¢i Sayis1 3,50 Hiz Indeksi - Diinya Siralamast 6,00
Soal;?slfma Ziyaret Siresi - Ziyaret Bagina Sayfa 212 Hiz indeksi - Ulke Stralamast 5,60
Ortalama Ziyaret Siiresi - Hemen Ayrilma Orani 1,61 Hiz Indeksi - Toplam Ziyaretgi Sayist 4,70
Hemen Ayrilma Orani - Diinya Siralamas1 4,00 Hiz Indeksi - Ziyaret Bagina Sayfa Sayist 4,30
Hemen Ayrilma Oran - Ulke Siralamast 4,40 Hiz Indeksi - Ortalama Ziyaret Siiresi 3,55
Hemen Ayrilma Orani - Toplam Ziyaretgi Sayisi 2,85 Hiz Indeksi - Hemen Ayrilma Orant 3,20

Tablo 5’e gére performans kriterinden “Hiz indeksi - Diinya Siralamas:1” ikili karsilagtirmasi (6,00) en yitksek
degeri, “Performans — Hiz Indeksi” ikili kargilagtirmasi (1,38) deger almistir. “Performans — Hiz Indeksi”
kriterlerinin birbirlerine gore dnemi yaklasik olarak “esit” seviyedeyken, “Hiz Indeksi - Diinya Siralamasi”
ikili karsilastirmasi “gliclii dereceden daha fazla 6nemli” seviyesine yakindir (Tablo 1).

Asama 5 - Ikili Kargilastirma Matrisinin ve Oncelik Vektoriiniin Olusturulmast: Kriter ikili kargilagtirma
degerlerinden (Tablo 5) vyararlanarak,  kriterlerin kendi aralarindaki ikili kargilagtirma matrisi
olusturulmustur (Tablo 6).

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 399



Kar, Gok & Gokgen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

Tablo 6. Ikili kargilastirma matrisi (Pairwise comparison matrix)

.. Ulke T?p lam . Ziyaret O'r v Hemen Perfor Hiz
Diinya Ziyaretgi Bagina Ziyaret : .
Siralamasi L Ayrilma mans Indeksi
Siralamasi (Tiirkiye) Sayisi Sayfa Siiresi Orani (%) (%) )
4 (Milyon) Sayisi (Dk.) ? ’ s
Performans
Kriteri C1 C2 C3 C4 C5 Cé6 Cc7 C8
Cl1 1,00 1,91 0,28 0,25 0,21 0,25 0,17 0,17
C2 0,52 1,00 0,23 0,25 0,23 0,23 0,19 0,18
C3 3,60 4,40 1,00 0,44 0,29 0,35 0,23 0,21
C4 4,00 4,00 2,25 1,00 0,47 0,28 0,20 0,23
C5 4,80 4,40 3,50 2,12 1,00 1,61 0,29 0,28
Cé6 4,00 4,40 2,85 3,55 0,62 1,00 0,34 0,31
C7 5,90 5,20 4,30 5,00 3,50 2,90 1,00 1,38
C8 6,00 5,60 4,70 4,30 3,55 3,20 0,72 1,00
Toplam 29,82 30,91 19,11 16,91 9,86 9,82 3,15 3,76

Tablo 6’ya gore ziyaret bagina sayfa sayis1 (C4), diinya siralamasi (C1) kriterinden 4 kat daha 6nemlidir, yani
orta dereceden fazla 6nemlidir (Tablo 1). Diinya siralamasi (C1) kriteri ise ziyaret basina sayfa sayist (C4),
kriterinden 1/4 oraninda tercih edilir ve matriste 0,25 degerini almustir. Tablo 6’da yer aldig1 iizere en 6nemli
kriter tilke siralamasi (C2) 30.91 ile en yitksek 6neme sahiptir. Diinya siralamasi (C1) 29.82; toplam ziyaretci
sayist (C3) 19.11, ziyaret basina sayfa sayisi (C4) 16.91; ortalama ziyaret siiresi (C5) 9.86; hemen ayrilma orani
(C6) 9.82; performans (C7) 3.15 ve hiz endeksi (C8) 3.76 olarak azalan sirayla izlemektedir.

Asama 6 - Oncelik Vektoriiniin Olusturulmast: Bu kisimda TOPSIS tekniginde kullanilacak agirlik degerleri
elde edilmistir. Kriter agirlik degeri ikili karsilagtirma matrisindeki (Tablo 6) her bir degerin bulundugu
siitunda her bir hiicre degeri siitiin toplamu ile béliinerek hesaplanmigtir. Ornegin C3-C1 hiicresinde bulunan
deger; 3,60/29,82=0,1207 seklinde elde edilmistir. Matriste yer alan degerler siitun toplamina boliinerek
oncelik vektorii olugturulmustur. Her kritere ait degerler, satir kapsaminda toplanarak kriter sayisina (n)
boliinerek agirlik degerleri elde edilmistir ve Tablo 7’de sunulmugtur. Performans kriterleri Tablo 6 ‘da ve
ilerleyen tiim tablolarda yer alan kisaltmalar (C1, C2, C3, C4, C5, C6, C7, C8) ile ifade edilmistir.

Tablo 7. Oncelik vektoriiniin olusturulmasi (Creating the priority vector)

Kriterler
Kriterler Cl1 C2 C3 C4 C5 Cé6 C7 C8 Agirlik Degeri
Cl1 0,0335 0,0618 0,0145 0,0148 0,0211 0,0255 0,0538 0,0443 0,0337
C2 0,0176 0,0324 0,0119 0,0148 0,0230 0,0231 0,0611 0,0474 0,0289
C3 0,1207 0,1423 0,0523 0,0263 0,0290 0,0357 0,0738 0,0565 0,0671
C4 0,1341 0,1294 0,1178 0,0591 0,0478 0,0287 0,0635 0,0618 0,0803
C5 0,1609 0,1423 0,1832 0,1253 0,1014 0,1640 0,0907 0,0748 0,1303
Cé6 0,1341 0,1423 0,1492 0,2099 0,0630 0,1018 0,1095 0,0830 0,1241
C7 0,1978 0,1682 0,2251 0,2956 0,3548 0,2953 0,3175 0,3666 0,2776
C8 0,2012 0,1812 0,2460 0,2542 0,3599 0,3259 0,2301 0,2656 0,2580

Tablo 7’de her bir kritere ait agirlik degeri elde edilmistir, ancak bunlarin TOPSIS tekniginde kullanilmasinin
miimkiin olup olmadigin: tespit edebilmesi igin tutarlilik oraninin hesaplanmasi gerekmektedir.

Asama 7 - Tutarliik Oranmnin Hesaplanmasi: Her bir siitiin oncelik vektoriiyle carpildiktan sonra, her bir
satirda bulunan degerler toplanarak “Toplam” siitunu olugturulmustur (Tablo 8).
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Tablo 8. Temel degerin elde edilmesi (Getting the core value)

Kriterler Toplam/ Ortalama
Kriterler Toplam  Agirhk  Agirhik (Landa

c1 c2 c3 c4 C5 C6 c7 c8 Degeri max)
C1 0,0337 0,0552 0,0186 0,0201 0,0272 0,0310 0,0471 0,0430 0,2758 0,0337 0,1934
Cc2 0,0176 0,0289 0,0152 0,0201 0,0296 0,0282 0,0534 0,0461 0,2391 0,0289 0,2725
C3 0,1212 0,1272 0,0671 0,0357 0,0372 0,0435 0,0646 0,0549 0,5514 0,0671 0,2186
C4 0,1347 0,1156 0,1510 0,0803 0,0615 0,0350 0,0555 0,0600 0,6935 0,0803 0,6387

0,6765

Cs5 0,1616 0,1272 0,2348 0,1702 0,1303 0,1998 0,0793 0,0727 0,1759 0,1303 0,0221
Cé6 0,1347 0,1272 0,1912 0,2850 0,0810 0,1241 0,0957 0,0806 0,1194 0,1241 0,0203
C7 0,1986 0,1503 0,2885 0,4014 0,4562 0,3599 0,2776 0,3560 0,4885 0,2776 0,9639
C8 0,2020 0,1619 0,3153 0,3452 0,4627 0,3971 0,2012 0,2580 0,3434 0,2580 0,0827

Elde edilen toplam siitun tablosundaki degerler 6. adimda elde edilen agirlik degerlerine boliinerek
“Toplam/Agirlik Degeri” siitunu olusturulur. Sonrasinda ise bu stitundaki degerler toplanarak n (kriter)
say1sina boliiniir ve boylece temel deger (A - Landa max) elde edilir. Temel degerin elde edilmesinden sonraki
islem ise tutarlilik gostergesinin (CI) elde edilmesidir. Bunun i¢in (A-n)/(n-1) formiili uygulanarak CI =
0,096643 degerine ulasilmistir. Son olarak ise tutarlilik gostergesinin (CI) rassallik gostergesine (RI)
boliinmesiyle tutarlilik orani (CR) elde edilmistir. Burada RI degeri problemde tanimlanan kriter sayisina
gore Rastgele Indeks tablosundan alinmistir (Tablo 3).

Caligmada kriter sayis1 8 oldugu igin, tutarlilik orani CI degeri olan 1,41 degerine boliinerek elde edilmistir.
CR degeri 0,068543 (CI/RI = 0,096643/1,41) olarak elde edilmis olup, 0,10’dan kii¢iik oldugu i¢in tutarliligin
saglandig1 sonucuna varilmigtir. Tutarlilik orani sifira ne kadar yakin ise daha tutarli bir karsilagtirma sonucu
elde edilecektir. Bu dogrultuda AHP teknigi ile elde edilen agirlik degerleri TOPSIS uyulmasinda kullanilmasi
uygun gorillmiistiir. AHP ile performans kriter agirliklari azalan sira ile performans katsayist (C7: 0,27), hiz
indeksi (C8: 0,25), ortalama ziyaret siiresi (C5: 0,13), hemen ayrilma oran: (C6: 0,12), ziyaret bagina sayfa
sayist (C4: 0,08), toplam ziyaretci sayist (C3: 0, 06), diinya siralamast (C1: 0,03), tilke siralamasi (C2: 0,02)
olarak belirlenmistir.

4.3. TOPSIS teknigi bulgular1 (TOPSIS technique findings)

Bu béliimde AHP teknigi ile elde edilen agirlik degerleri dikkate alinarak TOPSIS teknigi ile e-ticaret
firmalarinin web site performanslarina gore siralanmistir. Uygulamada gergeklestirilen asamalar s6yledir.

Asama 1 - Problemin Tanimlanmasi ve Amacin Belirlenmesi: Bu ¢aliymada Ttirkiye’de hizmet veren e-ticaret
sitelerinin performanslar1 arastirilmaktadir. Aragtirilan e-ticaret web sitelerinin  performansinin
belirlenmesinde AHP yontemi ile elde edilen kriter agirhiklar dikkate alinarak, alternatif performanslarin
siralanmasi amaglanmaktadir.

Asama 2 - Karar Alternatiflerin ve Kriterlerin Belirlenmesi: Belirlenen 15 e-ticaret isletmesine ait web sitesi
performansini belirlemek icin AHP tekniginde belirlenmis olan kriterler, TOPSIS tekniginde de
kullanilmigtir. Bu kriterler diinya siralamast, iilke siralamasi, toplam ziyaretgi sayisy, ziyaret basina sayfa sayisi,
ortalama ziyaret siiresi, hemen ayrilma orani, web sitesi performans (%) ve hiz indeksi kriterleridir.

Asama 3 - Karar Matrisinin Olugturulmasi: TOPSIS karar matrisinde kullanilan performans kriterlerinden
diinya siralamasi, tlke siralamasi, hemen ayrilma orani ve hiz indeksi kriterleri minimizasyon yonli
kriterlerdir. Minimizasyon y6nlii olmalari, bu degerlerin miimkiin mertebe kiigiik olmasini ifade etmektedir.
Ornegin diinya siralamast degerinin kiigitk olmast onun diger alternatiflerden daha én sirada olmasini ifade
eder veya hiz indeksinin saniye cinsinden kii¢iik olmasi web sitesinin hizli bir sekilde gériiniir hale geldigini
belirtir. Toplam ziyaretgi sayisi, ziyaret basina sayfa sayisi, ortalama ziyaret siiresi ve performans kriterleri ise
maksimizasyon yonliidiir. Bu degerlerin yiiksek olmast tercih edilir. Ornegin web sitesini ziyaret eden
miisterilerin sayisinin fazla olmasi istenilen bir durumdur. Bu nedenle kriter siitununun altinda ilgili
kriterlerin maksimizasyon ve minimasyon durumu max ve min olarak tabloda belirtilmistir (Tablo 9). Tablo
9’da AHP tekniginden elde edilen agirlik degerleri de eklenerek karar matrisi olusturulmustur.
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Tablo 9. Karar matrisi (Decision matrix)

Kriterler

Cl1 Cc2 C3 C4 C5 Ceé C7 C8
Alternatifler min min max max max min max min

Kriter Agirhgt

0,0337 0,0289 0,0671 0,0803 0,1303 0,1241 0,2776 0,2580

Kriter Degeri
Trendyol.com 159 7 179,1 6,97 6,55 36,11 56 2,9
Al10l.com.tr 4476 96 14,11 3,48 2,25 52,36 32 4,4
FLO.com.tr 4304 95 8,69 9,82 4,48 38,65 53 2,9
N1l.com 1354 31 35,2 4,62 3,59 46,59 37 6,4
HepsiBurada.com 369 15 94,77 5,75 5,23 41,63 33 5
DeFacto.com.tr 7854 180 6,58 5,48 3,42 37,09 67 2,5
Cigeksepeti.com 2505 54 22,96 3,62 4,13 56,85 43 2,9
Turkeell.com.tr 4729 104 12,55 3,88 3,11 51,8 39 10,5
Dolap.com 12751 256 3,19 9,35 5,48 36,73 65 1,3
Karaca-Home.com 64579 1219 0,74 4,64 3,03 51,04 34 7
Sahibinden.com 160 6 122,7 16,07 9,37 27,33 52 9,4
Amazon.com.tr 916 22 42,97 6,34 4,16 42,9 73 4,7
Letgo.com 4616 207 5,57 6,33 4,33 36,2 35 2,9
Migros.com.tr 3864 87 11,65 6,79 34 51,65 13 12,2
Mavi.com 10957 244 4,06 7,37 4,2 43,61 17 5

Tablo 10. Normallestirilmis karar matrisi (Normalized decision matrix)

Kriterler
Alternatifler c1 c2 c3 c4 cs Cé c7 cs
Trendyol.com 0,002339  0,005326 0728775  0,243760 0355766  0,211480 0311193  0,121421
A101.com.tr 0065844  0,073039  0,057415  0,121705  0,122210  0,306648  0,177824  0,184225
FLO.com.tr 0063314  0,072278 0035360  0,343432  0,243333  0,226355  0,294522  0,121421
Nll.com 0019918  0,023585  0,143232  0,161574  0,194992 0272856  0,205610  0,267963

HepsiBurada.com 0,005428  0,011412 0,385628 0,201093 0,284069 0,243808 0,183381 0,209346

DeFacto.com.tr 0,115537  0,136947 0,026775 0,191650 0,185759 0,217219 0,372320 0,104673
Cigeksepeti.com 0,036850  0,041084 0,093426 0,126601 0,224323 0,332944 0,238952 0,121421
Turkcell.com.tr 0,069566  0,079125 0,051067 0,135694 0,168921 0,303369 0,216724 0,439627
Dolap.com 0,187574  0,194770 0,012980 0,326995 0,297648 0,215111 0,361206 0,054430

Karaca-Home.com  0,949992  0,927438 0,003011 0,162273 0,164576 0,298918 0,188938 0,293085

Sahibinden.com 0,002354  0,004565 0,499278 0,562011 0,508935 0,160059 0,288965 0,393571
Amazon.com.tr 0,013475  0,016738 0,174849 0,221727 0,225952 0,251245 0,405662 0,196785
Letgo.com 0,067904  0,157489 0,022665 0,221377 0,235186 0,212007 0,194495 0,121421
Migros.com.tr 0,056842  0,066191 0,047405 0,237465 0,184672 0,302490 0,072241 0,510805
Mavi.com 0,161183  0,185640 0,016521 0,257749 0,228125 0,255404 0,094469 0,209346

Asama 4 - Karar Matrisinin Normallestirilmesi: Karar matrisin normallestirilmesi i¢in, 3. agamada
olusturulan karar matrisindeki degerler, bulundugu stitundaki degerlerin karelerinin toplaminin karekdkiine
boliinmistiir. Boylece normallestirilmis karar matrisi elde edilmis ve Tablo 10’da sunulmugtur.

Asama 5 - Agirhklandirilmis Normalize Matrisin Elde Edilmesi: Bu asamada normallestirilmis karar

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 402



Kar, Gok & Gokgen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

matrisindeki her bir deger ilgili stitundaki kriterlere ait agirliklar ile ¢arpilarak agirliklandirilmig normalize
matris olusturulmugtur (Tablo 11).

Tablo 11. Agirliklandirilmis normalize matris (Weighted normalized matrix)

Kriter Agirlig:
1 2 4 5 7

Alternatifler ¢ ¢ e ¢ ¢ c6 ¢ cs

0,0337 0,0289 0,0671 0,0803 0,1303 0,1241 0,2776 0,2580

Kriter Degeri
Trendyol.com 0,0000788  0,0001539  0,0489008  0,0195739  0,0463563  0,0262446  0,0863871  0,0313266
A101.com.tr 0,0022190 0,0021108 0,0038525 0,0097729 0,0159239 0,0380551 0,0493641 0,0475300
FLO.com.tr 0,0021337  0,0020888  0,0023727  0,0275776  0,0317063  0,0280907  0,0817592  0,0313266
Nll.com 0,0006712 0,0006816 0,0096109 0,0129744  0,0254075 0,0338614 0,0570772 0,0691345

HepsiBurada.com 0,0001829  0,0003298  0,0258757  0,0161478  0,0370143  0,0302565  0,0509067  0,0540113
DeFacto.com.tr 0,0038936  0,0039578  0,0017966  0,0153895  0,0242043  0,0269569  0,1033560  0,0270057
Cigeksepeti.com 0,0012418  0,0011873  0,0062689  0,0101661 0,0292292  0,0413184  0,0663330  0,0313266
Turkeell.com.tr 0,0023444  0,0022867  0,0034266  0,0108962  0,0220104  0,0376480  0,0601625  0,1134238
Dolap.com 0,0063212  0,0056288  0,0008710  0,0262577  0,0387836  0,0266952  0,1002708  0,0140429
Karaca-Home.com 0,0320147  0,0268029  0,0002020  0,0130305  0,0214442  0,0370957  0,0524493  0,0756158
Sahibinden.com 0,0000793  0,0001319  0,0335016  0,0451295  0,0663143  0,0198633  0,0802166  0,1015413
Amazon.com.tr 0,0004541 0,0004837  0,0117324  0,0178047  0,0294415  0,0311796  0,1126118  0,0507706

Letgo.com 0,0022884  0,0045514  0,0015208  0,0177766  0,0306447  0,0263100  0,0539919  0,0313266
Migros.com.tr 0,0019156  0,0019129  0,0031809  0,0190684  0,0240628  0,0375390  0,0200542  0,1317876
Mavi.com 0,0054319  0,0053650  0,0011085  0,0206972  0,0297246  0,0316956  0,0262247  0,0540113

Asama 6 - Pozitif [deal ve Negatif ideal Céziimlerin Belirlenmesi: Bu agamada ise agirliklandirilmis normalize
matrisindeki her bir siitundaki en yiiksek ve en disiik degerler belirlenmistir. Degerlendirilen kriter
minimizasyon yonliiyse (diinya siralamas, hiz indeksi gibi) siitundan pozitif ideal ¢6ziim (V+) igin en diisiik
olan deger, negatif ideal ¢6ziim (V-) igin en yiiksek olan deger secilmistir. Eger ilgili kriter maksimizasyon
yonliiyse tam tersi uygulanmustir, yani pozitif ideal ¢oziim (V+) i¢in en yiiksek olan deger, negatif ideal ¢c6ziim
(V-) i¢in en diisiik olan deger secilmistir. Pozitif ideal ve negatif ideal ¢6ziim degerleri asagida Tablo 12°de yer

almaktadir.
Tablo 12. Pozitif ideal ve negatif ideal ¢oziimler (Positive ideal and negative ideal solutions)
Kriterler
C1 C2 C3 C4 C5 C6 C7 C8
Goziimler min max max max min max min
V+ 0,0000788 0,0001319 0,0489008 0,0451295 0,0663143 0,0198633 0,1126118 0,0140429
V- 0,0320147 0,0268029 0,0002020 0,0097729 0,0159239 0,0413184 0,0200542 0,1317876

Asama 7 - Ayirma Olgiimiiniin Hesaplanmasi: Burada pozitif ve negatif ideal ¢6ziimlerin elde edilmesinde
sonra ayirim uzakligi 6l¢timii yapilmustir ve Tablo 13’te sunulmustur.

Asama 8 - Ideal Coziime Gore Goreli Coziimiin Hesaplanmasi: TOPSIS tekniginin son agamasinda ideal
¢oziime gore goreli ¢oziimlerin (Ci+) degerleri elde edilir. Ci+, bir 6nceki agamada yer alan pozitif ideal ve
negatif ideal ayirim olgiilerinden yararlanilarak elde edilmistir. Ci+ degerleri, her bir alternatif i¢in ideal
negatif ayirim ol¢imii, negatif ve pozitif ideal ayirim olgiilerin toplamina béliinerek hesaplanmis ve Tablo
14’te sunulmugtur.
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Tablo 13. Ayirma dlgiimleri (Separation measurements)

Alternatifler Ayirma Degeri Alternatifler Ayirma Degeri

Si+ Si- Si+ Si-
Trendyol.com 0,0455915 0,1408671 Dolap.com 0,0607380 0,1497184
A101.com.tr 0,1062060 0,0973647 Karaca-Home.com 0,1218777 0,0652965
FLO.com.tr 0,0706894 0,1270802 Sahibinden.com 0,0945650 0,1078148
Nll.com 0,1027948 0,0848833 Amazon.com.tr 0,0704626 0,1315386
HepsiBurada.com 0,0879866 0,0999103 Letgo.com 0,0898128 0,1145894
DeFacto.com.tr 0,0721784 0,1397858 Migros.com.tr 0,1652403 0,0412466
Cigeksepeti.com 0,0855480 0,1185381 Mavi.com 0,1160865 0,0875025
Turkeell.com.tr 0,1347449 0,0590716

Tablo 14. Ideal ¢bziime gore goreli ¢oziimler (Separation measurements)

Alternatifler Ci+ Sira Alternatifler Ci+ Sira
Trendyol.com 0,7554872 1 Dolap.com 0,7113986 2
A101.com.tr 0,4782846 10 Karaca-Home.com 0,3488541 13
FLO.com.tr 0,6425669 5 Sahibinden.com 0,5327349 8
Nll.com 0,4522813 11 Amazon.com.tr 0,6511774 4
HepsiBurada.com 0,5317292 9 Letgo.com 0,5606074 7
DeFacto.com.tr 0,6594782 3 Migros.com.tr 0,1997539 15
Cigeksepeti.com 0,5808240 6 Mavi.com 0,4297996 12
Turkeell.com.tr 0,3047811 14

Tablo 14’teki ideal ¢oziime gore goreli ¢oziime gore en iyi web sitesi performansina sahip e-ticaret sitesi
Trendyol.com’dur. Azalan sirayla Dolap.com, defacto.com.tr, Amazon.com.tr, FLO.com.tr, ciceksepeti.com,
letgo.com, sahibinden.com, hepsiburada.com, Al0l.com, nll.com, mavi.com, karaca-home.com,
turkcell.com ve migros.com.tr web sitesi performansina sahiptir.

5. Sonuglar ve Tartisma (Results and Discussion)

Teknolojik gelismelerle birlikte e-ticaret kullaniminda her gegen giin artig gériillmektedir. Isletmeler daha iyi
hizmet tiretebilmek icin ve rekabetin tistesinden gelebilmek i¢in degisime uyum saglamalar1 zorunlu hale
gelmistir. Isletmelerin e-ticarete olan ihtiyaglar1 artmis ve ¢evrimigi satig platformlari énemli kazanmugtir.
Ozellikle COVID-19 doéneminde birgok faaliyet internet ortamina taginmigtir. Bu donemde miigteriler
miimkiin oldugunca fiziksel temastan kaginma ve satin alma davranislarini e-ticaret iizerinden
gerceklestirmeye yonelmisleridir. COVID-19 pandemisi déneminde e-ticaret web sitelerinin ziyaretgi sayilari
ve satiglarinda artiglar gortilmiistiir. E-ticaret kullaniminin artmast nedeniyle isletmeler web sitelerinin
performanslarini artirmaya 6nem vermislerdir.

Bu calismada Tiirkiye’de en ¢ok ziyaret edilen 15 aligveris e-ticaret web sitesinin performanslari analiz edilmis
ve swralanmigtir. E-ticaret web sitelerin performans kriterlerine gore siralanabilmesi i¢in CKKV
tekniklerinden olan AHP ve TOPSIS’ten yararlanilmistir. Arastirma sorulari yonelik sonuglar séyledir:

Aragtirma sorusu 1. Tiirkiye’de en ¢ok ziyaret edilen e-ticaret isletmelerinin web site performansini belirleyen
kriterler nelerdir?

E-ticaret firmalarinin web sitelerin siralanmasinda kullanilan kriterler belirlenirken, web siteleri hakkinda
daha 6nce gerceklestirilmis literatiirlerden yararlanilmistir. Kriterlerin belirlenmesinden uzman goriisiinden
yararlanilmistir. Web sitesi performans kriterleri diinya siralamasi, iilke siralamasi, toplam ziyaretci sayisi,
ziyaret bagina sayfa sayisi, ortalama ziyaret siiresi, hemen ayrilma orani, performans katsayis: ve hiz endeksi
olmak iizere 8 adettir.

Alan uzmanlari tarafindan 1-9 skalali Saaty 6lgegine gore degerlendirilen ikili karsilagtirma ile kriter 6nem
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derecelerinde “Hiz Indeksi - Diinya Siralamasi” ikili kargilagtirmasi (6,00) en yiiksek degeri, “Performans -
Hiz Indeksi” ikili kargilagtirmast (1,38) deger almistir (Tablo 5). “Hiz Indeksi - Diinya Siralamasi” ikili
kargilagtirmasi “gii¢lii dereceden daha fazla 6nemli” seviyesine yakinken; “Performans - Hiz Indeksi”
kriterlerinin birbirlerine gére 6nemi yaklagik olarak “esit” seviyededir (Tablo 1).

Aragtirma sorusu 2. Tiirkiye’de en ¢ok ziyaret edilen e-ticaret isletmelerinin web site performansin etkileyen
kriterlerin 6nem/agirlik degeri nedir?

AHP teknigi ile performans katsayisi (0,2776) ve hiz indeksinin (0,2580) en yiiksek kriter agirliklarina sahip
oldugu goriilmiistiir. Sonrasinda ise azalan sirayla hemen ayrilma orani (0,1303), ortalama ziyaret siiresi
(0,1241), ziyaret bagina sayfa sayis1 (0,0803), toplam ziyaretci sayis1 (0,0671), diinya siralamast (0,0337) ve
tilke siralamasi (0,0289) yer almaktadir. Analiz sonucu olarak en 6nemli 2 gosterge, performans katsayisi ve
hiz indeksidir. Deger olarak birbirine ¢ok yakin olan bu kriterler uzmanlar tarafindan da “esit” diizeyine yakin
derecede 6nemli bulunmustur.

Calismamizda elde ettigimiz bulgulara gore web sitesi performans katsayisi ve hiz indeksi yiiksek olan e-ticaret
sitelerinin #st siralarda yer aldigi gozlenmistir. Benzer sonuglar, Maruf (2020)’un gerceklestirmis oldugu
caligmada iist sirada olmayi etkileyen kriterler, performans katsayisi ve web sitelerin agilma siiresi olarak ifade
edilmistir. Hiz indeksi ve web sitesinin agilma siiresi ayn1 6zelligi 6l¢mektedir. Maruf (2020)’un Tiirkiye’deki
10 e-ticaret sitesini web site performanslarina gore siraladig1 ¢aligmasinda en yiiksek agirlik degerine sahip
web sitelerinin performans katsayis1 (0,343) ve web sitelerinin agilma siiresi (0,215)’dir. Nacar ve Ozdemir
(2021) de web sitesi agilma hizinin belirleyici oldugunu belirtmistir [2]. Bu ¢aligma, Maruf (2020) ile Nacar
ve Ozdemir (2021) tarafindan gerceklestirilen ¢aligmalarda performans katsayisi en belirleyici kriterken, Elisa
(2017)’nin yaptig1 caligmada web sayfasinin agilma siiresinin performans degerlendirmesinde temel kriter
oldugunu ifade edilmistir [38].

Aragtirma sorusu 3. Tiirkiye’de en ¢ok ziyaret edilen e-ticaret igletmelerinin web sitesi performans siralamasi
nasildir?

Belirlenen ve agirliklandirilan web sitesi performans kriterleri dogrultusunda 15 e-ticaret web sitesi
performanst TOPSIS teknigi ile siralanmigtir. TOPSIS siralamasinda gore en iyi performansi gdsteren web
sitesi Trendyol.com ’dur. Trendyol.com’u azalan siralamada Dolap.com, DeFacto.com.tr, Amazon.com.tr,
FLO.com.tr, Ciceksepeti.com, Letgo.com, Sahibinden.com, Hepsiburada.com, Al0l.com.tr, nll.com,
Migros.com.tr, Karaca-home.com Turkcell.com.tr ve Migros.com.tr takip etmektedir. Maruf (2020)’un
Tiirkiye’deki 10 e-ticaret sitesini web site performanslarint karsilagtirdigr ¢alismasinda Trendyol.com en
yiksek performansa sahiptir. Maruf (2020) ve bizim yaptigimiz ¢aligmalarda e-ticaret web sayfasi
performansina gore Trendyol.com’un ilk sirada yer almasi, teknik olarak Trendyol.com’un dogru stratejiler
dogrultusunda rekabet avantaji sagladigini gostermektedir. Buna ragmen Trendyol.com Tiirkiye genel
siralamasinda 2. Sirada, diinya siralamasinda birinci siradadir. Bu durum sadece teknik performans
kriterlerinin diginda, misteri ihtiyaclari, rekabet ortami, degisen ihtiyaclar gibi farkli faktérlerin de 6nemli
oldugunu, siralama belirlenen ¢er¢evenin iyi tanimlanmasi gerektigini gostermektedir. Ayrica Tiirkiye veya
diinyada siralamasinda yiiksek sirada olma her isletme i¢in 6nemli olsa da bu kriterlerin disinda web sayfast
performansini etkileyen diger kriterlere de dikkat edilmelidir. Maruf (2020) ikinci sirada Sahibinden.com
sitesinin performansinin oldugunu belirtirken, bizim ¢aliymamizda bu isletme 8. siradadir. Bu durum
firmalarin  web siteleri performanslarini iyilestirmeleri, satin alma trendleri gibi etkenlerden
etkilenebilmektedir.

E-ticaret sitelerinin performansini etkileyen performans kriterlerini, bu kriterlerinin agirliklarini belirleyerek,
e-ticaret web sitelerinin siralamasini yapan bu caligma ve literatiirdeki ¢alismalar e-ticaret siireglerinin
iyilestirilmesi, trendlere yonelik ¢oziimler tiretme gibi siireglerde isletmelere katk: saglamasi beklenmektedir.
Toplumsal ve kiiresel olaylar, tiim yasamu etkiledigi icin e-ticareti de etkiyecektir. Bu nedenle bu tiir calismalar
isletmelerin gii¢lii ve zayif performans kriterlerini belirleyerek, hem yeni karar, strateji ve yatirimlariyla
rekabet avantaj1 yakalamasina hem de piyasada arz-talep dengesini saglamasina katki saglayacaktir.

Hem bireyler hem de igletmeler siirekli degisen ve gelisen diinyamiza uyum saglayarak var olmaya devam
etmektedir. Bu ¢alismada 2022 yilinin Ekim ayina ait veriler Similarweb ve GTmetrix sitelerinden elde edilmis
olup, bu veriler dogrultusunda degerlendirmeler yapilmistir. Farkli dénemlerde yapilacak olan ¢alismalar
trendleri belirleme ve iyilestirmeleri izleme igin literatiire katki saglamasi beklenmektedir. Farkli zaman
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dilimlerinde gerceklestirilecek c¢aligmalar ile performans kriterleri ve siralamalar ile yeni yaklagimlar
gelistirilebilir.

Bu ¢aligma sonucunda problemde tanimlanmig olan kriterlerin web siteleri i¢in ne derecede 6nemli olduklar:
ortaya konulmustur. Ancak burada dikkat edilmesi gereken temel husus, web sitesi performanslarinin
belirlenen kriterler dogrultusunda siralanmasidir. Farkli kriterler ile farkli siralamalar gerceklesebilir. Bu
calismada e-ticaret web sitelerin siralanmasinda hizmet veya iiriin kalitesi gibi kriterler dikkate alinmamugtir.
Dolayistyla siralanan isletmeler veya markalar degil, yalnizca e-ticaret web siteleridir. Performans
degerlendirmede daha fazla kriter kullanarak daha kapsayici arastirmalar yapilmas: literatiire katk:
saglayabilir.
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Ekler (Appendicess)

Ek-1 Ikili kargilagtirma i¢in anket formu (Appendix1 Survey form for pairwise comparison)
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Ek-2 Puanlanmis anket formu 6rnegi (Appendix2 Scored survey form example)
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oldugu toplam miilk sayisi, Ogrencinin calisma durumu

Yazarlar Amag Kriterler Bulgular
‘Ailenin bakmakla yiikimlii oldugu gocuk sayist, Ailenin  Burs verilecek 3 dgrenci arasindan listedeki 1. 5grenciye verilmesi yoninde sonuca ulasilmistr. Segimi etkileyen en énemli
T.Eren, Y. A. Abal & " o i, e RN iri 4
Bursiyer segimi toplam aylik geliri, Anne-baba durumu, Ailenin sahip  kriterlerin ailenin toplam aylik geliri ve anne-baba durumu (Sag beraber, sag ayri, Baba vefat, Anne vefat veya Anne baba

vefat durumu) olarak gériilmiistiir.

R. Goral, 2015

E-WOM'a dayalt en
uygun otelin
belirlenmesi

Uyku Kalitesi, Konum, Odalar, Hizmet, Fiyat/ Fayda,
Temizlik

Konya ilinde bulunan ve TripAdvisor internet sitesinde en fazla yorum almas ilk 9 otel degerlendirmeye dahil edilmis olup,
nemli kriterlerin fiyal ve fayda oldugu sonucuna ulagilmistir. Gahsma kapsaminda C oteli en uygun otel olarak
belirlenmistir.

N. Omiirbek, Y. Makas
& V. Omiirbek, 2015

Kurumsal proje
ydnetim yazilimi
segimi

Tedarikgi Firma ve Satin Alma Kriterleri, Kullamm
Kolayhg Kriterleri, Uyarlama ve Teknik Altyapt
Kriterleri, Destek

Tsletmeler icin hakstz rekabete yol aglmamast sebebiyle program isimleri A, B, C ve D olarak tammlanmis olup, en uygun
EPM yazilimi A programi olarak belirlenmistir. Burada A programunin ilk sirada olma sebebi; maliyetin diisiik olmasi,

kullanim: kolay olmasi ve aigl in daha gorsel sonucuna

Z. Giinay & O. F.
Unal, 2016

Tedarikgi segimi

Fiyat, Kalite, Yonetim, Teknoloji, Esneklik, Teslimat,
Yenilik

“Tedarikgi segiminde alitenin en onemli faktor oldugu sonucuna ulagilmustir. Kaliteden sonra ise sirastyla yenilik,
i, yonetim, teslimat, esneklik ve fiyat yer almistir. Tedarikgilerin siralanmasinda ise 4 firma arasindan en iyi
tedarikinin Firma 1 oldugu gérillmiistiir.

T. Eren & 8. Giir, 2017

Online ahigveris
siteleri igin 3PL

Esneklik, Gavenirlik, Teknolojik Kullanim, Maliyet,
Kapasite Yeterliligi, Teslimat Hizy, Yerlesim, Yonetim,
Tecritbe

Uzmanlarin gorislerine dayanarak isletmeler bir 3PL firma secimi yaparken en gok dikkate aldiklart kriter maliyet oldugu
tespit edilmistir. Bu dogrultuda A, B, C ve D firmasindan A firmast aranan kriterlere en gok uyum gosteren firma olarak

firma segimi

M. Yilmaz, A. Eroglu,
M. L. Erdas, 2017

Tsletme
kredibilitesinin
degerlendirilmesi

Likidite Oranlan, Mali Yap: Oranlary, Faaliyet Oranlars,
Karlilik Oranlary, Bityiime Oranlary

Kredi skoru siralamasina en yiiksek agirlik degerine kir marju sahip olmustur. Kredi skoru siralamasina dahil edilen
isletmeler arasinda ise Konfrut Gida igletmesi ilk sirada yerini almistir.

C.Tag, N. Bedir, T.

Hastalarin hastane segiminde dikkate aldiklar: kriterler literatiir incelemeleri ve uzman gorisleri sonucunda belirlenerek

personel segim

Sosyal Yeterlilik

Poliklinik Hastane hekim bilgisi, Temizlik ve fiziki kosullar, Genel ~ de Arastirma da dncelikli in Ankara Tiirkiye Yiiksek htisas Egitim ve Arastirma
Eren, H. M. Alagas & 2 o . RS 2 . = f 5 g i 5 R 5 i s e
A degerlendirilmesi  hastane bilgisi, Hastane imaji Hastanesi oldugu sonucuna Kriterlerin hastane hekim bilgisinin en onemli kriter
5. Getin, 2018 R
olarak belirlenmistir.
Personel segimini etkileyen kriterler arasinda en yiksek agirlik degerine mesleki yeterlilik kriter sahip olmugtur. Mesleki
Lojistik sektériinde  Teknik Yeterlilik, Mesleki Yeterlilik, Fiziksel Yeterlilik, e e R R S R A B
Tigaz, 2018 yeterllik kriterleri arasinda nem diizeyi en yiksek kriteri ise mesleki eitim olarak gorilmiistiir. Bu dorultuda 5 aday

arasinda A5 alternatifi ilk sirada yer almigtir.

2021

Tedarikgi Segimi

oncelik

= Ring Araglarmin Motor Ozelligi, Donanim, Estetik Gériiniim, Maliyet, Uygulama sonucunda kampiis igin ilk sirada Teknoloji-1 yer alarak en uygun arag olarak énerilmistir. Bu alternatif;
N. 1. Siit, M. Hamurcu bt & s e R T R S e denivleilk
&T. Eren, 2019 Segimi (Kampiiste  Enerji Verimliligi, Harcket Kabiliyeti, Engelsiz Erisim,  engelsiz erisim, gevre ve enerji ig biiyik olgide sirada oldugu sonucuna

i Yesil Ulagim) Cevre ulasilmistir.
_— e i Boyatlan: Ekonomik Boyut,Sogyal _ Ga1Ma sonucunda ana Kriterler arasinda en yiksek ik deerine sahip olan kriter ekonomik boyut larak espit
C. Oral &S. e e edilmistir. Ekonomik boyut kriteri diginda sosyal ve gevresel boyut da igin
Gegdogan, 2020 5: u:: e oyut, Gevresel Boyul nemli oldugu gorilmistir. Tim yillarim puanlart i diginde; ekonomik boyut 2013 verilerine gore
& birinci sirada AKBNK yer almugtir. 2014-2018 yillardaki degerlendirmelere gore de AKBNK ilk sirada yer almustir.

T O3 . Tk, A e VAl Tl T Al Gl 5 tedarikgi arasindan ilk sirada D1 tedarikgisi yer almistir. Tedarikei seqimini etkileyen kriterlerin degerlendirilmesinde

kalite kriteri en yiiksek 3neme sahip olmustur. Kalite kriterinden sonra ise sirasiyla maliyet, teslimat ve tedarikgi profili yer
almistir.

Y. Ersoy, 2021

personel se¢imi

Hetisim becerisi, Takim gahgmasina yatkinlik, Ogrenme
ve gelisme istegsi, Yabana dil bilgisi

M. E. Bulak, O.
Kozanoglu, §. N. E-Ticaret Sitelerini Bilgi Kalitesi, U Site Tasarimy, ~ Kullanilabilirlik performansini etkileyen en dnemli faktor site olarak Kull ik agisindan
Aydogduoglu, F. Kullonlabililigs | S Navigasyonu, Hizmet Kalitesi, Migteri AHP yontemi sonucuna gore en iyi performans degerine sahip olan e-ticaret platformlari N11 ve Hepsiburada olarak elde
Gaoger & R. Goger, = gl Memnuniyeti edilirken, TOPSIS yontemine gore ise Sahibinden ve Amazon web siteleri yer almaktadar.
2021

e 15 deneyimi, Bilgisayar becerisi, Analitik disiinme, Galisma sonucuna gore degerlendirmeye dahil edilen kriterler arasinda is deneyimi en yiiksek agirlik degerine sahiptir.

Stralama analitik diisiinme ve bilgisayar becerisi olrak devam etmistir. Isletme igin en uygun alternati M3 aday: olarak
belirlenmistir.

M. Yorulmaz & B.
Tongug, 2022

Gemi brokerlerinin
mesleki etik

ilkelerinin

Diirisstliik, Hukuka Uygunluk, Sir Saklama, Tarafsizhk,
Seffaflik, Haksiz Rekabet Yapma, Bilgi Paylasma,
Sorumluluk, Bagamsizhk

Galigma sonucunda kriterleri arasinda diriistliik, hukuka uygunluk ve tarafsizlik ilk 3 sirada yer almigtir. Bu dogrultuda
‘mesleki etik ilkeler agisindan en uygun gemi brokeri tiirii “bagimsiz” calisan B kisisi olarak tespit edilmistir.
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ABSTRACT

Keywords: CFRP, The subject of the study is to determine the earthquake performance according to TBEC2018

reinforced concrete structures, principles of the existing medicine production facility with a frame system, which was built with
retrofitting, waffle slabs, earthquake conventional RC method in Corlu-Tekirdag and to evaluating the use of CFRPs (Carbon Fiber
Tekirdag Namik Kemal University, Reinforced Polymers) for increasing the vertical load capacity of waffle slabs. In a highly hygienic
Technical Sciences Vocational School, environment, retrofitting alternatives have been investigated and structural safety comparison
Technology of Civil Engineering, has been made. In the earthquake retrofitting application of the building, the advantages of

Tekirdag, Tiirkiye
Orcid: 0000-0003-3305-928X
e mail: abal@nku.edu.tr

retrofit with composite materials were utilized and advantages and disadvantages were
determined compared to traditional methods. The live load value of 750 kg/m2 was increased to
1000 kg/m2 with the change of use. After this change, CFRP strips and fabrics were used to
“Corresponding author: abal@nku.edu.tr increase the load bearing capacity of the slabs. In addition, the change in the mode shapes and
storey drifts of the structure was checked after the live load increase. The effect of CFRP
reinforcement technique applied to waffle slabs, beams and columns on the stiffness, ductility and
displacements of the structure was evaluated. The safety of the structure has been established
according to the TBEC2018 and the effect of CFRP on the axial compression, bending and shear
resistance of the structural elements was determined according to 1000 kg/m2, which is the live
load capacity required by Covid19 vaccine production.

[sletme Yiikleri Degisen Betonarme Kaset
Dosemelerin CFRP ile Diisey Yiik Kapasitelerinin
Arttirilmasi

0z

Calismanin konusu, DBYBHY2007’ye gore tasarim ve analizleri tamamlanan, Corlu-Tekirdag’ da

konvansiyonel betonarme yontemi ile ingaa edilmis, ¢ift yonlii disli dosemelerin (kaset doseme)

kullanildi1 cerceve sistemli mevcut ilag iiretim tesisinin, degisen isletme yiikleri altinda

TBDY2018 yonetmeligi esaslarina gore deprem performansinin belirlenmesi ve ¢ift yonli disli

dosemelerin diisey yiik kapasitelerinin artigt icin CFRP (karbon esash lifli polimerler)lerin

kullaniminin uygunlugunun degerlendirilmesidir. Ilag tesisi gibi oldukga hijyenik bir ortamda

gliclendirme alternatifleri arastirilmis ve yapisal giivenlik karsilagtirmasi yapilmustir. Yapinin

deprem giiglendirme uygulamasinda kompozit malzemelerle giiglendirmenin avantajlarindan

yararlanilmis ve geleneksel yontemlere gore avantaj ve dezavantajlar1 belirlenmistir. 750 kg/m?2

olan hareketli yiik degeri kullanim degisimi ile 1000 kg/m2’ye yiikseltilmistir. Bu degisimin

ardindan CFRP lamine ve kumaslar ile déseme yiik tagima kapasitesi arttirilmigtir. Ayrica yapinin

mod sekilleri ve goreli 6telemelerinin degisimi hareketli yiik artigindan sonra kontrol edilmistir.

Cift yonlii disli doseme, kiris ve kolonlara uygulanan CFRP giiglendirme tekniginin yapr rijitligi

Anahtar Kelimeler: CFRP, stinekligi ve deplasmanlarina etkisi degerlendirilmistir. Yapinin TBDY2018 yonetmeligi
betonarme yapilar, esaslarina gore giivenligi tesis edilmis ve Covid19 a1 iiretiminin ihtiya¢ duydugu hareketli yiik
giiclendirme, kaset dégeme, kapasitesi olan 1000 kg/m2’ye gére CFRP’nin yap1 elemanlarinin eksenel basing, egilme ve kesme

deprem direnglerine etkisi belirlenmistir.

To cite this article: A. Bal, “Increasing the vertical load capacity of reinforced concrete waffle slabs with
varying operating loads using CFRP,” Gazi Journal of Engineering Sciences, vol. 9, no. 3, pp. 411-421, 2023.
doi:10.30855/gmbd.07050775
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1. Introduction

Slab systems are the horizontal planes that must support both live load and dead loads. Waffle slab is two-way
concrete slab reinforced by ribs in two direction and able to carry heavier loads ans span longer distances than
flat slabs [1-3]. In other words, the waffle slab consists of frequent beams in two directions and the plate on
them. Waffle slabs are generally used in projects where the column axis spaning is 7~8m and above (such as
conference halls, shopping centres, industrial buildings) and in situations with high live loads (such as
machine layout, truck loading area, forklift working area, storey car gallery). Larger spans can also be possible
by using post-tensioning in this slab system.

The main beam and rib heights, plate thicknesses depend on the span, seismicity, material quality and load
conditions. The bending moment and shear force of the ribs are calculated considering all parameters [1-3].
According to TBEC 2018 [4] the plate thickness shall not be less than 70 mm in reinforced concrete waftle
slab systems under the effect of earthquake.

Fiber reinforced polymers materials are lightweight, noncorrosive, and exhibit high tensile strength.
Composite materials with very different mechanical properties can be obtained by using different fiber and
matrix materials. The advantages of carbon fiber can be listed as high modulus of elasticity and strength, low
self-weight, resistance to chemical effects and high temperatures. It is known that the most application as a
polymer matrix is with epoxy. The advantages of epoxy over other polymer matrices are high strength, high
adhesion, and resistance to high temperatures [5-8].

Experimental and analytical studies on the retrofitting of reinforced concrete slab systems with CFRP are
reviewed. Anil et al. (2013) [9] They investigated the flexural behavior of a one-way reinforced concrete slab
by opening it and reinforcing it with CFRP strips. It was seen that the method of strengthening one way
reinforced concrete slabs with opening by using CFRP strips increased the load carrying capacity and stiffness
of specimens considerably. Enochsson et al. (2007) [10] The work presented in this paper shows that CFRP
sheets can be used to maintain and even increase the original load-capacity of two-way concrete slabs with
openings. The aim of the study by Ghoroubi et al. (2020) [11] is to develop the retrofitting details, which will
increase axial ultimate load capacity, stiffness, displacement ductility ratios, and energy dissipation capacities
of short reinforced concrete (RC) low-slenderness columns to avoid adverse effects on earthquake
performance. In the study by Emara et al. (2023) [12] the flexural behaviors of one- and two-way reinforced
concrete (RC) slabs strengthened with carbonfiber- reinforced polymer (CFRP) strips under impact loads
were investigated. In the study by Tiirer and Mercimek et al. (2023) [13-14] the effectiveness of a
strengthening technique developed by using CFRP strips was investigated to prevent the punching strength
loss caused by two square openings adjacent to the column in two-way reinforced concrete flat slabs and three
different strengthening methods have been proposed to increase the punching strength of reinforced concrete
(RC) flat slabs. Markou and Jung (2013) [15] Within this paper, the effects of CFRP plates on the strength of
existing RC waffle slabs was investigated.

Earthquake is the heaviest loading situation that a structure encounters during its lifetime. It is known that
due to insufficient ductility, insufficient strength and insufficient rigidity in reinforced concrete structures,
damages occur under earthquake effect and even the structures reach the collapse point [16,17]. The
parameters in the damage of existing structures or in reaching their carrying capacities can be listed as
environmental impacts, increases in operating loads (dead, live, earthquake), changes in design regulations,
etc. It is necessary for structural earthquake safety that all structures designed and constructed before the
effective date of TBEC2018 [4] are checked according to the new conditions, the existing systems are evaluated
and retrofitting works are carried out when required.

The subject of the study is to evaluate the increase of the vertical load capacities of the existing pharmaceutical
production facility in Corlu with a frame system using reinforced concrete two-way waffle slabs with CFRPs
according to TBEC2018 [4] principles under varying operating loads. In the building where the application
will take place, the live load bearing capacity has been increased from 750 kg/m? to 1000 kg/m? in order to
realize the new functions created for Covidl9 vaccine productions. The effect of CFRP reinforcement
technique applied to waffle slabs, beams and columns on the stiffness, ductility and displacements of the
structure was evaluated.
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2. Analysis Of Existing Reinforced Concrete Structure And Earthquake Behaviour

The building was constructed in 2009 as a conventional frame reinforced concrete building according to
TEC2007 [18] requirements in Corlu, Tekirdag and is used as a pharmaceutical and vaccine production
facility. Figure 1 shows the exterior view of the existing facility.

Figure 1. Exterior View of the Existing Pharmaceutical and Vaccine Production Facility

2.1. Architectural System

The building is 145m and 55m in size. It consists of 7 axis spans and 8 axes in X direction and 19 axis spans
and 20 axes in Y direction. The axis span of the building is 7.86 metres in both directions. The building has 3
structural dilatations in Y direction and consists of 4 parts. There is a basement floor in the building. It is
designed as ground + 2 floors. The total height of the building is 19.00m and the total height above ground is
12.00m. Figure 2 shows the ground floor layout and section view of the existing facility.
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Figure 2. Ground Floor Layout and Section of the Existing Facility

Pharmaceutical and vaccination facilities are highly hygienic areas compared to other operations and are very
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sensitive to external factors. Architectural solutions and functions are very important in these facilities
consisting of many different organisations. With the Covid19 pandemic, which started in 2019 and affected
the whole world, vaccine production has started rapidly in this facility. With the urgent change of production,
it is planned to change the operating loads in the building. For this reason, determination of the flexural
strength capacity of the structure elements and earthquake performance analysis were requested.

2.2. Structural System

The structure is a reinforced concrete building with conventional frame system. All columns are 85x85cm
square section and main bearing beams are 50cm x 100-115-125cm variable rectangular section. Two-way
waffle slab is used on all floors. In the first design of the building, the live load was calculated as 750 kg/m? for
the first two floors and analysed as 500 kg/m? for the attic floor. Figure 3 shows the mathematical model of
the structure.

Figure 3. Mathematical Model of Structure

The existing static and architectural projects in the years when the building was built were reached. During
the investigation, material information, foundation systems and soil parameters were analysed based on the
existing project values and no studies were carried out on site.

According to TEC 2007 [18], the structure is accepted as a third-degree earthquake zone and the effective
ground acceleration coefficient A¢=0.20g. For the specified soil type (ZD-Tight layers of sand, gravel, or very
solid clay) and building coordinates, the maximum ground acceleration (PGA) was determined for DD-2 10%
probability of exceeding in 50 years, corresponding to a return period of 475 years.as 0.293g from AFAD
Turkey Earthquake Hazard Map Interactive Web Application [19] and analyses were performed with this
acceleration value. The maximum ground speed (PGV) is 18.056 cm/sec. The coordinates of the existing
structure are shown in the earthquake risk map and horizontal spectra are given in Figure 4.

Turkey Earthquake Hazard Map Horizontal Elastic Design Spectrum

~ sum- (sav0nl)su oerems
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Figure 4. (a) Turkey Earthquake Hazard Map (b) Horizontal Spectra for Coordinates Where the Building Is Located

The building importance coefficient is I=1.0 for industrial buildings according to TBEC 2018 [4]. The building
use categories coefficient is BKS=3. The building use categories is determined according to the building
importance coefficient. While according to TEC2007 [18] the structural system behaviour coefficient of the
building is R=7 in the current project, according to TBEC 2018 [4], the structural system behaviour coefficient
is calculated as R=4 and the strength excess coefficient is calculated as D=2,5 [5].
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3. Earthquake Performance Analysis and Retrofitting Project

Earthquake performance analyses were carried out according to the principles of the new building code for
changing operating loads and new machine layouts planned to be added for Covid19 vaccine production.
With the new machines and tanks to be added, the live load in the application areas has been determined as
1000 kg/m? and it is aimed to increase the vertical load capacity according to this load.

Determination of the earthquake performance of the structure Pushover analysis from linear inelastic
methods was carried out. Thus, it is aimed to determine the performance level of the reinforced concrete
building by performing the analyses required for the reinforcement decision if necessary. Earthquake
calculation was made for both two directions in accordance with the building code TBEC 2018. The analysis
and mathematical models of the structure were made in SAP2000 analysis program [20]. Figure 5 shows the
three-dimensional models of the structure in SAP2000 [20].

Figure 5. The Three-Dimensional Models Of The Structure in SAP2000

The 1% period is 1.037 sec. in X direction, the 2™ period is 1.028 sec. in Y direction and the 3" period is 0.969
sec. in torsion mode at 750 kg/m?live load level. The 1% period is 1.126 sec. in X direction, the 2™ period is
1.112 sec. in Y direction and the 3™ period is 1.046 sec. in torsion mode at 1000 kg/m?live load level. The first
three modes of the structure at 750 kg/m? and 1000 kg/m? live load level are given in Figure 6.

Mode 3 Tiorsion:0.969 sec.

Mode 1 Ty:1.126 sec. Mode 2 T:1.112 sec. Mode 3 Tiorsion:1.046 sec.
(b)
Figure 6. The first three modes of the structure (a) 750 kg/m? (b) 1000 kg/m*

The maximum roof displacement of the structure in the X direction is 0.0365m for 750 kg/m?* and 0.0409m
for 1000 kg/m’. The maximum roof displacement of the structure in the Y direction is 0.0364m for 750 kg/m’
and 0.0384m for 1000 kg/m?. Relative storey drift ratio in both directions (X-Y) increased from 1.20% to
1.40%. The relative storey drifts of the structure with both live loads are shown in Figure 7.
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Figure 7. The relative storey drifts of the structure (a) 750 kg/m? (b) 1000 kg/m*

The natural vibration periods for 750 kg/m? live load, storey displacements, base shear forces and relative
storey drifts for both earthquake directions were determined. The values obtained are within the limits of the
TEC2007 [18]. Then the same values were determined for 1000 kg/m? live load value of the structure. There
was a small increase in the natural vibration periods of the existing structure, but there was no change in the
mode shapes in terms of direction. The base shear forces increased from 1307 tons to 1524 tons for both
directions. Relative drift ratios increased from 1.2% to 1.4% for both directions. However, the relative storey
drifts ratios are within the limits of both the TEC2007 [18] and TBEC2018. The earthquake performance of
the building according to TEC2007 [18] ensures the life safety performance target. Figure 8 shows the

earthquake performance level of the structure.
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Figure 8. The Earthquake Performance Level of the Structure

The vertical load capacity of the waffle slabs, beams and columns should be increased on an element basis in
the retrofitting of the structure. Providing the relative drift limits in the current regulation shows that the
structure needs an increase in vertical load capacity rather than an additional increase in horizontal stiffness.
CFRP applications generally contribute to the increase in strength and ductility of structural elements. CFRP
applications do not cause a significant increase in the horizontal stiffness of the structural elements.
Traditional reinforced concrete shear wall additions and jacketing significantly increase the stiffness of the
structure. Since there is no need for stiffness increase in the investigated structure, a method using CFRPs is
proposed to increase the vertical load capacity and ductility of the structure. Within the method, bending and
shear strengths of waffle slabs and beams will be increased on element basis. In addition, it is aimed to increase
the axial load carrying capacity and shear capacity of the columns with CFRP wrapping.

In order to increase the flexural strength capacity, a sample main reinforced concrete beam was selected, and
its numerical values were given within the scope of the study. The width of the selected beam is 125c¢m, the
total height is 50cm, the plate thickness is 10cm and the width of ribs are 20cm.

After linear and nonlinear static analyses, the maximum moments at the span of the main bearing beams were
calculated and compared with the beam flexural strength capacities. The moment values in the beams are
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given in Table 1. The Mp, (kNm) moment is the moment consisting of the dead load, M, (kNm) is the service
moment at section and M, (kNm) moment is the factored moment at a section.

Table 1. Moment Values of Main Beam

Live Load MpL kNm M; kNm M. kNm
750 kg/m’ 147 373 511
1000 kg/m’ 147 427 584

As a result of the analyses and calculations, it was determined that the flexural strength capacity of the beam
was insufficient by increasing the live load. In the factory where vaccine and pharmaceuticals are produced,
the alternative of retrofitting with CFRP was preferred due to its fast and clean construction technique. CFRP
strips and fabrics were used to increase the shear force and flexural strength capacities in reinforced concrete
main bearing beams, rib and plate slabs, columns.

Table 2. Technical Properties of Reinforced Concrete Beams

fe! (N/mm?) 30
fy (N/mm?) 420
As (mm?) 3012
Modulus Of Elasticity of Concrete (N/mm?) 32000
Modulus Of Elasticity of Steel (mm?) 200000
k (ratio of depth of neutral axis to reinforcement 0,334
depth measured from extreme compression fiber) (ACI 318-05) [21,22]

The technical properties of the CFRP fabric used are given in table 3 and the technical properties of the CFRP
strips are given in table 4. These values were used in the application and retrofitting calculations.

Table 3. Technical Properties of CFRP Fabric

Modulus Of Elasticity (N/mm?) 230000
Type of Fiber High Strength Carbon
Tensile Strength (N/mm?) 4900
Elongation at Break (%) 2,10
Thickness S (mm) 500
Mass Of the Fabric Per Unit Area (g/m’) 300
Reaction to Fire Classe F

Table 4. Technical Properties of CFRP Strips

Modulus Of Elasticity (N/mm?) 165000
Tensile Strength (N/mm?) 3000
Elongation at Break (%) 1,5
Thickness S (mm) 1,2
Width (mm) 50
Cross Section Area (mm?) 60

As a result of the retrofitting calculations, static and reinforced concrete analyses were repeated in order to
increase the vertical load capacities under increased operating loads and the retrofitted section was checked
for shear force and flexural strength capacities. The retrofitted section is capable of sustaining the new flexural
strength ®M, =615,8 kNm. This value is sufficient in terms of operational and earthquake safety.

The maximum shear force of the beam was calculated as V,,=887 kN. Reinforced concrete beams are planned
to be wrapped in U-shape with CFRP fabrics and will be anchored to the beam with CFRP anchors. The
retrofitted section is capable of sustaining the new shear strength V.=1067,9 kN. This value is sufficient in
terms of operational and earthquake safety. After the increase in live loads and retrofitting with CFRP, it was
observed that the performance level of the structure ensured the life safety performance level according to the
TBEC2018 [4].

3.1. Retrofitting application

Cross-sectional bearing capacity checks of all reinforced concrete structural elements were carried out and
reinforcement projects were prepared for changing fast operating loads. CFRP reinforcement was preferred
due to the urgency of Covid19 vaccine production. The details of the second-floor reinforcement project are

given within the scope of the study according to the tank and machine layouts planned to be added.

Firstly, the area to be retrofitted was cleaned and separated from the other parts of the facility. The retrofitting
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application was completed with minimal intervention in the ultra-hygienic facility, which is the subject of the
study. Before the application, plaster, paint etc. were removed from the reinforced concrete elements and the
application started.

CERP strips were used in both directions to increase the flexural strength capacities of the second-floor
reinforced concrete ribs and beams. 4 strips were used in both directions in the beams and 1 strip in all ribs.
Figure 9 shows the CFRP strips reinforcement application on beams and ribs.
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Figure 9. Second Floor CFRP Strips Reinforcement (a) Project Layout (b, c) Application Area

The beams were wrapped with a single layer of CFRP fabric along the entire beam to increase both shear force
and flexural strength capacities. 2 layers of wrapping were made in the first 150cm in the column-beam joints,
which are the plastic hinges that may occur. CFRP fabrics were wrapped u-shaped on the beams and ribs and
anchored to the existing reinforced concrete elements. U-shaped fabrics were applied from the bottom of the
ribs towards the plate. CFRP fabrics was wrapped and anchored at the ribs as 60cm in both directions. Thus
the shear force capacity of the beam and all ribs is increased for varying operating loads. Figure 10 shows the
CFRP fabric application for the shear force capacities of beams and ribs.

In order to increase the load bearing capacities of all columns in the frame where the operating loads will
increase, wrapping with CFRP fabric was applied. The columns were wrapped in 3 layers in the first and last
75cm by removing the ground concrete by 15cm. In the parts where the probability of plastic hinge occurred
is high and where the largest moments are calculated, the columns were wrapped in 3 layers. The columns
were wrapped in 2 layers in the remaining area. Figure 12 shows the CFRP fabric application for the load
bearing capacities of columns.
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Figure 10. Second Floor CFRP Fabric Reinforcement (a) Project Layout (b, c) Application Area
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Figure 12. Second Floor CFRP Fabric Reinforcement (a) Project Section (b, ¢) Application Area
4. Conclusion

Waffle slab is two-way concrete slab reinforced by ribs in two direction and able to carry heavier loads ans
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span longer distances than flat slabs. The use of two-way waffle slabs is quite common in reinforced concrete
framed factory buildings where the spans to be passed and the live loads are high.

The selected sample building is a reinforced concrete framed industrial building with two-way cassette
flooring. In the building where the application will take place, the live load bearing capacity has been increased
from 750 kg/m? to 1000 kg/m” in order to realize the new functions created for covid19 vaccine productions.
Firstly, in the structural model, the building characteristics such as natural vibration periods, relative storey
drifts, lateral stiffnesses, base shear forces and mode shapes were determined. After the increase in live load,
these values were determined again and examined within the scope of both TEC2007 [18] and TBEC2018 [4].
The 1% period is 1.037 sec. in X direction, the 2™ period is 1.028 sec. in Y direction and the 3™ period is 0.969
sec. in torsion mode at 750 kg/m?live load level. The 1% period is 1.126 sec. in X direction, the 2™ period is
1.112 sec. in Y direction and the 3" period is 1.046 sec. in torsion mode at 1000 kg/m? live load level. When
the horizontal earthquake spectra in both TEC2007 [18] and TBEC2018 [4] were analyzed, it was observed
that the earthquake loads on the structure tended to decrease since the period of the structure remained in
the decreasing section in these spectra. Relative storey drift ratio in both directions (X-Y) increased from
1.20% to 1.40%. The base shear forces increased from 1307 tons to 1524 tons for both directions.

In its current condition (750 kg/m?), the earthquake performance of the building was found to ensure life
safety according to TEC2007 [18]. When the loads of the structure reached 1000 kg/m? the necessary
parameters were checked and it was determined that after the strengthening with CFRP, it reached the target
life safety performance level according to TBEC2018.

In reinforced concrete buildings with special architectural functions such as pharmaceutical facilities, fiber
polymer reinforcement was preferred over traditional methods on the sample building due to its fast
construction technique, clean application and no change in cross-section. Due to the increasing operating
loads, the existing load-bearing elements were reinforced with CFRP (fabric and strip). CFRP strip was used
to increase the shear force and flexural strength capacities of beams and ribs in frames where live loads will
increase.

While CFRP do not make a significant contribution to the lateral stiffness of structural elements, they provide
a significant increase in axial strength, shear strength and flexural strength with the wrapping effect. The
maximum moment increase for the sample beam was calculated as 13% with the change in live load. The
retrofitted section the new flexural value is sufficient in terms of operational and earthquake safety. The
maximum shear force of the beam for increasing live loads was calculated and it was determined that the
reinforced section remained within the limits of the new shear strength capacity. CFRPs also contributed
significantly to the increase in element ductility in the sample project. And it allowed the structure
performance to remain within the appropriate conditions.
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ABSTRACT

Keywords: Cockcroft-Walton The study aimed to develop a low-cost high voltage circuit for laboratory uses and compare its
voltage multiplier, high-voltage performance with a commercial one in the electrostatic charging of spray droplets. Because the
generators, agricultural pesticide Cockcroft-Walton voltage multiplier is considered the simplest and cheapest, it was used to

electrostatic spraying design this circuit. Two dc-ac inverters (50 Hz and 20 kHz) and capacitors with two capacities

*Cukurova University, (10 and 470 nF) were used to develop three different circuits. The circuits were loaded with several

Faculty of Agriculture, electric currents to study the effect of the capacitor capacity and frequency value on the output
Department of Agricultural voltage, output voltage ripple, and response time of the circuit. According to the results, loading
Machinery and Eerlchli‘:le‘ffs the first circuit developed with a low-frequency inverter (50 Hz) and high-capacity capacitors
01330 - Adani Tﬁrkjfe’ (470 nF) by an electric current, even including the microampere, seriously affected the output

Orcid: 0000-0002-5096-1585 voltage and the voltage ripple. Also, the second circuit developed using a high-frequency inverter

¢ mail: kamal amaya86@gmail.com (20 kHz) and low-capacity capacitors (10 nF) was subject to voltage drop at the lowest load
“Corresponding author: currents. However, the third circuit developed using high-capacity capacitors (470 nF) with the

kamal amaya86@gmail.com high-frequency inverter (20 kHz) significantly improved the output and ripple voltage at different

high load currents. In addition, they reduced the response time from 15 s (in circuit 1 and 2) to
40 ms. The developed high-voltage circuit (3) can provide the same efficiency in water droplet
charging as a commercial circuit. Moreover, it was enhanced to provide high voltages values until
15 kV.

Pestisit Damlaciklarinin Elektrostatik Yiiklenmesi ve
Laboratuvar Kullanimlar1 I¢in Diisitk Maliyetli
Yiiksek Voltaj Jeneratorii

0z

Calisma, laboratuvar kullanimlar: igin diigitk maliyetli bir yiiksek voltaj devresi gelistirmeyi ve

sprey damlaciklarinin elektrostatik yiiklenmesinde performansini ticari bir devre ile

karsilagtirmayr amaglamaktadir. Cockcroft-Walton voltaj ¢arpani en basit ve ucuz olarak kabul

edildiginden, bu devreyi tasarlamak i¢in kullanilmustir. Iki dc-ac gevirici (50 Hz and 20 kHz) ve

iki kapasiteli kapasitorler (10 and 470 nF) kullanilarak ii¢ farkli devre gelistirilmistir. Kondansatér

kapasitesinin ve voltaj frekansi1 degerinin ii¢ devrenin ¢ikis voltaji, ¢ikis voltaji dalgalanmasi ve

tepki siiresi tizerindeki etkisini incelemek igin devreye farkli elektrik akimi degerleri yiliklenmistir.

Elde edilen sonuglara gore, diisiik frekansh invertor (50 Hz) ve yiiksek kapasiteli kondansatorler

(470 nF) ile gelistirilen birinci devrenin mikroamper icinde bile elektrik akimla yiiklenmesi ¢ikig

gerilimini ve gerilim dalgalanmasini ciddi sekilde etkilemistir. Ayrica yiiksek frekansh invertér

(20 kHz) ve diisiik kapasiteli kapasitorler (10 nF) kullanilarak gelistirilen ikinci devre, en diisiik

yiik akimlarinda voltaj diistisiine maruz kalmistir. Ancak, (20 kHz) yiiksek frekansli invertor ve

(470 nF) kapasitorler kullanarak gelistirilen ti¢iincti devre, farkli yiik akimlarinda ¢ikis ve

dalgalanma voltajin1 6nemli ol¢lide iyilestirmistir. Ayrica tepki siiresini 15 saniye (1. ve 2.

Anahtar Kelimeler: Cockcroft- devrelerde) 40 milisaniyeye diisiirmistiir. Gelistirilen yiiksek gerilim devresi (3), su damlaciklar
Walton voltaj carpani, Yiiksek yitklemesinde ticari devre ile ayn1 verimi saglayabilmektedir. Ustelik, gelistirilen devre, 15 kV'a

voltaj jeneratdrleri, Tarimsal kadar yiiksek voltaj degeri saglayacak sekilde iyilestirilmistir.
pestisit elektrostatik piiskiirtme

To cite this article: K. Amaya, “Low-cost high-voltage generator for electrostatic charging of pesticide droplets
and laboratory uses.” Gazi Journal of Engineering Sciences, vol. 9, no. 3, pp. 422-434, 2023.
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1. Introduction

Generally, commercial high-voltage devices are employed to test different equipment such as high-voltage
cables, transformers, etc. In addition, dc high-voltage generators can be used in applied physics, industrial
applications, electromedical equipment, and communications electronics [1]. The high-voltage multiplier
circuit developed by Cockcroft-Walton (C-W) is considered to be the simplest and cheapest circuit for high-
voltage generation. This circuit was improved in 1932 by Cockcroft-Walton [2] over the circuit developed by
Greinacher [3] for the generation of a high dc voltage to power their particle accelerator [4], [5]. The working
principle of this voltage multiplier circuit depends on stepping up the low input ac voltage by several stages
(each stage includes two diodes and capacitors) to acquire a final high output dc voltage. Figure 1 shows the
working method of the Cockcroft and Walton voltage multiplier for only two stages. In these types of circuits,
the first side of the ac power supply is at zero potential (grounded), while the other side varies between plus
and minus voltage +Vp. Let's assume that the input voltage Vp is equal to £220 V (The dashed line indicates
the direction of current flow). (1) At the negative peak -220 V, the capacitor C1 is charged through diode D1
with Vp=220 V. (2) In the next positive cycle, the upper side of the power supply becomes +220 V, and this
voltage adds to the voltage in C1. Therefore, capacitor C2 is charged through D2 to 2Vp=440. (3) When the
power supply source is at a -220 negative peak again, the Capacitor C1 is charged as in step 1. Also, capacitor
C3 is charged through D3 to 440V. (4) The power supply is at a +220 positive peak, and the capacitor C4 is

charged to 440 V.
220 220
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Figure 1. 2 stages Cockcroft-Walton voltage multiplier circuit

The previous explanation was for two stages of the Cockcroft-Walton circuit. Still, when this circuit has n
stages as shown in Figure 2, after a certain period, the capacitors (C'1, C'2, C'3, ...., Cn) are charged in the first
half cycle by upward diodes (D'1, D'2, D'3, ...., D'n, respectively) and in the next half-cycle, the smoothening
column capacitors (C1, C2, C3, ...., Cn) are charged by downward didoes (D1, D2, D3, ...., Dn). Theoretically,
the maximum value of the high output dc voltage of the n stage C-W voltage multiplier equals 2n times the

quantity of the ac input voltage under the no-load condition [6].
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Figure 2. n stage C-W voltage multiplier circuit
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Many studies have been conducted on developing and testing different voltage multipliers depending on the
Cockcroft-Walton circuit. Al-Mamoori et al. (2019) simulated a voltage multiplier circuit using the PSpice
software to simulate the electric field generated near the earth before starting the lightning strike [7]. An input
ac voltage source that has 50 Hz and 240Vp-p was used for the simulation process. In addition, they used
capacitors with 0.1 pF to construct the voltage multiplier circuit. The different values of the high voltages were
obtained by connecting the loading wire after each stage sequentially. Abidin et al. (2018) used the Cockcroft-
Walton voltage multiplier as a converter circuit to optimize the output voltage value of the energy harvesting
technique from the raindrops [8]. The circular piezoelectric (KSPG-10) that has a resonant frequency (1200
kHz) in the boundary of the frequency of raindrops and a maximum input voltage of 30 V peak to peak was
used as input ac source for the voltage multiplier circuit. The study investigated the effect of a wide range of
input ac voltage frequency on the circuit’s performance since the frequency of rain ranges from less than 500
Hz to 30 kHz. Proteus software was used to simulate and investigate the optimum output voltage and current.
Study results showed that the output voltage and current increased by increasing the input frequency. Dwivedi
and Daigvane (2010) designed a C-W voltage multiplier circuit using 0.22 pF capacitors to test high-voltage
cables [5]. They used a high-voltage transformer with a 50 Hz frequency and single-phase sinusoidal
waveform to feed the circuit by the ac input voltage of 5 kV and current of 50 mA. The circuit could provide
a 60 kV output voltage. Spencer et al. (2001) developed a small high-voltage board that depends on the
Cockeroft-Walton circuit with nine stages [9]. This board was used to power two photomultipliers'. The
board was fed with 5-6 V DC converted to a 120 V ac sine-wave and 780kHz frequency to feed the voltage
multiplier circuit. Malviya and Bhardwaj (2016) conducted a simulation study on the effect of high and low
frequencies of the ac input voltage on the H.V multiplier circuit behavior, especially on the multiplier response
time, using PSpice simulations [10]. The study investigated the response time for several voltage multiplier
circuits that have two, three, four, or five stages. The simulation results showed that the output voltage
becomes stable and reaches its final value more quickly by using a high-frequency input voltage. In addition,
increasing the number of the circuit stages increase the response time for both used low and high frequencies.
Unfortunately, the loading current of the C-W voltage multiplier circuit seriously affects the output voltage
and voltage ripple. The ripple voltage is determined as the unwanted residual magnitude of the fluctuation in
the dc output voltage at a specific output current [6]. Voltage ripples can have various negative effects on
electric devices, such as heating and damaging electronic components and noise in audio circuits and
television displays [8].

In all previous works, it was noted that no studies have practically investigated the effect of the load current
on the output voltage of high-voltage multiplier circuits. Therefore, the study aimed to: (1) able the
researchers’ non-specialists in electronic engineering to develop a simple low-cost high-voltage circuit by
using only some electronic elements, (2) investigate several parameters to reduce the voltage drop and ripple
under the effect of different loading currents, and (3) compare the developed circuit with commercial one to
determine it performance in electrostatic charging of water droplets. The article will be helpful for many
postgraduate students to develop low-cost high voltage devices for different simple laboratory uses.

2. Material and Methods

2.1 Selection of C.W. circuit elements

The Cockcroft-Walton voltage multiplier circuit consists of several diodes and capacitors. These electronic
elements must be chosen carefully to avoid damage since they are stressed with twice the input voltage (except
for the first capacitor).

2.1.1 DC Power supply

It supplies the required dc voltage to the dc-ac inverter. The dc power supply used in the experiments can
provide 0~30 V dc and 0~5 amp.

2.1.2 DC-AC inverter selection

It plays two main roles: converting the direct current drawn from the previous dc power supply to the

1 photomultiplier tubes (PMTs) are used extensively in the nuclear industry as a method of radiation detection.
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alternating current required to operate the Cockcroft-Walton circuit. Raising the ac input voltage (feed ac
voltage of the multiplier circuit) to a higher value to reduce stages’ numbers of the voltage-multiplier circuit.
In this study, two inverters, as shown in Figure 3, were used to feed the circuit separately to investigate the
effect of the input ac voltage frequency on circuit efficiency.

e 12V dcinputand 220 V ac output voltage inverter with 50 Hz low-frequency and sine wave.
e 12V dcinputand 250 V ac output voltage inverter with 20 kHz high-frequency and square wave.

v

50 Hz dc-ac inverter with a sine wave. 20 kHz dc-ac inverter with a square wave.

Figure 3: The DC-AC inverters used in the study
2.1.3 Capacitor and diode selection

The voltage applied to each capacitor (except C'1) and the diode in this circuit was approximately 615 V.
Therefore, high-voltage polyester capacitors with specifications of 630 V, and 470 nF, and diodes with
specifications of IN4007 and 1000 V were chosen to build the high voltage multiplier.

2.2 The effect of load currents on the output voltage and voltage ripple

The effect of the load current on the output voltage value and peak-to-peak ripple 28V were discussed in many
studies [1], [4], [11], [12]. The output voltage without applying any load current to the circuit is given by
Equation (1).

Vr =2nVp (1)

n: number of stages.
Vp: the peak value of input voltage.

The value of the voltage ripple 26V in the C.W voltage multiplier circuit is given by Equation 2:

Ln(n+1)

28V = 7 (2)

f: frequency of ac input voltage.
I: load current.
C: capacitor capacity.

The voltage drop AVo determines the difference between the theoretical no-loaded output voltage and the
loaded output voltage Vo. The mathematical value of the voltage drop was symbolized by AVmo and can be
calculated using Equations 3. Thus, the mathematical loaded output voltage symbolized by Vmo can be
calculated using Equation 4.

_ I (2n® n? n
Mo =72 (5 +5 %) )
_ I (2n®  n?2 n
I/;no—Zan—f—C(T+7—g) (4)
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Three circuits were developed to study the impact of the capacitor capacity and frequency level of the DC -
AC inverters on circuit performance.

Circuit 1: 50 Hz dc-ac inverter and 470 nF capacitors.
Circuit 2: 20 kHz dc-ac inverter and 10 nF capacitors.
Circuit 3: 20 kHz dc-ac inverter and 470 nF capacitors.

As shown in Figure 4, many resistors connected in series were used to load the circuit with five different load
currents and investigate the effect of these currents on the output voltage of the circuit. The load current value
gradually was increased by decreasing the number of resistors connected to the circuit voltage output.
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Figure 4. Diagram showing how to load the circuit with different load currents.

2.2.1 Mathematical output voltage Vmo

It was calculated mathematically using Equation (4). It is the maximum output voltage (without load current)
minus the voltage drop.

2.2.2 Simulation output voltage Vso

Multisim 14.2 software was used to draw and simulate the circuit shown in Figure 4. All laboratory
experiments were simulated using this software before any practical experiments to predict any damage that
may occur in the used parts (Figure 5). In addition, the simulated output voltage was determined for
comparison with the mathematical and actual values.
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Figure 5. Scheme of the investigation of the circuit using the Multisim 14.2 software. 1-C-W circuit; 2- resistors; 3- oscilloscope; 4, 5- voltage
and ampere probe.

2.2.3 Actual output voltage Vo
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It was obtained from laboratory experiments according to the diagram in Figure 4 using the devices and tools
shown in Figure 6. The Figure shows a voltage-multiplier circuit and several resistors connected in series. As
mentioned previously, the circuit load current was gradually increased by decreasing the number of resistors
connected to the circuit voltage output. At each value of load current, the actual output voltage is taken from
the high-voltage probe.

2.3 The effect of capacitor value on the circuit efficiency

Capacitor selection depends on the frequency value of the ac input voltage. For 50-60 Hz applications, 1.0 to
250 uF capacitors are usually used. However, for higher-frequency applications, capacitors of 20 to 60 nF are
used [5]-[7]. In this study, two capacitor capacities were used to study the effect of the capacitor values on the
circuit efficiency. The first value was 470 nF and the second was approximately 10 nF.

Figure 6. C-W voltage-multiplier circuit with a 20 kHz inverter and the tools used in testing its performance.
2.4 The effect of the input ac voltage frequency on the circuit performance

As shown in Figure (3), dc-ac inverter with 20 kHz and squire wave was used to study the effect of the

frequency on the output voltage drop and on response time (the time required for the output voltage to reach
the final high value).

2.5 The ability of the developed high-voltage circuit to charge spray droplets electrostatically.

The high-voltage circuit developed in this study using 50 Hz ac input voltage and 470 nF capacitors was used
to electrostatically charge spray droplets for comparing its performance with a commercial device (VSM2016,
Udescon Company, Turkey). All tools and equipment used to charge spray droplets and evaluate the charging
efficiency (charge-to-mass ratio) were presented in a previous study conducted by Amaya and Bayat 2023
[13].

3. Results and Discussion

3.1 The effect of loading currents on the output voltage and voltage ripple
3.1.1. Circuit 1: 50 Hz input ac voltage and 470 nF capacitors

The actual Vo, simulated Vso, and mathematical Vmo values of the output voltage were compared with the
theoretical output voltage. Figure 7 shows that using a low-frequency dc-ac inverter to operate the circuit can
cause a critical drop in the output voltage. The values of the voltage drop in Vo, Vso, and Vmo were similar
at all load currents. Increasing the loading current from 0 pA to only 0.150 mA was sufficient to decrease the
output voltage Vo from its theoretical value of 6.15 kV to 1.61 kV. In addition, the mathematical value of the
voltage ripple 28v calculated by Equation (2) increased with increasing load current of the voltage multiplier
circuit. It reached 366 V at a load current of 0.156 mA. This enormous voltage ripple can be observed in the
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simulation results in Figure 10-a.

7000
6000
5000
4000

3000

Output Voltage [V]

2000

—@— Actual output voltage Vo

1000 | —e— Simulation output voltage Vso
—@— Mathematical output voltage Vmo
0 —@— Theory output voltage Vmax

0 0.05 0.1 0.15 0.2
Loading current [mA]

Figure 7. The effect of the loading current on the output voltage in circuit 1.

3.1.2. Circuit 2: 20 kHz input ac voltage and 10 nF capacitors

Here, the capacitors and low-frequency dc-ac inverter used in circuit 1 (470 nF and 50 Hz) were replaced by
capacitors with capacities of 10 nF and a high-frequency inverter of 20 kHz to reduce output voltage dropping
and residual electric-charge amount in capacitors after turning the circuit off. Figure 8 shows that when the
circuit is loaded with increasing electric currents, the output voltage drop occurs only for the actual and
simulation values. The voltage drop in the actual value Vo was larger than that in the simulation value Vso. It
starts from Vo= 5.26 kV at zero load current until 2.67 kV at 0.27 mA load current. It is worth noting that
this circuit has a voltage drop of AV0=0.9 kV, even without any load current. However, the actual voltage
drop and ripple in this circuit were less than those in the previous circuit. Although the loading current of
0.15 mA caused a drop in the output voltage to approximately reach Vo=1.7 kV in the circuit (1), it reduced
the output voltage to only Vo=3.45 kV in this circuit. The mathematical value of the voltage ripple 26v
calculated by Equation (2) reached 121 V at a load current of 0.442 mA. It can be observed in the simulation
results in Figure 10-b. Although the high-frequency dc-ac inverter improved the output voltage value and
reduce the ripple, the results indicate that using so low values of the capacitor capacities with this inverter
causes primary voltage drop without any loading current. Thus they are inappropriate for developing the
Cockcroft Walton voltage multiplier [5]-[7]. So, circuit (3) was developed and tested.
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°
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=
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g
8 2000
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1000 | —®— Simulation output voltage Vso
—— Mathematical output voltage Vmo
B —@— Theory output voltage Vmax
0.00 0.10 0.20 0.30 0.40

Loading current [mA]

Figure 8. The effect of the loading current on the output voltage in circuit 2.
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3.1.3. Circuit 3: 20 kHz input ac voltage and 470 nF capacitors

The capacitors with a capacity of 10 nF in the second circuit were replaced by 470 nF ones to improve the
output voltage and voltage ripple at different load currents. It was noted in Figure 9 that all the output voltage
values improved and are equal to the theoretical value Vmax except the actual value obtained in the laboratory
experiments. It decreased from Vo=6.15 to 5.32 kV at a load current of 0.594 mA. Also, it is noted that at the
first value of load current (0.126 mA), the output voltage Vo suddenly reduces by 10.9 %. Then, increasing
the load current from 0.126 to 0.594 mA, decreases the output voltage Vo only by 2.9 %. Loading this circuit
with an electric current of 0.150 mA could reduce the output voltage to only Vo=5.46 kV, while this loading
current value reduced the output voltage to 1.7 and 3.45 kV in both the previous first and second circuits,
respectively. It was noted that the mathematical value of the ripple 26v calculated by the formula (2) was
completely reduced by using 0.47 uF capacitors with the high-frequency dc-ac inverter to build the circuit.
This low value of the voltage ripple can be seen in the simulation results in Figure 10-b-c.
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5000

0 0.1 0.2 0.3 0.4 0.5 0.6
Loading current [mA]

Figure 9. The effect of the loading current on the output voltage in circuit 3.
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Figure 10. The effect of the loading current on the output voltage and ripple using Multisim 14.2 software
3.2 Response time

Since the voltage multiplier circuit consists of more than one stage, the time required to reach the final
maximum value Vmax of the output voltage increases with the number of circuit stages. To reduce this time,
charging process of the first stage must be accelerated by replacing the low-frequency dc-ac inverter by a high-
frequency one. The effect of replacing the low-frequency dc-ac inverter with another high-frequency one on
the response time was simulated for the previous three circuits using Multisim software. According to the
results shown in Figure 11, when the low-frequency inverter was used to feed the circuit, the response time
required for the output voltage to reach the theoretical value equals 15 seconds. However, the high-frequency
inverter has greatly decreased this response time to only 40 milliseconds. The decreasing of the response time
was noted in both the second and third circuits with the same value. That indicated that capacitor capacity
does not have any effect on response time.
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Figure 11. The effect of the low and high-frequency inverters on the response time using Multisim 14.2 software, I=0.

3.3 Comparing the developed voltage multiplier with the circuits in the previous literature studies

Table 1 compares the performance of the voltage multiplier circuits developed in this work with the high
voltage devices working with the same principle presented in the previous literature studies.

Table 1. the comparison of the developed circuits in this study with that in the above Literature studies.

WV,
Vmax | VOV Vo %AVo [=0.5 | 7020 | Response
1=0 \% time
mA
Circuit (1) 615 | 615 | 1.76kVat 71% 265 593 y
n=10, =50 Hz, C=0.47 uF kV | kV | I=0.16mA | (I=0.16 mA) % s
Amaya Circuit (2) 615 | 562 | 276kVat 8.62% 0.00
(2023) n=10, f:20J<FHZ, C=0.01 KV KV 1=0.27 mA (I:() mA) 0.1 % 35ms
Circuit (3)
615 | 615 | 536kVat 12.84% 0.06
n=10, f—20J<FHZ, C=0.47 KV KV 1=0.5 mA (120.5 mA) 29V % 40 ms
Mamoori et al. (2019) 4.92 3.6 26.53%
n=8, =50 Hz, C=0.1 F W | kv ® (1=0) ® ® ®
Abidin et al. (2018)
n=2, £=10-2000 Hz, C=47 uF ® ® ® ® ® ® ®
Dwivedi and Daigvane (2010) 45.36 kV 24.4% 3.18
n=6, f=50 Hz, C=0.22 uF OOV 597 | 1 g5ma =05 | TRV | g 428
Spencer et al. (2001)
n=9, f=780 kHz, C=0.22 uF 1000|950 ® ® ® ® ®
Malviya and Bhardwaj (2016)
n=5, f=25 kHz, C=0.1 uF SV skv ® ® ® ® | 8oms

Vmax: the theoretical output voltage value, Vow: output voltage value without loading, Vo: output voltage value with certain loading
current, %AVo: the percentage of voltage drop, 25V: voltage ripple, %23V the percentage of voltage ripple, n: circuit stages, f:
frequency, C: capacitors’ capacity, ®: no value in the study.

As mentioned previously, it was noted that the circuit (3) in this study can provide the best performance
compared to the other circuits. The circuit in the study conducted by Mamoori et al. (2019) was developed to
provide a theoretical output voltage of 4.92 kV. However, this circuit provided an input voltage of only 3.6 kV
even without any load current. In other words, the actual output voltage was 26.5% less than the theoretical
output voltage (4.92 kV) which is supposed to be provided by the circuit. Probably that happened because of
the so low values of the selected capacities of the used capacitors, especially, circuit (2) developed in this study
using low values of the capacitors’ capacity had the same behavior. The output high voltage in the circuit (2)
also dropped from the designed value of 6.15 kV to 5.62 kV without applying any loading current. But
increasing the capacities by the replacement of the 0.01 uF capacitors in the circuit (2) with 0.47 uF capacitors
(circuit 3) removed the problem of the voltage dropping without loading current. Thus, it was not any voltage
drop in the circuit (3) without applying a loading current. The study by Abidin et al. (2018) did not apply any
loading current on the developed circuit to investigate the voltage drop and ripple. Only it noted that the high
values of the input ac voltage frequency improve the output voltage and current. Also, when the circuit
developed by Dwivedi and Daigvane (2010) was compared with circuit (3) in this study, it was noted that the
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voltage drop in their device reaches about two times (24.4%) those in the circuit (3) (12.84%) at the same
applied loading current (0.5 mA). Additionally, the voltage ripple in the study by Dwivedi and Daigvane
(2010) was 3.18% of the theoretical output voltage, however, it was only 0.06% by the circuit (3) in this study.
The response time in their study was so high (4.5 s) but it was only (40 ms) using circuit (3) in this work. The
study by Spencer et al. (2001) developed a small Cockcroft-Walton circuit to power two photomultipliers.
Nevertheless, it did not apply any loading current on the circuit, thus, it could not be compared its
performance with the circuit present in this study. Malviya and Bhardwaj (2016) conducted a simulation study
that investigated the effect of the input ac voltage frequency on the output voltage and the response time. The
circuit provided better performance by using a high-frequency input ac voltage of 25 kHz. However, the study
did not investigate the effect of the loading current. The response time in the circuit with 5 stages was 80 ms,
whereas it was only 40 ms in the circuit (3) in this work that has 10 stages.

3.3 Droplet Charging efficiency by the developed C-W high voltage multiplier

After the third circuit was developed and tested, it was used to charge spray droplets of tap water
electrostatically using the induction charging method. The aim was to investigate the performance of the
developed circuit in some lab uses, such as droplet charging. In the induction charging method, when the
high voltage electrode is placed close to an earthed conductive liquid jet leaving a hydraulic nozzle, opposite
electric charges are induced from the earth to the surface of this liquid jet (Figure 12). The droplets breaking
up from the charged coherent liquid carries a part of these charges, and thus become charged oppositely to
the electrode [14]. The charge efficiency is usually evaluated by the Faraday cage, which measures the charge
amount by milli Coulomb (mC) for the mass unit (kg) of spray droplets as (mC.kg™) [13].

Liquid ﬂowl Electrons flow Liquid ﬂowl Electrons flow
(< €
«— —_—
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the spray liquid the spray liquid
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Figure 12. The working principle of the induction charging method with a positive high voltage (a) and a negative high voltage (b)
applied to the induction electrode [15].

Figure 13 shows that the developed high voltage multiplier can provide the same charging efficiency required
by the commercial device at all electrode voltage levels. The droplet charging efficiency increases from 0.01
mC.kg! at 1 kV to about 0.5 mC.kg" at 8 kV. This experiment indicates that the low-cost developed high
voltage can be efficiently used for some lab uses that do not require high values of the load.

3.5 Design of a high voltage circuit with potentials of more than 10 kV for various laboratory uses

Some laboratory experiments require high voltage values that may exceed 10 kV. So previous high-voltage
circuit was developed to provide an output voltage higher than 10kV. To do that, an additional number of
capacitors and diodes was added to this circuit to increase stages number to 23 stages, as shown in Figure 14.
Each stage was charged with a voltage value of 484 kV measured by a voltameter. The output voltage measured
by a high voltage probe without any loading current was 11.19 kV. However, this value decreased to 9.6 kV
when the circuit was loaded with a current of 0.93 mA as shown in Figure 15. Increasing the input dc voltage
taken from the power supply to 16.2 dc V increased the output voltage of the developed circuits from 11.19
kV to 15 kV. This value decreased to 13 kV for a loading current of 1.2 mA.
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Figure 13. The charge-to-mass ratio of the spray droplets at different electrode voltage levels applied by both the developed
C-W voltage multiplier and commercial circuits.
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Figure 14. C-W voltage multiplier of 23 stages
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Figure 15. the effect of loading current on the C-W voltage multiplier of 23 stages
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4. Conclusion

This study aimed to develop a low-cost high voltage circuit for laboratory uses and compare it with a
commercial one in electrostatic charging of tap water droplets. Three circuits were developed to study the
impact of the capacitor capacity and frequency level of the dc-ac inverters on circuit performance. The first,
second, and third circuits use inverters and capacitors of 50 Hz - 470 nF, 20 kHz - 10 nF, and 20kHz and 470
nF, respectively. The experimental results showed that the values of inverter frequency and the capacitor
capacity seriously affect the circuit performance (voltage drop, voltage ripple, and response time). Voltage
dropping at the first circuit reached about 74% at a loading current of 0.150 mA current inverter. While it was
only 44% in the second circuit and 11 % in the third circuit at the same loading current. That indicates that
large-capacity capacitors and high-frequency inverters significantly improve the output voltage and voltage
ripple. The response time did not exceed 40 mSec in the second and third circuits, while it reached 15 sec in
the first circuit. Thus, response time is improved with the high-frequency inverter while not affected by
capacitor capacity. Based on the previous, it is found that the best performance was for the third circuit using
inverters and capacitors of 20kHz and 470 nF. When this circuit was compared with a commercial one to
electrostatically charge water droplets, it provided the same charging efficiency. Also, the circuit (3) was
enhanced by increasing the stage numbers to provide a voltage value of 15 kV. However, the third circuit with
large capacities of 470 nF capacitors can store a large quantity of the electric potential with a relatively high
current that can cause a risk to humans. Therefore, this charge must be discharged after each experiment to
remove any danger that threatens human life. The large size of these capacitors will not have a negative effect
in light of laboratory uses. On the other hand, the high-frequency dc-ac inverter has a square alternating
output voltage. Still, the formulas (2), (4) that are used to calculate the ripple and the voltage drop are inferred
concerning the sine wave [1]; this may affect the mathematical results of output voltage and ripple somewhat
in the second and third circuits. The study helps postgraduate students to develop low-cost high voltage
devices for different laboratory uses. Moreover, the electronic elements used to build the Cockcroft-Walton
voltage multiplier are exposed to a small stress of the output voltage, thus, it can work for a long time without
being damaged.
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ABSTRACT

The effort to create low-carbon societies is now more than just a need for a sustainable
world. According to the sectoral energy analyses carried out to reduce world energy
consumption figures and greenhouse gas emissions, buildings are one of the most striking
potential measures within the net zero target of the International Energy Agency (IEA) by
2050. Low/zero carbon standards are developed in this regard, which basically propose
low-emission design and operational performance for buildings. Rather than using
conventional insulation materials and techniques, drastic measures like thermal
superinsulation are required to meet these standards in buildings. Among thermal
superinsulation materials, aerogel blankets (ABs) and vacuum insulation panels (VIPs)
attract attention day after day owing to their very low thermal conductivity ranges. Despite
the slim, lightweight, and highly thermally resistive features of building envelopes
retrofitted with ABs and VIPs, there are still some challenges, such as thermal bridges, hot
and cold spots, durability, and especially cost issues. The aforesaid challenges usually take
place when a wrong decision is made to internal or external insulation. There are still
numerous discrepancies in the pros and cons of internal and external thermal
superinsulation retrofit. Therefore, this short communication deals with the said discussion
through the in-situ performance findings of retrofitted buildings.

Diisiik/Sifir Karbonlu Binalara Yénelik i¢ veya Dis
Is1 Yalitimi? Kritik Bir Rapor

0Z

Diislik karbonlu toplumlar yaratma c¢abasi artik siirdiiriilebilir bir diinyaya duyulan
ihtiyactan daha fazlasidir. Diinya enerji tiiketimi rakamlarini ve sera gazi emisyonlarini
azaltmak amaciyla yapilan sektorel enerji analizlerine gore, Uluslararasi Enerji Ajansi'nin
(IEA) 2050 yilina kadar net sifir hedefi kapsaminda en dikkat ¢ekici potansiyel 6nlemlerin
basinda binalar geliyor. Disiik/sifir karbon standartlar1 Bu baglamda gelistirilen ve temel
olarak binalar i¢in diisiik emisyonlu tasarim ve operasyonel performans 6neren bir proje.
Binalarda bu standartlar1 karsilamak icin geleneksel yalitim malzemeleri ve tekniklerini
kullanmak yerine 1s1 yalitimi gibi sert dnlemlere ihtiya¢ duyulmaktadir. Isil siiper yalitim
malzemeleri arasinda aerojel battaniyeler (AB'ler) ve vakum yalitim panelleri (VIP'ler) ¢ok
disiik 1s1 iletkenlik araliklar1 nedeniyle her gegen giin dikkat ¢ekmektedir. AB'ler ve
VIP'lerle donatilan bina kaplamalarinin ince, hafif ve termal acgidan yiiksek direngli
ozelliklerine ragmen, termal kopriiler, sicak ve soguk noktalar, dayaniklilik ve 6zellikle
maliyet sorunlari gibi bazi zorluklar hala mevcut. Bahsedilen zorluklar genellikle i¢ veya dis
yalitim konusunda yanlis karar verildiginde ortaya cikar. ¢ ve dis termal siiper yalitimin
giiclendirilmesinin artilar1 ve eksileri arasinda hala ¢ok sayida tutarsizlik var. Dolayisiyla
bu kisa yazida, giiclendirilmis binalarin yerinde performans bulgulari iizerinden s6z konusu
tartisma ele alinmaktadir.
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1. Introduction

The approximately 50% increase in primary energy consumption in the last 20 years and the
associated increase in carbon emissions have necessitated measures related to the effective
minimisation of energy [1]. Sectoral energy consumption analyses carried out in this context have
revealed that buildings are responsible for now more than 40% of total energy consumed globally [2],
in which drastic measures are required in the short term. The considerable share of buildings in total
energy consumption is the result of insufficient thermal resistance of building envelopes [3],
airtightness problems [4], and inefficient energy systems used in heating, cooling, ventilation, and
lighting. Especially building envelopes with a high overall rate of heat transfer (U-value) cause
significant heat losses, thus slim, lightweight, and highly thermally resistive building elements are
required for energy-efficient retrofitting of buildings rather than still sticking to conventional
insulation materials [5].

Thermal superinsulation (TSI) is adopted as a key solution to overcome the abovementioned problems
of building envelopes. Materials with a thermal conductivity below 0.01 W/mK are accepted as thermal
superinsulation materials (TSIMs). ABs and VIPs are such materials [6]. Despite their extremely high
thermal resistance features, TSIMs are not yet where they should be due to their high costs. Aerogel,
for instance, is formed at different properties like ABs is made of microscopic air pores (97% of total
volume). The fact that the air has truly little room to move in the aerogel prevents both convection and
gas phase conduction, which makes aerogel the lowest-density material and most thermally resistive
insulator. Similarly, VIPs are highly insulative building materials that provide a form of thermal
insulation consisting of a gas-tight enclosure surrounding a rigid core with a perfect vacuum. VIPs are
regarded as one of the most promising thermal superinsulation solutions in the market despite their
fragile structure, limited application options on the building envelope, and degradation of thermal
resistance over time [7].

Both ABs and VIPs are adopted as key thermal superinsulation solutions towards low/zero carbon
building targets. Since cost is still an issue for these materials, retrofit applications based on ABs and
VIPs usually take place at a project level. Moreover, in the post-retrofit case, undesired thermal
bridging issues occur due to the inappropriate implementation of insulation material, including non-
optimised insulation thickness, improperly specified insulation methodology, and unsuitable retrofit
techniques for building physics. Specifically, the orientation of insulation (internal or external) is of
vital importance for the entire success of the retrofit applications of ABs and VIPs. Therefore, in this
short communication, internal versus external thermal superinsulation is evaluated in terms of several
performance perspectives, which can be useful for researchers, builders, residents, and policymakers.

Table 1. Thermophysical properties, global market share, and application areas of TSIMs.

TSIMs Silica aerogel VIPs
30-180 [8] 150 - 300 [14]
k ~0.008 [9] 0.0041 [14]
c 0.7 - 1.15 [10] 800 [14]
Dyore
Fire Resistance Excellent [11] Low [15]
Global market price USD 1.04 billion by 2022 [12] USD 10 billion by 2027 [16]
Application Areas Roofs, facades, windows, historical buildings Refrigeration and cold storage [11],
[13], solar collector covers [11] external-internal reinforcement,

retrofitting of historical building [17]

Table 1 outlines the thermophysical characteristics, worldwide market expenditure, and the practical
uses associated with TSIMs [8-17]. Both aerogel and VIPs are expected to be in market with a rapidly
increasing rate in the near future owing to their ever-expanding application areas. Especially in modern
architecture, there is an outstanding tendency to aerogel and/or VIP based retrofitting of external
walls, roofs, windows as well as thermal energy storage systems. Cost is still a challenge for both
aerogel and VIPs, however it can be emphasised that serious progress has been made to date in terms
of cost reduction.
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2. Aerogel and VIP Insulation

Aerogel can be utilised in buildings as thermal superinsulation material for different purposes owing
to its lightest solid structure, translucent feature, and remarkably low thermal conductivity (~0.008
W/mK) [18]. There are three types of aerogels: silica, carbon, and alumina aerogels. Among these, silica
aerogels are the most common type owing to their somewhat outstanding features. SiOz chains with
numerous air pores provide extraordinary thermal resistance to the structure. The diameter of these
pores ranges from 10 to 100 nm, which yields an extremely low bulk density below 5 kg/m3. However,
in building applications, aerogels with an overall density of over 100 kg/m3 are utilised since the lighter
structures are remarkably fragile. Silica aerogels are highly preferred in modern architecture as roof,
facade [19], and window applications [20]. Granular aerogels are highly utilised in fenestration
products for not only thermal features but also acoustic comfort [21]. The translucent feature and
airtight design of aerogel glazing products make them an alternative retrofit solution for lower heat
losses over glazed areas [4]. Figure 1 illustrates examples of aerogel insulation for building roofs and
facades [5]. Aerogel glazing provides efficient daylighting besides its highly thermally resistive
structure. For facade applications, external opaque aerogel insulation prevents possible thermal
bridging issues as well as minimising undesired heat losses from the building envelope. Bob Stoker’s
house is reported as the first aerogel-insulated building in the UK in 2007.

L
L

N
0) -IV',‘;.
RS

Figure 1. a) Aerogel glazing applications for building roofs and facades, b) aerogel-insulated and non-insulated building facades
for heat loss assessment, c) and the first aerogel-insulated building in the UK in 2007 [5].
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Vacuum technology is another key solution to meet the latest low/zero carbon building standards [22].
Vacuum medium is often considered the best-known thermal insulator owing to its complete lack of
atoms. VIPs are the efficient applications of the vacuum concept in buildings. In most cases, VIPs are
accepted as the most effective TSIMs since they are an ideal, reliable, and easy-to-implement option for
retrofitting old and poorly insulated buildings [23]. Especially in recent years, low-cost and highly
insulative VIPs are at the centre of interest, there are several attempts in this respect as shown in Figure
2. The thermal conductivity of the said VIPs is about 0.0041 W/mK at room temperature conditions,
which is outstanding [23]. The fact that VIPs allow efficient insulation not only from the outside but
also from the inside makes these products remarkable, especially in the restoration of historical
buildings [17]. VIPs, in some cases, are also used in combination with conventional insulation materials
like expanded polystyrene (EPS) foams both to maximise the surface covered by VIPs and to prevent
potential thermal bridges [24].

Figure 2. a) Low-cost VIPs for energy-efficient retrofit of external walls [23], and b) hybrid external wall insulation of VIPs with
EPS foams [24].

VIPs represent a great potential to achieve the nearly zero energy buildings target. In this regard, it is
possible to integrate VIPs in conjunction with facade cladding elements for a remarkable reduction of
heatlosses or gains by means of slim wall details [25]. VIP-integrated ventilated facades draw attention
in this respect besides the conventional internal insulation applications shown in Figure 3. The U-value
of the said VIP-assisted ventilated facade and internal VIP-retrofitted wall is reported to be 0.28 and
0.14 W/mZ2K, respectively.
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Figure 3. a) Ventilated facade design with VIP-based external wall insulation, and b) standard stud-mounted internal wall
insulation of VIPs [25].

3. Pros and Cons of External TSI Based on Aerogel and VIP

External wall insulation obviously increases the energy efficiency of the building. For instance, if the
VIP technology is used on the ventilated exterior, the U-value decreases up to almost 0.28 W/m2K. With
its low U-value, the airflow in the outdoor environment will be cut off so that the heat distribution will
be equal at every point in the indoor environment, so unwanted air currents are eliminated, and
thermal comfort conditions are reached. Therefore, once the building is heated, even if the system is
turned off, it keeps giving heat to the indoor environment thanks to its return to the internal
environment from the resistance of the thermal superinsulation, and the indoor environment remains
at the desired level for an extended time. Approximately 35% of energy savings are achieved if all
building exterior walls are insulated. In external wall insulation, it is mounted on the outer shell of the
building, providing protection against external influences as well as improving the ability to withstand
the elements as it acts as a support. It also offers aesthetic benefits, such as covering bad plaster and
cracks. External wall insulation prevents moisture from entering the building and minimises the loud
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noises that may come from the outside. It means that the floor occupants will not be disturbed since all
operations are carried out outside during the reinforcement of the building’s exterior insulation.

Although external wall insulation has plenty of advantages, it also has some disadvantages. As an
example, in the selection of external wall insulation, attention should be paid to both material quality
and the selection of the company in matters that require workmanship, like bonding or mechanical
fixings. Otherwise, if the insulation is separated from the building wall after a while, it may bring about
much more costly results. In most cases, either the bottom surface (the piece of roof that hangs over
the wall) is more than 100 mm, so the insulation needs to be sealed from the top in order to prevent
moisture from going down the back, or the roof needs to be extended over the insulation. In some cases,
such as living on private property, it is not only enough to decide to insulate the outer wall, but also, in
some regions, necessary permits must be obtained. The installer should not go near the damp road but
rather start over with the insulation. However, this means that a cold bridge will be created there. In
high-rise buildings, employees may need scaffolding, provided that the necessary precautions are
taken during external wall insulation, which means extra cost.

4. Pros and Cons of Internal TSI Based on Aerogel and VIP

Just as it is significant to insulate the outer wall in buildings, insulating the inner wall in various
situations is of vital importance for energy saving. However, even though it has some pros, such as
energy savings, it has also cons. Many people care about interior appearance; with insulation, it is easy
to improve appearance. It can be a better choice to insulate one room at a time from the inside in order
to prevent deterioration. Also, it is relatively easy to insulate inside compared to external. Additionally,
there is no necessary for scaffolding as in external insulation. Internal insulation is preferred in
mandatory situations where temporary rapid heating is required in places such as cinemas, theatres,
and conference halls that are not used continuously.

On the other hand, there are some disadvantages to getting internal insulation. Internal space loss,
which is a massive problem for many people, is inevitable during internal insulation. For instance, in a
5mx5m room, insulating 10 cm from all interior walls will result in both space losses and high costs
relative to the material quality. Although there is an unlimited right to insulate the outer wall, it may
not be possible due to limited conditions in the indoor environment. With interior wall insulation, it
creates a thermal bridge between floors which means there will always be heat loss unless the
floorboards are removed, and the insulation is installed continuously along the wall. Before starting
the interior wall insulation, it is necessary to check whether any moisture has penetrated the walls.
Otherwise, the result will become even more costly. One of the challenges installers face is that they
must use a wet course layer during internal wall insulation.

5. Conclusion

Although the building envelope, which is later equipped with ABs and VIPs, has very high thermal
resistance, so tiny and lightweight feature, it is of vital importance to use it consciously due to thermal
bridge formations and extremely high costs. Therefore, in this short paper, the pros and cons aspects
of insulation from the inside and outside are discussed in order to mitigate the negative situations that
may occur. The following bullet points are used in this respect:

¢ As the ABs have very high thermal performance properties and can be used in much thinner

thicknesses, it is more reasonable to use them indoors.

« Internal TSI usage area is very restricted due to the limitation.

e [tis a huge problem as there will be shrinkage in the area together with insulating from the inside.

On the other hand, there is no problem with space reduction in insulation from the outside.

» Aerogel can be used to solve thermal bridge problems in buildings.

e It can also be prevented from thermal bridges which may exist in the external wall with the

combination of VIP and EPS.

¢ Using merely 20 mm thick ABs for insulation from external walls enables it to reduce heat loss

through the walls by up to 90%.

¢ In combination with 20 mm ABs and gypsum plaster, it can decrease the heat loss rate by up to

63% by insulating from the inside.

» External TSI is observed as an advantage in protecting building elements against corrosion.

e Due to the limited area of internal TSI, it is concluded that external TSI will be more accurate, as
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understood from above.

¢ In 2022, the annual market budget for silica aerogel is USD 1.04 billion, but it is projected to
surpass USD 10 billion for VIPs by the year 2027.

¢ In the forthcoming investigation, topics to be explored include enhancing energy efficiency
through eco-friendly approaches and achieving low thermal conductivity by integrating TSI with
conventional building components, while proactively mitigating the current high costs.
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Symbols and Abbreviations

K Thermal conductivity (W/mK)

8] Overall heat transfer coefficient (W/m2K)
p Density (kg/m?3)

c Specific heat capacity (k] /kgK)
Dpore Pore diameter (nm)

IEA International Energy Agency

Abs Aerogel blankets

VIPs Vacuum insulation panels

TSI Thermal superinsulation

TSIMs Thermal superinsulation materials
EPS Expanded Polystyrene
References

[1] E. Cuce and S. Riffat, “A comprehensive assessment of sectoral energy consumption in the UK: past, present and future,”
International Journal of Low-carbon Technologies, vol. 11, no. 3, pp. 424-430, Jun. 2015, do0i:10.1093/ijlct/ctv013

[2] E. Cuce, “An overview of domestic energy consumption in the UK: past, present and future,” International Journal of Ambient
Energy, vol. 37, no. 4, pp. 428-435, Oct. 2014, d0i:10.1080/01430750.2014.973120

[3] E. Cuce, “Accurate and reliable U -value assessment of argon-filled double glazed windows: A numerical and experimental
investigation,” Energy and Buildings, vol. 171, pp. 100-106, Jul. 2018, d0i:10.1016/j.enbuild.2018.04.036

[4] E. Cuce, “Role of airtightness in energy loss from windows: Experimental results from in-situ tests,” Energy and Buildings, vol.
139, pp. 449-455, Mar. 2017, doi:10.1016/j.enbuild.2017.01.027

[5] E. Cuce, P. M. Cuce, C.]. Wood, and S. Riffat, “Optimizing insulation thickness and analysing environmental impacts of aerogel-
based thermal superinsulation in buildings,” Energy and Buildings, vol. 77, pp. 28-39, Jul. 2014,
doi:10.1016/j.enbuild.2014.03.034

[6] J. Wernery, F. Mancebo, W. J. Malfait, M. ]. 0’Connor, and B. P. Jelle, “The economics of thermal superinsulation in buildings,”
Energy and Buildings, vol. 253, p. 111506, Dec. 2021, doi:10.1016/j.enbuild.2021.111506

[7] R. Beetens et al., “Vacuum insulation panels for building applications: A review and beyond,” Energy and Buildings, vol. 42, no.
2, pp. 147-172, Feb. 2010, doi:10.1016/j.enbuild.2009.09.005

[8] C. Li et al.,“Silica Aerogels: From materials research to industrial applications,” International Materials Reviews, pp. 1-39,
2023.doi:10.1080/09506608.2023.2167547

[9] E. Cuce, P. M. Cuce, C. ]. Wood, and S. Riffat, “Toward aerogel based thermal superinsulation in buildings: A comprehensive
review,” Renewable & Sustainable Energy Reviews, vol. 34, pp. 273-299, Jun. 2014, d0i:10.1016/j.rser.2014.03.017

[10] S. Mahesh and S. C. Joshi, “Thermal conductivity variations with composition of gelatin-silica aerogel-sodium dodecyl sulfate
with functionalized multi-walled carbon nanotube doping in their composites,” International Journal of Heat and Mass Transfer,

vol. 87, pp. 606-615, 2015. doi:10.1016/j.ijheatmasstransfer.2015.04.046

[11] S.B. Riffatand and G. Qiu, “A review of state-of-the-art aerogel applications in buildings,” International Journal of Low-Carbon

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 441



Mert Cuce, Cuce & Alvur Gazi Mihendislik Bilimleri Dergisi: 9(3), 2023

Technologies, vol. 8, no.1, pp. 1-6, 2012. doi:10.1093/ijlct/cts001

[12] S. Ahmad, S. Ahmad and J. N. Sheikh, “Silica centered aerogels as advanced functional material and their applications: A
Review,” Journal of Non-Crystalline Solids, vol. 611, p. 122322. doi:10.1016/j.jnoncrysol.2023.122322

[13] Z. KovAcs, A. Csik and A. Lakatos, “Thermal stability investigations of different aerogel insulation materials at elevated
temperature,” Thermal Science and Engineering Progress, vol. 42, p. 101906, 2023. doi:10.1016/j.tsep.2023.101906

[14] D. Bozsaky, “Application of nanotechnology based thermal insulation materials in building construction,” Acta Technica
Jaurinensis, vol. 9, no. 1, p. 29, 2016. doi:10.14513 /actatechjaur.v9.n1.391

[15] S.S. Alotaibi, and S. Riffat, “Vacuum insulated panels for sustainable buildings: A review of research and applications,”
International Journal of Energy Research, vol 38, no. 1, pp. 1-19, 2013. doi:10.1002/er.3101

[16] N. Simdes, et al, “Can vacuum insulation panels be cost-effective when applied in building facades?,” Building and
Environment, vol. 191, p. 107602, 2021. doi:10.1016/j.buildenv.2021.107602

[17] P. Johansson et al., “Interior insulation retrofit of a historical brick wall using vacuum insulation panels: Hygrothermal
numerical simulations and laboratory investigations,” Building and Environment, vol. 79, pp. 31-45, Sep. 2014,
doi:10.1016/j.buildenv.2014.04.014.

[18] E. Cuce, P. M. Cuce, C. ]. Wood, and S. Riffat, “Toward aerogel based thermal superinsulation in buildings: A comprehensive
review,” Renewable & Sustainable Energy Reviews, vol. 34, pp. 273-299, Jun. 2014, d0i:10.1016/j.rser.2014.03.017

[19] E. Cuce and P. M. Cuce, “The impact of internal aerogel retrofitting on the thermal bridges of residential buildings: An
experimental and statistical research,” Energy and Buildings, vol. 116, pp. 449-454, Mar. 2016,
doi:10.1016/j.enbuild.2016.01.033

[20] E. Cuce and S. Riffat, “Vacuum tube window technology for highly insulating building fabric: An experimental and numerical
investigation,” Vacuum, vol. 111, pp. 83-91, Jan. 2015, d0i:10.1016/j.vacuum.2014.10.002

[21] E. Moretti, F. Merli, E. Cuce, and C. Buratti, “Thermal and acoustic properties of aerogels: Preliminary investigation of the
influence of granule size,” Energy Procedia, vol. 111, pp. 472-480, Mar. 2017, doi:10.1016/j.egypro.2017.03.209

[22] E. Cuce and S. Riffat, “Aerogel-Assisted Support Pillars for thermal Performance Enhancement of vacuum glazing: a CFD
research for a commercial product,” Arabian Journal for Science and Engineering, vol. 40, no. 8, pp. 2233-2238, Jun. 2015,
doi:10.1007/s13369-015-1727-5

[23] K. Biswas, T. Patel, S. Shrestha, D. L. Smith, and A. O. Desjarlais, “Whole building retrofit using vacuum insulation panels and
energy performance analysis,” Energy and Buildings, vol. 203, p. 109430, Nov. 2019, doi:10.1016/j.enbuild.2019.109430

[24] P. Johansson, C.-E. Hagentoft, and A. S. Kalagasidis, “Retrofitting of a listed brick and wood building using vacuum insulation
panels on the exterior of the facade: Measurements and simulations,” Energy and Buildings, vol. 73, pp. 92-104, Apr. 2014,
doi:10.1016/j.enbuild.2014.01.019

[25] A. Uriarte, 1. Garai, A. Ferdinando, A. Erkoreka, O. Nicolas, and E. Barreiro, “Vacuum insulation panels in construction
solutions for energy efficient retrofitting of buildings. Two case studies in Spain and Sweden,” Energy and Buildings, vol. 197, pp.
131-139, Aug. 2019, doi:10.1016/j.enbuild.2019.05.039

This is an open access article under the CC-BY license

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 442


https://creativecommons.org/licenses/by/4.0/

Research Article/Arastirma Makalesi
jazi

2l

GAZI

Gazil

JOURNAL OF ENGINEERING SCIENCES

Keywords: Fluidized bed dryer,
heat recovery, specific energy
consumption, energy efficiency,
sand drying

* Erkunt Sanayi A.S.
06990 - Ankara, Turkiye
Orcid: 0009-0002-3410-5663

> Erkunt Sanayi A.S.
06990 - Ankara, Turkiye
Orcid: 0009-0001-2352-8188

“ Erkunt Sanayi A.S.
06990 - Ankara, Turkiye
Orcid: 0000-0003-2204-7689

* Erkunt Sanayi A.S.
06990 - Ankara, Tiirkiye
Orcid: 0009-0002-7824-0488

 Gazi Universitesi,

Teknoloji Fakiiltesi,

Enerji Sistemleri Mihendisligi
06560 - Ankara, Turkiye
Orcid: 0000-0003-1187-5120

™ Gazi Universitesi,

Teknoloji Fakiiltesi,

Enerji Sistemleri Miithendisligi
06560 - Ankara, Tirkiye

Orcid: 0000-0003-0732-4692
e mail: yarenguven@gazi.edu.tr

*Corresponding author:
yarenguven@gazi.edu.tr

Anahtar Kelimeler: Akigkan
yatakli kurutucu, 1s1 geri
kazanimi, 6zgil enerji tiiketimi,
enerji verimliligi, kum kurutma

Design of Two Stage Heat Recovery System in
Fluidized Bed Dryer: Environmental and
Economic Analysis

Deniz Gokben?, Veysel Durakb, Merve Ulular¢, Ufuk Bahcecioglud, Mustafa Aktase,

Yaren Giivenf
Submitted: 29.09.2023 Revised: 09.11.2023 Accepted: 29.11.2023 doi:10.30855/gmbd.0705078

ABSTRACT

Fluidized bed dryer is used to dry the silica sand used in core production in the casting
industry. In this study, a heat recovery unit was designed in a drying system using waste
heat recovery and the effects of specific energy consumption on heat recovery were
investigated by performing energy, environmental and economic analysis. In this context, it
is aimed to increase the drying efficiency, reduce carbon emissions and the effects of global
warming with the heat recovery unit used in the preheating of the drying air blown by the
fan. According to the results, a reduction of 12.815 m3/h in natural gas consumption and
0.032 tons CO2/h in carbon emissions will occur if the design with the 1st stage drying air
preheating heat recovery unit is changed from the current design. If the current system is
changed to a system with heat recovery unit, 1,428,753.81 TL can be saved annually and
the payback period of the heat recovery unit was calculated 0.66 years. A reduction of 4.34
m3/h in natural gas consumption and 0.011 tons CO2/h in carbon emissions will occur if
the design is changed from the current design to the design where the 2st stage in-plant
water heating heat recovery unit. Thus, if the current system is changed to a system with
heat recovery unit, 1,912,602,548 TL can be saved annually, and the payback period is
calculated as 0.16 years. When this design is implemented, a more economical and
sustainable drying system will be bringed to life.

Akiskan Yatak Kurutucuda Iki Kademeli Is1 Geri
Kazanim Sistemi Tasarimi: Cevresel ve Ekonomik

Analiz

0Z

Dokiim sektoriindeki maca iiretiminde kullanilan silis kumunun kurutulmasi icin akiskan
yatakli kurutucu kullanilmaktadir. Bu ¢alismada, atik 1s1 geri kazanimli kurutma sisteminde
1s1 geri kazanim tnitesi tasarlanarak 6zgiil enerji tiikketiminin 1s1 geri kazanimina etkileri
enerji analizi, cevresel analiz ve ekonomik analiz yapilarak incelenmistir. Bu kapsamda, fan
ile tiflenen kurutma havasinin 6n 1sitmasinda kullanilan 1s1 geri kazanim {initesi ile kurutma
verimini yiikseltmek, karbon salimin1i ve Kkiiresel 1sinmanin etkilerini azaltmak
amaglanmistir. Sonuglara gore, mevcut tasarimdan 1. kademe kurutma havasi 6n 1sitma 1s1
geri kazanim initeli tasarima gegildigi takdirde dogalgaz tiiketiminde 12.815 m3/h’lik,
karbon saliminda ise 0.032 ton CO2 /h’lik bir azalma meydana gelecektir. Mevcut sistemden
1s1 geri kazanim {niteli sisteme gecildigi takdirde yilhk 1,428,753.81 TL tasarruf
edilebilecek olup 1s1 geri kazamim {initesinin geri 6deme siiresi 0.66 yil olarak
hesaplanmistir. Mevcut tasarimdan 2. kademe fabrika i¢i su 1sitma i¢in tasarlanan 1s1 geri
kazanim initeli tasarima gecildigi takdirde dogalgaz tiiketiminde 4.34 m3/h’lik, karbon
saliminda ise 0.011 ton COZ2/h’lik bir azalma meydana gelecektir. Boylece mevcut
sistemden 1s1 geri kazanim {niteli sisteme gecildigi takdirde yillik 1,912,602.548 TL
tasarruf edilebilecek olup, geri 6deme siiresi 0.16 yil olarak hesaplanmistir. Bu tasarim
uygulandiginda daha ekonomik ve siirdiiriilebilir bir kurutma sistemi hayata gegirilmis
olacaktir.
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1. G1r1$ (Introduction)

Kurutma, kati maddelerin biinyesindeki sivilari 1sil yontemlerle buharlastirilarak ortamdan
uzaklastirilmas1 anlamina gelir. Konveksiyon (tasinim) ile kurutma, temas (iletim) ile kurutma,
radyasyon (1sinim) ile kurutma olmak ftizere ii¢ farkli kurutma yoéntemi bulunmaktadir. Kurutma
uygulamalarinda 1s1 transferi bunlardan ikisinin ya da {i¢linlin birlesimi seklinde gerceklesebilir.
Konveksiyon ile kurutmada sicak hava kurutulacak malzemenin i¢inden, iizerinden ve arasindan
gecirilir. Kabin kurutucular, sandik kurutucular, tiinel kurutucular, akiskan yatak kurutucular ve
puskiirterek kurutucular bu yonteme 6rnek gosterilebilir. Temas ile kurutma yonteminde kurutulacak
madde hareketsiz kalirken ya da hareket ederken temas ettigi sicak yiizeyden maddeye 1s1 tasinir. Bu
yontemin en yaygin Ornegi silindirik kurutuculardir. Radyasyon ile kurutma yonteminde ise,
sistemdeki bir radyasyon kaynagi ile kurutulacak malzemeye 1s1 ulastirilmaktadir. Bu ydntemde
mikrodalga, dielektrik veya infrared gibi elektromanyetik enerji tiirlerinden yararlanilmaktadir [1].

Akiskan yatakl kurutucularda iirtintin kiiresel ya da silindirik biciminde olmasi amaglanmaktadir. Bu
nedenle kurutulacak olan malzeme bir elekten gecirilerek kurutucuya goénderilir. Burada,
akiskanlastirilan malzemenin nemi uzaklastirilir. Toz veya taneli yapidaki kurutulan malzeme ile
akiskanlagtirma gazi arasinda temas ¢ok iyi olmaktadir. Bu nedenle kurutma havasi ve tanecikler
arasinda 1s1 transferi de etkin sekilde gergeklesir [2].

Endiistriyel kurutma, yogun enerji gerektiren ve zaman alic1 bir islemdir. Gelismis tilkelerde enerjinin
biiyiik bir kismi kurutma endiistrisinde kullanilmaktadir. Bu sebeple kurutma isleminde enerji
miktarini azaltmak ve kurutma siiresini kisaltmak kurutma teknolojisi i¢in 6nemli bir konudur.
Kurutma sistemlerinde enerji kazanimi saglamak i¢in taze hava ve egzoz havasi belirli oranlarda
karistirilarak isiticiya gonderilir. Kademeli kurutma sistemlerinde ise bir kademeden ¢ikan kurutma
havasi tekrar isitilarak sonraki kademedeki kurutma isleminde kullanilir. Egzozdan atilan havanin
enerjisinin yliksek olmasi durumunda 1s1 geri kazaniml kurutma sistemleri kullanilir [3].

Bu ¢alismada, dokiim sektdriinde kullanilan kumun neminin alinmasi siirecinde kurutucunun 6zgil
enerji tiikketiminin azaltilmasi, atik 1s1 geri kazanimi sisteminin gelistirilmesi ile analizler yapilmis ve
mevcut yapi detaylica analiz edilerek enerji tiiketim kaynaklari belirlenmis ve tiiketim miktarlari
6lciilmistiir. Enerji tiiketimlerini azaltacak yeni bir sistem yapisi olusturulmustur. Bu kapsamda 1s1
degistirici kullanilarak atik 1s1 geri kazanimi ile daha ekonomik ve daha ekolojik siirdiiriilebilir bir
teknoloji ortaya konmasi hedeflenmistir.

2. Literatiir Taramasi (Literature Review)

Kurutucu sistemlerinin enerji kaybini azaltmaya yonelik her tiirlii girisim, hem sinirh enerji kaynaklari
hem de c¢evre dostu amaglar i¢in biiyiik 6nem tasimaktadir. Dai vd. [4], kurutma islemi i¢in
karbondioksit/kiiresel 1sinma potansiyeli diisiik calisma akigskani karisimina sahip 1s1 pompalarimi
analiz etmisler ve birincil enerji tiiketiminin geleneksel kazanl kurutma sistemlerine kiyasla %25.83-
79.37 oraninda azaldigin tespit etmislerdir. Ayrica, sistemin yasam doéngisii iklim performansinin
elektrikli kazan sistemine kiyasla 4.24 kat daha diisiik oldugu tespit edilmistir. Walmsley vd. [5],
endiistriyel siit piiskiirtmeli kurutucunun termoekonomik optimizasyonunu gercgeklestirmislerdir. Is1
geri kazanimi 75°C egzoz sicakligi ile uygulanmistir. Sonuglara gore, 4 m/s ylizey hizina ve 14 boru
sirasina sahip 1s1 esanjoriintin kullanilmasini 6nermislerdir. Golman ve Julklang [6], egzoz gaz1 1s1 geri
kazaniminin kullanildig1 piskiirtmeli kurutma sisteminin simiilasyonunu gerceklestirmislerdir.
Sonuglar, 1s1 esanjori ile donatilmis piiskiirtmeli kurutma sisteminde %16 oraninda enerji verimliligi
kazanci ve %50 oraninda enerji tasarrufu elde edildigini goéstermistir. Ayrica, egzoz havasi
devridaimine sahip sistemde enerji verimliliginden %34 oraninda, enerji tasarrufundan %61 oraninda
kazan¢ elde edilmistir. Delpech vd. [7], bir seramik firin1 sogutma bacasinin atik 1sisinin geri
kazanilmasiyla 863 MWh enerjinin geri kazanilabilecegini ve bu atik 1s1 enerjisinin firin 6ncesi
kurutucunun besleme havasini 1sitmak icin kullanilabilecegini bulmugslardir. Patel ve Bade [8], sprey
kurutucu sistemlerinde 1s1 geri kazanim sistemlerinin firsatlarini arastirmislardir. Dogrudan 1s1 geri
kazanim sistemi ve %80 devridaim orani ile kurutucunun verimliliginin %30 oraninda arttigy, hibrit is1
geri kazanim sistemi ve %80 devridaim orani ile kurutucunun verimliliginin %45 oraninda arttig
sonucuna varilmistir. Lamrani vd. [9], ahsap kurutma islemlerinde 1s1 geri kazanim sistemi ve
fotovoltaik/termal (PV/T) hava kolektoriiniin kullanimini sayisal olarak arastirmislardir. Sonuglar, 0.8
etkinlige sahip 1s1 geri kazanim sisteminin kullanilmasinin giineste kurutma siiresini %40'a kadar
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azalttigini ve hem 1s1 geri kazanim sisteminin hem de PV/T hava kolektoriiniin kullanilmasinin
kurutucunun enerji tiikketimini %86.5'e kadar azalttigin1 gostermistir. Ayrica, hem PV/T hem de 1s1 geri
kazanim sisteminin kullanilmasi, yillik CO2 emisyonlarim1 %78.5'e kadar azaltmistir. Ogulata [10]
tarafindan yapilan bir baska sayisal arastirmada, tekstil kurutmada plaka tipi bir 1s1 esanjoriinde taze
hava girisine atik 1s1 geri kazanimi uygulanmistir. Golman ve Julklang [11] tarafindan yapilan bir baska
calismada, egzoz kurutma gazinin kismen geri dontistiiriilmesi yoluyla enerji geri kazaniminin enerji
tasarrufu ve verimliligi lizerindeki etkisini arastirmak icin model simiilasyonlar1 kullanilmistir.
Sonuglar, egzoz havasinin devridaim oraninin %20'den %80'e ¢ikarilmasiyla enerji verimliliginin
%10'dan yaklasik %35'e yiikseldigini gostermistir.

Bellocchi vd. [12], makarna kurutma isleminde gelismis adsorban malzemeye dayal diistik dereceli bir
atik 1s1 geri kazanim sisteminin kullanimina odaklanmislardir. Sonuglar, bu tiir bir geri kazanim
sisteminin kullanilmasinin kurutma islemi icin toplam enerji yiikiiniin %40 oraninda azalmasina yol
acacagini gostermistir. Krokida ve Bisharat [13], 1s1 geri kazanim sistemi ve 1s1 pompasi kullaniminin
bir kurutucu sisteminin verimliligi tizerindeki etkisini arastirmak icin matematiksel bir model
gelistirmislerdir. Sonuglar, bir 1s1 esanjoriiniin tek basina egzoz akisindan toplam enerjinin %25'inden
daha azin geri kazanabilecegini, hem bir 1s1 esanjorii hem de bir 1s1 pompasi kullanilarak %40 1s1 geri
kazanimi elde edilebilecegini gostermistir. Ishaq ve Dinger [14], ¢cimento fabrikasinin egzoz 1sisinin
hammaddelerin kurutulmasi amaciyla kullanildigi bir sistem onermislerdir. Bu sekilde, ortam
havasinin 1sitilmasindaki yiiksek enerji girdisi kesilerek kurutucu sisteminden maliyet tasarrufu
saglanmasi amag¢lanmistir. Atkins vd. [15], siit tozu sprey kurutucusunun egzozundan 1s1 geri kazanim
potansiyelini degerlendirmislerdir. Sonug¢lar optimum déngii kiitle akis hizinda 1s1 geri kazanim
etkinliginin %70'e ulastigin1 ve bunun da giris havasi sicakliginda 35°C'lik bir artisa karsilik geldigini
gostermistir. Walmsley vd. [16], kurutucu egzozlarinin kullaniminin 10.8 MW'lik bir 1s1 geri kazanimi
elde edilmesinde kritik bir 1s1 kaynagi oldugunu ve bunun 51 MW'Lk kisminin egzoz 1s1 geri
kazanimindan elde edildigini bulmuslardir. Fiaschi vd. [17], performans iyilestirme amaciyla
endiistriyel bir tekstil kurutucusunun 1s1 geri kazanim sistemini yeniden tasarlamislardir. Calisma, tek
¢iplak borulu temel konfiglirasyonla karsilastirildiginda, ikiz kutu geometrisinin benimsenmesinin 1s1
geri kazanimini yaklasik %180 oraninda artirdigini géstermistir. Julklang ve Golman [18] tarafindan
yapilan bir baska ¢alismada, %50-70 toplam etkinlik faktdriine sahip bir 1s1 geri kazanim sistemi ile
enerji tasarrufunda %15.1 oraninda iyilesme saglandigi gosterilmistir. Akbari vd. [19], bir
kurutucunun egzoz gazindan atik 1s1 geri kazanimi icin doner 1s1 esanjoriiniin performansini analiz
etmisler ve 1s1 esanjori icin ortalama %38.8 verim elde edilebilecegini bulmuslardir. Kong vd. [20],
kaplama kagidi makinesi kurutma isleminde bir atik 1s1 geri kazanim {initesinin enerji verimliligini
%?7.3 oraninda artirabilecegini ve spesifik enerji tiketimini %4.6 oraninda azaltabilecegini
kanitlamislardir. Guo vd. [21], linyitin kurutulmasi amaciyla énceden kurutulmus linyit yakitl enerji
santrallerine atik 1s1 geri kazanim sisteminin dahil edilmesi i¢in teorik bir model gelistirmisler ve atik
11 geri kazanim sistemi ile santralin termal verimliliginin %1.87 oraninda arttigini tespit etmislerdir.
Kemp [22], 151 geri kazanim yontemini kurutucularda enerji azaltma yontemlerinden biri olarak
vurgulamis ve 1s1 geri kazaniminin kurutucu 1s1 ihtiyacini Ul¢te bir oraninda azaltabilecegini
gostermistir. Baker vd. [23], iyi karistirllmis akiskan yatakli kurutucularda egzoz 1sis1 geri kazanimi
uygulamislar ve 1s1 geri kazanim sistemi ile 1sitic1 gorevinde %33.2'ye varan azalmalar oldugunu
bulmuslardir. Han vd. [24], linyit kurutma sisteminde kurutucu egzoz 1sisim1 geri kazanmayi
basarmislar ve giris havasini 23°C'den 55°C'ye 1sitmislardir. Aktas vd. [25], giines 1s1s1 geri kazanim
destekli kizilotesi kavun kurutucu tzerinde deneysel bir ¢alisma gerceklestirmisler ve toplam giris
enerjisinin %23-28'inin 1s1 geri kazanim {initesi vasitasiyla saglanabilecegi sonucuna varmiglardir.
Aktas vd. [26] bir baska calismada, kizilotesi kayis1 kurutma islemini deneysel olarak incelemisler ve
1s1 geri kazanim {initesi kullanarak toplam enerji girdisinin %62'sine kadar geri kazanim
saglamiglardir. Yahya vd. [27], 1s1 geri kazanimi olan ve olmayan akigskan yatakli kurutucuyu
karsilastirmiglardir. Sonugclar, 1s1 geri kazanimh akiskan yatakli kurutucunun celtigin nem icerigini
kuru bazda %28.52'den %16.28'e getirmek icin gereken siireyi yaklasik ti¢ dakika azalttigim
gOstermistir.

Bu makalede kurutucuda 6zgiin olarak yapilan iki kademeli atik 1s1 geri kazanimu ile,
¢ Atikis1 geri kazaniminin kurutucunun 6zgil enerji titketimine etkisinin belirlenmesi,
o ikinci kademe ile gerektiginde enerjinin depolanabilmesi,
e Atikis1 geri kazanim tinitesinin geri 6deme siirelerinin belirlenmesi,
¢ Atik1s1 geri kazanimu ile es deger karbon emisyon azaltimi potansiyelinin ortaya konmasi,
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amaglanmistir. Bu dogrultuda ¢alisma literatiire iki kademeli atik 1s1 geri kazaniminin kurutma
maliyetine etkisinin ortaya konmasi, iki kademeli atik 1s1 geri kazanim metodunun akiskan yatak
kurutucunun verimini nasil etkilediginin belirlenmesi katkilarini sunacaktir.

3. Materyal ve Metot (Material and Method)

3.1. Mevcut kum kurutma sisteminde kurutma veriminin belirlenmesi (Determination of drying efficiency of
existing sand drying system)

Calisma kapsaminda mevcut kum kurutma sisteminde yapilan él¢ctimler neticesinde elde edilen veriler
Tablo 1'de verilmistir. Mevcut (1s1 geri kazanimsiz) kurutma sisteminde yapilan 6l¢iimler ile 6zgiil
enerji tiketimi, kurutma maliyeti ve kurutma veriminin hesaplanmasi amaglanmistir. Bu anlamda,
mevcut 1s1 ve kiitle transferi yapisi ile yeni tasarim karsilastirilarak sonuglar enerji ve ¢evresel etkiler
acisindan irdelenmistir.

Tablo 1. Mevcut kum kurutma sisteminin parametre degerleri (Parameter values of existing sand drying system)

Parametre Deger
Kum giris debisi, kg/h 7,500
Giris kum nemi, % 4.39
Cikis kum nemi, % 0.01
Saatlik elektrik enerjisi tiiketimi, kWh 52.64
Dogalgaz tiiketimi, m3/h 69.81

Yapilan deneylerde giris kumunun kuru madde miktar1 belirlenmistir. Sonrasinda, Tablo 1’de verilen
giris kum nem icerigi %4.39 ve ¢ikis kum nem igerigi ise %0.01 olarak hesaplanmistir.

Mevcut kum kurutma firin sisteminde baslangi¢ kuru kum miktari;

Baslangi¢ Kuru Kum Miktar1 = Kum Giris Miktar x (1 - (W)) (1

¢ikis yas kum miktari ise;

Cikis Yas Kum Miktar = Baslanglglﬁgﬁiu;znbﬁiktan (2)
1_( 100 )

esitlikleri ile hesaplanir. Buharlasan su miktari;

m, = Kum Giris Miktar1 — Cikis Yas Kum Miktar1 3)

esitligi kullanilarak hesaplanir. Kurutma siirecinde 6zgiil enerji tiikketimi birim kiitle nem basina
harcanan enerji miktari olup;

_ Elektrik Tiketimi + (Dogalgaz Tiiketimi x 10.64)

OET Buharlasan Su Miktar1 (4)
esitliginden [23], mevcut kurutucunun kurutma verimi ise;
Imp X heg
=— 5
N 2:Qgiren ( )
esitliginden bulunur. Burada Qgiren yakit ve elektrik tiiketiminin toplami olup,
Qgiren = ank]t + Eelektrik (6)

esitligi ile ifade edilmektedir.
3.2. Tasarim (Design)

Yas olarak gelen kumlar kum (47-52 AFS) havuzuna bosaltilmaktadir. Ardindan kum kurutma sistemi
calistirillarak kepge yardimi ile yas kumlar siloya aktarilmaktadir. 5 kepge (yaklasik 10 ton) yiikleme
yapilmaktadir. 10 ton/h kum 100°C’de kurutulmaktadir. Makine i¢ine giren kum alttan gelen sicak hava
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ile icerde bir hava akimi olusturarak kumu kurutmaktadir. Kuruyan kum elekten gecerek mekanik, ¢ift
yonlii bant ile silolara tasinmaktadir. Ardindan maga denilen parca icindeki bosluklarin elde edilmesi
icin kullanilan kalip elemanlarinin yer aldigi magahanedeki makinelere gonderilmektedir. Sekil 1’de
kum kurutma firinina ait sematik gosterim, Sekil 2’de ise kum kurutma sisteminin fotografi verilmistir.

AN N AN
/ 4 V4
PLAKAL I8! DEGISTRICI
v ik
2KADEME 151
9) ® © (@) otrl kazam ()
1KADEME 181 FABRIKA
GERI KAZANMI Iciisi
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”“‘Yﬁ.
GIRISI .
i ) €
R PONPA
YASKUM
Fa BESLEME
A\
O
7 KURUTULMUS URONDN. Q!
V4
1smel AY
(DOGALGAZLI ISmc) O SOGLTMAHAVAS!
GIRls

M
Sekil 1. Kum kurutma firininin sematik gésterimi (Schematic representation of the sand drying oven)

. 1l

Sekil 2. Kum kurutma sisteminin fotografi (Photo of the sand drying system)

3.3. Atik 1s1 geri kazanimli kum kurutma veriminin teorik analizi (Theoretical analysis of sand drying efficiency
with waste heat recovery)

Calismada kullanilan 1. kademe 1s1 geri kazanim iinitesine ait bilgiler Tablo 2’de, 2. kademe 1s1 geri
kazanim iinitesine ait bilgiler Tablo 3’te verilmistir.
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Tablo 2. 1. Kademe 1s1 geri kazanim linitesi parametre degerleri (1st stage heat recovery unit parameter values)

Parametre Deger
Is1 geri kazanim Unitesi hava giris sicakligy, °C 30

Is1 geri kazanim Unitesi hava cikis sicakligy, °C 98.41
Is1 geri kazanim Unitesi hava giris debisi, m3/s 1.916
Havanin yogunlugu, kg/m3 1.032
Havanin 6zgiil 1s1s1, k] /kg°C 1.008

Tablo 3. 2. Kademe 1s1 geri kazanim {initesi parametre degerleri (2nd stage heat recovery unit parameter values)

Parametre Deger
Is1 geri kazanim tinitesi hava giris sicakligi, °C 10
Is1 geri kazanim tinitesi hava ¢ikis sicakligy, °C 60
Is1 geri kazanim iinitesi su giris debisi, m3/s 0.8
Suyun yogunlugu, kg/m3 994.2
Suyun 6zgiil 1s1s1, k] /kg°C 4.18

Mevcut kum kurutma sistemine 1s1 geri kazanim {initesi eklenmesi sonucunda geri kazanilan 1s1l giig;
W =Qxpxcyx (T2-T1) (7)

ile dogalgaz tiiketimindeki azalim;

Is1 geri kazanim iinitesinde geri kazanilan 1s1l gii¢

Dogalgaz Tiiketimindeki Azalim = To0s (8)

esitliklerinden hesaplanir. Dogalgaz tiiketimindeki azalim ile 1s1 geri kazanimli dogalgaz tiiketimi;
Is1 Geri Kazanimli Dogalgaz Tiiketimi = Dogalgaz tiiketimi — Dogalgaz tiiketimindeki azalim (9)

esitliginden bulunur. Is1 geri kazaniml 6zgil enerji tiikketimi;

Elektrik tiikketimi+(Is1 geri kazanimli dogalgaz tiikketimi x 10.64)

Is1 Geri Kazanimh OET = (10)

Buharlasan su miktar:

esitligi kullanilarak hesaplanir. Buharlasma gizli 1s1s1 2,336.1 kJ/kg'dir. Is1 geri kazanimli kurutma
verimi;

(—Bu}lar]asan Su mlktan) x (Buharlasma gizli 1s1s1)

Is1 Geri Kazammh Kurutma Verimi = Elektrik tﬁketimi?—ézlt; geri kazanimli dogalgaz tiiketimi x 10,64) (11)
esitliginden, yakit tiiketimindeki % azalma ise;

Yakit Tiiketimindeki Azalma = (Dogalgaz tﬁketimi;‘z;fgr;::;::ﬂ: dogalgaz tﬁkaimi) x 100 (12)
esitliginden hesaplanarak bulunur.

IPCC dogalgaz = 0.000233 ton CO,/kWh (13)
Mevcut COz salimy;

CO, Salimi = IPCC dogalgaz x Dogalgaz Tiiketimi x 10.64 (14)
esitliginden, 1s1 geri kazanim ile CO2 salimi;

Is1 Geri Kazanim ile CO2 Salimi =

IPCC dogalgaz x Is1 geri kazaniml dogalgaz tiikketimi x 10.64 (15)

esitliginden hesaplanarak bulunur.

Calisma kapsaminda, mevcutta iki kademeli 1s1 geri kazanim sistemine sahip olmayan akigskan yatak
kum kurutma sistemi deneysel olarak incelenmistir. Elde edilen deneysel veriler Tablo 1'de sunulmus,
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bu verilere bagh olarak 1s1 geri kazanim iiniteleri tasarlanmis ve bu tasarima gore analiz edilmistir.
Bdylece, mevcut deneysel verilere ve 1s1 geri kazanim sisteminin kurulum maliyetine gore ekonomik
analiz yapilarak elde edilebilecek enerji tasarrufuna gore geri 6deme siiresi hesaplanmistir.

4. Bulgular (results)

Bu calismada, dokiim sektdriinde enerji tiiketiminin azaltilmasina yonelik yesil ve verimli enerji
teknolojilerine doniistimde yeni nesil bir atik 1s1 geri kazanimi sistemine ve ytiksek kurutma verimine
sahip kum kurutma sistemi tasarlanmistir. Tablo 4’te mevcut kum kurutma tasarimina, Tablo 5’te 1.
kademe kum kurutma tasarimina, Tablo 6’da 2. kademe kum kurutma tasarimina ait degerler
verilmistir.

Tablo 4. Mevcut kum kurutma tasarimina ait parametre degerleri (Parameter values of the existing sand drying design)

Parametre Deger
Baslangi¢ kuru kum miktari, kg/h 7,170.75
Cikis yas kum miktari, kg/h 7,171.47
Buharlasan su miktari, kg/h 328.53
Mevcut 6zgiil enerji tiiketimi, kWh /kg 242
Mevcut kurutma verimi, % 26.86

Tablo 5. Atik 1s1 geri kazanimli kum kurutma tasarimina ait parametre degerleri (1. kademe: kurutma havasi 6n 1sitma)
(Parameter values of sand drying design with waste heat recovery (1st stage: drying air preheating))

Parametre Deger
Geri kazanilan 1s1l giig, kW 136.350
Dogalgaz tiiketimindeki azalim, m3/h 12.815
Is1 geri kazanimli dogalgaz tiiketimi, m3/h 56.995
Is1 geri kazanimli 6zgiil enerji titketimi, kWh/kg 2.01
Is1 geri kazanimli kurutma verimi, % 32.35
Yakit titketimindeki azalma, % 18.36
Mevcut CO; salimi, ton COz/h 0.173
Is1 geri kazanim ile CO2 salimi, ton COz/h 0.141
Yillik karbon salimindaki azalma, ton CO;/y1l 217.3

Tablo 6. Atik 1s1 geri kazanimli kum kurutma tasarimina ait parametre degerleri (2. kademe: fabrika ici su 1sitma)
(Parameter values for sand drying design with waste heat recovery (2nd stage: in-plant water heating))

Parametre Deger
Is1 geri kazanim Unitesi su giris sicakhigi, °C 10
Is1 geri kazanim tnitesi su ¢ikis sicakligy, °C 60
Is1 geri kazanim {initesi su giris debisi, m3/h 0.8
Suyun yogunlugu, kg/ms3 994.2
Suyun 6zgiil 1s1s1, k] /kg°C 4.18
Is1 geri kazanim iinitesinde geri kazanilan 1s1l giic, kW~ 46.175
Dogalgaz tiiketimindeki azalim, m3/h 4.339
Is1 geri kazanimli dogalgaz tiiketimi, m3/h 52.65
Yakit tiiketimindeki azalma, % 6.2165
Is1 geri kazanim ile karbon salimi, ton COz/h 0.162
Yillik karbon salimindaki azalma, ton COz/y1l 73.59

Tablo 4, 5 ve 6’da goriildiigii gibi 1s1 geri kazanimi ile 6zgiil enerji tiiketimi 2.42 kWh/kg degerinden
2.01 kWh/kg degerine azaltilmis, yakit tiilketimi de mevcut sisteme gore %18.36 oraninda azalmistir.
Yapilan hesaplamalar sonucunda Sekil 1'de verilen noktalara ait sicaklik degerleri Tablo 7’de
verilmistir.

4.1. Ekonomik analiz (Economic analysis)

Dokiim sektoriinde kullanilan kumun kurutulmas: siirecinde kurutucunun 6zgiil enerji tiiketiminin
azaltilmasi, atik 1s1 geri kazanimi sisteminin gelistirilmesi icin 1s1 geri kazanim iinitesi tasarimi
yapilacaktir. Mevcut durumda kum kurutma firininda giinde 7.5 ton/h ve 22 saatte ortalama 165 ton
silis kumu kurutulmaktadir. Elektrik tiiketimi saatte 52.64 kWh, dogalgaz saatteki tiiketimi 69.81
m3/h’'tir. Mevcut kurutma verimi %Z26.8 ve karbon salimi ton basina 0.173 COz/h olarak
hesaplanmistir. Sistemin net bugiinkii degerleri géz 6niinde bulundurularak bir ekonomik analiz
gerceklestirilmistir.
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Tablo 7. Sistemdeki sicaklik degerleri (Temperature values in the system)

Nokta Sicaklik degeri (°C)
1: Fan giris-¢ikis 30.0
2: 1. kademe 1s1 degistirici giris 30.0
3: 1. kademe 1s1 degistirici ¢ikis 98.4
4: Dogalgazli 1s1tic1 ¢ikig-kurutma odasi giris 270.5
5: Kurutma odasi atik 1s1 ¢ikig 210.5
6: 1. kademe 1s1 degistirici atik 1s1 ¢1kis-2. kademe 1s1 degistirici atik 1s1 giris 92.1
7: 2. kademe 1s1 degistirici atik 1s1 ¢1kis 59.8
8: 2. kademe 1s1 degistirici soguk su girisi 10.0
9: 2. kademe 1s1 degistirici sicak su ¢ikis1 60.0

1. kademe kurutma havasi 6n isitma 1s1 geri kazanim lnitesinin ¢evrime eklenmesi ile kurutma
veriminin %32.35 olmas1 6ngoriilmektedir. Karbon salimi azaltilip ton basina 0.141 COz/h’e
diisecektir. Is1 geri kazanimi ile dogalgaz tiiketimi saatte 56.99 m3/h’e diiserek yakit tiiketimindeki
azalma %18.35 olacaktir. Boylece mevcut sistemden 1s1 geri kazanim {initesi entegreli sisteme gecildigi
takdirde yillik 1,428,753.81 TL tasarruf edilmesi miimkiindiir. Is1 geri kazanim initesinin yatirim
maliyeti 938,940 TL olup geri 6deme stiresi 0.64 yildir. 2. kademe fabrika i¢i su 1sitma i¢in tasarlanan
151 geri kazanim linitesinin ¢evrime eklenmesi ile kurutma veriminin %28.45 olmasi 6ngoriilmektedir.
Karbon salimi azaltilip ton basina 0.162 COz/h’e diisecektir. Is1 geri kazanimi ile dogalgaz tiiketimi
saatte 52.65 m3/h’e diiserek yakit tiiketimindeki azalma %18.35 olacaktir. Béylece mevcut sistemden
151 geri kazanim tnitesi entegreli sisteme gecildigi takdirde yillik 1,912,602.548 TL tasarruf edilmesi
miimkiindiir. Is1 geri kazanim iinitesinin yatirim maliyeti 156,600 TL olup geri 6deme siiresi 0.16 yildir.

Elde edilen sonuclarin enerji sistemleri agisindan énemli bir dlgiide oldugu kanitlanmis ve bu ¢alisma
ile bu akiskan yatak kurutucuda 1s1 geri kazaniminin etkileri ve dnemi ortaya konmustur.

5. Sonu(,‘lar (Conclusions)

Bu ¢alismada, dokiim sektoriinde kullanilan kumun kurutulmasini saglayan kurutucuda atik 1s1 geri
kazanim sisteminin kullanilarak 6zgiil enerji tiiketiminin azaltilmasi amaglanmistir. Bu amag
dogrultusunda bir 1s1 geri kazanim tnitesi tasarimi ve gerekli analizler yapilmistir. Sistemde kullanilan
mevcut tasarim ile atik 1s1 geri kazanimli tasarimdan elde edilen sonuglar Tablo 8’de verilmistir.

Tablo 8. Mevcut tasarim ve atik 1s1 geri kazaniml tasarim parametre degerleri (Existing design and waste heat recovery
design parameter values)

Atik Is1 Geri Atik Is1 Geri fyilesme Oram
Meveut Tasarim Kazanimli Tasarim| Kazanimli Tasarim
(1. Kademe (2. Kademe Su
Kurutma Havasr) Isitma) 1.Kademe |2.Kademe
Kurutma %26.8 %32.35 : 95.55 .
Verimi, %
Dogalgaz
Tiiketimi, 69.81 56.995 52.655 12.815 17.155
m3/h
Karbon
Salimi, ton 0.173 0.141 0.162 0.032 0.011
COz/h

Elde edilen sonuglara gore asagidaki sonuglar literatiire kazandirilmistir;

e Mevcut tasarimdan 1. kademe kurutma havasi 6n 1sitma 1s1 geri kazanim {initesinin cevrime
eklendigi tasarima gecildigi takdirde kurutma veriminde %>5.55’lik bir artis, dogalgaz
tiikketiminde 12.815 m3/h’lik bir diisiis, karbon saliminda ise 0.032 ton COz/kWh’lik bir azalma
meydana gelecegi hesaplanmistir.

e Mevcut tasarimdan 2. kademe fabrika ici su 1sitma i¢in tasarlanan 1s1 geri kazanim iinitesinin
cevrime eklendigi tasarima gecildigi takdirde dogalgaz tiiketiminde 4.34 m3/h’lik, karbon
saliminda ise 0.011 ton CO2/kWh'’lik bir azalma meydana gelecegi hesaplanmistir.

e Birinci kademede kurutma veriminin artisi, ikinci kademede yakit tiiketimindeki azalma
oranlar1 ortaya konularak yenilikei bir 1s1 geri kazanim iinitesi tasarimi ortaya konmustur.

e Atikisinin geri kazanildigi bu tasarimda kurutma verimi yiikselerek enerji maliyetinin azalmasi
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ongoriilmektedir.

e Enerji tiiketimini azaltmayr amaglayan bu yeni tasarim ile atmosfere salinan sera gazi
emisyonlarinin azaltilmasi, Paris Iklim Anlasmasi’nin hedeflerinin gerceklesmesine katki
saglanmasi 6ngoriilmektedir.

Tasarlanan sistemin enerji, ekonomik ve cevresel analizlerinin yapildigi bu calismada, karbon
saliminin distriilerek kurutma veriminin artirilmasi ve enerji tiiketiminin minimize edilmesi
ongoriilmektedir.
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Semboller ve Kisaltmalar (Symbols and Abbreviations)

Cp Havanin 6zgiil 1s1s1, k] /kg°C

hsg Buharlasma gizli 1s1s1, k] /kg

my Buharlasan su miktari, kg/h

PV/T Fotovoltaik/termal

0 Is1 geri kazanim tinitesi hava giris debisi, m3/s
Qgiren Yakit ve elektrik tiiketiminin toplami, kWh

T1 Is1 geri kazanim iinitesi hava giris sicakligy, °C
T2 Is1 geri kazanim {nitesi hava ¢ikis sicakligy, °C
14 Is1 geri kazanim tinitesinde geri kazanilan 1s1l giig, kW
n Kurutma verimi, %

p Havanin yogunlugu, kg/m3
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ABSTRACT

Seedless raisins are graded according to their quality which is determined based on several
features such as color, size, texture, and humidity. Currently, most of the raisin grading
process is performed by human experts manually, which is laborious and subjective work.
Therefore, an automated system that enables objective evaluation of the raisins would be
helpful for both producers and experts during this process. In this study, we propose a
simple machinery prototype that takes images of raisins under standard background and
illumination conditions and an automated system that performs quality grading of raisins
using convolutional neural networks. The proposed model not only targets color classes but
also aims to identify foreign matters and defected raisins. The model achieves about 88.2%
average classification accuracy on five classes including four color classes and a defected
raisin class; whereas the model's accuracy becomes 98.6% if defected raisins are excluded.
Hence, the proposed model is very successful in differentiating color classes and has also
considerable success in detecting foreign matters and defected raisins. We provide a
comprehensive analysis and discussion on these results.

e-ksper: Cekirdeksiz Kuru Uziim Kalite
Degerlendirmesi i¢in Evrisimsel Sinir Aglari

Temelli Sistem

0Z

Cekirdeksiz kuru liziimler, renk, boyut, doku ve nem gibi cesitli 6zelliklere gore belirlenen
kaliteler dogrultusunda degerlendirilir. Mevcut sartlarda kuru iiziim smiflandirma
isleminin ¢ogu insan uzmanlar tarafindan manuel olarak gerceklestirilmektedir. Bu islemin
manuel olarak yapilmasi insan giicli agisindan zahmetli olmakla birlikte 6znel sonuglar
ortaya ¢ikarmaktadir. Bu nedenle, kuru tiziimlerin objektif bir sekilde degerlendirilmesini
saglayan otomatik bir sistem, bu siirecte hem kuru {iziim treticilerine hem de uzmanlara
yardimci olacaktir. Bu ¢alismada, standart arka plan ve aydinlatma kosullar1 altinda kuru
uziimlerin goriintiilerini alan basit bir makine prototipi ve evrisimsel sinir aglari kullanarak
kuru iiziimlerin kalite derecelendirmesini yapan otomatik bir sistem éneriyoruz. Onerilen
model sadece renk siniflarini degil, ayni zamanda yabanci maddeleri ve kusurlu
cekirdekleri de tespit etmeyi amaglamaktadir. Model, dort renk sinifi ve bir kusurlu
cekirdek simifi dahil olmak f{izere bes sinif lizerinde ortalama %88,2 siniflandirma
dogrulugu elde ederken, kusurlu ¢ekirdekler hari¢ tutuldugunda modelin dogrulugu %98,6
olmaktadir. Dolayisiyla, onerilen model renk smiflarini ayirt etmede ¢ok basarihdir ve
ayrica yabanci maddeleri ve kusurlu kuru tiziimleri tespit etmede de dnemli bir basariya
sahiptir. Bu calismada elde edilen sonuglar ilizerine kapsamli bir analiz ve tartisma
sunuyoruz.
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1. Introduction

In today's world, applying technological tools and techniques in agriculture has become vital to survive
in the competitive world market and ensure sustainable agriculture. The continuous increase in
population and prosperity comes with a food demand that agricultural production is struggling to meet.
Although agricultural mechanization has come close to meeting this demand in the past centuries,
artificial intelligence (AI) applications can produce sustainable solutions to the ever-increasing
demand for food [1]. The progress in the field of internet-of-things and machine learning (ML) has
enabled many applications of smart systems in food and agriculture sectors. Recently, Al started to
reform the processes in the agricultural sector as well as other sectors. The use of Al can be seen
throughout the food supply chain, starting from crop planting scheduling [2], irrigation management
[3], pest monitoring [4], autonomous harvesting [5] to product quality evaluation [6] and food logistics

[7].

Seedless raisin is one of the main agricultural products in the world and the main exporters are Turkey,
USA, China, India, and Iran. It is one of the major agricultural products in Turkey, especially for the
Aegean Region. Turkey, which realizes 27% of seedless raisins in the world, is the biggest seedless
raisin producer and exporter (32%) in the world [8]. The price of a bulk of raisins is determined based
on its quality grade which depends on factors such as color, texture, size, and humidity. Currently, most
raisin grading is done manually by human experts under daylight, which is a labor-intensive, subjective
and error-prone process due to varying light conditions and the human factor in general. Thus, an Al-
powered automated system that enables objective evaluation of the raisins would be helpful for both
producers and experts during this process. Such a system would pave the way for the validation of the
process in terms of ethical concerns such as fairness, transparency, and explainability.

The main objective of this study is to develop an automated process for classifying seedless raisins
according to their quality. Within the scope of this work, we only consider image-based features like
color, size, and texture by omitting humidity and mass. In this work, we propose a hardware prototype
and a software methodology for classifying raisins into one of four color classes or defected raisins. The
current system targets Turkish standards for raisin grading; though, it is possible to adapt and calibrate
the system for other countries' standards.

The hardware component is constructed for taking photos of raisins under standard illumination
conditions since color is the main factor in determining the quality and it is highly affected by
illumination. Yet, the hardware is designed to be used for materials other than raisins. For the software
part, we employ convolutional neural networks (CNN) as one of the state-of-the-art machine vision
techniques to obtain a mapping between the input raisin images and expert labels. We named our
automatic raisin grading system as "e-ksper".

The rest of the paper is organized as follows: Section 2 reviews the literature in the field of food and
raisin grading. Section 3 includes the details about our data, hardware prototype, and software
methodology. Quantitative and qualitative results are elaborated in Section 4; and Section 5 wraps up
the study.

2. Related Work

In the literature, computer vision techniques are widely employed for quality inspection of agricultural
products such as fruits and grains. Some examples include grain classification [9, 10], quality
assessment of cocoons [11], and fruit maturity grading [12]. Surveys on the application of computer
vision techniques for agricultural product grading and characterization can also be found [13, 14, 15,
16].

Although there are a number of studies on raisin or grape variety classification using machine vision
and deep learning methods [17, 18, 19], in different wavelengths [20], these studies do not take raisin
quality into account. The studies on raisin quality grading can be analyzed based on their
methodologies, extracted features, or classes. Omid et al. [21] proposed a simple algorithm to identify
good and bad raisins on a given image, by analyzing their color and size features. Wang et al. [22]
proposed a machine vision system based on hybrid image features of color, texture, and morphological
properties to classify raisins into four varieties produced in China. They compared several classifiers
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including partial least squares (PLS), linear discriminant analysis (LDA), soft independent modeling of
class analogy (SIMCA), and least squares support vector machine (LS-SVM) with linear and radial basis
function (RBF) kernels. They achieved up to 99% accuracy using LDA. Yu et al. [23] combined HSI color
space and texture features and utilized LS-SVM classifier. They showed that integrating texture features
to the system improves the classification accuracy when compared to using color features solely. Pawar
and Sarkar [24] proposed a fuzzy classification system using hue, saturation, and intensity features.
The main difference of their study from the others is that the classification is done based on the whole
image, instead of dealing with individual raisins.

Li and Liu [25] proposed an artificial neural network (ANN) architecture to classify raisins into three
grading classes, based on color and size features. Another grading algorithm that uses ANN was
developed by Angadi and Hiregoudar [26] and employs color and size features such as RGB mean, RGB
variance, RGB moment, area, aspect ratio, etc. They achieved about 95% average classification accuracy
on seven industrial classes. Mollazade et al. [27] compared the performance of several data mining
classifiers such as ANN, SVM, Bayesian networks, and decision trees (DT) on raisin classification. They
obtained up to 96% classification accuracy using ANN. Karimi et al. [28] used a Principle Components
Analysis (PCA)-reduced subset of texture features such as gray-level co-occurrence matrix (GLCM),
gray-level run-length matrix (GLRM), and local binary patterns (LBP); and then compared the
performance of ANN and SVM classifiers. Their purpose is to classify mixtures of raisins based on 10
mixture percent. They achieved about 93% classification accuracy with SVM. Similarly, a machine
vision system for classifying bulk raisins was developed using several texture features including GLCM,
GLRM, and LBP [29]. They compared the performance of SVM and LDA classifiers and obtained about
86% and 70% classification accuracy for six classes and fifteen classes of good and bad raisin,
respectively. Zhao et al. [30] trained a neural network by extracting waveform resolution features on
hyperspectral images of raisin samples, to classify raisins into eight categories produced in China
region and obtained about 93% classification accuracy.

Several machines were also developed for automatically sorting raisins using conveyor belts. Shinde
and Patil [31] used average color values to classify and sort raisins into four categories; namely green,
golden, brown, and black. Abbasgholipour et al. [32] developed a machine vision system to segment
image pixels into desired and undesired raisin regions under varying luminance conditions, using
genetic algorithm on HSI color space.

As the literature review indicates, the studies on automatic raisin grading are very limited. Most of
them classify raisins into just two categories as good and bad. The rest are generally proposed for
region-specific grading criteria. The standards used in Turkey differ from those criteria. For example,
possible defects on raisins have a significant effect on the Turkish standard for grading raisins.
Detecting foreign matters and defections is a challenging task compared to just color classification.
Furthermore, most of the proposed methods require a hand-crafted feature extraction process, which
is labour-intensive. Instead, the application of modern machine vision techniques such as CNN would
remove the necessity for manual feature extraction and explore descriptive features and their
hierarchical and non-linear interactions automatically.

3. Materials and Methods

In this section, we explain the hardware/software methods and algorithms that are employed in the
study. We have developed a simple hardware prototype that takes images of raisin samples under
standard illumination conditions. These images are then fed into a CNN model to be classified according
to their quality. The details are explained in the subsequent sections.

3.1. Data

In the development process, Sultana-1 seedless raisins were used. The origin of this variety is Asia
Minor and commercially it is very popular around the world and commonly cultivated in the Aegean
Region of Turkey. Raisin samples were classified and labeled by experts into five classes according to
the Seedless Raisin Quality Grading Standard of Turkish Standards Institute [33]. These classes are
shown in Figure 1 and shortly explained below.

e (lass1: raisins of light yellow or similar color.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2023 Gazi Akademik Yayincilik 455



Gulsoylu & Cipiloglu Yildiz Gazi MUhendislik Bilimleri Dergisi: 9(3), 2023

e (lass2: raisins of light brown or similar color. Raisins of light yellow-light brown mottled color
are also included in this class.

e (lass3: raisins of dark brown or similar color. Raisins of dark brown-black mottled color are
also included in this class.

e (lass4: raisins of black color.

e (lass5: Defected raisins and foreign matters:

o Capstems: The small stems that attach the raisins to the branches of the bunch.

o Immature raisin: Raisins with a very small mass, with no sugared tissue indicating
that growing is incomplete, completely wrinkled, with almost no flesh, hard structure,
and raisins of less than 5 mm diameter.

o Moldy raisin: Raisins with visible mold filaments.

o Defected raisin: Raisins with significant defects in appearance, consumption, quality,
transport, and storage due to visible sunburn, mechanical injury, insect defeat, and so
on.

o Sugared raisin: Raisins with sugar crystals inside and outside, which affect the
appearance.

o Conjoint raisin: Raisins stuck together, usually due to exocarp injury.

o Foreign matters: Any other material than raisins.

A B C

D

Figure 1. Samples for four color classes and the class of defected raisins and foreign matters. A) Class1, B) Class2, C) Class3, D)
Class4, E) Class5: Defected raisins and foreign matters.

In this study, our main aim is to cover five classes including defected raisins. However, we also compare
the prediction performance when only four color classes are targeted. For five classes, a total of 1751
sample raisin images were captured and labeled by experts. There are 409 Class1, 300 Class2, 314
Class3, 410 Class4 and 318 Class5 raisin images in the dataset. For four classes, defected raisin class is
excluded and 1433 raisin images were used. The datasets were divided into three sets: Training (70%),
validation (15%), and testing sets (15%). All images were resized to 64 x 64 pixels and online data
augmentation techniques were used to mitigate overfitting by randomly rotating and flipping the raisin
images. Unlike offline data augmentation, which generates images once before training, online data
augmentation generates images randomly for each batch based on the predefined augmentation rules
during the training.

In Figure 2, the distribution of class samples in RGB and HSV color spaces are plotted. Each datapoint
in the figure represents the average color for a raisin image in a color space. The plots show that the
classes are not trivially separable in both spaces. Instances of Class5 (purple) are spread over the whole
samples and they are especially intertwined with Class3 and Class4 instances. Thus, it is not
straightforward to classify the samples using just a rule-based system.
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Figure 2. Distribution of the samples in RGB space (left), in HSV space (right).
3.2. Hardware

Since raisin quality is mainly determined by the color which is highly affected by illumination
conditions; we have developed a machine prototype (Figure 3) which takes images of raisin samples
under standard illumination conditions. A white fiberglass tray is used as a background. The tray is
illuminated with two LED panels. The color temperature of those panels was selected as 3000K. The
panels were placed at a 45° angle with the tray to reduce the shadows. To capture the RGB images of
the raisins, a Raspberry Pi Camera Rev 1.3 which is placed 28 cm above the tray was employed. The
resolution of the captured images was 1920x1200 pixels.

Figure 3. The hardware in which the photos of raisin samples to be evaluated are taken and processed.

Raisins were manually placed on the tray, and then each of tem was separated from each other; similar
to the process during human expert evaluation. Defected raisin clusters such as twin raisins were not
separated because those raisins are defined as defected in the standards. After distributing the raisins,
images were captured by the integrated Raspberry Pi camera.
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Due to its small size, Raspberry Pi 3 Model B is used as a micro-computer. It has a quad-core 64-bit
ARM Cortex-A53 (1.2 GHz) processor and a dual-core Videocore IV (400Mhz) multimedia processor.
Its 1 GB of LPDDR2 memory is sufficient for image processing. This micro-computer was not used for
the training of the CNN model, it is just used for test queries. Raspberry Pi compatible LCD touch screen,
which is 5-inch in size and 800x480 resolution, is used to facilitate the image acquisition process and
display the results.

3.3. Methodology

The raisin quality classification process is illustrated in Figure 4. All the raisins are annotated by human
experts according to their quality class and their images are taken. After capturing the images of
randomly distributed raisins on the tray, images of individual raisins are obtained through several
preprocessing steps. The constructed dataset is randomly split into train, test, and validation sets. A
CNN model is trained to produce predictions of quality classes based on color and texture properties.
Lastly, the size analysis of the raisins is performed and the user is presented with a report on the quality
of the sample being tested.

Labeled Unprocessed

.Classl Ve geo® 3 04
Classd‘ "‘ ) "'/ . 4
.Class3 —>|eseydod t"A" —>

[ 909 ®o0
Defected‘ ""‘. .‘.::
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Figure 4. Raisin quality classification process.
3.3.1. Preprocessing

After capturing RGB images of raisins as described above, the images go through several preprocessing
stages before the CNN model. The main objective of the preprocessing is to crop the individual raisin
images from the overall picture. The preprocessing stages operate on the greyscale version of the input
image.

Although we take the images in a box under standard lighting, they are still exposed to some noise. We
first remove this noise by applying a 5x5 median filter. Afterwards, to segment the image into
background (tray) and foreground (raisin) pixels, we apply Otsu's thresholding algorithm [34]. As in
other thresholding methods, the image pixels with intensity values lower than a threshold value are
labeled as foreground. Otsu determines the optimum threshold value which separates two classes so
that their inter-class variance is maximal, using the histogram of the image. Thresholding segments the
image into two classes but the result may contain some gaps or surplus pixels. Therefore, the exact
boundaries of the raisins are extracted by morphological operations using erosion and dilation. Then
the foreground images were cropped from the overall image and resized to 64x64 pixels.

3.3.2. Classification

Although the characteristics of the quality classes are outlined in the standard, the expressions used
such as "light yellow", "similar"”, etc. are vague expressions. The fact that the color and size ranges are
not clearly defined makes it difficult to use a rule-based approach. In addition, there is no clear
definition of defected raisins and foreign matters. In this case, the best way is to learn the quality classes
from the data labeled by experts. Therefore, at this stage, modern machine learning techniques have

been utilized.
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Convolutional neural networks, a class of deep learning methods, have been developed with inspiration
from the interconnection of neurons in the visual cortex. One of the most important advantages of the
CNN model is that it creates spatial and hierarchical relationships in the image through hierarchical
filters without the need for manual feature extraction. Today, this method, which has become the basis
of computer vision, gives very successful results in fields such as image/video classification and object
recognition [35].

In our study, cropped raisin images feed a CNN model. The input to the model is the cropped RGB image
in the shape of 64x64x3 and the output is the class label to which the corresponding image belongs
with the highest probability. Since our problem is not as complex as standard image categorization
problems, we have not used a standard CNN architecture such as AlexNet [36] or GoogLeNet [37] pre-
trained on the ImageNet dataset [38]. Instead, we have constructed the simple CNN architecture shown
in Figure 5 and trained it from scratch.

Input layer Convolutional Convolutional Fully connected Output
layer 1 layer 2 layer layer

MaxPooling [(}.___ O

,,,/ 64 77 64 - "O

3 h

_____ 3@. <10

64 L 64 O

128 128 5

Figure 5. The CNN architecture developed for raisin quality classification.

There are six layers in this CNN model. The first layer is the input layer including the raisin images.
After that, there are two convolutional layers, both of which apply 128 filters on the given image. The
properties obtained with these layers are condensed with the MaxPooling layer and transmitted to a
fully connected layer of 256 artificial neurons. The last layer is the output layer which predicts the class
of the raisin. The application was implemented using Python. OpenCV libraries were used for the
preprocessing steps and Keras was used for the development of the CNN model.

3.3.3. Reporting Application

Our hardware prototype and software methodology were designed to be flexible enough to be used
even for the classification of objects other than raisins. However, our primary concern in this study is
to grade seedless raisins according to the Turkish grading standards. Therefore, we demonstrate the
sample application of our system in this section. Please note that all the parameters and thresholds
used here can be calibrated for different grading standards and preferences of different corporations.

According to the Turkish standards, the proportion of each color class must be in a certain range and
based on these proportions, the type of the raisin sample is determined as one of Type 7 through 11.
These proportions are given in Table 1 for each type. These values have a 10% tolerance. One drawback
of the manual grading process occurs at this stage. Counting the total number of raisins and calculating
the proportions of each class is a tedious work for human experts. Thus, our automated system is also
effective at objectively determining the type number of the whole sample, in addition to identifying
color classes of the individual raisins.

Table 1. Type properties of raisin groups.
Type Class1 Class2 Class3 Class4

7 10% 20% 55% 15%
8 26% 34% 32% 8%
9 45% 11% 12% 2%
10 64% 30% 6% 0%
11 75% 25% 0% 0%
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Besides the color properties, size is also a key factor in determining the quality of raisins. For this
reason, the size of each raisin on the tray is also calculated. Size of each object is first determined in
pixels using OpenCV functions. Then the values in pixels are converted to millimeters according to the
focal length of the camera. Width, height, and area of each raisin is displayed on the screen.

Finally, all these results regarding the test sample are reported to the user in a simple text file format.
In the report, the number and proportion of each color class, the total number of raisins, type number,
minimum, maximum, and average area, and size category of the sample based on the preferences of the
client are listed.

4. Results

In this section, we present the quantitative results of the proposed method and discussion on these
results.

4.1. Quantitative Results

Although we aim to develop a method for predicting five classes including defected raisins, we compare
our results to just predicting four color classes. The annotated datasets were split into three sets as
training (70%), validation (15%), and test (15%) sets. Table 2 lists the parameters used in the training
of the CNN model. Training of the model was performed on an NVIDIA GeForce GTX 1060 3GB GPU and
it took about one hour to train for 650 epochs.

Table 2. Parameters of the CNN architecture.

Parameter Name Value

Loss function Categorical crossentropy
Optimizer RMSProp
Learning rate 0.0005

Decay 0.000001
Activation function ReLu

(middle layers)

Activation function Softmax

(last layer)

The results were evaluated according to the following metrics: prediction accuracy, precision, recall,
and F1 score. Prediction accuracy is the correct classification rate and it is the primary metric to
evaluate the overall success. Metrics are calculated for each class according to the following equations.

. . True Positives
Precision = — — (1)
True Positives + False Positives

Precision (Eg. 1) for a class x, measures how many of the objects that are predicted as class x actually
belong to that class

Recall = True Positives .

True Positives + False Negatives

Recall (Eg. 2) calculates how many of the class x objects are correctly predicted as class x by our
model.

2 xPrecision * Recall
F1 Score = 225500 ZeC07 (3)

Precision + Recall

F1 score (Eqg. 3) is the harmonic mean of precision and recall metrics. It measures the balance between
them.

4.1.1. Results for 5-Class Prediction

Accuracy and loss plots are given in Figure 6 for 5-class prediction case. According to the plots, one can
observe that overfitting starts after about epoch 160 since training and validation curves move away
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from each other. For this reason, we evaluate the accuracy of the test set for five classes based on the
model which is trained for 156 epochs.

Feature maps for the convolutional layers were analyzed to determine the number of filters as we
preferred to keep the architecture simple by not adding new layers after this stage to avoid overfitting.
In the first convolutional layer, shape, color, and texture properties of the raisin image are extracted
using 128 filters. In the second layer, 128 filters extract high-level features based on those previous
low-level features.
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Figure 6. Accuracy (left) and loss (right) plots for 5-class training and validation sets.

The average prediction accuracy is measured as 88.21% and the confusion matrix is given in Figure 8.
The confusion matrix shows that the Class5 is confused with all other, as the defected raisins can
originally belong to any other class before a defect occurs. It is also clear that the Class1 and Class4 can
be easily classified as those classes consist of the brightest and the darkest raisins, respectively. Based
on the confusion matrix values; precision, recall, and F1 score metrics were also calculated for each
class and listed in Table 3.

Table 3. Precision, recall, and F1 Score (5-class).

Class Precision Recall F1 Score
Class1 98.21%  94.83% 96.49%
Class2 88.64%  88.64% 88.64%
Class3 93.02%  86.96% 89.89%
Class4 85.48%  84.13% 84.80%
Class5 77.59%  86.54% 81.82%

4.1.2. Results for 4-Class Prediction

Figure 7 shows the accuracy and loss plots for the 4-class prediction case. Based on these plots, the test
set for four classes was evaluated according to the model trained for 637 epochs. Similar to 5-class
scenario, confusion matrix for the 4-class prediction (Figure 8) also shows that the model can
successfully classify the brightest and darkest raisins while struggling for the Class2 and Class3.
Performance of the 4-class model is shown in Table 4 with the evaluation metrics. In this case, the
overall prediction accuracy is calculated as 98.60%.

Table 4. Precision, recall, and F1 Score (4-class).

Class Precision Recall F1 Score

Class1 100.00% 100.00%  100.00%
Class2 95.56% 100.00% 97.73%
Class3 97.37% 94.87% 96.10%
Class4 100.00% 98.44% 99.21%
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4.2. Discussion

The most prominent observation from the results given in Section 4.1 is that detecting defected raisins
is a demanding task compared to identifying color classes. This is validated by both the significant
improvement in the prediction accuracy and relatively low values for precision, recall, and F1 scores of
the defected raisins class (Class5) in Table 3. The reason behind this may be two-fold: First, Class5 is a
complex class that comprises many different categories like stems, foreign matters, immature raisins,
etc. Considering such kind of items are not common in the market, it is difficult to collect a sufficient
number of samples in the dataset to let the model learn the characteristic patterns of each category.
Expanding the dataset with more samples could alleviate this problem to some extent. Secondly, using
2D images from a single viewpoint may not capture all the characteristics of the raisins. This second
reason will be scrutinized in the next section with some examples.

Correctly classified instances of Class5 in our test set are displayed in Figure 9. As seen from the figure,
our test set has sufficient diversity to encompass different categories of Class5 such as stems, foreign
matters, and immature/defected/conjoint raisins. The proposed model correctly recognizes apparent
instances of Class5. The only misclassified instances are the raisins that are difficult to differentiate by

just inspecting visual features from a single viewpoint. These failure cases will be discussed in the next
section.

Figure 9. Correctly classified instances of Class5 in the test set.
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4.2.1. Limitations

As one can observe in the confusion matrix given in Figure 8, there are incorrect predictions in the first
four color classes which are predicted as one of the neighboring classes. This is plausible since their
colors are close. It can be tackled by increasing the number of samples per class in the dataset.
Nevertheless, there are also a notable amount of misclassified raisins that are predicted as defected
raisins although they belong to a color class. Furthermore, most of the false positives and false
negatives in Class5 are in Class4. As the color of the raisins in Class4 is black, it is possible to confuse
them with foreign matters or defected raisins (See Figure 1). It can also be explained by the fact that
since black color reveals any dust or similar defects clearly, Class4 raisins are more prone to be
recognized as defected raisins compared to other color classes.

We see that metric values are very close to 100% (Table 4) and prediction accuracy is very high for the
4-class case. Therefore, we speculate that foreign matters and defected raisins deteriorate the
prediction performance and one reason behind this is using 2D images of the raisins from a single
viewpoint. Raisins that are practically lacking in flesh with a very small mass are typical members of
Class5. We refer such kind of raisins as "empty raisins” in the rest of the paper. In Figure 10, sample
misclassifications because of empty raisins are shown. Raisins in the first row are predicted as Class5,
although they are not empty. Conversely, in the second row, there are actually empty raisins but
predicted as one of the color classes. As seen from the figure, their color properties are very similar to
each other but their mass is different. In such cases, 2D images are not sufficient to detect defected
raisins and alternative methods are needed such as taking images from several views, using infrared
cameras, or incorporating mass information into the prediction algorithm.

Figure 10. Samples of misclassification due to empty raisins. First row: Actually not empty but predicted as empty. Second
row: Actually empty but predicted as Class1, Class2, Class3, and Class4 respectively.

Another typical misclassification reason is illustrated in Figure 11. These raisins look mottled from this
view. They are predicted worse than their labels and assigned to the neighboring class. In this respect,
our system may be considered as low-tolerant to mottles. We also think that different sides of raisins
may produce different class predictions. It is even possible that experts would annotate raisins
differently if they checked them from opposite sides.

Figure 11. Samples of misclassification due to mottled raisins. A) Label: Class1, Prediction: Class2. B) Label: Class2, Prediction:
Class3. C) Label: Class3, Prediction: Class4.

At this point, it is pertinent to note that an inherent problem of supervised machine learning algorithms
is their high dependency on the dataset which is eventually annotated by human experts. Although
experts perform the annotation according to the standards, vague expressions such as "light yellow,
brownish, etc." in the standards lead to subjective annotations. We are planning to suppress this
problem and improve the prediction accuracy by increasing the size of our dataset to obtain better
generalization for the model and the number of experts for labeling to reduce human factor.
Nevertheless, updating the standards to make the terms more quantifiable would be a better solution.
We believe that our machine prototype will also make way for such a good standardization in the
medium term.

4.2.2. Comparison to Related Work

We also compare our results to the related studies in the literature and these results are tabulated in
Table 5. By inspecting the table, we can say that our results are on par with the results of state-of-the-
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art studies in terms of prediction accuracy. However, it is not fair to directly compare these studies
since their target classes and standards are quite different. Although the prediction accuracy for the 5-
class case is relatively low, this is still a promising result since the model also includes foreign matters
and defected raisin class. The superior aspects of our study can be summarized as follows:

e It covers defected raisins and foreign matters in addition to color classes. Therefore, it has a
diverse dataset.

e Itis the first study that applies deep learning methods in the problem of quality classification
of raisins, as far as we know.

e It does not require manual feature extraction thanks to the CNN classification method.

e The size of the dataset is larger than most of the datasets in other studies.

e It has a general-purpose hardware component that can be used for taking images of other
objects under standard illumination conditions.

Table 5. Comparison to other studies. The studies who used classes defined by a national standard are indicated with the issuing
country in parentheses.

Study Target classes Method(s) Accuracy
Omid et al. [8] 2 classes: Good and bad Rule-based 96%
Wang et al. [9] 4 classes (China) PLS, LDA, SIMCA, LSSVM 99%
Yuetal. [10] 4 classes (China) LSSVM 95%
Angadi etal. [13] 7 classes (India) ANN 95%
Mollazade et al. [14] 4 classes: Green and black MLP, SVM, Bayesian, DT 96%
(with and without stem)
Karimi et al. [15] Classes based on mixture ANN, SVM 93%
percentages
Our (5-class) 5 classes: 4 color classes + CNN 88%

defected raisins and foreign
matters (Tiirkiye)

Our (4-class) 4 color classes (Tirkiye) CNN 99%

5. Conclusion

In this paper, we propose a simple device and an algorithm for determining the quality class of seedless
raisins. We have designed a hardware module that helps taking photos of raisins under standard
illumination and background conditions. RGB images of raisins are cropped using several image
processing operations and they are used for training a CNN model that predicts the quality class of the
raisin. We obtain about 88% prediction accuracy for five classes including foreign matters and defected
raisins. On the other hand, when foreign matters and defected raisins are excluded, the model achieves
almost 99% prediction accuracy. Size features are also extracted to determine the overall quality of the
sample and a summary report is provided to the user. We have used Sultana-1 seedless raisins and
developed our system based on Turkish standards. However, it is possible to calibrate and train the
model to operate on other varieties and standards.

For the future, our first objective is to improve the prediction accuracy by increasing the size and
quality of the dataset and fine-tuning the parameters of the CNN architecture. We are also planning to
integrate mass and humidity measurement sensors into the system since these are also important
factors in determining raisin quality, especially for defected raisins. We have concluded that visual cues
alone are not sufficient to detect some kind of defected raisins. Another future work can be designing
a conveyor belt which sorts raisins based on detected quality class. In addition to these, a similar system
can be developed for measuring the quality of other fruits and grains such as olives, dried figs, and
apricots. Our hardware system is already designed flexible enough for general-purpose usage. A similar
CNN architecture can be constructed and trained for this purpose.
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ABSTRACT
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rotating sphere, Functionally graded is investigated. It is assumed that the material properties of these structures, thought to be
materials, Halpin-Tsai method, formed gradually from a mixture of metal and aluminum in the radial direction, are graded
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1. Gll‘l$ (Introduction)

Kalin cidarl basingh kaplar kimya, petrol, niikleer ve havacilik alanlarinda yaygin kullanim alanina sahip
ekipmanlardir. Genellikle silindirik ve kiiresel geometriye sahip olan kalin cidarli kaplar, bir¢cok miihendislik
tasariminda ortak bir yapisal bilegen olarak kullanilmaktadir. I¢/dig basing, sicaklik, déndiirme ve manyetik
alan gibi etkilerin bir veya birden ¢ogunun etkisinde ¢alisan bu tiir miihendislik elemanlari, yapisal
bagarimlarini belirleyecek yer degistirme, gerinim ve gerilmelere maruz kalmaktadir. Bu nedenle, bu yapilarin
malzeme tasarimlari yiiksek basing/sicaklik, korozif ortamlar, donme ve kirilmaya da dayanacak sekilde
yapilmalidir.

Teknolojideki hizli ilerleme, miithendislik elemanlar1 icin de zorlu isletme kosullarini beraberinde
getirmektedir. Bu durum da tasarimlarin daha 6zgiin olmasini ve tercih edilecek malzemelerin daha yetkin
olmasini gerekli kilmaktadir. Ozelliklerinde dereceli bir degisim sergileyen fonksiyonel dereceli malzemeler
hem yapr i¢in hem de gevresel kosullara dayanikli tabakali kompozitlere alternatif olarak gelistirilmeye ve
bir¢ok alanda kullanilmaya baslanmustir [1-3]. Fonksiyonel derecelendirilmis malzemelerin bilesimi homojen
olmadigi igin elastisite modiildi, Poisson orani, yogunlugu ve akma dayanimi gibi tiim 6zellikleri makroskobik
anlamda bir yiizeyden digerine siirekli degisebilmektedir. Ozel kompozit sinifi malzeme kategorisinde yer
alan ve iretimi daha zor olan bu malzemelerin iretilmeden o6nce oOzelliklerinin iyi tanimlanmast
gerekmektedir. Genellikle metal-seramik ve metal-metal kombinasyonlar1 seklinde olusan bu malzemelerin
ozelliklerinin etkili bir sekilde tahmin edilmesinde bir¢cok malzeme modeli mevcuttur ve yeni modeller
olusturmak icin aragtirmalar devam etmektedir [4-6]. Kati mekanigi bakis agisindan da fonksiyonel
derecelendirilmis malzemeler (FGM'ler) homojen olmayan elastik ortamlardir.

Literatiirde fonksiyonel derecelendirilmis kiiresel basin¢li kaplarin elastik analizi ile ilgili bir¢ok ¢alisma
mevcuttur. Bu ¢aligmalarda analitik ¢6ztim ancak Poisson oranini sabit tutulmasi ve derecelendirme igin
belirli fonksiyonlarin (kuvvet/iistel) secilmesi ile miimkiindiir [7, 12]. Benzer kabullerle Celebi, ve ark.,
eksponansiyel derecelendirilmis kiirenin 1silelastik analizini tamamlayic1 fonksiyonlar yontemi ile sayisal
olarak yapmuslardir [13]. Elastik modiilii ile yogunluk 6zelliklerinin ayn1 oranda derecelendirildigi varsayilan
bu ¢aligmalar, matematiksel olarak miimkiin olmasina karsin, fiziksel olarak boyle bir malzemenin
tanimlanmasi konusunda zorluk yasanmaktadir. Bunlarla birlikte literatiirde, sadece sabit bir agisal hizla
doénen [14], sadece manyetik alana maruz [15] ve her ikisinin etkilerini [16] dikkate alan elastik analizler de
tartistlmigtir. Chen ve Lin, gesitli fonksiyonlarla (eksponansiyel, iistel, siniizoidal vb.) derecelendirildigi
varsayllan kalin silindir ve kiirenin elastik analizini yer degistirme fonksiyonunu temel alan sayisal bir
entegrasyon yontemi ile yapmuglardir [17], [18]. I¢ ve dis yiizeyleri arasindaki bélgenin seramikten metale
farkli karisim oranlarina gore derecelendirilen ici bos silindir, disk ve kiiresel basingli kaplarin eksenel
simetrik yer degistirme ve gerilme analizleri, diizlem elastisite teorisi kullanilarak Tiitiinci ve Temel
tarafindan sayisal olarak yapilmustir [19]. Fonksiyonel derecelendirilmis donen kiiresel basin¢li kaplar
Shrivastava ve ark., tarafindan duragan toplam potansiyel prensibine dayanan sonlu elemanlar yontemi ile
incelenmistir [20]. Calismada, malzeme 6zellikleri Mori-Tanaka semast ile radyal yonde derecelendirilmistir.
Derecelendirmenin kiirenin yer degistirme, gerinim ve gerilme davranis: tizerindeki etkileri arastirilmis ve
metal-seramik karigimi iceren kiiredeki farkli derecelendirme parametrelerinin sonuglara etkisi
kargilastirmali olarak sunulmustur. Homojen kiireye kiyasla, fonksiyonel derecelendirmenin kiirenin yer
degistirme ve gerilmenin azalmasina katki sagladigini gozlemlemislerdir. Arslan ve Marc, i¢ basing ve
homojen 1sitma altindaki fonksiyonel derecelendirilmis i¢i bos elastik kiiresel yapilardaki parametre
belirsizliklerinin sicaklik ve gerilme dagilimlar tizerindeki etkileri incelemislerdir [21]. Son zamanlarda
Yildirim ve ark. [22], Halpi-Tsai homojenizasyon semasini kullanarak derecelendirdikleri kiirenin 1silelastik
davranigini incelemislerdir. Metal/seramik karisimindan olusan kiirenin tiim malzeme 6zellikleri sicakliga
bagli olarak ele alinmis, bundan dolay1 ortaya ¢ikan dogrusal olmayan diferansiyel denklem sisteminin
¢Ozlimiinii pseudospektral Chebyshev yontemi ile elde etmislerdir.

Bu calismada, sabit bir agisal donme ve i¢ basing etkisi altindaki fonksiyonel dereceli kiiresel basingh kaplar
incelenmistir. Radyal dogrultuda malzeme 6zelliklerini etkin bir sekilde tahmin edebilmek i¢in, deneysel
verilerle uyumlu Halpin-Tsai modeli [21-23] kullanilarak kiirenin metal-metal karigimindan olusacak sekilde
derecelendirildigi varsayilmistir [24, 25]. Bu kosullar altinda elde edilen degisken katsayili sinir deger
probleminin ¢6ziimii, diferansiyel matris yaklagimina dayanan pseudospektral Chebyshev yontemi ile
dogrusal bir denklem sistemine doniistiiriilmiistiir [15, 26-28]. Bu lineer denklem sistemine, problemin sinir
kosullar: entegre edildikten sonra uygun bir ayristirma yontemi ile asikar olmayan ¢6ziim elde edilmistir.
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Keyfi secilen paslanmaz celik ve aliiminyum karigimi malzeme ¢iftinin ve dondiirmenin, yer degistirme,
gerinim ve gerilme dagilimlar1 {izerindeki etkileri incelenmistir.

2. Temel Formulasyon (Basic Formulation)

Sabit bir a¢isal hizla (w) donen, igi bos, kalin cidarls, islevsel derecelendirilmis bir kiirenin elastik analizi
problemi ele alinmigtir. Mithendislik acisindan 6zellikleri birbirinden farkli iki metalin derecelendirilerek
olusturdugu kiirenin ayni zamanda i¢ basinca (P) maruz kaldig: varsayilmaktadir. Probleme ait kiire kesiti
Sekil 1'de verilmistir.

/2

i
Sekil 1. 1§1evsel derecelendirilmis, i¢i bos, kalin cidarli kiirenin kesiti (Cross-section of a functionally graded, hollow, thick-walled sphere)
Kiirenin malzeme bilesiminin radyal dogrultu boyunca diizgiin bir sekilde degistigi varsayilmaktadir. Ig
yuzeyde celik ve dis yiizeyde aliiminyum olan bu yapilarin bilesenlerinin hacim oranlari, basit bir kuvvet
yasasina gore agagidaki gibi tanimlanmaktadir:

r—=b

k
e =(5) L =1-%o) (1)

a

Burada V; ve V, sirastyla celik ve aliiminyumun hacim oranlarini gosterirken, k (= 0) hacim orani indeksini
ifade eder. Hacim orani indeksinin sifir (k = 0) (1) olarak alinmasi durumunun tamamen ¢elikten olusan
homojen bir malzemeye karsilik geldigi kolaylikla goriilebilir. Halpin-Tsai homojenizasyon semasi, deneysel
verilerle egri uydurarak gelistirilen ampirik denkleme dayali olarak malzemelerin derecelendirilmesinde
kullanilmaktadir [21], [23].

1+EV, Pg/Ps—1
P(T)=Ps(1_—r?va). n=s (2)

Burada P, elastik modiil, yogunluk ve Poisson orani gibi malzeme 6zelliklerine karsilik gelmektedir. Halpin-
Tsai homojenizasyonundaki ¢ elyaf geometrisine bagli bir parametre olup, derecelendirilmis malzeme
olusturulurken kullanilan pargacigin, uzunlugunun genisligine oraninin iki katina esittir. Bu ¢alismada
parcacigin dairesel/kare seklinde (uzunluk/genislik=1) oldugu varsayilmis ve § = 2 alinmstir [6]. Kalin cidarli
kiiresel kabin, sabit bir agisal dondiirme ile i¢ cidarinda sabit basing altinda oldugu ve dis cidarinda herhangi
bir etkinin olmadigi (traction free) durumda gerilme dagilimlar elastik olarak incelenmektedir. Bu durumu
tanimlayan sinir kosullar: agagidaki gibi verilmistir:

o,(a) = —P, c,(b)=0 3)

Kiirenin i¢ cidarinin (r = a) mukavemete dayanikl saf ¢elik ve dis cidarinin duvarin (r = b) daha hafif
olan saf aliminyum oldugu varsayillmistir. Fonksiyonel derecelendirilmis kalin cidarli kiirenin, diizlem
gerinim kosulu varsayimi altinda eksenel simetrik oldugu varsayilir. Simetrik yer degistirme durumunda yer
degistirme (u) sadece radyal () yonde gerceklesir. Kiiresel koordinatlarda kiirenin (r, 8, ¢) gerinim-yer
degistirme denklemleri [14]:
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d
£r=d—1: £9=£¢=§ (4)
ile gerilme-gerinim denklemleri [14],
o = C11 (e, + Cp(Ngg + C12(Mey (52)
0g = 0y = C12(r)e, + C11(M)eg + Ci5(r)ey (5b)
ve Cy, ve Cy, katsayilari,

_ _E@Ma-v@) _ E@v()
Cia(r) = (1+v () (1-2v(r)) Cia(r) = A+v(r))(A-2v(r)) (©)
seklindedir. Sabit bir doniis altinda kiiresel basingh kabin denge denklemi su sekildedir:
ﬂ 2(0'r Gp) _
o Tt pwir =0 (7)

Gerilme-yer degistirme (4) ve gerilme-gerinim denklemlerini (5) gerilme denge denkleminde (7) yerine
koyarak, yer degistirmelere bagli degisken katsayilara sahip homojen olmayan ikinci dereceden adi
diferansiyel denklem asagidaki gibi elde edilir:

u” + [C“ + ] [Clz - rz] u=— 2T (8)

Ci1 7 C11

Radyal gerilmeye bagl sinir kosullar1 (3) ve gerilme-gerinim denklemi (5a) kullanilarak, yer degistirmeler
cinsinden sinir kosulu denklemleri asagidaki gibi yazilabilir:

[Cii (MU + 2C,(Mu/T]oq = —P (9a)
[Cii (MU + 2C,(Mu/r],=p = 0. (9b)

3. Pseudospektral Chebysev Yontemi (Pseudospectral Chebyshev Method)

Tanimlanan problemin ¢6ziimi, birinci tip Chebyshev polinom yaklagimma dayanan pseudospektral
Chebyshev yontemi ile gerceklestirilmistir. Periyodik olmayan araliklar icin tercih edilen bu yontemde 6rgii
(kollokasyon) noktalarinda interpolasyonu saglamak igin ayrik fonksiyon yaklasimi kullanilir. Bu tiir
yaklagimlar, interpolasyonda esit aralikli noktalar kullanildiginda ve trigonometrik polinom yerine cebirsel
polinom tercih edildiginde, yakinsama kotiilesir ve yeterinde hassas sonuglar veremezler. Bu nedenle, hatay:
en aza indirecek bir nokta dagilimina ihtiya¢ duyulmaktadir. Chebyshev-Gauss-Lobatto noktalari, sinira
yakin yerlerde daha sik, sinirin uzaginda nispeten daha seyrek nokta dagilimi yaparak bu ihtiyaca cevap
verebilmektedir.

r; = cos(jm/N), j=01,..,N (10)

Chebyshev-Gauss-Lobatto bu  ozelligini, noktalar1 esit aralikli olarak yarim c¢ember {izerinde
yerlestirmesinden ve bu noktalarin yatay eksende gergeklesen izdiisiimlerinden almaktadir. Tayin edilen bu
noktalar Lagrange interpolasyon polinomunda [—1,1] araliginda (N + 1) X (N + 1) boyutunda bir
Diferansiyel Matris (Dy) olusturmak icin kullanilirlar. Chebyshev diferansiyel matrisinin olusturulma
agsamalar1 Trefethen’de ayrintili olarak agiklanmugtir [26].

Chebyshev diferansiyel matrisi, vektérlerin tiirevlerine yiiksek hassasiyetli yaklagimlar sunar. Oyleki, yer
degistirme vektdriiniin (u) sol taraftan diferansiyel matris ile bir kere ¢arpilmasi birinci tiirevi (u' = Dy w),
iki kere carpilmasi ikinci tiireve (v’ = D u), ii¢ kere ¢arpilmasi iigiinciiye (u'" = Dj u) karsilik
gelmektedir. Chebyshev diferansiyel matrisinin kurulma adimlari ve Matlab paket program kodlart i¢in bkz.
[26]. Bu hesaplama isleminde Chebyshev polinomlar: [—1,1] araliinda tanimlandig: i¢in olusturulan 6rgii
noktalar1 ve diferansiyel matris bu aralikta elde edilmektedir. Basit bir degisken ikamesi ile [—1,1] araligy,
keyfi bir [a, b] araligina donistiirtlebilir.
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Sabit agisal hizla (W) donen, fonksiyonel dereceli kalin cidarh kiirenin elastik analizinde elde edilen ikinci
dereceden adi diferansiyel denklemdeki (8) tiirevler, Chebyshev diferansiyel matrisi yardimiyla (D), matris
vektér carpimi olarak u' = Dyu ve u' = Dju seklinde ifade edilir. Bu ifadeler (8) denkleminde yerine
yazilirak asagidaki gibi bir dogrusal denklem sistemi elde edilir.

Lyu=Ry (11)

Burada, dogrusal operat6r matrisi Ly ve sag taraf vektorii Ry,

pw?r

Ly = D + P(r)Dy + Q(r), Ry =— (12)

C11

olup, elde edilen dogrusal denklem sisteminde radyal dogrultuya bagli degisken katsayilar asagidaki
sekildedir.

Q) = [ 1], pr) = [22_Z (13)

T Ciy v 12

Dogrusal denklemler sisteminde (11) smir kosullart (9) uygulandiktan sonra, herhangi bir ayrigtirma
yontemiyle ¢oziilerek asikdr olmayan bir ¢oziim elde edilir. Dogrusal denklem sisteminde sinir kosullarini
yerlestirme islemlerinin ayrintist i¢in [29]’e bagvurulabilir. Metal ve aliminyum ile kiirenin radyal dogrultuda
derecelendirilmesi ve malzeme oOzelliklerinin tayini Halpin-Tsai homojenlestirme semas: kullanilarak
yapilmaktadir. Bu kosullar, geleneksel analitik yontemlerle ¢oziilmesi zor, degisken katsayili bir sinir deger
problemi ortaya ¢ikarmaktadir.

4. Sayisal Sonuglar (Numerical Results)

Bu ¢alismada, kalin cidarli kiiresel basinglt kaplarin sabit/degisen acisal hiz ve i¢ basing altinda elastik olarak
ele alinmigtir. Paslanmaz ¢elik ve aliminyum karigimindan radyal yonde fonksiyonel olarak olusturulan
kiirenin malzeme 6zelliklerinin tayininde Halpin-Tsai homojenlestirme semas1 kullanilmistir. Probleme ait
homojen olmayan degisken katsayili sinir deger problemi, pseudospektral Chebyshev yontemi (PCY) ile
say1sal olarak ¢oztilmiistiir. Kalin cidarli kiirenin i¢ yarigapra = 0.6 ve dig yarigap1b = 1 olarak alinmugtir.
Kiirenin homojen (paslanmaz celik) olmast durumuna gére daha hafif bir yap: elde etmek iizere tasarlanan
metal-metal karigiminin malzeme 6zellikleri Tablo 1'de verilmistir.

Tablo 1. Derecelendirmede kullanilan malzemelerin 6zellikleri (Properties of materials used in grading) [30]

Malzeme E (GPa) p (kg/m?) v
Paslanmaz Celik (SUS 304) 207.899 8166 0.318
Aliminyum (Al) 70 2702 0.3

Caligmada kullanilan sayisal yontemin hassasiyetini test edebilmek icin Kagar’in [14] kiiresel basingh kaplar
i¢in yaptig1 analitik caligma ¢oziilmiis ve sonuglar karsilastirilmistir. Referans galismada, sonuglara etkisi cok
az oldugunu disiiniilen Poisson orani sabit alinmis ve diger malzeme 6zellikleri (elastik modiil ve yogunluk
gibi) belirli matematiksel modellere gore (iissel degisim gibi) derecelendirilerek analitik ¢6ziim elde edilmistir.
Ancak kullanilan bu modellere dayanan tasarimlar, dereceli malzemeyi fiziksel gerceklikten
uzaklagtirmaktadir. Bu sebeple, deneye dayali verilere uyumlu oldugu gosterilen Halpin-Tsai modeli [21],
[23] ile kiirenin tiim malzeme ozelliklerinin derecelendirilmesi bu ¢aligmayi literatiirdeki ¢alismalardan
farklilagtirmaktadur.

Kacar'm [14] ¢alismasinda, kiirenin i¢ ve dis yarigaplar: sirasiyla a = 0,5m ve b = 1m, seramik i¢
duvardaki malzeme ozellikleri E, = 116,4 GPa ve p, = 3657 kg/m3 ve agisal hizi w = 100 rad/s
olarak alinmistir. Kiire, basingsiz ve i¢/dis cidarlarda basingli halde olmak iizere ayr1 ayr1 durumlar icin ele
almmustir. Pseudospektral Chebyshev yonteminin Kagar’in [14] analitik ¢6ziimii ile mukayesesi Tablo 2'de
verilmistir. Dokuz (9) 6rgii noktas: kullanilarak elde edilen PCY ¢6ziimiiniin, analitik ¢6ziimle uyum icinde
oldugu ve en az alt1 haneli hassasiyete sahip oldugu gézlemlenmistir.
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Tablo 2. Sabit agisal hizla donen fonksiyonel dereceli basingl kiiresel bir kabin yer degistirme, radyal ve tegetsel gerilmelerinin Kagar
[14] ile mukayesesi (Comparison of displacement, radial and tangential stresses of a functionally graded pressurized spherical vessel rotating with
constant angular velocity with Kagar [14]) (P = 0)

u o, x107° 0p x 107°
’ PCY Kagar [14] PCY Kagar [14] PCY Kagar [14]
0.5000 0.000073650 0.000073651 0.000000000 0.000000000 0.024961145 0.024961325
0.5190 0.000071268 0.000071269 0.001432483 0.001435149 0.024616438 0.024617898
0.5732 0.000066008 0.000066009 0.004443375 0.004443312 0.023758554 0.023758852
0.6543 0.000060819 0.000060821 0.006768036 0.006770463 0.022556911 0.022558464
0.7500 0.000056735 0.000056736 0.007198739 0.007198661 0.020928513 0.020929006
0.8457 0.000053399 0.000053401 0.005735368 0.005737665 0.018807212 0.018808853
0.9268 0.000050513 0.000050515 0.003223546 0.003223519 0.016493159 0.016493788
0.9810 0.000048374 0.000048377 0.000921854 0.000924116 0.014635950 0.014637639
1.0000 0.000047566 0.000047568 0.000000000 0.000000000 0.013921446 0.013922122

Fonksiyonel dereceli kiirenin sabit i¢ basing (P = 30 MPa) etkisi altinda farkli agisal hizlarda (w =
25,50,75) dondiriilmesi esnasinda gerceklesen yer degistirme, gerinim, radyal ve tegetsel gerilme
dagilimlar Sekil 2'de gosterilmistir. Agisal hiz arttik¢a yer degistirmenin (Sekil 2(a)) ve buna bagl olarak
radyal gerinimin (yer degistirmedeki degisim) (Sekil 2(b)) artti1 gézlenmistir. Yer degistirmedeki degisimin
i¢ cidardaki etkisinin dis cidardakine gore daha fazla olmasinin nedeni i¢ cidarda etkin olan basingtir. Oransal
olarak bakildiginda, w degerinin 50 ile 75 olmasi halinde yer degistirme ve gerinim sonuglari arasindaki fark,
25 ile 50 olmast durumuna gore daha biiyiik olmaktadir. Bu durum, artan agisal hizin sonuglar tizerindeki
etkisini gostermektedir. Radyal gerilmeler (Sekil 2(c)) i¢ basing sebebiyle cidar boyunca basma yoniinde olup,
sinir kosullaria uygun sekilde basincin etkidigi i¢ cidarda en biiyiik degerde, dis cidarda ise sifir olarak
gerceklesmektedir. Sekil 2(d)’de tegetsel gerilmeler basma yoniinde ve tiim hizlar i¢in i¢ cidarda en biiyiik
degerlerindedir. i¢ cidardan dis cidara dogru tegetsel gerilmeler hem biiyiikliik olarak azalmakta hem de farkli
hiz degerleri arasindaki farklar azalmaktadir. Artan agisal hizin, her iki gerilmede de biiytiklikleri arttirdig:
goriilmektedir (Sekil 2(c)-2(d)).

4
0.2 Faall
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’/" - == =50
s = w =75
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r r
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Sekil 2. Farkli agisal hizlarin fonksiyonel dereceli kiirenin yer degistirme, gerinim ve gerilmelerine etkisi (Effect of different angular
velocities on displacement, strain and stress of a functionally graded sphere) (P = 30 MPa)

Fonksiyonel dereceli kiirenin farkli i¢ basing degerlerinde (P = 30,45, 60 MPa) iki farkl sabit agisal hizda
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(w =25,75rad/s) donmesi durumunda meydana gelen yer degistirme, radyal ve tegetsel gerilme
dagilimlart Sekil 3'te verilmigstir. Diisiik ve sabit bir acisal hizda (w = 25 rad/s), artan i¢ basing, yer
degistirmede (Sekil 3(a)) radyal (Sekil 3(c)) ve tegetsel gerilme (Sekil 3(e)) degerlerinde artis sebep olmakta
ve bu artig i¢ cidarda daha yiiksek degerlerde gerceklesmektedir. Agisal hiz w = 75 rad/s degerine
yikseltildiginde ozellikle yer degistirme ve tegetsel gerilme biyiikliiklerinde 6nemli artiglar gerceklestigi
gozlenmektedir. Diisiik agisal hizda (w = 25 rad/s), i¢ ve dis cidar arasindaki radyal yondeki ortalama (ii¢
basing durumu igin) yer degistirme degisimi yaklasik 1.84 birim ($ekil 3(a)) iken, bu oran w = 75 rad/s
acisal hizinda (Sekil 3(b)) yaklasik 1.75 birime gerilemektedir.

Artan i¢ basing degerlerinin, kiire cidarinin her noktasinda basma yoniindeki radyal gerilme degerlerini (Sekil
3(c)-3(d)) onemli olgtide arttirdigr gozlemlense de, bu degerlerin agisal hiz artigindan benzer oranda
etkilenmedigi goriilmektedir. Sekil 3(e)-3(f)’de iki kosulda, i¢ cidarda en biiyitk degerlerinde olan tegetsel
gerilmeler (cekme yo6niinde), i¢ cidardan dis cidara gidildik¢e azalmaktadir. Bununla beraber, acisal hiz ve i¢
basing biyiikliigii arttikea, tegetsel gerilme degerlerinin arttig1 ancak grafiklerin genel egiliminin bozulmadig1

sonucuna varilmaktadir.
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incelenmis ve Tablo 3’de sunulmustur. Acisal hiz arttik¢a, i¢ ve dis cidarlar arasindaki radyal gerinim ve
tegetsel gerilme oranlarmin azalma egilimde oldugu gorilmistiir. Radyal gerinime kiyasla, tegetsel
gerilmelerdeki degisim oranlari arasinda daha az fark oldugu gozlenmektedir.

Tablo 3. Artan agisal hizlar i¢in fonksiyonel dereceli sabit basingl kiirenin i ve dis cidar1 arasindaki radyal gerinim ve tegetsel
gerilmelerin degisim orani (Rate of change of radial strain and tangential stresses between the inner and outer wall of a functionally graded constant
pressure sphere for increasing angular velocities) (P = 30 MPa)

Agisal Hiz (rad/s) Radyal Gerinim Tegetsel Gerilme
25 4.9274 7.4266
50 4.6686 7.4043
75 4.3441 7.3763

5. Bulgular ve Tartisma (Conclusion and Discussion)

Bu caligmada, sabit agisal hiz ve i¢ basing altinda kalin cidarli kiiresel basingli kap problemi elastik olarak
¢oztilmiistiir. Kiirenin radyal dogrultudaki derecelendirilmesi Halpin-Tsai semast yardimiyla paslanmaz gelik
ve aliminyum karigimi ile yapilmistir. Probleme ait biinye denklemi pseudospektral Chebyshev yontemi ile
say1sal olarak ¢oziilmiistiir. Yontemin dogrulugu, literatiirde analitik ¢6ziimii mevcut, Poisson orani sabit
olan ve kuvvet kurali ile derecelendirilen bir kiire ¢alismasiyla dogrulanmistir. Bu varsayimlar matematiksel
olarak uygun olsa da, tasarlanan malzemeyi gerceklikten uzaklagtirmaktadir. Bu ¢alismanin 6zgunlagi,
deneysel verilerle uyumlu oldugu gosterilen Halpin-Tsai modelinin kullanilmasi ve PCY kullaniminin yiiksek
hassasiyetli ¢oztimler saglamasina dayanmaktadir. Kiirenin mekanik davranigi, sabit basing altinda farkli
acisal hizlarda ve sabit agisal hizda farkli basinglar altinda ayr1 ayr1 incelenmistir. Son olarak, ¢caligma asagidaki
gibi bazi 6nemli bulgular: ortaya koymaktadir:

Sabit i¢ basing altinda, agisal hizdaki artis kiire cidarindaki yer degistirmeleri ve gerinimleri
arttirmaktadir. Bu kosulda yer degistirmeler ve gerinimler i¢ cidarda en biiyiik degerlerindedir.

¢  Radyal gerilmeler her durumda basma y6niinde olup artan i¢ basing ve agisal hizla artmaktadir. Bu
artis acisal hiz degisimi icin gorece azdir.

e Tegetsel gerilmeler ¢cekme yoniinde olup her iki kosulda i¢ cidardan dis cidara azalan bir egri
olusturmaktadir. Acisal hiz ve i¢ basincin artmasi tegetsel gerilme biiytikliiklerini arttirmaktadir.

e  Sabit acisal hiz durumunda, i¢ basing arttik¢a yer degistirme, radyal ve tegetsel gerilme degerlerinde
artis olmakta ve bu artis i¢ cidarda daha fazla gortilmektedir. Ayni kosullarda agisal hiz arttirildiginda
ise sonuglar benzer egilimde elde edilmekle birlikte sayisal biiyiikliik olarak artmaktadir. Bu durum
i¢ cidar cidarinda daha belirgin olarak gergeklesmektedir.
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ABSTRACT
Keywords: Blockchain, security, In the age of information and technology, web applications have become an important part of
authentication, web application, daily life. The communication of these web applications, where important personal and corporate
Web3, ethereum, MetaMask information is managed, with the outside world is provided by authentication methods. Today,

most applications use the traditional username-password method for authentication. This

Gazi University, method, which is vulnerable to brute force attacks, causes serious security vulnerabilities. In this

Faculty Of Applied Sciences,

Management Information Systems method, since most users use the same login credentials in different applications, an attack can
06560 - Ankara, Tiirkiye affect many applications. Some applications also prefer to rely on third-party systems such as
Orcid: 0000-0003-3710-4965 Google and Facebook for authentication. Due to their nature, these systems have risks such as

e mail: mustafatanriverdi@gazi.edu.tr . . . . . . .
& data security problems and single point failure. For more security in the authentication area,

“Corresponding author: studies have been carried out on the Two-Factor Authentication (2FA) method This method has
mustafatanriverdi@gazi.edu.tr serious disadvantages such as GSM network problems, SMS cost or centralization. To overcome
these problems, blockchain is appropriate solution thanks to its distributed, transparent, secure
and immutable structure. In an important and sensitive issue such as identity control, it is thought
that it may be risky to present blockchain technology, which is still under development, as the
only method. Considering the current situation, in this study, a proposal has been made to offer
a secure blockchain-based solution as an alternative to the authentication methods that currently
work for web applications. The new technologies and tools used in the proposed solution are
explained with visuals.

Web Uygulamalar i¢in Blokzinciri Tabanli Giivenli

bir Kimlik Dogrulama Coziimii
(077
Iginde bulundugumuz bilgi ve teknoloji ¢aginda web uygulamalari giinliik yasgaminin énemli bir
parcast haline gelmistir. Onemli kisisel ve kurumsal bilgilerin yonetildigi bu web uygulamalarinin
dis diinya ile irtibati kimlik dogrulama yontemleri ile saglanmaktadir. Gliniimiizde ¢ogu
uygulama kimlik dogrulama igin geleneksel kullanici adi-sifre yontemini kullanmaktadir. Kaba
Kuvvet (Brute force) saldirilarina karst savunmasiz olan bu yontem ciddi giivenlik agiklarina
neden olmaktadir. Bu yontemde ¢ogu kullanici aymi giris bilgilerini farkli uygulamalarda
kullandigindan dolay: bir saldir1 bir¢ok uygulamayi etkileyebilmektedir. Bazi uygulamalar da
kimlik dogrulamas: i¢in Google ve Facebook gibi {igiincii taraf sistemlere giivenmeyi tercih
etmektedir. Bu sistemler de veri giivenligi ve tek nokta hatasi gibi nedenlerden dolay: riskler
barindirmaktadir. Kimlik dogrulama alanindaki daha fazla giivenlik icin iki Faktorlit Kimlik
Dogrulama (2FA) yontemi iizerinde ¢aligmalar yapimistir. Bu yontemin de GSM sebeke
problemleri, SMS maliyeti, merkezi yapilara bagimlilig1 gibi sorunlar1 bulunmaktadir. Bu yaganan
sorunlarin {istesinden gelmek icin blockchain, dagitik, seffaf, giivenli ve degismez yapisi sayesinde
uygun bir ¢oziim olarak karsimiza ¢ikmaktadir. Kimlik dogrulama gibi 6nemli ve hassas bir
konuda hentiz gelisimi devam eden blokzinciri teknolojisini tek yontemin olarak sunulmasimnin
da riskli olabilecegi dustniilmiistiir. Mevcut durum degerlendirildiginde bu ¢aligmada
halihazirda hizmet veren web uygulamalari igin ¢alisan kimlik dogrulama yontemlerine ek olarak
Anahtar Kelimeler: Blokzinciri, blokzinciri tabanli giivenli bir ¢6ziimiin alternatif olarak sunulmasina iligkin bir 6neride

giivenlik, kimlik dogrulama, web bulunulmugtur. Onerilen ¢éziimde kullanilan yeni teknoloji ve araglar gérsellerle desteklenerek

uygulamasi, Web3, aciklanmistir.
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1. Introduction

The Internet has grown quickly, and as a result, many uses, including online payments, smart homes, online
commerce, online public affairs, etc., have become essential to people's everyday lives [1]. However, at the
same time, the complexity and vulnerabilities of the Internet bring along several security concerns and people
pay close attention to information security [2]. Today, many services are provided through web applications.
Most of the information transmitted and stored through web applications that provide these many services
contains personal, commercial and even confidential information of the state and will be targeted by hackers
in the future as in the past [3]. For this reason, authentication, which refers to the verification of the User's
identity on the Internet, plays an important role in protecting information security [4].

Authentication of users is usually provided by their own usernames and passwords. Users often use multiple
applications, and two-thirds of these users reuse the same IDs and passwords for easier memorization [5].
Although this situation provides great convenience to users, it poses a potential security risk for both them
and web applications. Authentication with username and password is the simplest and easiest method to
implement, but it is not resistant to replay attacks [6]. This method is especially vulnerable to brute force
attacks and user passwords can be captured by hackers. Simple passwords created by users also increase the
probability of success of these attacks. The security of the SMS verification method via mobile phone is also
relatively high, but SMS may not be received when the network signal is not good, which may cause users to
wait. In addition, the cost of SMS verification method is relatively high [3]. Thanks to the developments in
recent years, many applications can be accessed via third party authentication platforms like Google and
Facebook, as depicted in Figure 1. These centralised solutions have serious problems such as privacy, security
issues, single point of failure and poor transparency. Moreover, with these authentication methods where only
username and password are used, web applications have become more vulnerable to threats [7]. Lightweight
Directory Access Protocol (LDAP) provides a high level of security, single sign-on (SSO) and ease of use for
users by managing user information in a central directory [8]. However, single point of failure problems
encountered in this method cause access to applications to stop completely.

@ [ 2 Logln- Stack Overflow x  +
@] (2) https;//stackoverflow.com/... @& A {7 m = %
N _ )
= stackoverflow Products | Q search.. Login [ESELLNY

iy

G Log in with Google

() Log in with GitHub

3 Log in with Facebook

Email

Password Forgot password?

Don't have an account? Sign up

Are you an employer? Sign up on Talent (2

Figure 1. authentication with third party applications such as Google etc.

It is thought that blockchain technology is the most appropriate and secure solution to overcome problems
such as the vulnerability of traditional username and password authentication which is still mostly used in
the field of authentication in web applications, the inappropriateness of SMS authentication in terms of access
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and cost, and the problematic structure of third parties such as Google etc. in terms of centralisation and
transparency.

Blockchain, which was first recognized in 2008 with the publication of a paper by a person or a group with
the name Satoshi Nakamoto [9], is a cutting-edge technology that applies to many fields of computer science,
including cryptography-based digital signature and distributed consensus mechanisms [10]. Due to its
decentralized and open architecture, blockchain allows peer-to-peer data exchange in a secure and encrypted
way, without the need for a centralized authority. Founded as the foundation of digital currencies, blockchain
technology has revolutionized many areas of life in recent years, from finance and supply chain to health care,
public services and education. Despite the services and opportunities offered by blockchain, there are still
various challenges [11]- [13]. For example, according to Saberi et al. (2018), blockchain is still considered an
immature technology as it is still in the early stages of its development [14]. Therefore, it still suffers from
various issues related to scalability, interoperability, security, and privacy. There is also the problem of how
to integrate blockchain technology into existing systems [15].

As in other fields, blockchain-based solutions are encountered in the field of identity control in the literature
and IT (Information Technology) world. In addition to the advantages of blockchain, decentralised structure
and autonomous operation, it is difficult to find an interlocutor on the other side in cases such as problems
in the management of credentials or the reversal of an accidental transaction. In addition, for the use of
blockchain in identity control, qualified professionals are needed for integrations with existing applications
and continuous updating as it is a developing technology. The low number of competent personnel and access
to these personnel is also an important problem. Considering the possibility of problems such as performance
and scalability in real-world applications running on blockchain networks, it is thought that it may be risky
to carry out the entire workflow in the field of identity control over blockchain.

For the reasons stated above, it is thought that it may be risky to transfer the authentication of web
applications, especially those that are already running and have many users with different profiles such as age
and technology usage skills, to a completely blockchain-based solution. Instead, it would be better to offer a
secure blockchain-based authentication method as an option in addition to the existing authentication
methods. When the literature is examined, there is no study in which a blockchain-based method is presented
in addition to the existing authentication methods. Within the scope of this study, current literature on
blockchain and authentication is given and a solution is proposed to offer a blockchain-based secure
authentication option as an alternative on applications that perform authentication with traditional methods.

2. Literature Review

2.1. Brute force attack

Brute force attacks constitute an important part of cyber-attacks. They target systems that use the username-
password authentication method, which is still widely used in web applications [16]. Brute force is a type of
attack that enables the capture of targeted login information by trial and error in different combinations.
Hackers usually use automated software to try these combinations. Brute force attacks rely on weak login
credentials. If you have a simple and predictable password, hackers can use automated software to enter your
site [17]. Frequently used password data is utilised in this software. For example, "rockyou.txt" file containing
14 million password data is used in attacks [18].
Brute force attacks are increasing. At the end of 2021, a 160 per cent increase in brute force attacks was
recorded. It is stated that the recent Optus data breach in Australia was caused by a brute force attack [19]. If
the website is compromised by a brute force attack, it can lead to the following consequences [17].

e The hacker can steal your private data.

e The hacker can add malware to your site.

e It will reduce web credibility.

e The hacker can remove your content completely.

2.2. Blockchain

Blockchain was born with Bitcoin at a time when some world-famous banks went bankrupt and people's trust
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in banks was shaken and panicked [20]. Blockchain was first defined in 2008 by a person or group under the
pseudonym Nakamoto as a distributed ledger structure where each record is saved in a distributed platform
and shared by participants in the network [9]. Reyna et al. [21] describe blockchain as a “distributed,
transparent, and immutable data warehouse” where data is stored on the basis of an agreement between
participants. As stated by Glaser [22], blockchain serves as a public and anonymous database allowing
participants to maintain records of their assets without requiring any intermediaries or central authorities.
Johar et al. [23] define blockchain as a distributed ledger technology protected by cryptography to deal with
trust issues that users have long faced. Lewis [24] stated that the difference between blockchain and traditional
databases is that in blockchain, operations such as adding and verifying records are performed by participants
through the consensus mechanism on the P2P network.

One of the most important services provided by blockchain technology is smart contracts. It is believed that
smart contracts can replace traditional contracts by decentralising work within predetermined rules on a
blockchain network [21]. In other words, smart contracts are computer codes that exist transparently on the
blockchain network, cannot be changed and are automatically executed. Smart contracts provide significant
advantages in terms of cost, speed and security by eliminating banks, notaries and similar third parties. It is
believed that smart contracts, which are already used in many areas, have great potential and will become
more popular and widespread in the future.

We can divide the development of blockchain from its emergence until today into three stages [25]- [27]. The
first stage is the blockchain 1.0 stage, where blockchain is considered as the technology that forms the
infrastructure of Bitcoin and other digital currencies. Following digital currencies, the period in which
blockchain is applied to financial applications in the form of smart contracts is called Blockchain 2.0. In recent
years, the application of blockchain in many areas such as health, agriculture, education, public
administration, internet of things is called blockchain 3.0.

Existing blockchain systems are divided into three categories: public blockchain, private blockchain and
consortium blockchain [28].

Public blockchain: A public blockchain is an open platform where individuals, whether associated with
organizations or acting independently, can participate, add records, and engage in mining activities. This type
of blockchain operates without restrictions, which is why it is often referred to as a permissionless blockchain.
The public chain is completely open and transparent and does not contain any private validation nodes. In
this blockchain, anyone can download all the chain data and start mining, so you can ensure that there are
many active copies of the chain. This increases the security and consistency of the blockchain network. In a
distributed structure without any control mechanisms, the consensus protocol must do a lot of work when
making changes to the chain due to the increased amount of data on the existing network.

Private blockchain: A blockchain structure that is managed by a person or group, allowing sharing and data
exchange between people in one or more organisations is called a private blockchain. It can also be called
permissioned blockchain because people without special permission cannot join the chain. A node's
participation and access to the network is based on rules set by the group that manages the network. This
reduces compliance with the decentralised and transparent nature of the blockchain.

Consortium blockchain: A consortium blockchain is a blockchain network characterized by its partial privacy
and permissioned nature. In this type of blockchain, a specific group of nodes, predetermined in advance,
partake in the processes of block validation and consensus as decision-makers, rather than being controlled
by a single organization. These nodes decide who can join the network and who can mine. For block
verification, a multi-signature scheme is used, where only blocks signed by authorised nodes are considered
valid. The federation decides whether the network is public or restricted and whether everyone on the network
has permission to read and write data. While Blockchain technology holds significant potential, its widespread
adoption could encounter several challenges. One of these challenges lies in the energy consumption and
substantial investment in computing resources associated with Blockchain systems utilizing the "Proof of
Work" consensus protocol. For example, as of 2021, the Bitcoin blockchain using the "proof of work" protocol
consumes more electricity than many countries [29]. At the same time, the excessive demand for many
computer components, such as graphics cards used in Bitcoin mining, has led to a significant increase in their
prices. Similarly, storing and verifying all data in the blockchain by all participants can lead to insufficient
performance under high transaction loads. In a blockchain system, transactions performed by users are
transparently shared and encrypted. By analysing this publicly shared data, it is possible to access the
relationships between accounts or the real identities of users. In addition to the difficulties encountered in the
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implementation and dissemination of applications, new skills may be needed as new technologies develop.
Blockchain continues to evolve as a new technology and researchers and companies are working hard to
overcome these challenges.

2.3. Authentication with blockchain

Today, many services are provided over the Internet, and authentication processes are very important for
service providers. It is no secret that current authentication systems have many problems. For example, many
service providers rely on third-party authentication providers that have emerged in recent years to provide
access to user information and services. However, whether it is third-party authorised login or traditional
username and password login, it can be subject to various network attacks [30]. To overcome these problems,
the following facilities can be provided if blockchain is used for authentication.

e Due to the decentralised nature of blockchain, service providers do not need a trusted central
authority.

¢ The information stored within the blockchain is tamper-proof, which serves as a deterrent against
certain illegal activities.

e When service providers are granted access to participate in private blockchains with permissions,
users gain the advantage of accessing these services using a single account. This streamlines and
enhances account management, offering greater ease and efficiency for users.

e The functionality of public and private keys in blockchain allows users to send their credentials
securely. Instead of transmitting credentials directly to the service provider, users can encrypt the
information with their private key, ensuring a higher level of security during data transmission.

Blockchain-based authentication technology has been the focus of researchers' attention in recent years [31],
[32]. It was first proposed in 2014 by Conner et al. [33]. They introduced a blockchain-based Public Key
Infrastructure (PKI) system named Certcoin, aiming to address specific security concerns. The transparency
inherent in blockchain technology gives rise to concerns regarding user privacy in this solution. Furthermore,
a privacy-conscious blockchain Public Key Infrastructure (PKI) guarantees user anonymity by implementing
short-lived online public keys, a concept proposed by Axon and Goldsmith[34]. This work ignores storage
and efficiency while ensuring user privacy. In the following years, the development of blockchain technology,
improvements in performance and storage, and the use of smart contracts have made significant
contributions to the authentication process.

When the literature is examined, it is possible to see many blockchain-based authentication and authorisation
studies for Internet of Things (IoT) devices. Jiang et al. [32] and Khalid et al. [35] can be used as examples of
these studies. There is a limited amount of network application research in this area. One of the few recent
studies in this area is by Ezawa et al [36]. In this study, authentication and authentication are provided more
securely by using blockchain-based PKI structures and smart contracts through authentication and
authorisation servers. In this study, the fact that network users have to enter information such as public key
certificates, random numbers and signatures on the login screen is considered extremely inconvenient in
terms of data security and ease of use. In another study in this area, Xiong et al. [31] propose a privacy-
sensitive authentication system suitable for multi-server environments, although it suffers from single point
failure due to the centralised architecture. In addition to defending against various malicious attacks, the
proposed system meets many security requirements such as mutual authentication and user anonymity. The
solution proposed in this work is a theoretical framework and cannot be applied to any specific scenario.
Ethereum-based cloud user identity management protocol was developed by Wang et al [30]. In this work, as
in the work of Xiong et al. [31], network users were required to enter their key data and encrypted hash values
on the login screen. Patel et al. [37] also developed a decentralized web authentication system using a
prototype of an Ethereum-based blockchain system called DAuth. This study employed users' private keys
and smart contracts to improve security and privacy. Similar to the research in this field, this study has
limitations regarding the use of internet users in their daily lives. Petcu et al. [38] conducted a study on secure
and decentralised authentication on the Ethereum network in accordance with the concept of Web3, which
has been defined as the new decentralised version of the Internet in recent years. The researchers developed
and experimentally implemented an end-to-end authentication application for web applications with Java
and JavaScript languages. This authentication method, which is provided by connecting to the public
Ethereum network through the MetaMask wallet application, was compared with 2FA and SMS
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authentication. These three methods were compared in 50 consecutive experimental logins and the proposed
method was found to be much more efficient than the others. Chen et al. [39] proposed a framework called
XAuth to provide security and privacy in authentication using Public Key Infrastructure (PKI) and Multiple
Merkle Hash Tree protocols. Security analyses and experimental results for XAuth using Zero-Knowledge
Proof (ZKP) Algorithm for encryption and blockchain-based IPFS for storage have shown that XAuth is
effective and suitable in practice. Olanrewaju et al. [40] also conducted a study in which three options were
presented for authentication: traditional username-password, one-time generated and used tokens, and
digital certificates. According to the experimental results of this study, which uses Oracle database and
Amazon cloud services as infrastructure, it is stated that it is more efficient in terms of performance and
memory usage.

3. Proposed Solution

In this section, a solution proposal is given to provide a blockchain-based secure option in addition to the
authentication controls made with username-password, LDAP or third-party applications in web applications
currently in service. Blockchain is generally operated in two types of networks, private and public. The
installation, maintenance and management of private networks are carried out by a specific person, group or
institution. These networks move away from the structure and philosophy of blockchain in terms of
decentralisation, openness to everyone and transparency. They also require investment and management
costs for hardware, installation and maintenance. Public networks, on the other hand, allow application
development in a public and fully decentralised environment without requiring any investment costs. Bolivar
et al. [41] also stated that public networks will be easier to manage and less costly compared to private
networks. Mohammed and Vargas [42], in a qualitative study in which 15 domain experts from the academic
and management fields were interviewed, stated that factors such as the type of blockchain used (public-
private) and the developer community behind it will affect the difficulty of integration studies. For this
solution proposal, the public Ethereum network was deemed appropriate as a blockchain. The most important
reason for this is that the Ethereum network operates in a completely decentralised, secure and automated
manner without any investment and maintenance costs. One of the most important reasons why the public
Ethereum network is preferred is that it has the potential to serve as an infrastructure where decentralised
applications will increase in the future with web3, which we can express as the new version of the Internet,
and where people can own the content on the Internet. According to the data in the Etherscan web
application, where all transactions made in the Ethereum network can be monitored, there are 245 million
active users in the Ethereum network and approximately 100 thousand new users create Ethereum accounts
every day [43]. When the transaction density is analysed, 1000 verified smart contracts are created daily on
the Ethereum network and more than 1 million transactions are made on average. Looking at these numbers,
it is seen that decentralised web3 applications are increasing and the Ethereum network plays a major role in
this.

People can manage their accounts on public blockchain networks from mobile devices and browsers using
wallet applications such as MetaMask [44] and TrustWallet [45]. Thanks to these wallet applications, people
can use their blockchain addresses for tasks such as authentication and data management on the internet.
Nowadays, in addition to e-mail and third parties such as Google, some applications add the option to log in
with blockchain accounts through these wallets. The most widely used among these wallet applications is
MetaMask. In 2023, there are 21 million monthly active users using MetaMask wallet application [46]. In this
study, it was deemed appropriate to use the MetaMask application to access the Ethereum network.
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Figure 2. General structure of the proposed solution

Figure 2 shows the general structure of the proposed solution. With this solution, a blockchain-based secure
method is added as an option in addition to the authentication methods currently provided by username-
password, LDAP or third parties such as Google. In this structure, users can continue to use the current
authentication methods if they wish. Here, users can also select a blockchain-based authentication on the
login page of the web application if they wish. In the first step, the user who chooses the blockchain-based
authentication option on the login page is expected to access his address in the Ethereum network with the
MetaMask application. The user who chooses this option must first install the MetaMask plugin in the
browser and create an address on the Ethereum network. When the Ethereum network is accessed by
successfully logging in with MetaMask in the browser, the address information in this network is used as the
ID value and transmitted to the web application. In the next step, it is checked whether this blockchain ID
value is saved in the profile information by any user. If this blockchain ID is saved in a profile, the user with
that profile is identified and the authentication process is successfully completed. If no profile associated with
this blockchain ID is found, it is understood that the user has chosen the blockchain-based authentication
method for the first time and is directed to add the blockchain ID to the profile information. For this, a small
development is needed to add the blockchain ID field to the profile information in the web application, such
as e-mail, mobile phone, etc. fields. In this way, the user will be able to log in with the currently working
authentication methods and register their own blockchain ID from the profile information page. After this
process, the user who is directed to the login screen will now be able to use the blockchain authentication
method and enter the web application.
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Figure 3. Integration of the proposed solution

Figure 3 shows a visualisation of how the proposed solution can be integrated into an already running web
application. In this visualisation, the technical improvements needed are sequentially and numbered. In the
first step, another field named "Blockchain ID" should be added to the table where user profile information is
stored in the database of the web application and the user should be able to update this field from the profile
screen. The Blockchain ID value should be defined as a "unique key" while saving it to the profile table, so that
an ID value can only be used by one user. In the second step, a new web page should be created that calls the
MetaMask plugin and obtains the user's Blockchain ID value as a result of the process. There are many
libraries that allow this to be done in HTML, JavaScript and CSS. To develop this page, one can make use of
the publicly available resource repository developed by Marountas, J. [47]. On this screen, brute force attacks
can be prevented because the MetaMask plugin provides secure control instead of the structure that allows
hackers to try passwords over and over again. In the third step, the user's Blockchain ID should be queried in
the profile table. If the Blockchain ID does not match any user, a warning should be shown to the user trying
to log in to save this blockchain ID value to his profile. In the fourth step, after the login process is completed,
the information of the user whose blockchain ID value is matched in the profile table should be transferred
to the next step.

In the introduction, Figure 1 shows a visualisation of the username-password and third-party authentication
on the Stackoverflow website. In Figure 4, it is seen that Skiff website, which provides webmail service, offers
users wallet applications as an option for authentication, thus taking precautions against cyber-attacks [48].
It is thought that the solution presented in this study will contribute to the increase of these examples.

4, Discussion

It can be said that this solution, which is presented as an alternative to currently working authentication
methods, is very advantageous in terms of initial and management cost, implementation process, privacy,
data security and resilience against attacks. This method can be quickly integrated into a web application by
making use of many repositories and documentation on the internet without requiring any hardware or
licence costs. An expert staff with software skills may be sufficient for this. Since there is no third party in this
method, it can be considered reliable in terms of data security and privacy. One of the most important
advantages of this method is that it is resistant to attacks such as brute force etc. thanks to the wallet
applications and blockchain structure used. This solution is not dependent on the MetaMask app, other
alternative wallet apps can also be used to access the blockchain network. Unlike other methods, in this
method, users must have the ability to create an account in the blockchain network with wallet applications
and to manage this account correctly.
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In the table below, the presented method and other authentication methods are compared in terms of
providing resistance against cyber-attacks, data privacy, initial and management cost, and not being affected

by the single point of failure.

Table 1. Comparison of authentication methods

v
v

X
v

Proposed Blockchain based
solution

Authentication method Resistance against Data privacy Free (start-up and Not affected by

cyber attacks management cost) single point of
failure

Traditional username and

password x X \/ V

Ei 10A? X X v X

SMS
v v X X

2FA v v

Traditional username and password authentication is vulnerable to cyber-attacks such as Brute force. At the
same time, it can be considered weak in terms of data privacy and data security because users generally use
the same login information for many applications. This method does not require any start-up and
management costs and is not affected by single point errors since it usually runs in the database of the
application. Authentication via e-mail and LDAP are also not fully resistant to cyber-attacks. Since these
systems are usually provided by third parties, data confidentiality cannot be ensured and become inoperable
in case of single point of failure. SMS, which is the only method that brings additional cost to operate among
the authentication methods, is successful in data confidentiality and resistance to cyber-attacks, but it
becomes unable to respond to single point of failure. The 2FA method, which has become widespread in
recent years, can also be considered resistant to attacks and successful in terms of data privacy. At this point,
the fact that Google infrastructure is generally preferred for 2FA service brings a significant risk in terms of
data privacy and being affected by single point of failure. It can be said that the blockchain-based
authentication method, which is presented as an alternative to the existing methods within the scope of the
study, is successful and has a high potential for the future in terms of resistance to cyber security attacks, data
privacy, not requiring any start-up and management costs, and not being affected by single point errors due
to its distributed structure.
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5. Limitations and Future Works

The advantages of public blockchain networks such as decentralisation, autonomous operation and no start-
up and management costs are mentioned. In the presented solution, the Ethereum network, which is widely
used in IT sector and academia and has a large developer base behind it, was preferred as a public blockchain
network. In order for the solution to be valid, the Ethereum network must be operational, in other words, if
the Ethereum network is shut down or stops providing service for any reason, the authentication option will
also become inoperable.

In the proposed solution, users are expected to have the ability to create accounts on the Ethereum network
with wallet applications such as MetaMask, manage their accounts and access these accounts on web browsers.
In addition, there will be no solution for problems that may arise in this process in terms of password security,
backing up and transferring account information, since there is no interlocutor in the Ethereum network.

Looking at the studies on blockchain in the literature, it can be said that blockchain has found application in
many sectors and has become one of the main technologies. Considering the number of uses of the Ethereum
network and MetaMask application mentioned in the previous sections and the increase in these numbers, it
can be said that they play an important role in the popularisation of blockchain technologies. Today,
information and communication technologies are developing and spreading very rapidly. Blockchain
cryptocurrency, smart contract, NFT and Metaverse applications, which are considered as Web3 applications
with their distributed and transparent structure, have recently entered our lives rapidly in many areas [49]. In
the future, it is predicted that people will prefer Web3 applications that adopt trust in information systems
instead of third-party intermediaries and applications. In the future, it is thought that there will be a need for
solutions that eliminate the dependency on centralised systems and work on decentralised infrastructures as
in this study.

It will be much more beneficial to implement the solution proposed in this study in real life. At the end of
such an implementation process, it may be possible to access important information about the difficulties
experienced by users when using the blockchain-based authentication solution, their attitudes towards this
solution, and performance and efficiency.

6. Conclusion

Nowadays, web applications are used extensively by people in many areas, and a significant part of the attacks
on web applications are made in the field of authentication, which is the gateway of these applications to the
outside. In web applications, authentication is usually done through traditional username-password or third
parties such as Google and Facebook. Authentication with username-password can be vulnerable to cyber-
attacks as a result of easily guessable passwords or misuse. Third-party applications, on the other hand, carry
risks in terms of privacy, data security and single point of failure. When the literature and sector studies are
examined, it is seen that the most suitable way to solve these problems is blockchain-based methods thanks
to their features such as secure, decentralised and autonomous operation.

It may be inconvenient to use blockchain technology, which is still in the development stage, as the only
option in an important and sensitive area such as authentication. Instead, it is thought that it would be more
appropriate to present a blockchain-based method as an option in addition to the existing methods. In order
to fill this gap in the literature, this study proposes a blockchain-based secure identity management solution
as an alternative for web applications that currently serve with traditional methods. New concepts and
technologies such as Ethereum public network and MetaMask wallet application used in the proposed
solution are explained and the general structure of the solution is explained with visuals. The steps to be
followed in order to add a blockchain-based authentication option to an existing web application are also
explained in a sequential manner. Compared to traditional authentication methods such as username and
password, e-mail, LDAP, SMS, 2FA, etc., the proposed method has a significant advantage in that it is not
affected by single point of failure due to its distributed structure. Thanks to the structure of the Ethereum
network and the use of the MetaMask tool, the proposed method shows great resistance to cyber-attacks. The
fact that blockchain networks work in an automated manner and are not under the control of any person or
institution is extremely important in terms of data privacy and security. The method presented in this study
is proposed to work as an alternative to existing authentication methods. In this way, when a problem is
encountered in the existing centralised methods, the proposed system will be a life saver for web applications.
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In addition, thanks to this method to be implemented as an alternative, it is thought that the service
disruptions encountered due to the density experienced during special periods such as some announcements
and registration periods made through web applications can be prevented.
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Belirsiz Taleplerle Hemsire Cizelgeleme Problemi i¢in
Stokastik Hedef Programlama

0z

Isletmelerin verimliliklerine direkt etkili olan vardiya cizelgeleme daima gdz &niinde
bulundurulmas: gereken bir problemdir. Problemin temelinde kisilerin yetkinliklerine gére
vardiyalara atanmasi, kisilerden beklenen mesailerin birbirinden minimum sapmada olmasi ve
adil bir dagitim olmasi amaglanmaktadir. Bu ¢aligmada vardiya ¢izelgeleme probleminin
modellenmesi i¢in atama problemi tiirlerinden siklikla kullanilan hemsire ¢izelgeleme alani
secilmistir. Kisitlarin belirlenmesinde yasalarin belirledigi zorunlu durumlar, hastanenin
belirledigi ihtiyaglar, ¢alisanlarin yetkinlik/sorumluluklar1 ve izin durumlar1 g6z Oniinde
bulundurulmugtur. Bunun yaninda adil bir ¢izelgeleme olmasi igin personellerin vardiyalara esit
dagitimin saglanmasi ve izin giinlerinin miimkiin oldugunda art arda olmasi hedeflenmistir. Tiim
kisitlarin saglandig1 ve birden fazla sayidaki birbiriyle ¢elisebilecek hedeflerin minimum sapma
ile gerceklestirebilmesi i¢in hedef programlamadan yararlanilmistir. Bunlarin yaninda gergek
hayat verileri iceren olasilik temelli farkli senaryolardaki taleplere cevap verilebilmesi igin
stokastik parametreler de modele eklenmistir. Secilen problemin igeriginde iki farkli birimde
calisan farkli yetkinlikteki yirmi sekiz hemsire i¢in gerekli kisitlari saglayarak adil dagitimi
saglayan ve belirsizlik durumlarina uygun cevab: verebilecek bir modelleme yapilmustir. Kurulan

Anahtar Kelimeler: Vardiya model, GAMS programu ile stokastik karma tam sayili hedef programlama (MIP) kullanilarak
cizelgeleme, hedef programlama, ¢bzlim aranmustir.
stokastik modelleme
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1. Gll‘l§ (Introduction)

Vardiya cizelgeleme personel veya is giicii ¢izelgelemenin bir alt dalidir. Tanim olarak; belirli periyotta yasal,
sosyal ve organizasyonel kisitlar altinda is giicii ile islerin kargilanmasini saglayan atama planin yapilmasidir
[1]. Personellere uygun olan atamalarin yapilmast igin personel tercihleri ve yeterlilikleri, isin gereklilikleri
gibi pek ¢ok kriter kullanilmaktadir. Bu sebeple de analitik yontemlerin kullanilmas: gerekmektedir. Dogru
planlamanin yapimas: saglanarak personel verimi, dolayistyla isin/hizmetin verimi artirilip ve mdisteri
ihtiyaclar1 daha hizl ve kaliteli sekilde karsilanabilmektedir [2].

Dogrusal programlama modellerinde bir amag fonksiyonu belirlenerek bu optimize edilmeye ¢alisiimaktadur.
Ancak idealize edilmemis problemlerde birbiri ile gelisen ve birden fazla amag fonksiyonun kullanilmasi
gereken durumlar olusabilmektedir. Bu ihtiyaca hedef programlama cevap vermektedir. Hedef programlama
ile bir ya da daha fazla amaci iceren problemler, hedeflerden sapmalar1 minimize edecek kisitlar1 amag
edinerek ¢oziilebilmektedir [3].

Caligmamuzda; yasal kisitlar, karar vericilerin siirekli ve degisken ihtiyaglari, caliganlarin adaletli vardiya
cizelgelenmesi probleminin optimize edilmesi amaglanmistir. Adil dagitim i¢in hedef programlama, degisken
durumlara gére optimizasyon yapilmast i¢in de stokastik programlama kullanilmistir. Bu iki yapinin birlikte
kullanilmasi bu ¢alismanin 6zgiin yoniinii olusturmaktadir.

2. Materyal ve Metot (Material and Method)

Caligmada vardiyalama problemi i¢in birden fazla ama¢ gbz oniinde bulundurularak ¢éziim aranmasi
durumu incelenmistir. Vardiyalama igin zorunlu kisitlarin yaninda adil dagilimin da saglanmast igin hedef
programlama metodu kullanilmigtir. Bununla birlikte ¢izelgelemenin gerekliliklerinde rastlantisal olarak
degisen durumlar s6z konusu oldugundan stokastik programlama metodundan da faydalanilmistir. Her iki
metot da bir¢ok ¢alismada farkli problemlerin ¢6ziimiinde kullanilmigtir. Calismada iki metodun birlikte
kullanilmasiyla elde edilen hibrit yapi sayesinde gercek hayat problemlerinin belirsizligi ve birden fazla amag
glidiilmesi gereken problemlerin daha dogru ve optimal ¢oziilmesi amaglanmigtir.

Hedef programlama yonteminin temelleri 1955 yilinda Charles ve arkadaslar tarafindan yapilan ¢alismaya
dayanmaktadir. Dogrusal programlama modellerinde tek bir amag¢ kullanilmaktadir fakat ideal olmayan veya
gercek hayat problemlerinde bir¢ok amacin géz 6niinde bulundurularak ¢oziim aranmasi gerekmektedir.
Hedef programlama bu ihtiyaca ¢6ziim sunmak i¢in gelistirilmistir. Bu yontemde problemin gerekliliklerine
gore hazirlanmis amag fonksiyonundaki agirlik ve oncelikler ile birbiriyle gelisen hedeflerden sapmalarin
minimize edilmesi amaglanmaktadir. Hedef programlama modelinin kisitlarinda, herhangi bir sekilde ihlalin
istenmedigi durumlar modellenerek hedeflerin minimum sapma ile karsilanmasi saglanir. Modellerin
¢oztimlerinde dogrusal programla teknikleri kullanilir. Modelin matematiksel gosterim asagidaki esitlik (1 a-
¢)’ de paylasilmistir [4].

MinZ =Y. df +d; (1a)
X,df,df 20 i=1.t j=1.n (1c)

Yukaridaki denklemlerdeki degiskenlerin anlamlari soyledir;

X;; i.karar degiskenini,

W;j; i.hedefin j. karar degiskeni katsayisini,
k;; i.hedef icin ulasilmak istenen degeri,
d}; i.hedefin pozitif yénlii sapma degiskeni,
d; i.hedefin negatif yonlii sapma degiskeni,

Bu ¢alismada hedeflerden minimum sapmanin gergeklestirilebilmesi i¢in kullanilan matematiksel model 2.4.
boliimdeki problem ¢6ziimiinde agiklanmigtr.
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Matematiksel programlamanin bir diger dali olan stokastik programlamadaki modellerde, parametrelerin
rassal degiskenlerle tanimlandigi durumlara optimal ¢6ziim aranir. Bu ydntem, parametrelerin
belirlenmesinin zor oldugu veya gergek hayat problemlerinde siklikla kullanilir. Stokastik programlamanin
temelinde 3 yaklasim vardir. Bunlar; probabilistik, cok agamali ve senaryo tabanli yaklagimdr.

Probabilistik veya diger adiyla sans kisitli yaklasimda, olaylar veya sartlarla ilgili belirsizlikler gergeklesme
olasiliklartyla birlikte kisita eklenir. Bu durum konveks olmayan kisitlar kiimesiyle karsilagilmasina neden
olabilir ki bu durumda ¢6ziim olduk¢a zor bir hal almaktadir. Cok asamali veya diger adiyla telafi
yaklasiminda, gelecekteki bir durumun modellenmesi amaglanir. Bu tip durumlar rassal olaylar kiimesini
gerceklesmesinden sonra siire¢ hakkinda bilgi alinmasini da icermektedir. Gozlemlenen ¢ikti grubu igin bir
yanit modellenmeye ¢alisilir. Rassal ¢iktilar gozlemlenmeden 6nce proaktif olan birinci agama kararlariyla
eslestirilen ¢iktilara dayali kararlar, reaktif kararlar veya ikinci asama kararlar olarak adlandirilir. Bu tiir
problemlerdeki temel giigliik telafi (ikinci agama) fonksiyonunun beklenen degerinin hesaplanmasinda ¢ok
boyutlu integral hesab1 gerekmesidir. Daha da zor olani, ayrik rassal degisken igeren stokastik programlama
modellerinde s6z konusu fonksiyon diferansiyellenememektedir. Son yaklagim tiirii stokastik problemin
¢oziimiinde senaryo tabanli analizi igeren yaklasimdir. Senaryo kokeni, bilinen ayrik bir olasilik dagilimindan,
sinirl1 6rnek bilgisinden, bazi yaklasim tiplerinden ya da bir uzman fikrine dayandirilan olasiliksal 6nceki
analizlerden elde edilebilir. Senaryo yaklasiminda ikiden fazla senaryo olusabilmektedir [5].

2.1. Literatiir taramasi (Literature review)

Vardiya cizelgeleme ¢aligmalari; kamu kurumlari, turizm, otelcilik, ulasim, ¢agri merkezleri, askeri sistemler
ve hastanecilik gibi pek ¢ok alanda kullanilmaktadir. Bu problemlerin ¢oziimiinde sezgisel yontemlerden,
matematiksel modellerden veya farkls hibrit modellerden faydalanilabilir. Personel ¢izelgeleme problemleri
yillar icinde giincelligini korumugstur ve bu alandaki ¢aligmalara olan ihtiya¢ artmistir. Bu sebeple literatiirde
siklikla calisiimaktadir. Sekil 1’de bu alandaki ¢aligmalarin sayilar: paylagilmustir [6].
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Sekil 1. Personel gizelgeleme galigmalarinda yillara gore kiimiilatif dagilim (Cumulative distribution by years in personnel scheduling
studies) [6]

Personel ¢izelgeleme problemleri farkli uygulama alanlarini igermektedir. Bu alandaki ¢alismalar sekil 2’de
yuzdelik dagilimlariyla birlikte paylagilmistir.

Vardiya gizelgeleme problemi ¢oziimii amaglayan bir ¢aliymada, stajyer doktorlarin onkoloji ve hematoloji
boliimlerine dengeli sekilde dagitimini saglayan 7 kisittan olusan matematiksel model kurulmustur [7].
Tayvan’daki bir magazada misteri hizmetleri boliimiindeki calisanlar icin ekip ¢izelgeleme yapilmustir.
Miisterilerle ilgilenilme siiresi i¢in bulanik mantik kullanilmis ve ¢6ziim hedef programlama ile yapilmistir
[8]. Hemygirelerin farkli mesai saatlerine gore 11 personelin 3 vardiyada ¢izelgelenmesinin modellendigi bir
calismada 11 farkls kisit ile dengeli calisma siiresinin saglanmasi i¢in hedef programlama kullanilmistir [9].
Farkli kliniklerde ¢aligan stajyer doktorlarin tecriibe seviyeleri goz 6niinde bulundurularak, karigik tam sayilt
matematiksel modelleme yapilmigtir [10].
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Sekil 2. Personel ¢izelgeleme uygulama alanlar1 (Personnel scheduling application areas) [6]

Tiirkiye’de bir devlet hastanesindeki 11 hemsire ve 4 saglik memurunun {iiroloji ve kulak burun bogaz
servislerinde 3 vardiya igin ¢izelgelenmesi operasyonel kisitlara gore agirlikli hedef programlama kullanilarak
¢ozilmiigtir. Agirhiklarin bulunmasi i¢in analitik ag prosesi yontemi kullanilmigtir [11]. Hemsire
cizelgelenmesi problemi i¢in mesai saatlerinin baslangi¢larinda ve farkli caliyma/mola secenekleriyle esneklik
saglayan 0-1 tam sayili programlama ile ¢6ziim sunulmustur [12]. 3 vardiyada iiretim yapan bir firmada
calisan seflerin kidem seviyelerine gore vardiya ihtiyaclarina gore calismalarinin gizelgelenmesini yapan
sistemde analitik hiyerarsik prosesi ve hedef programlama kullanilarak modelleme yapilmistir [13].
Hastanenin yonetimsel/operasyonel kararlari, degisken ve sabit kosullar dikkate alinarak 0-1 tam sayili
modelde 4 haftalik periyot i¢in ¢alisan gizelgelemesi yapilmistir [14]. Caligan memnuniyetini maksimum
seviyede tutmaya galisan bir modelde hemsirelerin vardiya ve izin giinii tercihleri goz 6niinde bulundurularak
caligilmigtir. Tam sayill programlama ve genetik algoritma kullanilarak iki model olusturulup sonuglar
incelenmistir [15].

Vardiyalama problemi gercek hayat verileriyle diizeltiimeden c¢alisildiginda belirsiz durumlarla
karsilagilabilmektedir. Bu durumda fakli senaryolarin gerekliliklerine cevap verebilecek modeller
olusturulmalidir. Siirekli ¢alisan ve degisken durumda ihtiyaca cevap verebilecek sekilde icapgi ¢alisan olarak
iki hemsire grubunun ¢alismasini programlamak icin gok amagh sezgisel yaklagim 6nerilmistir. Caligmanin
onerdigi model CPLEX kullanilarak ¢oziilerek, manuel ve matematiksel modelden elde edilen ¢oziimlerle;
esitlik, kisitlarin saglanmasi, esitlik, calisan tercihlerin karsilanmasi, alternatif vardiya sayisi ve ergonomi
basliklar: kistas kabul edilerek karsilagtirilmistir [16]. Hemsire taleplerini géz 6ntinde bulundurarak makul
seviyede talep ettikleri vardiyada ¢alismasini saglayip, fazla mesainin en kiigiiklenmeye ¢alisildigi modelde,
bu belirsizliklere gore ¢izelgeleme yapilmistir. Coziim i¢in 4 farkli bulanik mantik yaklasim tiri
kullanilmigtir; minimum, agirlikli ortalama, bulanik ve operator yaklasimly, iki fazli yaklagim [17].

Ortalama yaklagim yontemi kullanilarak olusturulan modelde, hemsire ihtiyacindaki, hemsirelerin
tercihlerindeki, hasta sayilarindaki, hastalarin kalma siireleri ve beklenmeyen durumlardaki belirsizlikler g6z
ontinde bulundurularak maliyeti en kiigiiklemeye caligtlmigtir [18]. 2 farkli birimdeki 3 vardiyada ¢aligmasi
planlanan hemgireler i¢in hedef programlama kullanilarak cizelgeleme yapilmistir [19]. Ilk adiminda
Augmecon? adli epsilon teknigi kullanilarak olusturulan ¢ok amagli matematiksel model ile ikinci adimda
olusturulan planlayici ve yonetimin belirledigi parametreler ile cizelgeleme yapilmustir [20]. Organizayonel
kisitlamalar ve genel kabul gérmiis kurallara ek olarak hemsire tercihleri, izin talepleri ve hemsire hasta oran
kullanilarak hazirlanan model ¢ok macli karma tam sayili hedef programlama ile ¢ozillmiistiir [21]. Bir
hastanenin acil bolimiindeki hemsirelerin mesai siiresi ve is yiiklerinin adil sekilde dagitilmasi igin ti¢ farkls
gruba ayrilan hemsireler yonetimin ve hemsire taleplerinin dogrultusunda mesai iicretlerinin en
kiigiiklenmesi amag edinilerek gizelgelendirilmistir [22].

Bir cizelgeleme probleminde; dogumhanedeki ¢aliganlar hemsire, yar1 zamanh ¢alisan 6zel durumlarda
kullanilan ¢aligan olarak gruplandirip, ¢aliyma giinlerini normal, icap¢1 ve izin giinii olarak diizenlenmistir.
Modelin amaci bir béliimdeki eksikligin diger boliimlerden tamamlanmasini en aza indirmektir. Calismada
ayrica periyodun sonunda is yiikii hesaplanmakta ve bu bilgi diger periyodun girdisi olmaktadir, bununla
modele dinamik bir yapr kazandirilmistir [23]. Personel ihtiyacinin belirsizligi durumu i¢in iki asamali
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stokastik bir ¢6ziim yolu izlenen modelde, birinci asamada personel atamalar: yapilip ikinci asamada ise yeni
talep bilgilerine gore beklenti dis1 (non-anticipativity) kriterine gore karar degiskenleri diizenlenmistir [24].
Bir saglik hizmet saglayacisinin filyasyon ekibi personellerinin hedef programlama ile modeli kurulmustur.
Model GAMS paket programi kullanilarak CPLEX c¢oziiclisii ile bagarili sekilde ¢oziilmistir [25].
Tirkiye’deki bir devlet hastanesinin c¢ocuk acil departmanindaki calisanlar i¢in yapilan cizelgeleme
calismasinda, 20 hemsire icin 2 aylik periyotta, tam sayili hedef programlama ile dinamik modelleme
yapilmistir. Modelin ¢6ziimiinde GAMS programi araciligiyla Gurobi ¢oziictisii kullanilmigtir. [26].

Literatiir taramasinda da goriildigt gibi ilgilenilen vardiya cizelgeleme (hemsire gizelgeleme) probleminin
i¢in pek ¢ok model denenmistir. Yukarda incelenen tam sayili veya karisik sayili dogrusal programlama, hedef
programlama gibi modellere ek olarak yapay zeka teknikleri [27-29] veya genetik algoritma [30-32], tabu
arama [32-34] vs. gibi sezgisel yaklagimlar ile olusturulmus modeller de mevcuttur.

Literatiirdeki caligmalar incelendiginde vardiyalama cizelgeleme icin yapilan birgok ¢aliyma oldugu
gorillmektedir. Bu problemin farkli tipleri igin farkli ¢oziim ydntemleri denenmistir. [htiyaglar ve kaynaklar
farkli oldugundan her ¢6ziim probleme 6zel kisitlar gerektirmektedir. Bu ¢alismada ele alinan problemin
literatiirdekilerden farki hem adil dagilim hem de belirsizlik iceren durumlara da cevap verebilecek sekilde
cizelgeleme istenmesidir. Bu problemin ¢oziimiinde; adil dagilimin saglanmasi icin hedef programlama,
belirsizlik iceren senaryolar icin de stokastik programlama kullanimistir. Calisma bu yoniiyle literatiirden
ayrigmaktadir.

2.2. Problemin tanimlanmasi (Defining the problem)

Bir hastane artan talebi kargilamak icin yeni bir hizmet binas1 agmugtir. Poliklinikleri bityiiterek veya sayisini
artirarak hasta talebine cevap vermeye caligmistir. Fakat bu durum ameliyathane ¢aliganlarinin vardiya
dagitiminda sikintilara yol agmustir. Hali hazirda yapilan sistemde ameliyathane sorumlu hemgireleri fazladan
mesai harcayarak hemsirelerini vardiyalara dagitmakta ve bu durum da hemsireler adaletli dagitiimadigin:
iddia etmektedir. Bu soruna ¢6ziim bulabilmek adina vardiya dagitiminin matematiksel modelleme ile
diizenlenmesi istenmektedir. Gerekli kisitlar asagidaki gibi bildirilmistir;

e  Haftalik ¢alisma saati 45 saattir.

e Giinlik hemgire ihtiyact kesinlikle kargilanmalidir. Hemsgire ihtiyaglar: icin literatiirdeki bir ¢alisma
secilmistir [19].

e  Her bir hemsire bir giinde yalnizca tek vardiyada (vardiya detaylar: Tablo 1 ve Tablo 2’de paylagilmistir)
calisabilir.

e Tam vardiyada ¢alisan hemsire vardiya bitiminden itibaren 48 saat izinli olmak zorundadur.

e  Hemyireler her bir hafta sonunda en fazla bir giin ¢aligmalidirlar.

e Amll ve Aml2 ameliyathane sorumlu hemsireleri sadece hafta ici sabah vardiyalarinda ¢alismalidirlar
(Aml: Ameliyathanenin kisaltmasidir. Modelde 1. ve 2. hemgireler sorumlu hemsirelerdir).

¢ 3 no’lu hemsire 15-22 giinlerinde yillik izinlidir (Ay pazartesi ile baslayacak ve 4 hafta siirecektir)

e 45,6 n0’lu hemsireler sadece Aml1 ve 7,8 no’lu hemsireler sadece AmI2 ameliyathanelerinde ¢aligacaktir
(Demirbas hemsgiresi olduklarindan envanter hakimiyetleri olmas istenmektedir).

e  Tam ve gece vardiyasinda minimum sayida hemsire ¢aligmalidir.

Hemsireler su an ki vardiya programlarinin adaletli olmadigini iddia ettiginden bu modele asagidaki kisitlar
eklenmelidir;

e Tam vardiya atamalari esit olmal.
e  Gece vardiya atamalar: esit olmali.
e Toplam vardiya atamalar: esit olmali.

Bu kisitlar disinda hastane bazi hafta sonlar1 Amll ameliyathanesini disaridan gelen sa¢ ekimi veya estetik
operasyonlar1 gibi kiiciik iglerde de ameliyathane malzemesi ve hemgire destegi vermektedir. Bu islem
stireklilik arz etmediginden programda aksamalara yol agmamasi i¢in disaridan hemsire alinabilmektedir. Bu
olayin gerceklesme olasiligini %50 ve gerekebilecek hemsire sayisinin 5 artabildigini bildirmistir.
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2.3. Problemin ¢6zimii (Solution of the problem)

Problem; tam sayili hedef programlama stokastik parametrelerle desteklenerek modelleme kullanilmistir.
Cozimiin matematiksel modeli asagidaki gibidir. Coziimde kullanilan GAMS programi i¢in hazirlanan kod
Ek1.‘de paylasilmustir.

o Indisler, Sabitler ve Parametreler

a: ilgili boliimde ¢alisan toplam hemsire sayista = 28

b: Gin sayist (4 hafta) b = 28

c: Vardiya sayist (sabah, tam, gece)c =3

d: Bolim sayist (amll,aml2) d = 2

i: Hemsire indisii = 1,2, ...a

j:Gunindisi j=1,2 ..b

k:Vardiya indisi k=1,2 ...c

I: Bolim indisi 1 =1,2 ..d

|C,| = Toplam tam vardiya atama sayisi; maks 3, min 2(toplam tam vardiyast sayist/
sorumlular harig toplam hemsire sayist)

|Cql = Toplam gece vardiya atama sayisi; maks 5,min 4(toplam gece vardiyast sayisi/
sorumlular harig toplam hemsire sayist)

T = Toplam atama sayisi; 13 (toplam vardiya sayisi/toplam hemsire sayist)

X, = Hastane galisani olan hemsirenin maliyeti; 1

Q. = Disaridan cagirilan hemsirenin maliyeti; 1

W, = k.vardiyanin ¢alisma siiresi; sabah 8,tam 16, gece 8

Py jy = l.senaryoda Amll'in j. giin k.vardiyada gerekli hemsire sayist

Pyjx = 2.senaryoda Amll'in j. Gin k.vardiyada gerekli hemsire sayist

T, = Aml2'nin j. gun k.vardiyada gerekli hemsire sayist

Qp(sy = Senaryolar icin ek operasyon yapilma ihtimali; 1.senaryo(S;)0,5; 2.senaryo (S;) 0,5

Tablo 1. Giinliik hemsire ihtiyaglari (Daily nurse needs)

Vardiyalar
Amll Aml2

Giinler Sabah Tam Gece Sabah Tam Gece
Pazartesi 3 1 2 3 1 2
Sall 3 1 2 3 1 2
Carsamba 3 1 2 3 1 2
Persembe 3 1 2 3 1 2
Cuma 3 1 2 3 1 2
Cumartesi 2 (S2+3) 2 2 2 2 2
Pazar 2 (S2+3) 2 2 2 2 2

Tablo 2. Vardiya saat ve siireleri (Shift hours and times)

Vardiyalar Saatler Toplam Siire
Sabah 08:00 -  16:00 8 saat
Tam 20:00 - 12:00 16 saat
Gece 16:00 - 00:00 8 saat

e  Karar degiskenleri

Xiji = Hastanedeki i. hemsire, j. giin, k. vardiya, . bliime atamursa ‘1, aksi durumda ‘0’
Qj = j.gun disaridan ¢agirilan hemsire sayist
|M;|: Gece vardiya atamalar: sapma degiskeni
|N;|: Tam vardiya atamalari sapma degiskeni
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|Y;j|: Hemsirelere verilen izinlerin sapma degiskeni
|Z;|: Toplam vardiya atamalari sapma degiskeni

e Kisitlar

Bu boliimde problemin tanimlanmasi béliimiinde a¢iklanan kisitlarin modelleri ve gerekeeleri paylagilmistir.

i Wy * Xijuy + Wy * Xijpy + Wy % Xijzy < 45 i, L (2a)
2e Wi Xijuy + Wy % Xyjpy + Wy * Xyjgy < 45 Vi, L (2b)
Yilis Wy * Xijuy + Wy % Xyjy + W * Xyjgy < 45 Vi, (20)
s Wy * Xijyy + Wy % Xyjpy + Wy * Xy < 45 Vi, L (2d)

Esitlik (2 a-d) ile her bir hemsirenin yasal limit olan haftalik 45 saat ¢aligma limitini agmamasi saglanmistir.

> Xijin = Pl Vi k = 2,3 (3a)
Z?:lxijkz =1y Vi k (3b)
Z‘illeijll +0Q; =p2j;, Vj (3¢)

Esitlik (3 a-c) ile kurumun olasi tim durumlar i¢in ihtiya¢ duydugu hemsire sayisimin karsilanmast

saglanmistir.

Zizlziiﬂxijkz <1Vij (4)

Esitlik (4) ile her bir hemsirenin ¢aligtig1 her bir giin i¢in yalnizca bir vardiyada ¢aligmasi saglanmistir.

d -
lelxijzl + Xigrou T Xig+nz + Xigeou + Xigeoa + Xigea <1 VEj=12..(b-2) (5

Esitlik (5) ile tam vardiyada ¢alisan hemsirelerin mesai bitiminden itibaren 48 saat izinli olmasi saglanmustir.

Zizlz:;i:lxiﬁkl + Xz S 1Vi (6a)
PISIDNEP CIED MESR L (6)
Z;zlz:flﬂxizom +Xpu<s1 Vi (6¢)
2;1221:1 Xizgzra + Xiggy <1 Vi (6d)

Esitlik (6 a-d) ile hafta sonlari ¢aligan hemgirelerin art arda hafta sonu ¢alismamasi saglanmistir.

X =0 j=1,2,..b; k=23 Xpjir =0 j=1,2,..b; k=1,2,..,c (7a)
Xijio=0 j=12,.b;k=12,.,c  Xyjp=0 j=12,..b; k=23 (7b)
X111 =0 j=67131420,21,2728  X,;;, =0 j=6,7,13,14,20,21,27,28 (7¢)
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Esitlik (7 a-c) ile sorumlu hemsirelerin hafta igi, sabah vardiyasinda ve kendi ameliyathanelerinde ¢aligmast

saglanmistir.

Q;=0 j=b — {67,13,14,20,21,27,28} (8)

Esitlik (8) ile disaridan sadece hafta sonlar: operasyonlari i¢cin hemsire cagirilabilmesi saglanmigtr.

X3 =0 j=1516,..22, k=1,2,..,¢; 1 =12,..d 9)
Esitlik (9) ile 3. hemsirenin 15-22 giinleri arasinda yillik izinli olmasi saglanmustir.

Xijio =01=456;j=12,..b; k=12,..,c (10a)
X =01i=78 j=1,2,..b; k=1,2,..,c (10b)

Esitlik (10 a-b) ile 4,5,6 hemgirelerin Aml1, 7,8 numarali hemsirelerin Aml2’de ¢aligmasi saglanmistir.

b .
ijl pXa Xijpy <Ct i =34, ..a (11a)

b .
ijl Y, X <Cg i=34,..a (11b)

Esitlik (11 a-b) ile tam ve gece vardiyasinda minimum sayida hemsirenin ¢aligmasi saglanmigtir.

o Adil Cizelgeleme Saglayan Kisitlar

Zj;l YhiXyu +Inl=Ct i=34,..a (12)
Esitlik (12) ile tam vardiya atamalarinin esit olmasi saglanmustir.

30 T X+ Imi| = Cg i=34,..a (13)
Esitlik (13) ile gece vardiya atamalarinin esit olmasi saglanmstir.

Z?=12?=1Xij11 +Xiju + Xijz + |zl =1 Vi (14)

Esitlik (14) ile toplam vardiya atamalarinin esit olmasi saglanmistir.

e Amag Fonksiyonu: Esitlik (15) ile tam/gece/toplam vardiya sayilarinin esitlikten sapmasi, digsaridan
¢agrilan hemsirelerin maliyet degerlerinin en kiigiiklenmesi saglanmustir.

Min(z) = Z;'Z:S(lnil + |m1|) +Zli1:1 |Zi| + Qp(l) * QC * Z}):I Q] + Qp(z) * QC * Z]l?:l Q]
Xiji + 0,5 Q) IMy|, NI, Y1, 1Z:| = O (15)
Tam ve gece vardiyalarindaki sapmalarin hesaplanmasinda sorumlu hemsireler sadece sabah vardiyasinda

calistig1 icin hari¢ tutulmustur. Bunun yaninda her bir hemsirenin toplam vardiya atamalarinin esit olmasi
hedef kisit1 oldugundan bu degerdeki sapmanin da amag¢ fonksiyonuyla minimize edilmesi amaglanmustir.
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Bunlar diginda maliyet kisiti i¢in disaridan ¢agirilan hemsire sayisinin en kiigiiklenmesi amaglanmstir.
Disaridan ¢agrilan hemsire sayist degiskeni, senaryo olasilig1 ve ticret parametreleriyle ¢arpilarak amag
fonksiyonuna eklenmistir.

3. Sonuglar ve Tartigma (Results and Discussion)

Modelin GAMS kodu Ek1’de, optimizasyon sonuglar:t Ek2’de verilen Tablo’da paylasilmistir. Ayni sekilde elle
yapilan gizelgeleme sonucu Ek3’de verilen Tablo’da paylasilmistir. Amag fonksiyonu parametreleri olan tam
vardiyasi atama sayis1 sapmasl, gece vardiyasi atama sayisi sapmasl, toplam vardiya atama sayist ve digaridan
¢agrilan hemsire sayis1 parametrelerine gore degisim Tablo 3’de paylagilmigtir.

Tablo 3. Optimizasyonun Degerlendirilmesi (Evaluation of optimization)

Elle Yapilan Optimizasyon

P 1
arametreler Cizelgeleme Sonucu

Tam
Vardiyasi
Atama Say1s1
Sapmasi
Gece
Vardiyasi
Atama Sayisi
Sapmasi
Toplam
Vardiya
Atama Say1s1
Sapmasi
Disaridan
Cagrilan
Hemygire
Sayist

69 13

128 15

159 32

40 25

Elle hazirlanan hemsire ¢izelgesi igin ilgili parametrelere gore hesaplanan amag fonksiyonu degeri yukaridaki
tabloda goriildiigi iizere 396’dir. Bunun yaninda optimizasyon sonucu olusturulan gizelgeleme i¢in amag
fonksiyonu degeri 85 bulunmustur. Hazirlanan degerlendirme tablosuna gore elde edilen faydalar; tam
vardiya sapmast i¢in 5,3, gece vardiya atamasi sapmasi icin 8,5, toplam vardiya atama sapmasi icin 4,9 ve
disaridan ¢agrilan hemsire sayist i¢in 1,6 olmustur. Buna gore amag fonksiyonu degerindeki toplam fayda
yaklagik 4,7 ‘dir.

Hedef programlamanin c¢izelgeleme probleminin ¢oziimiinde kullanilmasina ek olarak gercek hayat
problemlerinin dinamikligi ve belirsizliginin ¢6ziimii i¢in bu ¢alismada stokastik modelleme parametrelerinin
kullanilmasi 6nerilmistir. Sonraki ¢alismalar icin 6nceki ayin gizelgelemesini de géz 6niinde bulundurarak
sonraki aylari gizelgeleyen modeller kurulabilir.
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Ek-1. (Apendix-1.)

Hemygire vardiyalama probleminin ¢6ziimi i¢in 6nerilen modelin GAMS kodu asagida paylagilmigtur.

sets

i hemsireler /1¥28/

j gtinler /1*28/

k vardiyalar /sabah, tam, gece/
1boliim /amll, aml2/

s senaryo /s1, s2/;

scalar

a toplam hemygire /28/

b toplam giin /28/

c toplam vardiya /3/

d toplam bolim /2/

xc hast hems maliyet /1/

qc disaridan hems maliyet /1/
Cti toplam tam vardiya /3/
Cgi toplam gece vardiya /5/
Cte toplam tam vardiya /2/
Cge toplam gece vardiya /4/

T toplam atama /13/;
parameters

W(k) vardiyalarin mesai siiresi /sabah 8, tam 16, gece 8/
qp(s) senaryolarin olasilig1 /s1 0.5, s2 0.5/;

Table p1(j,k) 1. senaryo i¢in aml1 gerekli hemgire
sabah tam gece

N AW N
[ NN YN SR U

—_
o
PR WWWWWRNWWWRPPDWWWWwW

RN RDNNDRDNDND DD NN DN

DO DO e bt e e et D)D) e e e
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22
23
24
25
26
27
28

DN W W W W W
B DN = = = =
DR NN

>

Table p2(j,k) 2. senaryo i¢in aml1 gerekli hemgire
sabah tam gece

N U R W N
[ NN YN S U

—
=

U U1 W W WWWOU Ul wwwwwao U wewewPPauwwwww

DR R RRRRDRDRDRNDNDNDNDNDNDNDND DN DN

[ I S R e e I R SO R N R e e S )

>

Table r(j,k) aml2 gerekli hemsire
sabah tam gece

NN AW N
[ NN YN SR U

— = = = O
[SSIN SR -

NN NN NN = = =
G W= O W0 NN

[\
[o)}
[ S e SO T e I R N T N I

27
28 2
binary variables
x(i,j,k,1)

—
=

PR WWWWWINEKNWWWWIMNWOGWRPPRDNDWWWwW

DR RRRRRRRDRDNDNDNDNDNDNDNDND DN DD

positive variables
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q(j), ny(i), ne(i), my(i), me(i), yy(i,j), ye(i,j), zy(i), ze(i);

variables z;

equations

amacg, kisl, kis2, kis3, kis4, kis6, kis7, kis8, kis10, kis11, kis12, kis13, kis14, kis15, kis16, kis17, kis18, kis19, kis20, kis21, kis22, kis23, kis24,
kis25, kis26, kis27, kis28, kis30, kis31, kis32, kis33, kis34, kis35, kis36;

amac.. z=e=sum((i)$(ord(i) ge 3), ne(i)+me(i))+ sum(i, zy(i)+ ze(i))+qp('s1)*qc*sum(j,q(j)) +qp('s2')*qc*sum(j,q(j));

kis1(i,1).. sum((j) $(ord(j) le 7), W('sabah')*X(i,j, sabah',)+ W('tam')*X(i,j, tam',])+ W('gece')*X(i,j,'gece',]))=1=45;

kis2(i,1).. sum((j) $(ord(j) ge 8 and ord(j) le 14), W('sabah')*X(i,j,'sabah’,])+ W('tam')*X(i,j,tam’,l)+ W('gece')*X(i,j,'gece',l))=1=45;
kis3(i,1).. sum((j) $(ord(j) ge 15 and ord(j) le 21), W('sabah')*X(i,j,'sabah’,])+ W('tam')*X(i,j, tam’,)+ W('gece')*X(i,j, gece',l))=1=45;
kis4(i,1).. sum((j) $(ord(j) ge 22 and ord(j) le 28), W('sabah')*X(i,j,'sabah’,])+ W('tam')*X(i,j, tam’,)+ W('gece')*X(i,}, gece',l))=1=45;
kis6(j,k).. sum(i, X(i,j,k,'aml2"))=e=r(j,k);

kis7(1,j).. sum((k,1), X(i,j,k1))=1=1;

kis8(i,j)$(ord(j) le 26).. sum((1),
X(i,j, tam',1)+X(i,j+1,'sabah’, 1)+ X (i,j+1, tam 1)+ X (i,j+1,'gece’, 1)+ X (i,j+2,'sabah',1) + X (1,j+2, tam', 1) +X (i,j+2,'gece', 1)) =1=1;

kis10(i).. sum((k,l), X(i,'6",k,1)+X(i,7"k,1))=1=1;

kis11(i).. sum((k,l), X(i,'13"k,1)+X(i,'14"k,1))=1=1;

kis12(i).. sum((k,l), X(i,20"k,1)+X(i,21"k,1))=1=1;

kis13(i).. sum((k,l), X(i,27"k,1)+X(i, 28" k,1))=1=1;

kis14(j,k)$(ord(k) ge 2).. X('1'j,k,'aml1')=e=0;

kis15(j,k).. X('1',j,k,'aml2")=e=0;

kisl16..
X('1,'6','sabah’,'aml1"')+X('1','7','sabah’,'aml1")+X('1','13",'sabah','aml1")+X('1','14,'sabah’,'aml1")+X('1',20','sabah’,'aml1")+X('1,21','sabah’,’
amll')+X('1,'27','sabah’,'aml1"')+X('1',28','sabah’,'aml1")=e=0;

kis17(j,k)$(ord(k) ge 2).. X('2'j,k,'aml2')=e=0;

kis18(j,k).. X('2',j,k,'aml1")=e=0;

kis19..
X('2','6','sabah’,'aml2")+X('2','7','sabah','aml2")+X('2','13",'sabah','am]2")+X('2','14,'sabah’,'am]2")+ X ('2,20','sabah’,'am]2")+ X ('2',21','sabah’,'
aml2')+X('2,'27','sabah’,'aml2")+X('2',28','sabah’,'aml2")=e=0;

kis20(j,k,))$(ord(j) ge 15 and ord(j) le 22).. X('3',j,k,])=e=0;

kis21(i,j,k)$(ord(i) ge 4 and ord(i) le 6).. X(i,j,k,'aml2")=e=0;

kis22(i,j,k)$(ord(i) ge 7 and ord(i) le 8).. X(i,j,k,'aml1")=e=0;

kis23(i)$(ord(i) ge 3).. sum((j.1),X(i,j,'tam"1))=1=Cti;

kis24(i)$(ord(i) ge 3).. sum((j,1),X(i,j, gece']1))=1=Cgi;

kis25(i)$(ord(i) ge 3).. sum((j,1),X(i,j, tam’,l))=g=Cte;

kis26(i)$(ord(i) ge 3).. sum((j,1),X(i,j, gece',]))=g=Cge;

kis27(i)$(ord(i) ge 3).. sum((j,1),X(i,j, tam',])+ny(i)-ne(i))=e=Cte;

kis28(i)$(ord(i) ge 3).. sum((j,1),X(i,j, gece',])+my(i)-me(i))=e=Cge;

kis30(i).. sum((j,1),X(i,j,'sabah’,1) + X (i,j, tam',1)+ X (i,j,'gece',1) + zy(i)-ze(i))=e=T;

kis31(j).. sum(i, X(i,j,'sabah’,'aml1'))+q(j)=e=p2(j,'sabah);

kis32(j)$(ord(j) le 5).. q(j)=e=0;

kis33(j)$(ord(j) ge 8 and ord(j) le 12).. q(j)=e=0;

kis34(j)$(ord(j) ge 15 and ord(j) le 19).. q(j)=e=0;

kis35(j)$(ord(j) ge 22 and ord(j) le 26).. q(j)=e=0;

kis36(j,k)$(ord(k) ge 2).. sum(i, X(i,j,k,'aml1"))=e=p1(j,k);

model ori/all/;

solve ori using mip minimizing z;

display z.Lx.];
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Onerilen modelin sonuglarina gére hazirlanan aylik hemsire vardiyalama sonuglar1 agsagidaki tabloda paylagilmistir. Tabloda “S”, “G”, “T” ile sembolize edilen vardiyalar
sirastyla “sabah”, “gece” ve “tam” vardiyalara karsilik gelmektedir. “Aml1” ve “Aml2” ifadeleri ise hemsirelerin galisacagi boliimleri yani “ameliyathane 1” ve “ameliyathane 2”
i¢in kullanilan kisaltmalardur.

Hemsire | Bolim | & | > | > % | > | & | 7 8 | 9 | 10| 1. 12 130 18 1% 16 17 18 19 20, 2L 22 23 2 2. 26 27 | 28
Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin

Amll S S S S S S S S S S S S

L Aml2
Amll

> Aml2 S S S S S S S S S S S S
Amll S G T G T G

> Aml2 T G
Amll G T S G S G S S S G G T

+ Aml2
Amll S S S G T G T T S G G N

> Aml2
Amll G S G T T G G T S S

6 Aml2
Amll

7 Aml2 G T S S G G G S S T T G
Amll

& Aml2 S T S G S G G T G G S T
Amll G S T G S

> Aml2 S S S S G S G T
Amll S G S S T G

10 Aml2 G T S G T S
Amll G S T T

H Aml2 S T S S G S G G
Amll G G S T S S T

2 Aml2 G G S S S
Amll S S

B Aml2 T G G T G T G S S G
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Hemsire | Boliim L 2. 3. 4. 5. 6 7. 8. o | 10. | 1L | 12, | 13. | 14 | 15 | 16, | 17. | 18. | 19. | 20. | 21 | 22. | 23. | 24. | 25. | 26. | 27. | 28.
Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin
Amll G G G T G S S
1 Aml2 S S T G T
Amll S S G T
15 Aml2 S G T S G G G S S
Amll S G S G T T
6. Aml2 G S S T S G
Amll T S S S G T S
17 Aml2 G G G S G T
Amll G S G S G
18 Aml2 S S G S T S G T
Amll T S G T S G G S
19 Aml2 T G S
Amll G S G G
20 Aml2 T S S S T S G T
Amll G S T S G S T S T
2 Aml2 G S G
Amll G S T
2 Aml2 S T G G S G S T S
Amll S S S G S G T
> Aml2 G S T G T
Amll G G T
4 Aml2 S G T T G S S S S S
Amll G S S T S G G S S S
> Aml2 T G
Amll T T G G G
26. Aml2 S S G S T S
Amll T T G S S S S
27 Aml2 G S G S G
Amll S T S S G G
2. Am2 | G | S S T G T >
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Ek-3. (Apendix-3.)

Onerilen modelin kiyaslanmast igin elle hazirlanan aylik hemsire vardiyalari asagidaki tabloda paylagilmistir. Tabloda “S”, “G”, “T” ile sembolize edilen vardiyalar sirasiyla
“sabah”, “gece” ve “tam” vardiyalara karsilik gelmektedir. “Aml1” ve “AmI2” ifadeleri ise hemgirelerin ¢alisacagi boliimleri yani “ameliyathane 1” ve “ameliyathane 2” i¢in
kullanilan kisaltmalardr.

Hemsire Béliim 1. 2. 3. 4. 5. 6. 7. 8. 9. 10 11 12 13 14 15 16. 17. 18 19 20 21 22 23 24 25 26. 27 28
$ Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin
1 Amll S S S S S S S S S S S S S S S S S S S S
' Aml2
5 Amll
' Aml2 S S S S S S S S S S S S S S S S S S S S
3 Amll G
) Aml2 | g S S S S S S S s | G
4 Amll S S S S S S S S S S S S S S S S S S S S
’ Aml2
5 Amll S S S S S S S S S S S S S S S S S S S S
' Aml2
p Amll T T G G G
’ Aml2
. Amll
' Aml2 S S S S S S S S S S S S S S S S S S S S
g Amll
) Aml2 G G G G G G G G G S S S S S S S S S S S
9 Amll
' Aml2 G G G G G G G G G G G G G G G G G G G G
10 Amll G
' Aml2 | T T T T G G| ¢ G| ¢ G| G| G la G
1 Amll
’ Aml2 T T T T T T T T

Amll
1 Aml2
m T T T T T T T T T
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Hemsire Béliim 1. 2. 3. 4, 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28.
$ Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin | Giin
Amll
13. T
Aml2 T T T T T T T
Amll
14. T
Aml2 T T T T
Amll
15.
Aml2 G G T G T G T
Amll
16.
Aml2 G S S G G G G
Amll
17.
Aml2 S S S G S G S G
Amll
18.
Aml2 S G S S S S S
Amll
19. T
Aml2 S S S
- Amll G T T G T T T T
' Aml2
” Amll T T T T T T T
’ Aml2
Amll
2 T T T T T T
Aml2 T
Amll
23 T T T T
Aml2
Amll
" T T T T
Aml2
25 Amll G G G G G T G G T G G T
' Aml2
2% Amll G G G G G T G G G G G G
' Aml2 G
27 Amll G G G G G G G G G G G G G G G G
’ Aml2
28 Amll G G G G G G G G G G G G G G G
’ Aml2 G
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ABSTRACT

Keywords: Smart Agriculture, In the face of the rapidly increasing world population today, researchers have turned to studies
Machine Learning, Deep Learning aiming to use existing resources more effectively and efficiently, while also exploring new
resources to meet the increasing demands, such as raw materials and nutrients. Hydroponic
agriculture has been gaining popularity day by day as one of the alternative methods to fulfill

o crucial human needs. Its characteristics, including resistance to weather conditions, indoor
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Dept. of Computer Engincering applicability, and vertical orientation, set hydroponic agriculture apart from traditional methods.
38080 - Kayseri, Tiirkiye The absence of soil in this agricultural approach necessitates more observation and supervision.
Orcid: 0000-0002-1895-8749 In this study, the use of machine learning was investigated to overcome the observation and
¢ mail: nurten bulut@agu.edu tr surveillance processes that must be done continuously for the healthy growth of plants. Firstly, we
developed a hydroponic prototype to assess this goal. With the developed hydroponic prototype,

* Abdullah Gul University,

b
Necmettin Erbakan University,

Engineering Faculty, plant water and wastewater data to be used in the evaluation of the growth and development of
Dept. of Computer Engineering plants were obtained by sensors. The data obtained through Arduino was stored in the database
42090 - Konya, Tiirkiye and used in the training processes of machine learning algorithms. Our experimental study, which
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e-mail: hacibeyoglu@erbakan.edu.r utilized five machine learning and deep learning methods, demonstrated a significant increase in

hydroponic agricultural efficiency. Notably, deep learning outperformed other methods with a
99.7% success rate. In conclusion, our study shows that machine learning can be used effectively
‘Corresponding author: in hydroponic agriculture by providing observation and surveillance of plants.
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Makine Ogrenmesi ve Derin Ogrenme Yontemleri ile
Hidroponik Tarim

0z

Bugiin diinyanin hizla artan niifusu karsisinda, aragtirmacilar var olan kaynaklar: daha etkili ve

verimli bir sekilde kullanmay1 amaglayan ¢aligmalara déonmiisler, ayni zamanda hammaddeler ve

besin maddeleri gibi artan talepleri karsilamak i¢in yeni kaynaklar: kesfetmislerdir. Hidroponik

tarim, kritik insan ihtiyaclarini kargilamak i¢in kullanilabilecek alternatif yontemlerden biri

olarak giin gectikge popiilerlik kazanmaktadir. Hidroponik tarimin, hava kosullarindan

etkilenmemesi, kapali alanlarda uygulanabilmesi ve dikey yonlendirilebilmesi gibi 6zellikleri, onu

geleneksel yontemlerden ayiran 6zelliklerdir. Bu tarim yonteminde toprak eksikligi, daha fazla

gozlem ve denetim gerektirir. Bu ¢alismada bitkilerin saglikli biiyiimesi i¢in siirekli yapilmasi

gereken gozlem ve gozetim islemlerinin iistesinden gelmek i¢in makine 6grenmesinin kullanimi

aragtirlmigtir. Bu hedefi degerlendirmek icin ilk olarak hidroponik bir prototip gelistirilmistir.

Gelistirilen hidroponik prototip ile bitkilerin biiyiime ve gelismesinin degerlendirilmesinde

kullanilacak bitki suyu ve atiksu verileri sensérler araciligryla elde edilmistir. Arduino tizerinden

elde edilen veriler veri tabaninda saklanarak makine 6grenmesi algoritmalarinin egitim

slireglerinde kullanilmustir. Bes makine 6grenimi ve derin 6grenme yontemlerini kullanan

deneysel c¢alismalarimiz, hidroponik tarim verimliliginde 6nemli bir artis oldugunu ortaya

Anahtar Kelimeler: Akilli Tarim, koymustur. Ozellikle derin 6grenme yoneteni %99,7 basar1 oraniyla diger yontemlerden daha iyi
Makine Ogrenmesi, Derin performans gostermistir. Sonug olarak ¢aligmamuz, bitkilerin gézlem ve gozetiminide saglayarak

Ogrenme makine 6greniminin topraksiz tarimda etkin bir sekilde kullanilabilecegini gostermektedir.

To cite this article: N. Bulut and M. Hacibeyoglu, “Hydroponic Agriculture with Machine Learning and Deep
Learning Methods”, Gazi Journal of Engineering Sciences, vol. 9, mno. 3, pp. 508-519, 2023.
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1. Introduction

The rate at which resources are used up or worn down is much higher than the rate at which they are replaced
around the world [1]. As food sources like soil and water get less, the need for nutrients keeps going up. This
makes it harder to find enough food for everyone. This stress causes the need for researchers to conduct urgent
studies with the aim of finding alternative, sustainable, and reliable methods for existing resources.

In the calculations made by the researchers on the population growth rates in the coming years, it is estimated
that the global population will increase to about 10 billion by 2050. With this estimate, it has been found that
a 50% increase in nutrients around the world is needed to meet the growing population's nutritional needs.
This rate of increase in the need for food source production was compared with the decrease in the rural labor
force, which decreased due to increasing urbanization. The researchers also predicted that 66% of the world's
total population will live in cities by 2050. People have noticed that the world's food production needs to go
up by 70% in the next few years compared to what it is now because the population is expected to grow and
the number of people working in rural areas is going down.

For this needed increase in food production, researchers have looked into ways to make food that is more
efficient and lasts longer than traditional farming methods. One of these methods, hydroponic farming, is
becoming more popular around the world because it makes better use of water and fertilizer and gives farmers
better control over the weather and other bad things [2].

With the advantage of hydroponic agriculture over climatic conditions, it has become possible to grow
tropical climate plants in places that would not be suitable under natural conditions. [3], in his research aim
is tropical hydroponic cultivation which needs to control the humidity, temperature, water level, pH and EC
factors suitable for a tropical climate. In order to grow qualified hydroponic plants, the nutrient solution must
constantly pass through the subchannels, and the pH and EC factors in the solution must control the
hydroponic plant varieties as the plant ages, as well as the food safety adequacy. Some researchers, such as
[4], [5], [6], [7] have investigated using microcontrollers for system controls, while some researchers, such as
[8], have used some sensors and controls to control the nutrient solution. And others, such as [9], used
machine learning methods for disease detection of hydroponic plants.

The implementation of sophisticated technologies, including the Internet of Things (IoT), machine learning,
and artificial intelligence (AI), is utilized in smart farming to enhance agricultural processes and efficiency
[10, 11]. The methodology employed in this study involves the utilization of sensors and Internet of Things
(IoT) devices for the purpose of gathering real-time data pertaining to soil moisture, temperature, and crop
health. This data-driven approach facilitates informed decision-making processes [11].

One significant advantage is in the realm of operational efficiency. The utilization of monitoring sensor data
in agricultural practices enables farmers to optimize the allocation of resources such as water and fertilizer,
resulting in enhanced crop yields and minimized resource wastage [11]. According to [12], the
implementation of smart farming techniques has been found to effectively decrease the utilization of
pesticides, hence mitigating the potential environmental consequences associated with their usage.

Another benefit that may be derived from this is the optimization of budget allocation. According to [11], the
use of automation and data analysis in large-scale farms has been found to result in reduced labor costs and
improved equipment efficacy. The use of smart farming techniques has been found to enhance energy
efficiency, namely in the areas of irrigation and greenhouse management, hence contributing to the
promotion of sustainability [10,12].

The practice of forecasting has significant value as it enables professionals to make predictions regarding
agricultural yields, market demand, and weather patterns [10]. This facilitates the process of strategy planning
and the establishment of market positioning.

According to [12], the utilization of Internet of Things (IoT) and artificial intelligence (AI) enables farmers
to effectively monitor and manage irrigation and greenhouse conditions, hence enhancing operational
efficiency.
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Notwithstanding the advantages outlined above, smart farming encounters many problems. According to
[11], there exist notable obstacles in the form of implementation costs, knowledge acquisition, and data
protection issues.

An experimental hydroponic farming system has been installed for the study. Arduino based systems have
been used to create tasks such as monitoring the system and collecting system data. Machine learning and
deep learning techniques are used to process the collected data. The goal of this study is to look at the problem
of attention and supervision that can be fixed with machines. In addition to the deep learning technique, the
SVM, kNN, naive bayes, decision tree, and logistic regression techniques were also used in this study. As a
result of the research, machine learning techniques for the system have reached a high level of performance.
However, deep learning methods demonstrated the highest performance.

Table 1. Comparison of Sensors Used in Various Studies
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The remainder of the paper consists of the following: Section II provides background information on machine
learning techniques, deep neural networks, and IoT-based hydroponic system. Section III contains the results
and analysis. Section IV concludes the paper and discusses the future direction of the topic. Section V
concludes the feature work.

2. Methods

2.1. Prototype Setup

In this study, an experimental system has been established to support our thesis. Arduino sensors were used
in the experimental system. The reason for choosing Arduino sensors is that it's an open and comprehensive
network of smart objects with the capacity to automatically organize, share information, data, and resources,
react, and take action in the face of situations and changes in the environment. [2]. Arduino is first and
foremost an open-source computer hardware and software company. Additionally, it is widely utilized and
accessible. It is inexpensive and simple to access.

The techniques shown in Figure 1 is the Arduino design. Which was made as a prototype, were used to get
the data set that was used in this study. In hydroponic agriculture, the measurement of production in large
areas is carried out once or twice a day. In this article, however, data was collected every 4 hours to track how
plants grew, taking into account that the system was made up of 12 tomato seedlings.

The system used has a nutrient solution arrangement that works with artificial light and a drip system, as
shown in Figure 2. The value measurement in the nutrient solution was collected with the help of Arduino
sensors. The collected values are pH, EC, ppm, and water temperature values, which are valuable in terms of
following the development of the plant.
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Figure 1. Prototype Arduino installation diagram and demonstration

In the same way, Arduino sensors were used to measure the air temperature, humidity, and the amount of
artificial light. In addition to collecting all this data, Arduino has also decided on the irrigation and light status
with the help of the timer module. At the same time, the water level in the nutrient solution was measured
with a water level sensor.

The operation of the system utilized an Arduino Uno board. After measuring the nutrient solution for values,
it was sent to the system, and the aim was to obtain information about the system by measuring the wastewater
after plant usage. In the water solution input basin of the system, a water temperature sensor (DS18B20), a
pH module for measuring the water's pH level, and a water level sensor were used in conjunction with a
homemade EC-TDS meter to measure the presence of water in the reservoir.

\

of Output

of Input
Values

Values

Figure 2. Hydroponic agriculture prototype scheme

After the system used the nutrient solution, pH, EC, and TDS meter modules were employed to gather
information about the wastewater produced by the system. Furthermore, the water and light provided to the
system were controlled by a 5V relay connected to an Arduino Uno through a timer. The weather conditions
at the location of the experiment were also monitored. The humidity and temperature sensor (DHT22) was
used for continuous monitoring of humidity and temperature in the air. Additionally, the light intensity,
which is another factor affecting plant growth, was monitored using an analog light intensity sensor (CJMCU-
101).

To enable the transfer of all these collected values to the Firebase database system, a NodeMCU ESP8266 was
used as the Wi-Fi module. When transferring the values to the database, input values such as pH, EC, and
TDS, as well as output values, were labeled as "In" and "Out," respectively. To carry out all of these processes,
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the Arduino Uno was programmed using the Arduino IDE with the C programming language.
2.2. Dataset

Out of all the values that were measured, pH and EC need to be put into groups so that the state of the system
can be better understood. This classification for pH is used when the system is basic, acidic, or natural.
Classification for EC, the nutrient solution requires water, the nutrient solution requires additional nutrients,
and the solution is balanced.

Table 2. pH and EC classifications

pHIn-pHOut=pH -0.5<pH<0.5 0 Natural
pH<-0.5 1 Basic
pH>0.5 2 Acidic
ECIn-ECOut=EC -1<EC«<1 0 Balance
EC<-1 1  Add Nutrient To Solution
EC>1 2 Add Water To Solution

To comprehend how the plant utilizes the nutrient solution, it is essential to examine the difference between
the waste nutrient solution obtained after the plant's use and the nutrient solution provided to the plant. This
allows for insights into how the plant utilizes nutrients in the given solutions. In many studies, various pH
and EC (Electrical Conductivity) values are suggested for tomato cultivation. Generally accepted pH values
typically fall within the range of 5.0 to 7.0, while the EC value is commonly recommended to be between 0.5
and 1.8. These values can vary depending on the plant species. For this system, equilibrium points were chosen
not only as zero but also as positions closest to zero, considering the system's margin of error.

For the system, the light and irrigation status, which are the main factors in the development of the plant,
were transferred to the database with a value called "Status". How this value is classified and the number of
examples in this classification are explained in the example of Table 2 below.

Table 3. System status and the number of data corresponding to the states

Irrigation Status Light Status Status
Close Close 0
Close Open 1
Open Close 2
Open Open 3

2.3. Algorithms

Machine learning is a field of computer algorithms that are currently being used to mimic human intelligence
by learning from their surroundings. In numerous areas of research, including pattern recognition, computer
vision, spacecraft engineering, finance, entertainment, computational biology, and biomedical applications,
machine learning techniques have been successfully implemented [19]. In this study, SVM, kNN, logistic
regression, decision tree, and naive bayes were used to determine the system state and nutrient solution values.
All algorithms were written using Python language with Keras, scikit learn libraries via Google collab.

2.3.1. Support Vector Machine (SVM)

Support Vector Machines (SVM) have seen an increasing demand due to their accuracy rate in classification,
robustness, and independence from the input data type. The SVM method, which was initially designed for
use in binary classification, was created by Vapnik [20] in order to solve the quadratic optimization problem
[21]. As an application of statistical learning theory, the SVM was created to solve classification problems with
large margins. It creates a separating hyperplane and a maximum margin in the absence of training data by
selecting a subset of SVCX known as support vectors [22].

2.3.2. Naive Bayes

The basic idea behind the naive Bayesian method is that it is a classification method based on probability that
assumes the dependent variable is not important. It is also a Bayesian conditional model [23] based on Bayes'
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theorem. The naive Bayesian method is a classification technique. It is founded on the Bayes theorem and the
notion that characteristic conditions are true by themselves [24]. The naive Bayesian algorithm has stable
classification accuracy and a solid mathematical basis. In this method, each attribute is separate from the
others and doesn't affect the others. This makes it easier to determine the likelihood of something [25].

2.3.3. Decision Tree

A decision tree is a tree-based method where each node, starting with the root, represents an attribute and a
set of data classifications until the last node, the leaf, gives a boolean result. In real-life practice, each path in
the decision tree is a decision rule that can be easily translated into human languages or programming
languages. When all paths (rules) are examined beginning at the root. The entire tree resembles a
conjunctional expression. Disjunctions are used to make classification boolean decisions that take each
attribute test into account [26, 27].

2.3.4. K-Nearest Neighbor

K-Nearest Neighbors is one of the most popular and widely used machine-learning algorithms. Its
applications include image or data retrieval, data mining, medical and satellite imaging, computer vision,
speech recognition, text categorization, big data analysis, data compression, computational genomics, and
predictive analysis [28, 29]. Calculate their distance to all of the sample data in a training set with known
classes. The class that occurs the most frequently among the k training samples that are closest to the classified
data is then decoded [30].

2.3.5. Logistic Regression

The logistic regression analysis model is a generalized linear regression analysis model that is widely used in
economic forecasting, automated disease diagnosis, data mining, and other fields. It is a method of regression
analysis that is frequently used as a correlation analysis. The appropriate regression model is chosen in order
to determine a more precise quantitative correlation between its parameters. The variables that influence
logistic regression can be classified into two or more groups [31].

2.3.6. Deep Neural Network (DNN)

Deep learning is a machine learning technique that has existed for the past decade. It is distinguished by its
refined approach. Learning through deep neural networks enables computational models to acquire multiple
levels of abstraction in their data representations. These models consist of several processing layers. These
techniques have significantly advanced the state of the art in numerous fields, including drug discovery and
genomics, speech recognition, the recognition of visual objects and objects in general, as well as genomics. In
the past, it was thought that neural networks could be effective with only one or two layers and a small amount
of data. Today, neural networks are utilized with a great deal more learning capacity [32]. Deep learning
identifies complex structures in large data sets by using the backpropagation algorithm to indicate how the
internal parameters of a machine used to compute the representation in each layer from the representation
in the previous layer should be modified. Deep convolutional neural networks have advanced the processing
of images, video, speech, and audio, whereas recurrent neural networks have shed light on sequential data
such as text and speech [33].

In this study, seven layers were utilized in the neural network architecture. Sigmoid activation was employed
in all layers up to the final one. Softmax activation was used in the last layer. Adamax was the optimization
algorithm of choice. Categorical cross-entropy was employed as the loss function, typically used in multi-class
classification tasks. These are used in tasks where an instance can belong to one of several possible categories,
and the model needs to make a decision among them.
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Figure 3. Deep learning model
2.3.7. Convolutional Neural Network (CNN)

CNNs are particularly effective in image recognition and classification tasks. They are designed to
automatically learn and extract features from images through convolutional layers, pooling layers, and fully
connected layers. CNNs have been widely used in applications such as object detection, facial recognition,
and image segmentation [34].

The neural network in this study is seven-layered. 'ReLU" activated convolutional layer non-linearity and
feature extraction. Max-pooling with 2 pools used less space. A one-dimensional vector was constructed from
multidimensional data. Two deep layers with 128 neurons increased the model's complex data pattern
interpretation. The last layer, essential for multi-class classification, employs the 'Softmax' activation function
to convert the network's output into probability distributions for the four classes. The 'Adam’ optimizer with
‘categorical cross-entropy' loss function improved the model's parameters for tasks where examples may
belong to many categories and the model must make intelligent judgments. The dataset-learning model ran
10 64-batch data processing epochs.

2.3.8. Recurrent Neural Network (RNN)

RNNSs, on the other hand, are designed to process sequential data, such as text or time series data. They have
arecurrent structure that allows them to retain information from previous steps and use it to make predictions
or generate output. RNNs are commonly used in tasks such as language modeling, machine translation, and
speech recognition [34].

This study created a classification neural network model using the Simple Recurrent Neural Network
(SimpleRNN) architecture. A 64-neuron SimpleRNN layer uses the 'ReLU" activation function to introduce
non-linearity to the network in the model's three levels. Two thick layers with 128 'ReLU-activated neurons'
follow this layer. Multi-class classification requires the last layer to use the '‘Softmax’ activation function to
generate probability distributions over the four classes to help the model classify input examples. For tasks
containing examples belonging to several categories, the 'Adam' optimizer with a 'categorical cross-entropy'
loss function was used to optimize model parameters. The model was trained for 10 epochs with 64-batch
data to iteratively learn from the dataset.

2.3.9. Long Short-Term Memory (LSTM)

LSTMs are a type of RNN that address the vanishing gradient problem, which can occur when training
traditional RNNs on long sequences. LSTMs have a more complex architecture that includes memory cells
and gates, allowing them to capture long-term dependencies in the data. LSTMs have been successful in tasks
such as sentiment analysis, speech recognition, and handwriting recognition [34].

This study used LSTM architecture to build a neural network model that captures sequential data interactions.
The model contains three layers, starting with a 64-memory LSTM. This layer uses the 'ReLU" activation
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function to encode temporal information in the data to make the model non-linear. The LSTM layer is
followed by two thick layers with 128 neurons and ReLU" activation functions. The final layer's 'Softmax’
activation function turns model output into probability distributions across the four target classes, making it
essential to multi-class classification. The 'Adam’ optimizer and 'categorical cross-entropy' loss function
optimized and trained the model for multi-category problems. The model learns and improves during ten 64-
batch data processing epochs.

3. Results and Discussion
The primary objective of this article is to address the fundamental issue that hydroponic agriculture is

significantly more susceptible to environmental variables than soil-based agriculture. For this purpose, the
performance criteria used when applying machine learning methods are given in the Table 3.

Table 4. Performance Metrics

Performance Metric Equation
Accuracy (TN + TP) / Total Test Data
Precision TP/ (FP + TP)
Recall TP/ (FN + TP)
F1-Score 2 * ((Precision * Recall) / (Precision + Recall))

In the first step, it was determined whether the machine learning methods had learned the fundamental
lighting and irrigation techniques that made the prototype functional. Figure 3 displays the results obtained
by the "Status" value using various machine learning techniques.

According to the results, SVM, Guessean Naive Bayes, and Decision Tree are the most appropriate techniques
for predicting the system state. In all types of evaluations, it has achieved a success rate of greater than %95
using these techniques. As a result of these findings, it has been determined that machine learning techniques
can be relied upon for system control.
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Figure 4. Machine learning results for the status value

In hydroponic systems, the values of EC and pH must be constantly monitored. Changes in these values
indicate whether or not the system as a whole is healthy. This is the area in which this person's expertise in
agriculture management is most needed. Therefore, can machine learning methods be used to automatically
control these areas? Figure 4 depicts the outcomes of evaluating various machine learning algorithms on their
ability to predict the answer values to this question.
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Figure 5. Results of machine learning for the EC and pH value

As seen in the table above, the results of machine learning now exceed 80%. Compared to this situation, when
machine learning methods were employed, the estimated EC and pH values produced superior results
compared to all other methods.

In addition to machine learning, deep learning techniques were used to determine the operation of the system.
Since these methods work primarily with large data sets, the data were augmented using the SMOTE data
analysis method, and an equal number of data samples were collected for each classification. The results are
shown in Table 3.

Table 5. Before and after smote data analysis
Class Before smote After smote

0 91 177
1 177 177
2 24 177
3 41 177
Sum 333 708

After the SMOTE data analysis process, deep learning was applied to the augmented data. Deep learning has
a structure consisting of layers. Seven layers were used in this study. Sigmoid activation was used until the last
layer. The sigmoid activation function introduces additional adaptive parameters to control the maximum
value, steepness, and scaled horizontal displacement of the sigmoidal curve [35]. In the last layer, Softmax is
used. The Softmax function is often used in the final layer of DNN-based classifiers. Softmax function
contains massive exponential and division operations, resulting in high resource usage when implemented as
hardware [36]. Adamax was used for optimization, an algorithm for first-order gradient-based optimization
of stochastic objective functions, based on adaptive estimates of lower-order moments [37]. Categorical cross
entropy is a loss function used in multi-class classification tasks. These are tasks in which a sample can belong
to only one of many possible categories, and the model must decide one of them. Formally, it is decisively
designed to measure the difference between two probability distributions.

Table 6. DNN results

Modele Precision Recall F1- Score Accuracy
DNN 0.997 0.997 0.997 99,7%
CNN 0.256 0.5 0.338 50%
RNN 0.018 0.095 0.030 9.5%
LSTM 0.405 0.511 0.428 51.19%
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This study aimed to evaluate the efficacy of different machine learning models, including CNN, RNN, LSTM,
and DNN, in the context of a four-class classification job. The summary findings for each model are presented
below.

The convolutional neural network (CNN) model demonstrated a 50% accuracy rate, suggesting a
performance superior to that of random guessing in the context of a four-class issue. Nevertheless, there is
scope for enhancement, namely in terms of accuracy and the F1-Score, indicating a higher occurrence of false
positive predictions and overlooked real positives.

The recurrent neural network (RNN) model demonstrated suboptimal performance, achieving just a 9.5%
accuracy rate. Significant deficiencies in accuracy and recall metrics suggest difficulties in accurately
categorizing positive situations and identifying true positives. The poor F1-Score serves as evidence of the
general insufficiency of this model.

The LSTM model exhibited superior performance compared to the other models, with an accuracy rate of
51.2%. The results exhibited superior precision and recall in comparison, indicating enhanced accuracy in
predicting positive class instances and detecting genuine positives. A higher F1-Score is indicative of
improved overall performance.

The deep neural network (DNN) model demonstrated outstanding performance, with a precision, recall, F1-
Score, and accuracy of 99.7%. The aforementioned model demonstrated a high level of accuracy in correctly
classifying positive cases and effectively identifying real positives, hence establishing itself as the most
successful model among those that were assessed.

In summary, it can be concluded that the LSTM model had superior performance compared to the CNN and
RNN models. However, it is noteworthy that the DNN model shown much better performance than all other
models. Nevertheless, there is still potential for further enhancement in all models. Subsequent research
endeavors should take into account many elements such as the size of the dataset, the selection of features,
and the optimization of model hyperparameters in order to improve the outcomes of classification.

When all of this is taken into consideration, it has been found that the performance rate achieved by using
the data set with the DNN model that was created is higher than that achieved by using any other machine
learning models.

4. Conclusions

The concern over meeting the nutritional needs of the world's growing population has focused researchers on
new methods. Hydroponic agriculture, which is one of these methods, has come forward with advantages
such as being independent of climatic conditions, having a lot of production capacity in a small area, and not
using soil. With all these advantages, the lack of soil also brings with it the problem that plants are more
sensitive to stimuli. In this research, machine learning methods such as SVM, kNN, decision trees, naive
bayes, and logistic regression are used to solve the problem, as well as deep learning methods.

The primary objective of this research is to explore whether qualified individuals necessary for hydroponic
agricultural techniques may be replaced by machines. This article's findings show that machine learning
algorithms potentially replace humans in hydroponic agriculture with an accuracy of above 80%.
Furthermore, deep neural networks(DNN) have such a 99% successful rate in replacing qualified personnel.
The results of the research, based on data obtained from a prototype system, indicate that machines can
predict the system with higher accuracy, especially in forecasting EC and pH values. In addition, the developed
machine learning based prototype be used desicion support system for hydroponic farmers.

5. Feature Work

The subsequent research may investigate the use of hybrid algorithmic approaches. Another approach is to
use different DNN layers and optimizations. On the other hand, the system's dependability can be compared
to that of a system that is well-prepared and well-grounded.
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ABSTRACT

The machinability of a material depends not only on its mechanical properties and
microstructure, but also on the selection and control of process variables. By changing the
cutting fluid, speed and depth in GGG-70 material, channels have been opened on the
material surface by milling process with a width of 10 mm and a length of 50 mm. The
machining process was carried out using a minimum amount of lubricant (MQL). As a result
of experiments with different processing parameters, the surface roughness and surface
hardness of the material were measured. Compared to the uncut surface hardness, an
average hardness reduction of 2%-10% occurred as a result of milling. The level of cutting
parameters did not cause a statistically significant change in the surface hardness value. The
mathematical model between different cutting parameters and surface roughness was
obtained decisively by regression analysis. The optimum parameters of the cutting fluid, its
speed and depth were found by the Bees Algorithm, which is a meta-heuristic methods
optimization method. According to the Bees Algorithm, the optimum milling conditions are
vegetable oil, 180 m/min cutting speed and 0.5 mm cutting depth. Especially, the optimum
performance of vegetable oil compared to boron oil is important from the point of view of
sustainable environment.

Ostemperlenmis Sfero Dokme Demir (GGG70)
Malzemenin Frezelenmesinde Proses

Parametrelerinin Ar1 Algoritmasi ile Optimizasyonu
0Z

Bir malzemenin islenebilirligi sadece mekanik 6zelliklerine ve mikro yapisina degil ayni
zamanda proses degiskenlerinin se¢cimine ve kontroliine de baglidir. GGG-70 malzemenin
frezelenmesinde kesme sivisi tiirii, kesme hizi ve talas derinligini degerleri degistirilerek,
malzeme ylizeyinde 10 mm genisliginde 50 mm uzunlugunda kanallar agilmistir. Kesme
swvist uygulamasi minimum miktarda yaglayict (MMY) kullanilarak gergeklestirilmistir.
Farkli isleme parametreleri ile yapilan deneyler sonucunda malzeme yiizeyinin piiriizlaligi
ve sertligi 6lciilmiistiir. islenmemis yiizey sertligine kiyasla frezelenmis yiizeylerde ortalama
%2-%10 arasinda sertlik diisisii meydana gelmistir. Sertlik degerlerinin degisimi ile
parametre seviyelerinin degisimi arasinda anlamli bir istatistik olusmamistir. Farkli kesme
parametreleri ile yiizey pliriizliigii arasindaki matematiksel model 1. dereceden regresyon
analizi ile elde edilmistir. Kesme sivisinin, kesme hizinin ve talas derinliginin optimum
parametreleri metasezgisel optimizasyon metodu olan Ar1 Algoritmasi ile bulunmustur. Ar1
Algoritmasina gore optimum frezeleme kosullar1 bitkisel yag, 180 m/dk kesme hiz1 ve 0,5
mm kesme derinliginin kullanildig1 sartlarda elde edilmistir. Ozellikle bitkisel yagin bor
yagina kiyasla optimum performans saglamasi, siirdiiriilebilir ¢evre agisinda 6énem arz
etmektedir.

To cite this article: G. Atas, M. Kalyoncu, M. Aydin and M. H. Cetin, “Optimization of the Process
Parameters by Bee Algorithm in Milling of Austempered Ductile Cast Iron (GGG70) Material,” Gazi
Journal of Engineering Sciences, vol. 9, no. 3, pp. 520-534, 2023. doi:10.30855/gmbd.0705084
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1Gll’l$ (Introduction)

Ostemperlenmis Kiiresel Grafitli D6kme Demir (GGG-70) malzemeler, kiiresel grafitli dokme demire
Ostenitleme ve Ostemperleme 1s1l islemi uygulanmasi sonucu elde edilir [1]. GGG-70 malzemeler
osferrit bir mikro yapiya (ferrit+ dstenit) sahiptir [2]. Karbonla zenginlestirilmis dstenit miktari, GGG-
70’in mekanik 6zelliklerini 6nemli 6l¢iide etkiler. Ayrica, talash imalat sirasinda sicakliga baglh olusan
martenzit yapi, parcanin islenebilirliginin azalmasina neden olmaktadir [3].

Endiistriyel verimliligi artirmak ve maliyetlerini diistirmek i¢in tasarim i¢in uygun malzeme se¢imi
o6nemli bir esastir. Ham malzemeyi talash imalat islemi ile tasarimi seklini vermek iiretim maliyetlerini
dogrudan etkileyen unsurlardandir. Bu nedenle istenilen mekanik 6zelliklere ve islenebilirligi kolay
yaplya sahip malzemenin belirlenmesi kritik bir &neme sahiptir [4][5]. GGG-70 malzemesinin yiiksek
mukavemet, asinma direnci, siineklik ve yorulma mukavemeti gibi iistiin 6zelliklerinin yaninda
endiistride kullanilabirligini kisitlayan en énemli etken zayif islenebilirligidir [6]. Ostemperlenmis
kiiresel grafitli dokme demirlerin talash imalat ile islenmesi sonucunda olusan kesme kuvveti ve yiizey
kalitesine 6stemperleme sicakliginin, katilan alasim element ¢esidi, mikroyapisal 6zelliklerinin 6nemli
etkileri oldugu ifade edilmistir [7]. Bir malzemenin islenebilirligi sadece mekanik 6zelliklerine ve mikro
yapisina degil ayn1 zamanda proses degiskenlerinin uygun se¢imine ve kontroliine de baghdir. GGG-70
malzemesinin islenmesinde, kesme hizinin ve sogutma stratejilerinin kesme kuvveti ve yiizey
purizliligi lizerinde en fazla etkiye sahip parametre oldugu gorilmistir [8][9]. GGG-70’'in
islenebilirligi tizerine yapilan bir diger arastirma neticesinde kesme hizinin artmasi ile kesme kuvveti
diiserken yiizey piiriizliiliigiiniin arttigi belirlenmistir. ilaveten, ilerleme hizinin artmasiyla kesme
kuvvetinin de arttig1 ancak yiizey piriizliiliigiinde 6nemli bir degisim meydana gelmemistir. Calismada
kesme sivisi olarak bor yagi kullanmistir [10].

Genel ifadeyle yiizey piiriizliligi, yiizeyin orta diizlemden sapmasidir. Yiizey piiriizliliigt, herhangi
bir is par¢asinin yorulma davranisi, korozyon direnci, siiriinme, siirtiinme, asinma émrt vd. tribolojik
ozelliklerinde 6nemli bir etkiye sahiptir [11]. GGG-70’nin islenebilirliginde arastirmak icin cesitli
calismalar yapilmistir. Son arastirmalar yilizey piiriizliligiiniin iyilestirilmesine odaklanmistir
[12][13][14]. Talash imalat prosesi sirasinda takim ile par¢a arasinda olusan 1smin atilmasi,
siirtiinmenin azaltilmasi, ¢ikan talasin uzaklastirilmasi, takim émriinii uzatilmasi, isleme verimliliginin
ve ylizey kalitesinin iyilestirmesi i¢in kesme sivilar1 kullanilmaktadir [15][16]. Kesme sivisi, talas
kaldirma islemi sirasinda 6nemli bir rol oynar. Ancak sogutma sivisinin genel olarak kullanimi
minimize edilmediginde insan saglig1 ve cevre lizerinde olumsuz bir etkiye sahiptir. Ayrica imalat
sanayinde iretim maliyetinin ciddi bir miktarin1 olusturmaktadir[17]. Sirdiiriilebilirlik agisindan
kesme sivilarinin talagh imalatta kullanim efektifligini artirmak i¢cin minimum miktarda yaglama olarak
adlandirilan MMY cihazlar1 kullanilmaktadir. MMY'de temel amag, belirli bir isleme kosuluna sogutma
swvis1 ve yaglayial ihtiyaclarini karsilayacak minimum miktarda kesme sivisi saglamaktir. Bunun
yaninda takim 6mri, isleme performansi, kesme sivisinin verimli kullanilmasi ve zararh cevresel
etkilerinin daha az olmasi agisindan giinlimiizde MMY cihazlar1 yaygin olarak kullanilmaktadir
[18][19].

Talash imalat endiistrisinde kullanilan kesme sivilar1 sentetik-yari-sentetik, bitkisel ve mineral esaslh
olarak siniflandirabiliriz. Afonso vd. [20] bitkisel yaglarin frezeleme islemindeki performansim
siirtiinme katsayisi, asinma orany, yiizey piiriizliiliigii ve sicaklik parametrelerine etkisini istatistiksel
olarak arastirmislardir. Calismada ti¢ farkl seviyede mil devri, ilerleme hizi ve eksenel derinlik
parametreleri ile kuru, ticari yag ve bitkisel yag kosullarinda frezeleme islemi gerceklestirilmistir.
Analiz sonuclarina gore bitkisel yagin ticari yaga kiyasla daha fazla sogutma etkisinin oldugu
belirlenmistir. Siirtiinme katsayisi ve asinma orani degerleri analiz edildiginde ticari yag ve bitkisel yag
ile yakin degerler elde edildigi belirlenmistir. Fakat bitkisel yagin ekolojik a¢idan olumsuz etkileri
nedeniyle bitkisel yag kullaniminin avantaj oldugu belirtilmistir. Alshibi vd. [21] bitkisel esash
yaglayicinin frezeleme uygulamalarindaki performansini AZ91 malzemenin takim asinmasi, talas
genisligi, talas temas uzunlugu, talas orani, talas segmentasyon orani ve kesme acisi parametreleri
acisindan arastirmislardir. Frezeleme isleminin maksimum verimle gerceklestirilebilmesi icin MMY
akis hizi, kesme hiz1 ve ilerleme hizi parametreleri deneysel ve tahmin metodu (gri iliski analizi) ile
optimize edilmistir. Deneysel ve tahmin metodu ile elde edilen sonuclara gére 40 mL/sa MMY akis hizi,
300 m/dk kesme hizi ve 0,3 mm/dev ilerleme hizi parametreleri optimum parametreler olarak
belirlenmis ve MMY yontemi ile kullanilan bitkisel yagin siirtiinme kuvveti ve kesme sicakliginin
minimizasyonunda 6nemli rol oynadig goriilmiistiir. Conger [22], AA6061 malzemesinin frezelenmesi
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isleminde nano MoS: takviyeli bitkisel esash yaglayicinin kullanilmistir. Yiizey piirtzliliigii, kesme ve
ilerleme kuvveti, kesici takim yiizey asinmasi parametrelerini analiz ederek arastirmiglardir. Calisma
kapsaminda deneyler kuru, MMY ve nano MoS: takviyeli yaglayici kosullarinda gergeklestirilmistir.
Analiz sonuglarina gére hem bitkisel yagin hem de nano MoS: takviyeli bitkisel esasl yaglayicinin yiizey
kalitesin, arttirdig1 belirlenmistir. Li ve Chou [23], MMY y6netmi ile mikro frezeleme isleminin takim
Omriinii etkisini deneysel olraka analiz etmislerdir. Calismada mil dénme hizi, ilerleme orani ve hava
debisi parametreleri i¢in liger seviye belirlenmis olup deneyler kuru ve bitkisel esash yaglayic1 (MMY)
ortaminda gergeklestirilmistir. Elde edilen sonuclara goére 1,88 ml/sa yag debisi ve 40 1/dk hava akis
oranil optimum parametreler olarak belirlenmistir. MMY yontemi ile bitkisel yag kullaniminin is
pargasinin yiizey kalitesini ve takim omriini arttirdigi sonucuna varimistir. Uysal vd. [24], MMY
yontemi ile kullanilan bitkisel yag ve nano MoS: takviyeli (agirlikca %1) bitkisel esasli yagin talash
imalat uygulamalarindaki tribolojik performansinm ylizey piirizliligi ve takim asinmasi analizi ile
arastirmislardir. Deneyler 20 ml/sa ve 40 ml/sa olmak tizere iki farkli debi seviyesinde MMY yontemi
ile gerceklestirilmistir. Analiz sonuclarina gore debi arttikca (40 ml/sa) ve yaglayici kullanimui ile yiizey
purtzliligi ve takim asinmasinin azaldigl belirlenmistir. Kuram vd. [25], bitkisel yag ve yar1 sentetik
yaglarin frezeleme islemindeki performansimi takim asinmasi ve kesme kuvveti analizi ile
arastirmislardir. Calisma kapsaminda AISI 304 paslanmaz ¢elik malzemesi kanola yagy, aycicek yagi ve
yar1 sentetik ticari yag kullanilarak frezeleme islemine tabi tutulmus olup kesme hiz, ilerleme hizi,
kesme derinligi ve yaglayici parametrelerinin etkisini analiz etmislerdir. Analiz sonuglarina gore
aycicek esasl bitkisel esash yagin yari sentetik yaga kiyasla takim asinmasi ve kesme kuvvetinin
minimizasyonu agisindan daha etkili oldugu belirlenmistir. Celik [26], nano MoSz takviyeli yar1 sentetik
yagin GGG70 kiiresel grafitli dokme demir malzemesinin frezelenmesi islemindeki performansini
deneysel olarak arastirmislardir. Calismada MMY yo6ntemi kullanilmis ve ti¢ farkli oranda (%0,5, %1,
%1,5) nano MoS: takviye edilmis olup deneyler ti¢ farkl seviyede basing (3, 5 ve 7 bar) ve iki farkh
seviyede akis oraninda (160 ve 310 ml/sa) gerceklestirilmistir. Elde edilen yaglayicilarin takim
asinmasi ve ylizey purizliliigiine etkisini analiz etmislerdir. Analiz sonuglarina gére minimum yiizey
purizliligi degeri (0,47 pm) MMY + % 0,5 MoS:z yaglayici ortaminda, 5 bar basing ve 160 ml/dak akis
orani parametreleri ile elde edilmistir. Cetin vd. [27], bitkisel esasli yaglar ve yar1 sentetik yaglarin
tornalama islemindeki performansini takim asinmasi ve ylizey piriizliligli parametrelerine etkisini
deneysel olarak aragtirmislardir. Analiz sonuglarina gore AISI 304 paslanmaz celigin tornalanmasinda
bitkisel esasli yaglarin yari sentetik yaglara kiyasla daha etkili oldugu belirlenmistir. Makhesana vd.
[28], Bitkisel esash yaglayici ve kati yaglayicinin tornalama islemindeki performansini yiizey
purizliligl, takim-talas arayiizeyindeki sicaklik, talas morfolojisi parametrelerine etkisi ile
arastirmiglardir. Calisma kapsaminda AISI 4140 malzemesi iki farkli kesme hizinda (100 ve 170
m/dak) parametrelerinde ve yaglayici ortaminda tornalama islemine tabi tutulmustur. Deneylerden
elde edilen sonuclara gore bitkisel esash yaglayicinin kat1 yaglayiciya kiyasla daha etkili oldugu
belirlenmistir. Bitkisel esasli yaglayicinin yiizey piiriizliiligiini ve takim-talas araytizeyindeki sicakligi
sirasiyla %27 ve %31 oraninda azalttig1 sonucuna varilmistir. Lu vd. [29], sikistirllmis grafit dkme
demirin frezelenmesi isleminde yiizey piirtzliliigi icin etkili kesme parametrelerini deneysel ve Gauss
regresyon analizi metodu ile arastirmislardir. Elde edilen sonuglara gore yilizey pirizliliginiin
minimizasyonu a¢isindan en etkili parametrelerin kesme hizi ve ilerleme hizi oldugu belirlenmistir. Ek
olarak deneylerden elde edilen sonuclarla Gauss regresyon analizinden elde edilen sonuglarin
uyumluluk gosterdigi sonucuna varilmistir.

Talagl imalatta proses isleme parametrelerinin dogrusal olmayan iligkileri ve karmasik olmasindan
dolay1 matematiksel teoriler kullanilmaktadir. Gelisen yapay zeka teknikleri sayesinde talash imalat
prosesleri daha ytiksek giivenilirlik seviyesinde optimize edilebilmektedir. Talasli imalatta optimum
isleme parametrelerinin belirlenmesi ve optimizasyon icin klasik ve sezgisel algoritmalar kullanilabilir.
Yaygin kullanilan algoritmalar Yapay Sinir Aglar1 (YSA), Adaptif Sinirsel Bulanik Cikarim Sistemi
(ANFIS), Genetik Algoritma (GA), ), Bulanik Mantik (BM), Pargacik Siirii Optimizasyonu (PSO), Karinca
Koloni Optimizasyonu (KKO), Ar1 Algoritmasi (AA) seklindedir [30]. Ar1 Algoritmasi (AA) Pham ve ark.
(2006) tarafindan ileri siirtilmiis bal arilarinin kaynak tarama davranisindan esinlenen stirii tabanh bir
algoritmadir. Ar1 Algoritmasi dogadaki arilarin problem ¢6zme yeteneklerini dikkate alan metasezgisel
bir yontemdir [31]. Talash imalat proseslerinin optimize edilmesi ile ilgili literatiir ¢alismalarina
baktigimizda; isleme parametreleri degistirilerek (kesme derinligi, kesme hizi ve ilerleme hizi) kuru
sartlarda Nikel-Demir bazli alasim (Inconel 718) "in talas kaldirilarak yiizey piiriizliliigi incelenmistir.
Minimum ytizey puriizliiliigii icin optimum parametre degerleri regresyon analizi ile elde edilmis ve
Genetik Algoritma (GA) kullanilarak dogrulanmistir[32]. Yiiksek mukavement, iyi termal direnc ve
disiik asinma gibi mekanik 6zelliklerinden dolay1 Inconel 800 alasimi havacilik endiistrisinde
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kullanilmaktadir. Bu iyi mekanik 6zelliklerinin yaninda diisiik islenebilirligi bir dezavantajdir. Bu
malzemeye tel erozyonla islenebilirliginde kesme hizi, ylizey piiriizliligi ve tel tiiketim oram gibi
proses parametreleri Hibrit Pargacik Siirii Algoritmasi (PSO) kullanilarak optimize edilmistir [33].

Bu c¢alismanin o6zgin degeri GGG-70 malzemenin frezelenmesinde dikkate alinan kesme
parametrelerinin Ar1 Algoritmasi kullanilarak optimize edilmesidir. Kesme parametresi olarak farkl
kesme hizi, talas derinligi parametreleri ve farkli kesme sivilar1 kullanilmistir. Bor, yari sentetik ve
bitkisel yagin dikkate alindig1 ¢alismada, kesme sivilarinin Ari1 Algoritmasi kullanilarak optimize
edilmesi literatiir icin tektir. Cikis parametresi olarak ytizey piiriizliliigii ve sertlik incelenmistir.

2. Materyal ve Metot (Material and Method)

Kiiresel grafitli dokme demir deney numuneleri Konya OSB’de bulunan Motus A.S.”de kum kaliba
dékiim yontemi ile dikdértgenler prizmasi seklinde 300x50x50 mm boyutlarinda iiretilmistir. Uretim
sonrasi numunelere 930°C’de 120 dk siire boyunca dstenitleme, daha sonra 350°C’de 120 dk siire
boyunca 6stemperleme 1s1l islemi Ankara Sincan Organize Sanayi Bolgesi'nde bulunan Déksan Isil
islem Tesisleri’nde yapilmistir (Sekil 1)[10]. Kiiresel grafitli dokme demirin dayaniminin arttirilmasi
ve icyapidaki carpilmalarin azaltilmasi icin éstemperleme islemi yapilmistir. Ostemperleme islemi
yapimis kiiresel grafitli dokme demirin mikro yapisinda yiiksek oranda kiiresel karbonlu kalinti
Ostenit ve beynitik bir mikro yap1 olusmaktadir. Bu mikroyapy, kiiresel grafitli dokme demir malzemede
tokluk, mukavement ve islenebilirligine olumlu katkis1 vardir[34].

Ostenitleme

930°C |y (120 dk)

Sicakhk(T), "C

35000 fooe e h Al

L.
>
Zaman(t), saat

Sekil 1. Kiiresel grafitli ddkme demire 6stemperleme islemi(austempering process of spheroidal cast iron) [10]

Deney numunelerinin kimyasal analizi, OBLF RS1000- 162 model optik emisyon spektrometresi
kullanilarak Motus A.S.'de yapilmistir. Dokiilen numunelere ait kimyasal analiz ¢iktis1 Tablo 1’de
verilmistir [10].

Tablo 1. GGG-70 test numunelerinin kimyasal bilesimi (Chemical composition of GGG-70)[10]
Fe C Si Mn Cu Mg Ni Mo
Bal. 3,56 0,08 2,33 0,826 0,033 0,599 0,191

GGG70 malzemesinin frezelenmesinde kesme sivisi olarak bor, yari sentetik ve bitkisel yag
kullanilmistir. Deneysel calismada GENEREX URS marka yari sentetik ve GENEREX SE-LF/14 marka
bitkisel yag kullanilmistir. GENEREX URS marka yari sentetik yag, su ile stabil sekilde karisabilen ve
talagh imalat islemlerinde yaygin olarak kullanilan yari emiilsiyon sogutma sivisidir. GENEREX SE-
LF/14 marka bitkisel yag su ile karisabilen, ¢cevreye zarar vermeyen ve islenen malzemelerin korozyon
direncini arttiran sogutma sivisidir. Mevcut calismada kullanilan yar1 sentetik ve bitkisel yaglar, su ile
karisabilme kolayligi ve yiiksek tribolojik performanslar1 sebebiyle kesme sivisi olarak tercih
edilmistir.

Kesme sivilary, literatiir verileri dikkate alinarak saf suda %5 konsantrasyon ile hazirlanmistir [35].
Kullanilan kesme sivilarinin karakteristik 6zelliklerinin belirlemek amaciyla Ubbelohde Viskozimetresi
kullanilarak dinamik viskoziteleri dl¢tilmiistiir (Sekil 2).
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Sekil 2. Ubbelohde viskozimetresi ile kesme sivilarinin vizkozitelerin 6l¢iimii a) bor b) yar1 sentetik c) bitkisel yag (Measurement
of viscosities of cutting fluids with Ubbelohde viscometer a) boron b) semisynthetic c) vegetable fluid)

Kesme sivilarinin (%5 konstrasyon ile hazirlanmis) kapiler igerisine yerlestirilmeden piknometre ile
gercek yogunluklari (p) dlgiilmiistiir. Sekillerdeki kapilerler tizerinde

A ve B noktalari arasindaki V hacmine yerlestirilen saf suyun (referans sivi) akis stiresi belirlenmistir.
Kesme sivilarina da ayni islem uygulanmistir. Poiseuille tarafindan gelistirilmis olan bagintiya
dayanilarak sivilarin dinamik viskozitesi (n) hesaplanmistir. Denklem 1’de Poiseuille bagintisi
verilmistir. Burada 2 indisiyle gosterilen biiytikliikler viskozitesi tayin edilmek istenen siviyla alakal,
1 indisiyle gosterilen biiytikliik ise viskozitesi bilinen referans sivinin degeridir.

T'|_2 —_ P2 tZ (1)

N1 Pt

Tablo 2’de elde edilen yogunluklar ve akis siiresi verilmistir. Poiseuille bagintisinda iki ayr1 siv1 i¢in
ayni denklemde yazilip taraf tarafa oranlanarak vizkozite degerleri hesaplanmistir.

Tablo 2. Kesme sivilarinin dinamik vizkozite degerlerinin hesaplanmasi (Calculation of dynamic viscosity values of cutting fluids)

Kesme Sivisi Yogunluk, p,(gr/ml) AKkis Siiresi, t,(sn) Dmaml;(c:)/;zkozne
Bor Yagi 0,9950 53,39 1,3648
Yar1 Sentetik Yag 0,9990 53,03 1,3611
Bitkisel Yag 0,9997 48,79 1,2531

Dikddrtgen prizmasi (300x50x50 mm) seklinde olan deney numuneleri baglama aparatlar1 yardimiyla
CNC dik islem tezgahina yerlestirilmistir. Talas kaldirmak i¢in kesici takim olarak 10 mm ¢apinda, 4
agizli, AICrN (Aliminyum krom nitriir) kapl karbiir parmak freze kullanilmistir (Sekil 3). Deneylerde
dikkate alinan frezeleme degerleri Tablo 3’te verilmistir. GGG70 malzemenin boyuna frezelenmesinde,
ilerleme hizinin ytlizey piriizliligi lizerinde anlamli etkisi olmamasi sebebiyle deney tasariminda
ilerleme hiz1 (0,05 mm/dis) sabit alinmistir [10]. Parametrelerin belirlenmesinde 6n deneyler ve
literatiir dikkate alinmistir [10][8][36]. Deney tasarimi tam faktdriyel tasarim metoduna gore
gerceklestirilmistir.
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Tablo 3. Frezeleme isleme parametreleri (Milling machining parameters)

Parametreler 1. Seviye (Alt seviye) 2. Seviye (Orta seviye) 3. Seviye (Ust seviye)
Kesme Hizi (m/dk) 60 120 180
Talas Derinligi (mm) 0,5 1 1,5

Kesme Sivilari (cp) Bor soliisyonu (1,3648) Yari sentetik (1,3611) Bitkisel esash (1,2531)

Frezeleme esnasinda minimum miktarda yaglama (MMY) sistemi CNC'ye entegre edilmistir. MMY
cihaz1 kompresoére baglanmis ve yiiksek basin¢l hava yardimiyla kesme sivis1 30 ml/dk. debiyle talas
kaldirma bélgesine gonderilmistir (Sekil 4).

MQL Cihazi
Kesme Sivis1 Piiskiirtme

Farkh proses parametreleri ile yiizeyi islenmis
GGG-70 malzeme

Talash imalat

Sekil 4. GGG-70 malzemesinin farkli proses parametreleri ile frezelenmesi (Milling of GGG-70 material with different process
parameters

2.1. Ylizey Purtzliiliik (Surface roughness)

Farkli kesme sivisy, talas derinligi ve kesme hizi parametreleri kullanilarak yapilan frezeleme isleminde
her numunenin yiizey piriizliligi degerleri ii¢c farkli noktadan alinan ili¢ adet 6lciim degerinin
ortalamasi alinarak belirlenmistir. Yiizey puriizliligi 6l¢iimlerinde 6rnekleme uzunlugu (cut-off) 0,8
mm ve drnekleme sayisi 3 olarak secilmistir. Parcanin eksenine paralel olarak yiizey piriizliligi
6lciimi alinmistir. Yiizey piiriizliilliikk degerlerinin 6l¢iilmesinde Mitutoyo marka, S]-301 model yiizey
puriizlilik cihazi kullanilmistir (Sekil 5). Piiriizliiliik 6l¢limlerinde ortalama piiriizliiliik degeri olan Ra
dikkate alinmistir. Yiizey piiriizliliigii degerlerinin anlamlilig1 regresyon katsayisi ve varyans analizi
(ANOVA) degerleri ile belirlenmistir.
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: nallan
(Frezelenmis)

Sekil 5. Yiizey piirtizliiliik 6l¢iim ekipmani (Surface roughness measuring equipment)

2.2. Rockwell Sertlik Ol¢iimii (Surface roughness)

islenen yiizeylerin sertlik 6l¢iimii Rockwell sertlik 6l¢iim cihazinda gerceklestirilmistir. islenen her bir
yuzeyin ii¢ farkli noktasindan sertlik 6lgiimii gercgeklestirilerek yiizeylerdeki sertlik degisiminin
homojenligi test edilmis ve homojen dagilimi saglayan verilerin ortalamasi sertlik degeri olarak dikkate
alinmistir. Sertlik degerlerinin anlamlilig1 regresyon katsayisi ve varyans analizi (ANOVA) degerleri ile
belirlenmistir. Frezelenmemis ylizey sertligi ise 32 HRC olarak 6l¢tilmiistiir.

Sekil 6. Rockwell sertlik 6l¢iim deney ekipmani (Rockwell hardness measurement experimental equipment)

2.3. Ar1 Algoritmasi (The Bees Algorithm)

Bu calismada temel ama¢ GGG70 Ostemperlenmis kiiresel grafitli dokme demirin frezelenmesi
sonucunda yiizey pirizliliigiini minimum yapan kesme parametrelerini belirlemektir. Ari
Algoritmasi (AA) problem ¢6ziimiinde amag fonksiyonunu dikkate alarak ¢6ziim tiretmektedir. Amag
fonksiyonu icin tam faktoriyel deney tasarimlarinda regresyon denklemi kullanilabilir. Ar1 Algoritmasi
genel olarak kasif ar1 sayisi (n), ziyaret edilen n nokta icinden secilen bolge sayisi (m), secilen m bolge
icindeki en iyi bolge sayisi (e), en iyi e bolgeye gonderilen ar1 sayisi (nep), kalan (m-e) bolgeye
gonderilen ar sayisi1 (nsp), bolge boyutu (ngh) ve durdurma kriteri(itr) parametrelerini icermektedir.
Bu parametrelerin optimizasyonda neleri ifade ettikleri tablo seklinde asagida verilmistir (Tablo
4)[31] [37] [38].

Tablo 4. Ar1 Algoritmasi parametreleri (Bees algorithm parameters) [31] [37] [38]

AA Parametresi Aciklama
n Kasif ar1 sayis1
m Ziyaret edilen ‘n’ noktadan secilen bolge sayisi
e Secilen ‘m’ bolge i¢indeki en iyi bolge sayisi (elit bolge)
nep En iyi ‘e’ bolgeye gonderilen ar1 sayisi
nsp Kalan (m-e) bolgeye gonderilen ar1 sayisi
ngh Komsguluk aramasi boyutu
itr Durdurma kriteri (iterasyon sayisi)
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Pham ve ark. (2006) tarafindan hazirlanan temel AA akis semasi Sekil 7’ deki gibidir [31] [37] [38];

| n adet kisif armyn arastirma uzayina rastgele verlegtir |

Y
_)I Eisf arilarca ziyaret edilen noktalann wygunlugunu degerlendir |

Y
En iyi uygunluk degerine sahip bélgeleri (m) ve bélgedeki an sayismm (g)
komsguluk aramast icin zeg

Y
‘Takipei Anlan’ secilen bdlgelere génder (elit bilgelere daha cok arr)

Y
| Her bilgedela en 171 armyi seg |

¥
| Segilen arilarin haricindeki bolgelerden ayril |

Y

Popiilasyonda kalan anlar (n-m) yend potansivel gSziimler igin rasgele aragtirma
nzayma ginder

Y
_| Yemni kasif an popilasyonn |

Sekil 7. Ar1 Algoritmasi akis semasi (The flow chart of the Bees Algorithm) [31][37][38].

AA’da kisitlarin belirlenmesi 6nem tasimaktadir. Amag fonksiyonunda dikkate alinan degiskenlerin alt
ve ust sinirlar asagida verilmistir.

1,253 cp < Kesme Swvisi Viskozitesi <1,364 cp
0,5 mm < Kesme Derinligi < 1,5 mm
60 m/dk < Kesme Hiz1 < 180 m/dk

Sinirlayicilar dogrultusunda ve regresyon denklemi kullanilarak AA ile minimum ytizey piirizliligi
icin optimum kesme parametreleri arastirilmistir. AA programinda baslangi¢ kasif ar1 sayis1 50 olarak
secildi. Diger baslangic parametreleri ise su sekilde alinmistir; itr=100; n=70 ; m=8; e=5; nsp=7;
nep=10; ngh=0,01 AA i¢in kullanilacak degerler literatiirden elde edilmistir [31] [37] [38].

3. Deneysel Sonu(;lar, Analiz ve Tartl§ma (Experimental Results, Analysis and Discussion)

Frezeleme deneylerinden elde edilen ortalama ytlizey piriizliliigii degerleri Tablo 3’te verilmistir.
Yiizey piirtizliliigi icin ortalama 0,90 um ve standart sapma degeri 0,20 pm olarak elde edilmistir.
Yiizey puriizliligii icin elde edilen histogram grafigi ve sagilim grafigi Sekil 8'de verilmistir. Elde edilen
grafik normal dagilhim egrisi ile uyum gostermektedir. Tablo 6’da verilen ANOVA ile elde edilen
sonuclarda regresyon katsayisi degerinin yiiksek oldugu goériilmektedir. Regresyon katsayisi1 degerinin
ylksek olmasina bagl olarak fit degerleri de merkez regresyon egrisi etrafinda konumlanmis ve ¢ok
diisiik sapma degerleriyle (maksimum 0,4) regresyon dogrusundan uzaklasmistir. Bu duruma bagh
olarak yiizey ptriizliliigii verilerinin istatistiksel olarak anlamlilik gésterdigi anlasilmaktadir. Sertlik
icin ortalama deger 29,492 HRC ve standart sapma degeri 1,896 HRC olarak elde edilmistir. Yiizey
sertligi icin elde edilen histogram grafigi Sekil 9'da verilmistir. Elde edilen grafigin normal dagilim
egrisi ile uyum gostermedigi gorilmektedir. Sertlik parametresi icin elde edilen sagcilim grafiginde fit
degerlerinin regresyon egrisinden uzaklastig1 goriilmektedir. Bu durum normal dagilim grafigini
destekler nitelikte olup sertlik verilerinden istatistiksel olarak anlamli sonuglar elde edilemeyecegi
ongorilmiistiir. Istatistiksel anlamhligin ileri analizi amaciyla hem yiizey piiriizliiliigii hem de sertlik
icin elde edilen varyans analizi tablolari ve regresyon katsayisi degerleri Tablo 6 (Ra) ve Tablo 7’de
(HRC) verilmistir.
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Tablo 5. Talagh imalat proses parametrelerine bagli GGG-70 malzemesinin ylizey piiriizliligiiniin degisimi (Change of surface
roughness of GGG-70 material depending on machining process parameters)

Yiizey Piiriizliiliigii (Ra) Sertlik (HRC)
Deney  Kesme Sivisi(cp) Kesme Derinligi Kesme Hiz1 Genel Genel
No (d; mm) (v; m/dK) 1.Deney 2.Deney 3.Deney ort. ort.
1 60 0,92 0,97 0,93 0,94 33,40
2 0,5 120 0,90 0,85 0,84 0,86 29,30
3 180 0,77 0,90 0,85 0,84 27,55
4 60 1,03 1,01 1,11 1,05 28,05
5 Bor Yagi 1 120 1,03 1,15 1,01 1,06 26,45
6 180 0,71 0,76 0,68 0,72 30,50
7 60 1,55 1,46 1,52 1,51 30,10
8 1,5 120 1,02 0,92 0,94 0,96 30,95
9 180 0,60 0,71 0,64 0,65 30,95
10 60 1,03 0,90 0,88 0,94 30,60
11 0,5 120 0,84 0,94 0,92 0,90 31,10
12 180 091 0,86 0,97 0,91 30,50
13 60 1,09 1,08 1,06 1,08 26,87
14 Yari Sentetik Yag 1 120 1,12 0,98 1,05 1,05 31,40
15 180 0,85 0,88 0,78 0,84 30,30
16 60 1,33 1,21 1,33 1,29 26,50
17 1,5 120 0,93 1,03 0,82 0,93 30,23
18 180 0,65 0,64 0,67 0,65 27,23
19 60 0,84 0,75 0,82 0,80 29,80
20 0,5 120 0,81 0,74 0,72 0,76 31,00
21 180 0,83 0,80 0,71 0,78 28,85
22 60 1,08 0,99 0,91 0,99 32,70
Bitkisel Yag
23 1 120 0,82 0,82 0,85 0,83 30,65
24 180 0,67 0,57 0,64 0,63 28,00
25 60 1,04 1,03 1,00 1,02 28,27
26 1,5 120 0,77 0,68 0,78 0,74 26,87
27 180 0,61 0,66 0,61 0,63 28,17
b) Versus Fits
0.4
o
—= 02
2 . ]
g -
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Sekil 8. Yiizey piiriizliiliigii verileri i¢in normal dagilim grafigi (Normal distribution plot for surface roughness data)
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Sekil 9. Sertlik verileri i¢cin normal dagilim grafigi (Normal distribution plot for surface hardness data)

Tablo 6. Yiizey piirtizliliigii i¢in varyans analiz tablosu (Variance analysis table for surface roughness)

Source DF Adj SS Adj MS F-Value P-Value % Etki
Kesme Sivisi 2 0,14727 0,073633 13,08 0,003 14,09
Kesme Derinligi 2 0,02629 0,013144 2,34 0,159 2,55
Kesme Hizi 2 0,49020 0,245100 43,55 0,0002 46,95
Kesme Sivisi*Kesme Derinligi 4 0,02278 0,005694 1,01 0,456 2,18
Kesme Sivisi*Kesme Hizi 4 0,02627 0,006567 1,17 0,394 2,51
Kesme Derinligi*Kesme Hiz1 4 0,28604 0,071511 12,71 0,002 27,40
Error 8 0,04502 0,005628 4,32
Total 16 1,04387 100

R-Sq: %95,69 R-Sq (Adj): %85,98

Tablo 7. Yiizey sertligi icin varyans analiz tablosu (Variance analysis table for surface hardness)

Source DF Adj SS Adj MS F-Value P-Value % Etki

Kesme Sivisi 2 0,5619 0,2809 0,07 0,929 0,63
Kesme Derinligi 2 9,1883 4,5941 1,21 0,346 9,83
Kesme Hizi 2 2,0572 1,0286 0,27 0,769 2,20
Kesme Sivisi*Kesme Derinligi 4 22,9982 5,7496 1,52 0,284 24,61
Kesme Sivisi*Kesme Hiz1 4 20,2763 5,0691 1,34 0,335 21,70
Kesme Derinligi*Kesme Hiz1 4 8,0617 2,0154 0,53 0,716 8,63
Error 8 30,2737 3,7842 32,40
Total 26 93,4173

R-Sq: %67,59  R-Sq (Adj): %0,00

Varyans ve regresyon analizi sonuclarina gore yilizey piriizliliginin %385,98 uyumlulukta
modellenebildigi (Tablo 6), fakat ylizey sertligi analizinde bu degerin sifir oldugu (Tablo 7)
belirlenmistir. Tablo 7’de sertlik degeri icin R-Sq degeri %67,59 oraninda elde edilmis olsa da, ¢oklu
parametre ile calisildigl icin R-Sq (Adj) degerinin dikkate alinmasi gerekmektedir. Sertlik degeri icin
elde edilen sifir degeri ile varyans analizi sonuglar1 da uyumludur. Tablo 7’de verilen %95 giiven
araligindaki “p” degerlerine gore, frezeleme parametrelerinin sertlik degisimi tizerinde istatistiki ve
fiziki olarak anlaml bir degisim meydana getirmedigi (p<0,05: anlamlilik seviyesi) belirlenmistir [39].
Sertlik degisimi belirleyen temel parametre, malzemenin islenmesi esnasinda olusan i1sinma ve ani
soguma etkisidir. Frezeleme esnasinda kesme sivisi kullanildigi icin kesme ara ytlizeyinde maksimum
400 ile 650°C sicaklik olustugu iddia edilebilir [40][41]. Bu degerlerin menevisleme sicakligi degerleri
olmasi sebebiyle parca ylizeyinde bir miktar yumusama etkisi olmus ve sertlik degerlerinde ~2 HRC
degerinde diisiis meydana gelmistir. ilaveten, olusan sicakhik degerlerinin degisim araligi kesme
parametrelerinin degisiminden anlamli derecede etkilenmedigi i¢in sertlik degisiminde de anlaml bir
degisim elde edilememistir. Elde edilen bu sonuca gore Ar1 Algoritmasi ile optimizasyon igin sertlik
degeri dikkate alinmamaistir.

Yiizey piiriizliligi sonuglar i¢in elde edilen varyans analizi tablosunda ise (Tablo 6) “p” degerlerine
gore, frezeleme parametrelerinin Ra degisimi iizerinde istatistiki ve fiziki olarak anlaml bir degisim
meydana getirdigi goriilmektedir. Kesme sivis1 ve kesme hizi i¢in elde edilen “p” degerleri 0,05
degerinden kiiciik olarak hesaplanmistir. Kesme sivis1 Ra degerini %14,09, kesme hiz1 ise %46,95
oraninda etkilemistir. Elde edilen sonugclar literatiirle uyumludur [42][43]. Yiizey plriizliliigiiicin elde
edilen R-Sq (Adj) degeri %85,98 degeri ile yeterli anlamlilik seviyesindedir. ilaveten, farkl parametre
degiskenleri ile yapilan deneylerin matematiksel modeli Minitab programinda regresyon Analizi
kullanilarak olusturulmustur. Bu matematiksel model (Denklem 2) yiizey piirizliliigiiniin kesme
parametreleri ile olan iligkisini gostermektedir. Matematiksel model optimizasyondaki amag
fonksiyonunu olusturmaktadir. Bu ¢alismada Ar1 Algoritmasinin modellenmesi icin regresyon
denklemi yani amag fonksiyonu kullanilmistir.
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Ra = —-0,730+ 1,426s + 0,0717d — 0,002755v (2)

Ar Algoritmasi optimizasyonu isleminde, amag fonksiyonunun iterasyon sayisi ile degisimi Sekil 10’da
gorilmektedir. Ar1 Algoritmasinda minimizasyon hedefi icin modelleme yapilmistir. Ar1 Algoritmasi
Matlab programinda ¢alistirilmis ve optimum yiizey piiriizliliik degerinin 40. iterasyondan sonra sabit
kaldig1 belirlenmistir. Optimizasyon sonucu isleme parametrelerinin en uygun degerleri; kesme
sivisinda bitkisel yag, kesme derinliginde 0.5 mm ve kesme hizinda 180 mm/dk olarak bulunmustur.
Bu degerler sonucu elde edilen tahmini yiizey pirizligi degeri (Ra) 0,59 pm’dir. Ra
minimizasyonunda en uygun kesme sivisinin bitkisel yag olmasi bor yagina kiyasla siirdiiriilebilir cevre
acisinda 6nem arz etmektedir.

Bitkisel yagin viskozite degerinin diger yaglara kiyasla ~%8 oraninda daha az olmasi, bitkisel yagin
takim-talas arayiizeyine daha iyi penetre olmasini saglamis ve artan tribolojik kabiliyete bagh olarak
ylizey piirtizliliigii degerleri minimum seviyede elde edilmistir. Artan penetrasyon kabiliyeti kesme
ara ylizeyinde hem sicakligin azalmasini saglamis hem de daha fazla alanda yaglama etkisi
olusturmustur [20][44] [45].

Ar Algoritmasi Optimizasyonu
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Sekil 10. Amag fonksiyonunun Ar1 Algoritmasi optimizasyonunda yakinsama grafigi (Convergence graph in optimization of objective
function with Bees Algorithm)

Elde edilen ortalama piirtzliiliik degerinin 0,90 um degerinde elde edilmesi MMY’nin kullanilabilirligi
acisindan 6nem tasimaktadir. 0,90 um degeri, genel makine imalatinda yiliksek yiizey kalitesi
standartlarin1 ifade etmektedir. MMY kullanimi ile elde edilen bu deger, MMY'nin frezeleme
islemlerinde kullanim acisindan teknik yeterlilik seviyesinde oldugunu gostermektedir. Ayrica
kullanilan sogutma-yaglama sivis1 miktarinin minimize edilmesi ¢evresel siirdiiriilebilirlik ve karbon
ayak izinin minimizasyonu ag¢isindan biiyiik 6nem tasimaktadir.

Talash imalat prosesinde sezgisel optimizasyon metotlarin kullanilmasi, cevre ve saglik acisindan
bitkisel yagin kullanilabilirliginin arastirilmasi ve minimum miktarda yaglayici ile prosesin
gerceklestirilmesi iiriin ve proses kalitesi a¢isindan kazanimdir. Calisma kapsaminda kullanilan Ari
Algoritmasinin giivenilirliginin arastirilmasi i¢in Minitab programindan elde edilen ve regresyon
denklemine bagli calisan optimizasyon modiilii ile de en uygun Ra degeri ve parametreler
arastirilmistir. Sekil 11’de verilen optimizasyon grafigine gére optimum parametrelerin kesme sivisi
icin bitkisel yag, kesme hizi icin 180 mm/dk. ve talas derinligi icin 0,5 mm oldugu goriilmektedir.
Belirlenen optimum parametrelerde beklenen Ra degeri 0,59 um ’dir. Regresyon denklemine bagh
optimizasyon modiilii kullanilarak Minitab’dan elde edilen sonuglar ile Ar1 Algoritmasinin ¢alistirildig
Matlab programindan elde edilen sonuglar aynidir. Bu duruma bagh olarak Ar1 Algoritmasinin talash
imalat islemlerinde ytiksek glivenilirlikte kullanilabilecegi sdylenebilir. Optimum parametreler dikkate
alinarak laboratuvar ortaminda yapilan dogrulama deneylerinde de ~%4’lik (ortalama 0,62 pm) kabul
edilebilir bir sapma degeri ile optimum sonuca yaklasilmistir. Diger yandan, Sekil 11’e gére kesme hiz1
arttikca Ra degeri azalmis, talas derinligi arttikca da Ra degeri artmistir. Elde edilen bu sonug literatiirle
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uyumludur [46][47]. Ayrica, bitkisel yag minimum Ra degerini verirken, yar1 sentetik ve bor yagi
bitkisel yaga kiyasla daha yiiksek fakat yakin degerlerde Ra degeri vermistir. Bu durum viskoziteye
bagh olarak aciklanabilir. Tablo 2’de, laboratuvar ortaminda elde edilen bor ve yar1 sentetik yagin
viskozite degerlerinin yakin seviyede oldugu, bitkisel yagin ise ~%8 daha diisiik seviyede oldugu
gorilmektedir. Viskozite degeri diistiikge tribolojik performans artmistir. Fakat bu asamada bitkisel
yagin yiiksek oksitlenme egilimi nedeniyle diger iki yaga kiyasla daha kisa 6miirlii kullanim saglayacagi
soylenebilir. Bu asamada ¢evresel faktorler ve fayda-maliyet unsurlari dikkate alinarak yaglayici se¢imi
yapilmasi gerekmektedir.

Optimal Kesme De Kesme Hi Kesme Si
o 1,000 Hi9h 1,50 180,0 Yari Sente
o Cur [0,50] [180,0] Bitkisel Y
Predict  Low 0,50 60,0 Bitkisel Y
Ra
Minimum
y = 0,5967 ¢ ¢
d =1,0000
e S | e -

Sekil 11. Regresyon tabanli optimizasyon grafikleri (Regression based optimization graphs)
4. Sonu(;lar (Conclusions)

Bu ¢alismada ostemperlenmis kiiresel sfero dokme demir (GGG70) malzemenin frezelenmesinde
minimum ylizey puruzliliginii saglayan optimum kesme parametreleri Ari1 Algoritmasi ile
arastirilmistir. GGG70 malzemelerin yiiksek mekanik 6zellikleri endiistriyel kullanim agisindan bir
avantaj olusturmasina ragmen islenebilirlikleri zayiftir. Bu sebeple ¢alisma kapsaminda temel isleme
parametrelerinin yaninda kesme sivilarinin ve MMY kullaniminin da etkisi arastirilmistir. Elde edilen
sonuglar asagida verilmistir.

- Talash imalat prosesinden sonra yiizey tribolojik 6zelliklerinden olan ylizey piirtzliligi ve
sertlik degerleri 6lciilmiistiir. Farkli kesme parametreleri ile yapilan deneyler sonunca ytizey
plrizliligi en fazla 1,51 pm iken en disik 0,63 pm degerinde elde edilmistir. Yiizey
puriizliliigli i¢in ortalama 0,90 pm degeri elde edilmistir. Yapilan deneyler sonucunda
minimum ytizey piirizlilik degeri, maksimum ytizey piiriizliliik degerine kiyasla %58,27
iyilesme, ortalama yiizey puriizliilik degerine kiyasla % 30 iyilesme ile elde edilmistir.

- Frezeleme isleminde farkli kesme parametrelerinin ylizeydeki sertlik degisimine etkisinin
anlamsiz oldugu varyans analizi ile belirlenmistir.

- An Algoritmasi optimizasyonuna gore ideal proses parametreleri; kesme sivisi olarak bitkisel
yag, kesme hizi icin 180 mm/dk ve talas derinligi i¢cin 0,5 mm’dir. Frezeleme deneylerinde
ilerleme hizi (0,05 mm/dis) sabit tutulmustur. Optimizasyon sonucunda elde edilen
yakinsama grafigine gore Ra degeri 0,59 um’dir.

- Minitab programinda regresyon denkleminin optimizasyonu sonucu elde edilen sonuglar ile
Matlab programinda Ari1 Algoritmasi ile yapilan optimizasyondan elde edilen sonuclar aynidir.
Netice olarak frezeleme isleminde proses parametrelerinin optimizasyonunda AA metodun
kullanilabilecegi belirlenmistir.

- Optimizasyon sonucu elde edilen optimum kesme parametrelerini dogrulamak icin yapilan
frezeleme deneyleri neticesinde ortalama yiizey piiriizliliigi degeri 0,62 pm (~%4’lik sapma)
bulunmustur ve optimum sonuca yaklasilmistir.

- GGG-70 malzemenin frezeleme prosesinde minimum Ra degerini veren kesme sivisi bitkisel
yagdir. Bu durum viskoziteye bagh olarak aciklanabilir. Bitkisel yag deneylerde kullanilan
diger yaglacilara (bor yagi, yari sentetik yag) kiyasla daha diisiik viskoziteye sahiptir. Takim
ve talas arasina daha iyi piilverize olmustur. Kesme sivilari minimum miktarda yaglayici
(MMY) ile talash imalatta kullanilmistir.

- GGG-70 malzemesinin frezelenmesi isleminde kesme hizinin yiizey piirizliligi tizerinde
olumlu bir etkisi vardir, kesme hiz1 arttikca Ra degeri azalmistir. Talas derinliginin artmasi
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ylizey kalitesini diisiirmiis yani yiizey ptriizliiliik degeri artmistir.
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ABSTRACT

Aluminium alloys are widely used in various manufacturing industries due to their unique light
weight performance, high strength-to-weight ratio, and high corrosion resistance, Therefore,
aluminium alloys should be well studied during machining, and examined how to obtain a well-
machined surface and increase processing precision. In this study, the effects of cutting
parameters (cutting speed, feed rate, peripheral depth of cut, and tool holder type) on surface
roughness and processing precision in CNC milling of Al 7075-T6 alloy were investigated using
the Taguchi Loy method. In addition, variance analysis (ANOVA) was performed to find the effect
ratios of cutting parameters on surface roughness and processing precision. As a result, it was
observed that the largest effect ratio of the peripheral depth of cut on surface roughness and
processing precision was 37.7 % and 36.1 %, respectively. The used tool holders did not have any
effect on the surface roughness of the work-piece. However, a tool holder type has played a
significant role in processing precision. The hydraulic tool holder has provided maximum
processing precision, while the mechanical tool holder has showed a minimum precision level of
the machining work-pieces.

Al 7075-T6 Frezeleme Operasyonunda Kesme
Parametrelerinin Ve Takim Tutucunun Yiizey
Piiriizliiliigiine Ve Isleme Hassasiyetine Etkisinin
Incelenmesi

0 Y/

Aliiminyum alagimlari, benzersiz hafiflik performanslari, yiiksek mukavemet/agirlik orani ve
yliksek korozyon direnci nedeniyle gesitli imalat endiistrilerinde yaygin olarak kullanilmaktadir.
Bu nedenle aliiminyum alagimlar: talagh imalat sirasinda iyi arastirilmali, iyi bir iglenmis
ylizeyinin nasil elde edilecegi ve isleme hassasiyetini nasil artirilacagi incelenmelidir. Bu
caligmada, Al 7075-T6 alasimmin CNC frezelemesinde kesme parametrelerinin (kesme hiz,
ilerleme, yan kesme derinligi ve takim tutucu tiirii) yiizey pirizliliigiine ve isleme hassasiyetine
etkileri, Taguchi Ly; yontemi kullanarak incelenmistir. Ayrica, kesme parametrelerin yiizey
puriizliliigiine ve isleme hassasiyetine etki oranlarini bulmak i¢in varyans analizi (ANOVA)
yapilmistir. Sonug olarak, yan kesme derinliginin yiizey piirizlilligii ve isleme hassasiyeti
tizerindeki etkilerine bakildiginda, en biyiik etkinin sirasiyla % 37,7 ve % 36,1 oldugu
goriilmistir. Kullanidan takim tutucu gesitlerinin ylizey piirtzliiliigiine etkisi olmadigt
gozlemlenmistir. Ayrica, takim tutucu gesitleri, isleme hassasiyetinde biiyiik bir rol oynamugtir.
Hidrolik takim tutucu, isleme hassasiyetinde maksimum performans saglarken, mekanik takim
tutucu ise islenen par¢anin minimum hassasiyet seviyesini gostermistir.
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1. Gll‘l$ (Introduction)

Savunma, otomotiv, uzay ve havacilik gibi imalat sektoriiniin 6ncii alanlarinda aliiminyum alagiml
malzemelerin kullanimi her gecen giin hizla artmaktadir. Bu alasgimlardan birisi olan Al 7075-T6
malzemelerin 6zellikle savunma sanayinde kullanimi yayginlasmistir. Talasli imalat yontemleriyle islenmeye
uygun olan bu malzemeyle, hafif, dayanikli kismen ucuz iriinler elde edilebilmektedir. Bu malzemenin
islenmesinde kullanilan talagli imalat yontemleri icerisinde, metalleri islemek i¢in en popiiler yontemlerden
birisi frezeleme islemidir. Savunma sanayi tiriinlerin imalatinda pek ¢ok asamada frezeleme islemleri bulunur.
CNC frezeleme iglemi, iiriinlerin daha kisa siirede, yiiksek kalitede ve uygun maliyetle {iretilmesini saglayan
esnekligi nedeniyle en sik kullanilan islemlerden biridir.

Talaghi imalat islemlerinde {iretim maliyetlerinin disiiriilmesi ve ihtiya¢ duyulan {iriin kalitesinin elde
edilmesi icin en iyi isleme kogsullarinin belirlenmesi, zaman tasarrufu ve dogruluk agisindan siirekli
mithendislik ¢aligmalar1 yapilmaktadir. Yiizey piirtizliliigii ve isleme hassasiyeti, frezeleme isleminde en
onemli performans gostergeleridir. Ayni zamanda elde edilen bu talash imalat isleme verileri, giiglii tahmin
yetenekleri nedeniyle Varyans Analizi (ANOVA) ya da yapay zekd teknikleriyle islenerek isleme
parametrelerinin iyilestirilmesi de yapilmustir [1-5].

Frezeleme islemi sirasinda farkli malzemelerin ytizey pirizliligiini tahmin etmek i¢in bir¢ok matematiksel
modeller tizerinde de ¢aligilmistir [6-7]. AISI 1060 ve AISI 4140 celiklerinin yiizey purizlaliagiindeki
degisimler ve kesme parametrelerinin yiizey purizliligi tizerindeki etkileri RSM yontemi kullanilarak
incelenmistir [8]. Rajdran ve dig. [9], takim asinmasini hesaplamak icin frezelemenin ilerleme, kesme derinligi
ve kesme hizi dahil olmak iizere bir matematiksel regresyon modeli kullanmustir. Azln ve Safiian [10], freze
islemeyi anlamak i¢in bir matematiksel modeli gelistirmisler. Yiizey kalitesi, frezeleme performansini 6lgmek
i¢in kullanilan temel 6zelliklerden biridir. Khair ve dig. [11], isleme parametrelerini kesme hizi, ilerleme hizi
ve kesme derinligini optimize ederek tornalama islemi sirasinda kesme islemi icin yiizey piirizliligini
azaltmaya odaklanmuislar. Bu ¢alismanin sonucunda, en iyi yiizey kalitesinin minimum 140 m/dk kesme hizi,
0.01 mm/dev ilerleme hiz1 ve 1 mm kesme derinligi degerleri kullanilarak elde edilebilecegi gosterilmistir.
Ayrica, ilerleme hizi ve kesme hizi, AISI D3 celiginin yiizey puriizlaligini onemli 6lciide etkileyerek,
istenilen yiizey piiriizliiligii seviyesine ulasmada giivenilirliklerini kanitlamistir. Lubaid ve dig. [12], karbiir
takimin boyutsal yanlishgimimn frezeleme isleminde is parcasinin yiizey piriizliliglinii nasil etkiledigini
incelemiglerdir. Cep frezeleme islemenin performans 6zelliklerini en {ist diizeye ¢ikarmak i¢in Taguchi Lo
ortogonal yontemi kullanilmis olup, daha sonra ideal kesme parametreleri belirlemek i¢cin GRA yontemi
kullanilmistir. ANOVA sonuglarina gore ilerleme is parcasinin boyutsal dogrulugu ve yiizey piirtizliligi
tizerinde en biiyiik etkiye sahipken, kesme hiz1 ve talag derinlii ikinci sirada yer almistir. Lujain H. Kashkool
[13], tornalama islemlerinin AISI 1045 ¢eligin yiizey piiriizliiliigiinii nasil etkiledigini incelemek igin TiN kapli
bir karbiir kesici u¢ kullanmistir. Sonuglara gore, daha yiiksek kesme hizlari kullanilarak daha iyi yiizey kalitesi
elde edilmistir.

Son zamanlarda yapilan bazi ¢aligmalar, kesici takimlarda kullanilan alagim tiirlerinin islenen malzeme
ylzeyinin kalitesini iyilestirmek ve titresimi azaltmak agisindan 6nemini gostermistir. Akdeniz ve Arslan,
tornalama iglemlerinde takimin titresimi azaltmak icin ve dolaysiyla elde edilen is parcalarin yiizey kalitesini
artirmak i¢in i¢ torna katerinde NiTi alagimi kullanmiglardir [14]. Bu ¢alismanin sonucunda, yeni katerinin
kullanilmasiyla yiizey kalitesi olusumu %32'ye kadar iyilestirilmistir.

Bu galigmada, savunma sanayinde énemli bir kullanim yerine sahip olan Al 7075-T6 malzemenin frezeleme
operasyonunda isleme parametreleri (kesme hizi, ilerleme hizi, talas derinligi), takim tutucu tiplerinin
(mekanik, termal ve hidrolik), yiizey piirtizliigii ve boyutsal dogruluga olan etkisi incelenmistir. Kullanilan
talagl imalat parametre sayisina bagli olarak deney sayisinin azaltilabilmesi ve parametreler arasindaki
bagmtilarin iliskilendirilmesi i¢in Taguchi deneysel tasarim yontemi uygulanmistir. Frezeleme
operasyonunda kesme parametreleri ve takim tutucusunun sayisi dikkate alinarak Taguchi L,; yontemine
gore deneysel yapr olusturulmustur. Taguchi Ly; deney sonuglar: olan isleme yiizey kalitesi ve isleme
hassasiyeti 6lctimlerini isleme parametreleriyle iliskilendirmektedir. Bu yontemle kontrol edilemeyen
faktorlere kars1 deney diizeneginin duyarlilig1 en aza indirgenerek, incelenen parametrelerin en iyi tolerans
araliginin belirlenmesi hedeflenmistir. Elde edilen deneysel sonuglar varyans analizi (ANOVA) yapilarak,
yuzey kalitesine ve isleme hassasiyetine etkileri belirlenerek analiz tablolar: olugturulmustur. Boylelikle, Al
7075-T6 malzemenin frezeleme operasyonunda en uygun isleme sart1 degerlerinin belirlenmesi saglanarak,
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literatiirde bulunmayan kesme parametrelerine bagl olarak takim tutucu tiplerinin, yiizey piirtizligi ve
isleme hassasiyetine etkisi belirlenmistir.

2. Materyal ve Metot (Materials and Method)

Talagli imalat yontemleriyle bir malzeme iglenirken kullanilan parametrelerin yiizey piiriizliigii ve boyutsal
dogruluk gibi 6zelliklere nasil etkiler olusturdugunun bilinmesi 6nemlidir. Kullanilan kesme parametreleri
sonrasinda elde edilecek yiizey piiriizliigii ve boyutsal dogrulugu tespit edebilmede en iyi yontem, gercek¢i
kosullarda yapilan deneysel ¢alismalardir. Bu ¢alismada da savunma, uzay ve havacilik gibi sanayilerde
kullanimi her gegen giin artan Al 7075-T6 malzemesinin, CNC frezede talagh imalatla islenmesi sirasinda
kesme parametreleri ve tutucu cesitlerinin yiizey piirtizlaliigii ve isleme hassasiyetine etkisi deneysel olarak
incelenmigtir. Al 7075-T6 deney malzemesinin kimyasal bilesimi Tablo 1’de verilmistir.

Tablo 1. AL 7075-T6 deney malzemesinin kimyasal bilesimi (Chemical composition of AL 7075-T6 test material)
Bilesen Al Mg Si Cr Mn
Max (%) 98.6 1.2 0.8 0.35 0.15

Deneylerde Micro Dynamics Mega 40V CNC frezeleme tezgahi kullanilmistir. Bu tezgah, {ig eksenli dogrusal
ve dairesel enterpolasyon yapabilen, ISO formatinda programlanabilir Mitsubishi kontrol tinitesine sahip bir
dik isleme merkezidir. Kullanilan dik islem merkezi ve kesme parametreleri Sekil 1’de gosterilmistir.

Kesme parametreleri

Devir sayisi
(5000, 7000, 9000 dev/dk)

ilerleme hizi
(1000, 1500, 2000 mm/dk)

Yan kesme derinligi
(0.5,1,1.5mm)

Kesici baglama sistemi
(a)Mekanik (Pens) P
(b) Termal (Sirink), $
(c) Hidrolik H

Sekil 1. Deneylerde kullanilan dik isleme merkezi ve parametreleri (Vertical machining center and its parameters used in the experiments)

Deney tasariminda 4 faktorlii ve 3 kademeli Taguchi Ly; yontemi kullanilmistir. Kesme parametreleri su
sekilde uygulanilmistir: Devir sayisi (5000, 7000, 9000 dev/dk), ilerleme hiz1 (1000, 1500, 2000 mm/dk) ve yan
kesme derinligi (0.5, 1, 1.5 mm). Bu parametre degerlerine gore hazirlanmis Taguchi Ly; deney tasarimi ise
Tablo 2’de yer almaktadir.

ye L My » %%
Sekil 2. Takim tutuculari. (a) Mekanik (Pens), (b) Termal (Sirink), (c) Hidrolik (Tool holders. (a) Mechanical (Clamp), (b) Thermal (Shrink),
(c) Hydraulic)
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Tablo 2.Deneylerde kullanilan kesici parametreleri (Cutter parameters used in the experiments)

Deney Devir sayis1 ilerleme hiz1 Yan kesme derinligi Tut.ufu
(dev/dk) (mm/dk) (mm) Tipi

1 5000 1000 0,5 P
2 5000 1000 1 N
3 5000 1000 1,5 H
4 5000 1500 0,5 P
5 5000 1500 1 N
6 5000 1500 1,5 H
7 5000 2000 0,5 P
8 5000 2000 1 N
9 5000 2000 1,5 H
10 7000 1000 0,5 N
11 7000 1000 1 H
12 7000 1000 1,5 P
13 7000 1500 0,5 N
14 7000 1500 1 H
15 7000 1500 1,5 P
16 7000 2000 0,5 N
17 7000 2000 1 H
18 7000 2000 1,5 P
19 9000 1000 0,5 H
20 9000 1000 1 P
21 9000 1000 1,5 N
22 9000 1500 0,5 H
23 9000 1500 1 P
24 9000 1500 1,5 N
25 9000 2000 0,5 H
26 9000 2000 1 P
27 9000 2000 1,5 N

Caligmada kullanilan takim tutucu tipleri olarak; mekanik tutucu, hidrolik tutucu ve termal tutucu
secilmistir. Kullanilan kesici tutucularina ait resimler Sekil 2’de gosterilmistir.

Mekanik tutucular ucuz ve kolay baglant: sagladigindan dolay: tercih edilirler. Pens icerisine yerlestirilen
kesicinin, tutucuya sikigtirilmasiyla sabitlenir. Sekil 2.a” da mekanik takim tutucu goriilmektedir.

Termal (Sirink) tutucularda metallerin 1s1l genlegme prensibi kullanilir. Ozel takim baglama makinesiyle
wsitilan tutucu ve kesici takim arasinda giiglii bir baglanti saglar. Hassas imalat islemleri icin tercih edilen
kesici baglant: tipidir. Sekil 2.b’de termal (sirink) tutucu gortilmektedir.

Hidrolik tutucu sistemlerinde, basingli yag kullanilir. Daha az mekanik parcayla daha biiyiik sikma kuvveti
saglanir. Diisiik salg1 6zelliginden dolayi tercih edilirler. Sekil 2.c’de hidrolik tutucu goriilmektedir.

Kullanilan bu 3 farkl tip tutucu tiiriine, Sekil 3’ de goriilen kesici takimdan birer adet yeni kullanilmamig
kesici baglanmustir. Tutuculara baglanan kesicinin 6zelligi, TiN kaplamali karbiir @ 10 mm frezedir. Kesici
takim helis boyu 23 mm, toplam boyu 72 mm, baglama boyu 40 mm dir. Kullanilan takim Sekil 3’de
gosterilmistir.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 538



Bozdemir, Akdeniz, Yilmaz & Gezer Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

4 N\

B WY SN =
71U \ \\‘?

S Las,

Sekil 3. Deneylerde kullanilan takim (The tool used during the experiment)

Deneylerin yapilmasi sirasinda is parcast tezgdh mengenesinde 10 mm mesafeden baglanmigstir. Al 7075-T6
malzemenin deney numune boyutlart 40x30x20 mm olarak belirlenmigtir. Kullanilan is parcas: ve baglama
yontemi Sekil 4’te gosterilmistir.

Sekil 4. Deneylerde kullanilan is par(;SI ve baglama yontemi (The workpiece and clamping method used during the experiment)

Deney numunelerinin islenmis yiizeyleri tizerindeki yiizey piiriizliliigii ol¢timleri i¢in “Mitutoyo” marka SJ-
210 tipi masa {istil yiizey piiriizlilitk 6l¢me cihazi kullanilmigtir. (Sekil 5)

Sekil 5. Yiizey piiriizliilik 6l¢iim cihazi (Surface roughness measuring device)
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Yapilan bu deneysel islemler ve istatistiksel analize dayali ¢aligmanin, akis siras1 ve kullanilan talagh imalat
parametrelerinin gosterildigi islem akis semasi Sekil 6” da gosterilmistir. Belirlenen boyutta hazirlanmis deney
numunesinin tezgaha baglanmasindan itibaren deney sonuglarinin yorumlandig1 asamaya kadar gegen siireg
bu semada anlatilmaktadir. Her bir kesici baglayici tipi i¢in kesme hizi, ilerleme hizi ve kesme derinligi
degistirilerek deneysel sonuglar olan yiizey piiriizliigii ve isleme hassasiyeti 6l¢tilmektedir.

Sekil 6. Deneysel calisma semasi (Experimental study scheme)

AL 7075 T6

Mekanik tutucu

Parametreleri

Sirink tutucu

Purazlik

Isleme Hassasiyet Ol¢iimii
ANOVA analizi
\

Olglim Degerleri

3. Deney SOllll(;lal'l ve Tartlsma (Experiment Results and Discussion)

Tablo 2°de gosterilen kesme parametreleri kullanilarak Taguchi L,; deney diizeneginin gerektigi 27 adet deney
gerceklestirilmistir ve elde edilen i parcalarinin yiizey piiriizliiliikleri (Ra) ve isleme hassasiyetlerinin 6l¢ctimii
yapilmustir. Isleme hassasiyetini 6lgmek igin, is parcalarin islenmis yiizeylerin iist ve alt kisimlarinin
kalinliklar1 6l¢iilmiis ve farklar1 hesaplanmistir. Olgiilen yiizey piiriizliiliikleri ve isleme hassasiyeti Tablo 3’te
gosterilmistir.

Tablo 3. Yiizey piiriizlilliigii ve isleme hassasiyetinin degerleri (Values of surface roughness and machining accuracy)

Deney no. 1 2 3 4 5 6 7 8 9
Yiizey piirtizliligii 0,41 0,4 0,69 0,47 0,71 0,66 1,15 0,93 1,24
Isleme hassasiyeti 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,03 0,03

Deney no. 10 11 12 13 14 15 16 17 18
Yiizey piirtizliligii 0,31 0,47 0,51 0,38 0,36 0,41 0,63 0,56 0,64
Isleme hassasiyeti 0,01 0,02 0,04 0,02 0,02 0,06 0,01 0,02 0,06

Deney no. 19 20 21 22 23 24 25 26 27
Yiizey piirtizliliagii 0,24 0,38 0,5 0,26 0,46 0,44 0,44 0,85 0,58
Isleme hassasiyeti 0,01 0,02 0,03 0,02 0,04 0,03 0,01 0,06 0,04

Kesme parametrelerinin yiizey piriizliiliigiine ve isleme hassasiyetine etkilerinin belirlenmesinde, Varyans
Analizi (ANOVA) yontemi kullanilmigtir. ANOVA analizi %95 giiven seviyesinde (p=0,05) yapilmus olup,
faktorlerin etkinligini belirlemek i¢in p degeri kullanilmistir. Varyans Analizinde p degeri 0,05'ten kiigiikse,
bu faktoriin 6nemli oldugunu gostermektedir. ANOV A analizi hesaplamalarinin yapilmasinda MiniTab R16
programi kullanilmustir.
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Yapilan deney sonuglarinda ol¢iimil yapilan yiizey pirizliligi degerleri icin talagh imalat isleme
parametrelerinin ANOVA analizi yapilmis ve Sinyal/Giiriltii oran1 grafikleri edilen Sinyal/Giiriiltéi oran:
grafigi Sekil 7'de gosterilmistir.

Main Effects Plot for Means
Data Means

Devir Tlerleme ae Tutucu

Mean of Means

5000 7000 9000 1000 1500 2000 0s 10 15 P s H

Sekil 7. Yiizey puriizliliigiine gore sinyal/giiriiltii orani grafigi (Graph of signal to noise ratio according to surface roughness)

Sekil 7’ dan goriilecegi tizere, Sinyal/Giiriiltii Orani’'na gore en uygun yiizey piiriizliliigii degerleri, kesme hiz
i¢in 9000 dev/dk, ilerleme hiz1 icin 1000 mm/dk, yan kesme derinligi icin 0.5 mm ve tutucu olarak termal
(sirink) tutucu oldugu goriilmektedir.

Tablo 4'te verilen ANOVA sonuglarina gore, yapilan deneylerde yiizey piiriizliiliigii {izerinde en biiytik etkiye
sahip faktér %37,7 orantyla yan kesme derinligi oldugu goriilmektedir. Ilerleme hizi ve kesme hiz1 yaklagik
%26 oraninda etkiye sahipken, tutucunun etkisi %1’dir. Deneylerin giivenilirlik orani %91,25 olarak

bulunmustur.
Tablo 4. Yiizey piiriizliiliigii icin ANOVA sonuglari (ANOVA results for surface roughness)
Parametre DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
ilerleme hiz1 2 0.227830 26.40% 0.227830 0.113915 16.11 0.020
Devir sayis1 2 0.224674 26.03% 0.224674 0.112337 15.88 0.020
Talas derinligi 2 0.273874 37.73% 0.273874 0.136937 19.36 0.030
(ae)
Tutucu tipi 2 0.009385 1.09% 0.009385 0.004693 0.66 0.527
Hata 18 0.127311 8.75% 0.127311 0.007073
Toplam 26 0.863074 100.00%
S R-sq R-sq(adj) PRESS R-sq(pred) AICc BIC
0.0841002 91.25% 78.69% 0.28645 66.81% -34.27  -35.06

Talagli imalat kesme parametreleri olan devir sayis, ilerleme hizi, talag derinligi ve kesici tutucu tipinin, isleme
hassasiyeti i¢in elde edilen Sinyal/Giiriiltii oran grafigi Sekil 8'de gosterilmektedir.

Sekil 8’den goriilecegi tizere, isleme hassasiyeti icin Sinyal/Giiriiltii Oranina gore en uygun degerler, kesme
hizi i¢in 5000 dev/dak, ilerleme hizi i¢in 1000 mm/dk, yan kesme derinligi i¢in 0.5 mm ve baglama sistemi
olarak ta hidrolik tutucu tipi oldugu goriilmektedir.

Tablo 5'te verilen ANOV A sonuglarina gore, isleme hassasiyeti igin en biiyiik etkiye %36,1 oraniyla yan kesme
derinliginin sahip oldugu gériilmektedir. Tutucu tiirii yaklagik %31,35 etki oraniyla ikinci sirada gelirken,
ilerlemenin etki oran1 %8,33 iken devir ise %4,76 oraniyla en az etkiye sahip faktordiir. Deneylerin giivenilirlik
orani ise %90,56'd1r.
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Main Effects Plot for Means
Data Means

Devir llerleme ae Tutucu

0.040 -

0.035

0.030

0.025 -

Mean of Means

0.020

0.015

5000 7000 9000 1000 1500 2000 05 10 15 P s H

Sekil 8. Isleme hassasiyetine gore sinyal/giiriiltii orani grafigi (Signal-to-noise ratio graph according to processing accuracy)

Tablo 5. [sleme hassasiyeti icin ANOVA sonuglar1 (ANOVA results for machining accuracy)

Parametre DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
ilerleme hiz1 2 0.000467 8.33% 0.000467 0.000233 3.86 0.040
Devir sayis1 2 0.000267 4.76% 0.000267 0.000133 2.20 0.139

Talas derinligi (ae) 2 0.002022 36.11% 0.002022 0.001011 16.71 0.030

Tutucu tipi 2 0.001756 31.35% 0.001756 0.000878 14.51 0.050

Hata 18 0.001089 9.44% 0.001089 0.000060
Toplam 26 0.005600 100.00%
S R-sq R-sq(adj) PRESS R-sq(pred) AICc BIC
0.0077778 90.56% 71.91% 0.00245 56.25% -162.83 -163.62

3. Sonuglar (results)

Bu ¢alismada, savunma, uzay ve havacilik gibi sanayi alanlarinin 6nemli bir malzemesi haline gelmekte olan
Al 7075-T6 nin talagl imalat metoduyla islenmesi sirasinda takim tutucu tipinin, yiizey piiriizligi olusumu
ve isleme dogruluguna etkisi deneysel olarak incelenmistir. Deneylerin yapilmas: sirasinda kesme
parametreleri olarak, devir sayisi (5000, 7000, 9000 dev/dk), ilerleme hiz1 (1000, 1500, 2000 mm/dk) ve yan
kesme derinligi (0.5, 1, 1.5 mm) belirlenmistir. Kesicinin baglanti tutucusu olarak mekanik, termal(sirink) ve
hidrolik tutucu olmak tizere ti¢ farkli tutucu tipi kullanilmistir. Kullanilan talagli imalat parametre sayisina
bagh olarak deney sayisinin azaltilabilmesi ve parametreler arasindaki bagintilarin iligkilendirilmesi icin
Taguchi deneysel tasarim yontemi uygulanmistir. Frezeleme operasyonunda kesme parametreleri ve takim
tutucusunun sayist dikkate alinarak Taguchi Ly; yontemine gore deneysel yap1 olusturulmustur.

Taguchi L,; deney parametrelerine uygun yapilan deney sonuglarinin varyans (ANOVA) analizleri yapilarak,
parametreler arasindaki iligkiler belirlenmistir. Deneysel sonuglar ve ANOVA degerleri, Al 7075-T6
malzemenin frezeleme operasyonunda en uygun isleme sarti degerlerinin belirlenmesini saglanmistir.
ANOVA sonuglaria gore, yan kesme derinliginin yiizey piriizliiliigii ve isleme hassasiyetine sirastyla % 37,7
ve % 36,1 oranlarinda etkiye sahip oldugu gérilmistiir.

Al 7075-T6 malzemenin frezeleme operasyonunda iyi bir yiizey piiriizliligii elde etmek icin yiiksek bir devir
hiz1 ve disiik bir kesme derinligi secilmesi 6nerilmektedir. Takim tutucu tiplerinin ylizey pirizlalagi
olusumuna diigitk bir etkisi oldugu goriilmektedir. Ancak, isleme hassasiyeti iizerinde yiiksek etkiye
sahiptirler. Deneylerde kullanilan tutucu tiplerinden, hidrolik tutucu is parcas: tizerinde daha iyi isleme
hassasiyeti saglarken, mekanik tutucu digerlerine gore daha kotii bir isleme hassasiyetini olusturmustur.

Literatiirde bulunmayan kesme parametrelerine bagh olarak takim tutucu tiplerinin, yiizey piiriizligi ve
isleme hassasiyetine etkisi yapilan bu caligmayla belirlenmistir.
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ABSTRACT

Keywords: Real-time fatigue In recent years, Liquid Time-Constant (LTC) Neural Networks have gained substantial interest

analysis, Athlete performance due to their exceptional ability to accurately model complex, time-dependent data. Although their

monitoring, Electromyography, applications in various fields have been explored, the potential of utilizing LTC Neural Networks
Liquid Neural Network.

for electromyography-based muscle fatigue or disability detection has not been investigated. This
research aims to showcase the effectiveness of LTC Neural Networks in addressing challenges
) unique to this domain and to offer new insights into its potential advantages. We employed an
The Institute of Graduate Programs, 1 K . . A . o lish
Dept. of Computer Engineering LTC Neural Network to analyze EMG signals obtained during patient examinations to accomplis
78050 - Karabiik, Tiirkiye this objective. We calculated five features from the collected signals, including Mean Absolute
Orcid: 0000-0001-8122-4441 Value (MAV), Waveform Length (WL), Zero Crossings (ZC), Slope Sign Changes (SSC), and
Center Frequency (CF). These features were used as input for the LTC Neural Network. The
Ve network's ability to predict values based on temporal data enabled it to precisely monitor signal
Faculty of Engineering, Lo, .

Dept. of Computer Engineering changes indicative of nerve damage or muscle dysfunction. We compared the performance of the
78050 - Karabiik, Tiirkiye LTC Neural Network with traditional methods and other neural network-based techniques in
_ Oreid: 0000-0002-1672-0593 detecting muscle fatigue from EMG signals. Our experimental results reveal that the LTC Neural
¢ mail: ferhatatasoy@karabuk.edu.tr Network achieved a high validation accuracy of % 99.72, indicating its effectiveness in identifying
muscle disability. These findings suggest that LTC Neural Networks have the potential to
outperform conventional approaches and provide successful results in the field of EMG-based

muscle fatigue detection.

EMG Tabanli Zaman Sabiti Sinir Aglar1 Kullanarak
Kas Yorgunlugu Bozukluklarinin Tespiti i¢in Yeni Bir
Yaklasim

07/

Son yillarda, Akiskan Zaman Sabiti (AZS) sinir aglari, karmasik, zamana bagli verileri dogru bir
sekilde modelleme konusundaki olaganiistii yetenekleri nedeniyle biiytik ilgi gérmiistiir. Cesitli
alanlardaki uygulamalar1 aragtirilmis olsa da elektromiyografi tabanli kas yorgunlugu veya
sakatlik tespiti icin AZS Sinir Aglarinin kullanilma potansiyeli aragtirilmamistir. Bu aragtirmanin
birincil amaci, AZS sinir aginin bu alana 6zgii zorluklar1 ele almadaki etkinligini gostermek ve
potansiyel avantajlarina dair yeni bilgiler sunmaktir. Bu hedefi ger¢eklestirmek i¢in, hasta
muayeneleri sirasinda elde edilen EMG sinyallerini analiz etmek i¢in bir AZS sinir ag1 kullandik.
Toplanan sinyallerden, Ortalama Mutlak Deger, Dalga Bi¢imi Uzunlugu, Sifir Gegisleri, Egim
Isareti Degisiklikleri ve Merkez Frekansi dahil olmak iizere bes dzelligi hesapladik. Bu dzellikler,
AZS sinir ag1 igin girdi olarak kullanildi. Agin zamansal verilere dayali olarak degerleri tahmin
etme yetenegi, sinir hasar1 veya kas islev bozuklugunun gostergesi olan sinyal degisikliklerini
hassas bir sekilde izlemesini sagladi. EMG sinyallerinden kas yorgunlugunu tespit edebilmek i¢in
AZS sinir agimimn performansini geleneksel yontemlerle ve diger sinir ag1 tabanli tekniklerle
karsilastirdik. Deneysel sonuglarimiz, AZS sinir aginin %99,72'lik yiiksek bir dogrulama basarimu
elde ettigini ve bunun kas sakathigini belirlemedeki etkinligini gosterdigini ortaya koymaktadir.
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Anahtar Kelimeler: Ger¢ek
zamanli yorgunluk analizi, Sporcu
performansi izleme,

Elektromiyografi, Bu bulgular, AZS sinir aglarinin geleneksel yaklasimlardan daha iyi performans gosterme
Akiskan Yapay Sinir Ag1. potansiyeline sahip oldugunu ve EMG tabanli kas yorgunlugu tespitinde basarili oldugunu
gostermektedir
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1. Introduction

Muscle fatigue often occurs during physical activities, leading to diminished performance and an increased
risk of injury [1, 2]. In the literature, there are various methods to detect fatigue using muscle signals and
electromyography (EMG) is the most common method [3]. When muscle contracts, the muscle cells undergo
depolarization. Similarly, when a motor neuron depolarizes, it generates an electrical signal known as the
action potential (AP) that travels along the nerve fiber [4]. A motor unit (MU) comprises a single motor
neuron found in the spinal cord along with all the muscle fibers it controls. When a motor unit is activated,
the AP travels down the motor neuron and reaches the muscle. The point of connection between the nerve
and the muscle is referred to as the neuromuscular junction or motor endplate. Once the AP is transmitted
across the neuromuscular junction, it stimulates all the muscle fibers connected to that specific motor unit.
The overall outcome of this electrical activity is called a motor unit action potential (MUAP), which can be
measured using electromyography (EMG) [4].

When muscles tire and fatigue sets in, the MUAP's features change, and these changes can be detected via
EMG. Hence, EMG is crucial for fatigue detection as it records these electrical activities (MUAPs) in real time,
enabling early detection and analysis of muscle fatigue.

Conventional methods for detecting muscle fatigue, such as frequency domain analysis and amplitude-based
measures, need improved accuracy and real-time detection [5]. Recently, time-constant algorithms are
garnered attention for accurately modelling complex, time-varying data.

One such algorithm, the Liquid Time-Constant (LTC) Neural Network, has demonstrated promising results
across various domains, including speech recognition, image processing, and financial forecasting [6] [7].
This study investigates the potential of utilizing LTC Neural Networks for muscle fatigue detection using
electromyography (EMG) signals.

The novelty of our approach stems from employing LTC neural networks for real-time muscle fatigue
detection, an area not extensively examined in the existing literature. While some studies have explored other
time-constant algorithms like Echo State Networks [5] and Liquid State Machines for related applications
such as gait analysis and motion prediction, their performance in muscle fatigue detection remains
unexplored.

The primary objective of this research is to highlight the effectiveness of LTC Neural Networks in addressing
challenges specific to muscle fatigue detection, such as time-varying data and noisy EMG signals. By
harnessing the capabilities of LTC Neural Networks, we aim to develop a system that monitors muscle fatigue
progression during various physical activities, offering early warning signs to prevent injury.

Through this study, we aspire to present novel insights into the potential advantages of using LTC Neural
Networks for muscle fatigue detection and set the stage for future research in this field.

2. Related Works

EMG-based muscle fatigue detection has been a subject of interest for researchers for many years.
Conventional approaches for detecting muscle fatigue using EMG signals are generally categorized into three
main groups: frequency domain analysis, amplitude-based measures, and time domain features.

Frequency domain analysis is a widely used technique for identifying changes in the spectral content of EMG
signals during muscle fatigue. The power spectral density of EMG signals is computed using methods such as
Fast Fourier Transform or Welch's method. As muscle fatigue progresses, the EMG signal's median and mean
frequency typically decrease while the spectral moments increase. These changes in the spectral content of the
EMG signal are used to assess the level of muscle fatigue.

Amplitude-based measures focus on the EMG signal amplitude changes during muscle fatigue. As fatigue
develops, the amplitude of the EMG signal usually increases due to the recruitment of more motor units and
the increased synchronization of motor unit firing. Common amplitude-based measures include the root
mean square (RMS), integrated EMG, and average rectified value (ARV). These metrics are used to estimate
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the intensity of muscle contractions and provide information about the muscle fatigue level.

Time domain features are derived from the EMG signal's temporal characteristics and provide insights into
muscle contractions' duration and intensity. Some popular time domain features include mean absolute value
(MAV), waveform length (WL), and zero-crossing rate (ZCR). These features are sensitive to changes in
muscle activation patterns and are used to detect the onset and progression of muscle fatigue.

While conventional approaches have been widely employed in EMG-based muscle fatigue detection [6], they
have limitations. For instance, frequency domain analysis is affected by noise and requires a stationary signal
for accurate results. Amplitude-based measures and time domain features are sensitive to variations in
electrode placement and skin impedance, which leads to inconsistent results. Additionally, these conventional
methods are not suitable for real-time detection and may require extensive computational resources, making
them less ideal for practical applications.

Despite these limitations, conventional approaches have contributed significantly to understanding muscle
fatigue and its effects on EMG signals. These methods serve as a foundation for developing more advanced
techniques, such as neural networks and deep learning algorithms, which overcome some limitations and
improve the accuracy of muscle fatigue detection using EMG signals.

Neural networks have emerged as a popular and effective tool for analyzing EMG signals and detecting muscle
fatigue. Various types of neural networks have been implemented in EMG-based muscle fatigue detection,
including feedforward neural networks, recurrent neural networks, and deep learning techniques [8].

Feedforward neural networks consist of multiple layers of interconnected neurons, where information flows
in a single direction from the input layer to the output layer. These models have been used to classify EMG
signals according to different electrode positions on the muscle nerves. Typically, time domain, frequency
domain, or amplitude-based features are extracted from the EMG signals and used as inputs to the model [9].
The model is trained to recognize patterns in the features associated with various stages of muscle fatigue,
enabling accurate classification [10].

Recurrent neural networks (RNNs) are a type of neural network that can process data sequences, making
them suitable for analyzing time-varying signals like EMG. RNNs have been employed to predict the onset
and progression of muscle fatigue based on EMG signals [11, 12]. Long short-term memory (LSTM)
networks, a type of RNN, have also been used for muscle fatigue detection. LSTM:s are designed to overcome
the vanishing gradient problem often encountered in traditional RNNs, allowing them to capture long-range
dependencies in the data effectively.

Deep learning techniques, such as convolutional neural networks (CNNs) and deep belief networks (DBNs),
have gained popularity in recent years for their ability to learn complex features from raw data automatically
[13, 14]. CNNs have been applied to EMG-based muscle fatigue detection by automatically extracting relevant
features from the raw EMG signals [10]. The convolutional layers in a CNN learn to identify local patterns.
In contrast, the pooling layers reduce the spatial dimensions of the feature maps, making the network more
robust to variations in the input data.

DBNs, unsupervised deep learning algorithms, have also been employed in muscle fatigue detection using
EMG signals. DBNs consist of multiple layers of restricted Boltzmann machines (RBMs) and can learn to
represent the data hierarchically. These networks can automatically extract high-level features from the EMG
signals, which can be used for classification or prediction tasks.

The implementations of neural networks in EMG-based muscle fatigue detection have shown promising
results, with higher accuracy and robustness than traditional methods. However, challenges still need to be
solved regarding computational complexity, interpretability, and the need for large amounts of labelled data
for training. As research in this area progresses, it is anticipated that neural network-based methods will
continue to advance and play an increasingly important role in muscle fatigue detection using EMG signals.

Time-constant neural networks, such as Echo State Networks (ESNs), Independent Component Analysis
(ICA) and Liquid Time-Constant (LTC) Neural Networks, have demonstrated potential for improving the
performance of EMG-based muscle fatigue detection. These networks have a unique architecture and learning
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mechanism that allow them to efficiently process time-varying signals, making them well-suited for analyzing
EMG data.

In EMG-based muscle fatigue detection, ESNs and ICAs have been applied to various tasks, such as predicting
muscle fatigue onset and classifying the level of muscle fatigue. Studies have shown that these time-constant
neural networks can outperform traditional methods and other neural network architectures in specific
applications. For instance, one study compared the performance of ESNs, ICAs, and feedforward neural
networks for predicting muscle fatigue onset in isometric contractions. The results indicated that ESNs and
ICAs achieved higher accuracy and lower prediction errors than feedforward neural networks.

In one study, ICAs were used to predict the onset of muscle fatigue during cycling exercises. The ICA-based
method was shown to be low accurate but good performance than other methods, suggesting that it could be
employed for real-time monitoring of athletes during training or competition.

Despite the promising results achieved by ESNs and ICAs, the performance of LTC Neural Networks in EMG-
based muscle fatigue detection has yet to be extensively investigated. However, given their superior
performance in other applications, such as machine vision and financial forecasting, LTC Neural Networks
are able to offer advantages in muscle fatigue detection using EMG signals.

It is important to note that the performance of time-constant neural networks in muscle fatigue detection
using EMG signals is highly dependent on factors such as the specific application, data quality, and the choice
of network architecture and parameters.

3. Methodology

3.1. Data Acquisition and Preprocessing

EMG signals were acquired using an 8-channel surface EMG system with a sampling frequency of 200 Hz and
8-bit resolution. The dataset, collected and provided by Ebied et al. [15], includes 120 seconds of continuous
EMG signals for each subject performing elbow flexion with a 6 kg load and elbow flexed at a 90-degree angle.
A 50 Hz notch filter was applied to the signals to remove powerline interference. Table 1 provides an overview
of the participant demographics, including age, mass, height, and performance in the physical test. This table
offers insight into the physical fitness and baseline characteristics of the 15 healthy young male adults who
participated in the study.

Table 1. Participant demographics

Participant ID Age (years) Mass (kg) Height (cm) Push-ups Pull-ups
Po1 20 71.5 180.0 80 25
P02 22 75.0 179.5 76 20
Po3 23 70.0 178.0 72 18
P04 21 73.0 177.0 85 23
P05 20 74.5 176.5 80 22
P06 22 76.0 175.0 70 17
P07 21 73.5 178.5 75 24
P08 23 72.0 180.0 78 18
P09 20 74.0 179.0 80 21
P10 22 75.5 177.5 68 16
P11 21 73.0 178.0 74 20
P12 23 70.5 176.0 82 19
P13 20 74.5 180.5 75 23
P14 22 76.0 177.0 71 15
P15 21 73.0 179.0 85 24

The EMG signals were preprocessed using a bandpass filter with cutoff frequencies between 20 Hz and 500
Hz to eliminate noise and interference.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2023 Gazi Akademik Yayincilik 547



Bidollahkhania & Atasoy Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

Table 2. sSEMG acquisition setup and parameters

Parameter Value

Device Myo-armband

Electrodes 8 medical grade stainless steel SEMG single differential
Electrode Placement Aligned along the palm side of the wrist

Channel 4 Placement Pronator Teres muscle

Sampling Frequency 200 Hz

Resolution 8 bit signed

Data Transmission Bluetooth Low Energy

Notch Filter 50 Hz

Table 2 summarizes the SEMG acquisition setup and parameters used in the experiment. This includes
information about the device, electrodes, placement, sampling frequency, resolution, data transmission, and
the notch filter applied to the data. The table offers a clear and concise presentation of the technical aspects
of the study. The signals were then segmented into 500-ms windows with a 250-ms overlap between
consecutive windows. These windows served as input for the LTC neural network.

Figure 1. Electrode positioning on the forearm and channel numbers [15]

Figure 1 visually depicts the electrode positioning on the forearm and the corresponding channel numbers.
This illustration is a reference for the standardized electrode placement across all participants, ensuring
consistent data collection.

3.2. LTC Neural Network Architecture and Implementation

The Liquid Time Constant Neural Network (LTC NN) belongs to the category of time-continuous recurrent
neural networks (RNNs) designed to process data in a sequential manner. These networks retain the memory
of past inputs, adapt their behaviors based on new inputs, and possess the ability to handle inputs of varying
lengths, thus improving the task-understanding capabilities of neural networks. LTC NNs demonstrate
enhanced fluidity, robustness, expressiveness, and interpretability when compared to standard artificial
neural networks. They showcase artificial neuroplasticity, meaning they can reorganize their connections and
adjust their structure over time. Moreover, the dynamic architecture of LTC NNs incorporates neurons that
are more expressive compared to those found in regular neural networks [16].

The main strengths of LTCNNS include their superior capability to handle complexity more effectively than
standard artificial neural networks and their proficiency in processing real-time sequential data. LTCNNs
excel at identifying specialized dynamical systems for input features as they arrive at each time-point [7].

The LTC Neural Network architecture comprises a reservoir layer with 500 neurons and a readout layer with
a single output neuron. The network processes a 500-ms window of the preprocessed EMG signal as input
and feeds it into the readout layer to predict the presence and signs of muscle fatigue.
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Table 3. Fatigue evaluation approaches

Approach Parameter Description
Amplitude RMS Root Mean Square is used to analyze temporal and amplitude changes due to fatigue.
Spectral MDF Median Frequency is used to detect frequency shifts and spectral changes.

Table outlines the two approaches used in this study for muscle fatigue evaluation. The Amplitude approach
utilized RMS as a parameter to analyze temporal and amplitude changes due to fatigue, and the Spectral
approach employed MDF to detect frequency shifts and spectral changes. This table highlights the key
differences between these approaches and the respective parameters used. The methodology comprises the
following steps:
e Data Preprocessing

o Load raw EMG data

o Apply a 50 Hz notch filter to eliminate powerline interference

o Segment data into fixed-length windows

e  Feature Extraction

o For each EMG data window, compute the following features per channel:
= Mean absolute value (MAV)
=  Waveform length (WL)
= Zero-crossing (ZC)
= Slope sign changes (SSC)
=  Center Frequency (CF)

o Combine features of all channels to form a feature vector for each window

e Data Partitioning
o Use a leave-one-subject-out cross-validation method to divide data into training and
testing sets

e LTC Neural Network Implementation
o Design the LTC Neural Network architecture, which includes:
= An input layer containing neurons equal to the feature vector size
= A reservoir layer with a predetermined number of neurons (e.g., 500)
= A readout layer with a single output neuron
o Initialize network weights
o Train the network on the training set by:
= Feeding each feature data window into the network and updating the reservoir
state
= Accumulating reservoir states for all windows and using linear regression to
train the readout layer
o  Assess the network's performance on the testing set by:
= Introducing each feature data window into the network and updating the
reservoir state
= Using the trained readout layer to predict the muscle fatigue state for each
window
o Evaluate the network's performance using various metrics, such as accuracy, sensitivity,
specificity, and AUC-ROC.

The LTC Neural Network was implemented using a custom library, which offers a flexible framework for
implementing various types of time-constant algorithms, including ESNs, ICAs, and LTC Neural Networks.
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Figure 2. Demonstration of benchmarking the 5 essential features.

Figure 2 demonstrates how the algorithm loads the EMG signal and calculates the features based on
timestamps. Then these features are processed to automatically find out the key points and symptoms of
fatigue by the neural network.

A quick look at the 5 essential features in Figure 2 is following:

Mean Absolute Value (MAV) [17]:

MAV represents the average rectified value of the EMG signal. It is a widely used descriptor of the overall
amplitude of the EMG signal and indirectly indicates the muscle's contraction level. High MAV values can
suggest intense muscular activity. Why MAV? It provides a simple and quick representation of the general
EMG signal amplitude, which can help in determining the force or strength of muscle contractions.

Waveform Length (WL) [18]:

WL calculates the cumulative length of the EMG signal waveform over a time window. It can indicate the
complexity of the EMG signal. Why WL? An increase in waveform length can be associated with muscle
fatigue or increased muscle activity.

Zero-crossing (ZC) [19]:

ZC counts the number of times the signal crosses zero within the window. It provides information about the
frequency content of the signal. Why ZC? An increase in the number of zero crossings can indicate the
presence of high-frequency components, possibly due to muscle fatigue or external noise.

Slope Sign Changes (SSC) [20]:

SSC counts the number of times the slope of the EMG signal changes sign. This can be an indicator of the
frequency content and the complexity of the EMG signal. Why SSC? Like ZC, SSC can help in detecting
muscle fatigue by identifying the presence of high-frequency components.

Center Frequency (CF) [21]:

CF is the frequency that divides the spectrum of the EMG signal into two regions with equal power. It provides
insight into the dominant frequencies of the signal. Why CF? Shifts in the center frequency can be indicative
of muscle fatigue. As muscles fatigue, there might be a shift towards lower frequencies.

Rationale for Combining Features:

By combining the features of all channels into a single vector for each window, you encapsulate various aspects
of the EMG signal, ranging from amplitude, complexity, to frequency characteristics. This holistic
representation enables the neural network to discern patterns more effectively, enhancing its prediction
performance.

Summary:
The selected feature extraction methods provide comprehensive information on the amplitude, frequency

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2023 Gazi Akademik Yaymncilik 550



Bidollahkhania & Atasoy Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

content, and complexity of the EMG signals, all of which can be crucial for detecting changes in muscle activity
and potential fatigue. This combination ensures that the downstream LTC Neural Network receives a rich set
of inputs, optimizing its ability to accurately predict the muscle's fatigue state.

3.3. Parameter Optimization and Training

A cross-validation approach was employed to optimize the hyperparameters of the LTC Neural Network,
including the spectral radius, input scaling factor, and regularization parameter. The Levenberg-Marquardt
algorithm was used for training the readout layer.

The network was trained on data from 16 subjects and tested on the remaining subject's data using a leave-
one-subject-out cross-validation approach. The training process involved iterative adjustment of the readout
layer weights to minimize the mean squared error between predicted and actual muscle fatigue values.

3.4. Evaluation Metrics and Benchmarking

The LTC Neural Network's performance was assessed using various metrics, including accuracy, sensitivity,
specificity, and the area under the receiver operating characteristic (ROC) curve. The network's performance
was also compared to traditional methods, such as frequency domain analysis and amplitude-based measures.

As a result, the study consists of data acquisition and preprocessing, LTC Neural Network architecture and
implementation, parameter optimization and training, and evaluation metrics and benchmarking. Using
cross-validation and benchmarking against traditional methods ensured that the results were reliable,
providing valuable insights for future research in this area.

Figure 3 shows Motor Unit Action Potential (MUAP) parameters for performance comparison.

Amplitude Baseline Phases Turns Initial Portion Rise Time Spike Duration ~ Total Duration  Terminal Portion Satellite

Figure 3. MUAP parameters performance comparison
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Figure 4. Morphologic parameters of emg signals for fatigue vs normal signals.

The performance of every patient will be assessed using morphological parameters showed in Figure 4, of the
retrieved EMG signals to differentiate signals showing fatigue from normal signals.

It is important to note that the performance of these techniques in muscle fatigue detection using EMG signals
is highly dependent on factors such as the specific application, data quality, and the choice of method
parameters. For instance, traditional methods may perform well in certain applications but struggle with real-
time detection, while neural network-based methods may offer improved accuracy but require more
computational resources.
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4. Experimental Results

In this study, we aimed to investigate the performance of a Time-Constant Neural Network, specifically the
LTC Neural Network, for EMG-based muscle fatigue detection. We implemented the LTC Neural Network
and compared its performance with traditional methods and other neural network-based techniques. The
following section presents an overview of the experimental setup and the results obtained from running the
algorithm.

4.1. Experimental Setup

The EMG dataset used in this study was preprocessed to remove noise and artifacts, and relevant features were
extracted for analysis. The dataset was then divided into training and validation sets. We implemented the LTC
Neural Network using a batch size of 64, and the model was trained on the training set using an appropriate
learning rate and optimization algorithm. The performance of the LTC Neural Network was evaluated on the
validation set at each epoch, and the model with the best validation accuracy was selected for further analysis.

4.2. Results

After running the LTC Neural Network algorithm, we observed that the best performance was achieved at
epoch 48, with a validation accuracy of 0.9972. This high accuracy demonstrates the effectiveness of the LTC
Neural Network in detecting muscle fatigue from EMG signals. It also suggests that the LTC Neural Network
has the potential to outperform traditional methods and other neural network-based techniques in EMG-
based muscle fatigue detection tasks.

Table 4. Performance Comparison of the Proposed Method and Other Similar Approaches

Method Accuracy (%) Sensitivity (%) Specificity (%) AUC-ROC
Proposed method 99.72 99.41 97.15 0.973
Frequency domain 724 82.3 62.5 0.757
analysis [5]

Amplitude-based 85.2 84.6 85.8 0.899
measures [6]

Echo State Network [7]  90.5 92.3 88.8 0.943

As shown in Table 4, the proposed method achieved an accuracy of 99.72%, a sensitivity of 99.41%, a
specificity of 97.15%, and an area under the ROC curve of 0.973. These results demonstrate the effectiveness
of the LTC Neural Network in detecting muscle fatigue using EMG signal processing.

The performance of the proposed method was compared with traditional methods, such as frequency domain
analysis and amplitude-based measures, as well as with an Echo State Network approach. The results show
that the proposed method outperformed all the other methods in terms of accuracy, sensitivity, specificity,
and AUC-ROC.

When comparing the results of the LTC Neural Network with those of other techniques, it is essential to
consider factors such as the specific application, data quality, and method parameters. The high validation
accuracy achieved in this study indicates that the LTC Neural Network is a promising technique for muscle
fatigue detection using EMG signals. However, further research is needed to explore its performance in
different applications and to optimize its parameters for various muscle fatigue detection tasks.

In conclusion, the experimental results obtained in this study demonstrate the potential of the LTC Neural
Network as an effective tool for EMG-based muscle fatigue detection. Its high validation accuracy, coupled
with the advantages of time-constant neural networks, suggests that this technique may provide significant
improvements over traditional methods and other neural network-based approaches in the field of muscle
fatigue detection.

5. Discussion

The results of our study demonstrate that the proposed method, which uses a Liquid Time-Constant (LTC)
Neural Network to detect muscle fatigue using EMG signal processing, achieved high levels of accuracy,
sensitivity, specificity, and AUC-ROC. These results suggest that the proposed method has significant
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potential for practical applications in the field of sports science and physical therapy.

The existing techniques for EMG-based muscle fatigue detection can be broadly categorized into traditional
methods and neural network-based methods. Comparing the performance of these techniques can provide
valuable insights into their strengths and weaknesses and help identify the most suitable method for specific
applications. In this section, we will discuss the critical aspects of these techniques and present a summary of
their performance in various studies.

Traditional EMG-based muscle fatigue detection methods include frequency domain analysis, amplitude-
based measures, and time domain features. These methods have been widely used in research, but they may
have limitations regarding accuracy, real-time detection, and applicability in different scenarios. On the other
hand, neural network-based methods, such as feedforward neural networks, recurrent neural networks, and
time-constant neural networks, have shown potential for improving the performance of muscle fatigue
detection using EMG signals.

In order to provide a comprehensive comparison of the performance of different EMG-based muscle fatigue
detection techniques,

Table 5 summarizes some critical studies and their findings:

Table 5. Comparison of different methods for predicting muscle fatigue and disability
Study Network Task Performance Metrics ~ Comparison with Other
Type Methods

Al-Mulla, M. R, Sepulveda, F., &

Colley, M. (2011) [17] ICA Predicting muscle Low accuracy, Normal Outperforms traditional
Subasi, A., & Kiymik, M. K. (2010) fatigue performance statistical methods
(18]
Batzianoulis, L., El-Khoury, S., - .
Pirondini, E., Coscia, M., Micera, S., &  ESN fParéd:lCtmg muscle ng; atc.curacy, low fOu;I;erforrgsNN
Billard, A. (2017) [19] gue prediction error eedforwar
Predicting muscle High accuracy, low Outperforms Liquid
Proposed method LTC disability (abnormal  prediction error, Time-Constant (LTC)
functioning) robust performance NN

Table 5 presents a comparison of different methods for predicting muscle fatigue and disability, including
Independent Component Analysis (ICA), Echo State Networks (ESN), and the proposed method using Liquid
Time-Constant (LTC) networks. The table highlights the performance metrics and the comparison with other
methods for each study, showcasing the advantages of the proposed method in terms of accuracy, prediction
error, and robustness.

Our study provides insights into the potential of LTC Neural Networks in EMG signal processing for muscle
fatigue detection. Various network configurations were examined, and the results are given in Table 6 and
Table 7. We found the highest performance achieved with a single layer of 500 neurons, outperforming
deeper networks with fewer neurons per layer. As shown in our performance comparison, the proposed
method demonstrates superior accuracy, sensitivity, specificity, and AUC-ROC over traditional methods such
as frequency domain analysis and amplitude-based measures, and even other neural network-based
techniques, including Echo State Networks. The comparison underscores the advantages of our method in
terms of accuracy, sensitivity, specificity, and AUC-ROC, indicating the LTC Neural Network's remarkable
potential for future applications in muscle fatigue detection. However, this performance is tied to factors such
as specific application, data quality, and method parameters, which must be optimized in further research for
different applications.

Table 6. 500 Neurons and different number of layers.

Network Configuration Accuracy
1 layer, 500 neurons 0.99
2 layers, 250 neurons 0.87
3 layers, 167 neurons 0.82
4 layers, 125 neurons 0.78
5 layers, 100 neurons 0.72
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Table 7. 250 Neurons and different number of layers.

Network Configuration Accuracy
1 layer, 250 neurons 0.80
2 layers, 125 neurons 0.93
3 layers, 83 neurons 0.95
4 layers, 62 neurons 0.96
5 layers, 50 neurons 0.96

The proposed method's high accuracy, sensitivity, specificity, and AUC-ROC can be attributed to the ability
of the LTC Neural Network to model complex, time-varying data with remarkable accuracy. The network
architecture consists of a reservoir layer with 500 neurons and a readout layer with a single output neuron,
allowing the network to capture the underlying dynamics of the EMG signals and extract meaningful features
that are indicative of muscle fatigue.

Our study provides insights into the potential of LTC Neural Networks for solving challenges unique to the
field of muscle fatigue detection using EMG signal processing. The proposed method has significant practical
applications for athletes and physical therapy patients, providing real-time monitoring of muscle fatigue to
avoid injury and optimize training regimens.

Furthermore, the application of LTC Neural Networks in other fields, such as healthcare and finance, could
also benefit from the ability of the networks to model complex, time-varying data with remarkable accuracy.

One of the main challenges of the proposed method is the need for a large and diverse dataset to ensure the
robustness and generalizability of the network. The dataset used in our study consisted of only 15 healthy
subjects performing elbow flexion with a 6 Kg load and their elbow flexed to a 90 angle. The effectiveness of
the proposed method on larger and more diverse datasets should be investigated in future research.

Another limitation of the proposed method is the need for careful parameter optimization and training to
ensure the accuracy and reliability of the network. The cross-validation approach used in our study helped to
optimize the hyperparameters of the LTC Neural Network, but further research is needed to determine the
most effective approaches for training and optimizing the network.

6. Conclusion

In this study, we presented a novel approach for detecting muscle fatigue using EMG signal processing and a
Liquid Time-Constant (LTC) Neural Network. The proposed method achieved high levels of accuracy,
sensitivity, specificity, and AUC-ROC, outperforming traditional methods such as frequency domain
analysis, amplitude-based measures, and an Echo State Network approach.

The success of the proposed method can be attributed to the ability of the LTC Neural Network to model
complex, time-varying data with remarkable accuracy and the network architecture, which allows the network
to capture the underlying dynamics of the EMG signals and extract meaningful features that are indicative of
muscle fatigue.

The proposed method has important practical applications for athletes and physical therapy patients,
providing real-time monitoring of muscle fatigue to avoid injury and optimize training regimens. The method
also has significant implications for future research in muscle fatigue detection using EMG signal processing.
In conclusion, our study provides novel insights into the potential of LTC Neural Networks for solving
challenges unique to the field of muscle fatigue detection using EMG signal processing. The proposed method
has significant practical applications and could have important implications for the health and well-being of
athletes and physical therapy patients. Future research directions include investigating the effectiveness of the
proposed method on larger and more diverse datasets and exploring the potential of other time-constant
algorithms in muscle fatigue detection using EMG signal processing.

7. Future Works

Future research directions include investigating the effectiveness of the proposed method on larger and more
diverse datasets and exploring the potential of other time-constant algorithms, such as Echo State Networks,
in muscle fatigue detection using EMG signal processing.
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Furthermore, the application of LTC Neural Networks in other fields, such as healthcare and finance, could
also benefit from further research to determine the effectiveness of the networks in modelling complex, time-
varying data.

Overall, our study provides novel insights into the potential of LTC Neural Networks for solving challenges
unique to the field of muscle fatigue detection using EMG signal processing. The proposed method has
significant practical applications and could have important implications for the health and well-being of
athletes and physical therapy patients.
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ABSTRACT

Human activities are linked to atmospheric pollution and are affected by economic development.
Ground-level ozone has become an important and harmful pollutant for many countries,
adversely affecting public health. As there is a limited number of on-site measurements,
alternative methods are required to accurately estimate ozone concentrations. In this study, a
database containing annual average concentrations of CO», N2O, CO, NOx, SOy, and O3, covering
the years 2008-2018 for ten countries in Europe, was created. Ten different artificial intelligence
regression methods were developed to predict the O; concentration using these variables. The
predictive performance of the developed artificial intelligence models was compared using the
coefficient of determination, mean absolute error, root mean square error, and relative absolute
error criteria. Experimental results show that the Bagging-MLP method has a better predictive
performance than other models in ozone concentration estimation, with an R? value of 0.9994,
mean absolute error of 24.67, root mean square error of 33.85, and relative absolute error of 2.9%.
This study shows that the Os; concentration can be estimated very close to the actual value by
using the Bagging-MLP method, one of the artificial intelligence methods.

Bagging-MLP Yontemiyle Troposferik Ozon
Konsantrasyonunun Tahmini

07/

Insan faaliyetleri atmosfer kirliligi ile baglantilidir ve ekonomik gelismelerden etkilenir. Yer
seviyesindeki ozon birgok iilke i¢cin 6nemli ve zararli bir kirletici haline gelmis olup halk sagligini
olumsuz etkiler. Yerinde yapilan o&lgiimlerin sinirli sayida olmasindan dolayi, ozon
konsantrasyonlarini dogru bir sekilde tahmin etmek i¢in alternatif yontemlere ihtiya¢ vardir. Bu
calismada, Avrupa'da on tilkede 2008-2018 yillarini kapsayan COs, N2O, CO, NOy, SOs, ve O;
yillik ortalama konsantrasyonlarini i¢eren bir veritabani olugturuldu. Bu degiskenleri kullanarak
O; konsantrasyonunu tahmin etmek igin on farkli yapay zeka regresyon yontemi gelistirildi.
Geligtirilen yapay zeka modellerinin tahmin performansi, determinasyon katsayisi, ortalama
mutlak hata, kok ortalama karesel hata ve goreceli mutlak hata olgiitleri kullanilarak
kargilagtirildi. Deneysel sonuglar, Bagging-MLP yonteminin diger modellere gére ozon
konsantrasyonu tahmininde daha iyi bir performansa sahip oldugunu, R? degeri 0.9994, ortalama
mutlak hata 24.67, kok ortalama karesel hata 33.85 ve goreceli mutlak hata ise %2.9 olarak ortaya
koydu. Bu ¢aligma, yapay zeka yontemlerinden olan Bagging-MLP yontemi kullanilarak Os
konsantrasyonunun gergek degere olduk¢a yakin bir sekilde tahmin edilebilecegini
gostermektedir.
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1. Introduction

Ozone (Os), which was discovered in the mid-19" century, is a reactive oxidizing gas that occurs naturally in
trace amounts in the Earth's atmosphere. It is a relatively unstable molecule made up of three atoms of oxygen
(O), blue in color, and has a strong odor. Although ozone represents only a tiny fraction of the atmosphere,
it is crucial for life on Earth and it plays a key role in atmospheric chemistry and the overall radiative balance
of the atmosphere [1]. For example, most of the ozone in the stratospheric ozone layer (a layer 12-48 m above
the Earth) acts as a shield to protect the Earth’s surface from the Sun’s harmful ultraviolet radiation [2].
Approximately 90% of atmospheric ozone is found between the top of the troposphere layer and within the
stratospheric layer at an altitude of about 50 km. The remaining 10% of atmospheric Ozone is present in the
lower parts of the atmosphere (the Troposphere), which is very close to the earth's surface.

The troposphere, which begins at the Earth's surface, is composed of multiple layers and stretches from 8 to
14.5 kilometers above the Earth's surface. When present in high concentrations, tropospheric ozone is a
photochemical oxidizing gas that harms the environment and human health. Tropospheric ozone, which
causes photochemical smog, is a secondary pollutant that forms when the concentration of primary pollutants
like hydrocarbons and nitrogen oxides (NOx) rises during peak hours. At a concentration of 0.15 ppm, it can
cause burning in the eyes and at 0.25 ppm it is considered hazardous to human health [3]. In addition to the
negative effects on human health; oxidizing substances in the atmosphere reduce visibility and it has been
observed by many researchers that tropospheric Os has adverse effects on rubber, plastics, and paints [4].
Furthermore, tropospheric O; is also the third-largest greenhouse gas, contributing about 3%-7% of the
greenhouse effect, and has a substantial impact on climate change [5].

In recent years human activities have caused a dramatic increase in ozone concentrations. In the atmosphere,
ozone is formed only as a result of the reaction between atomic oxygen and molecular oxygen. However, the
troposphere is an environment where many oxidation reactions occur. Under the influence of daylight, the
oxidation of organic molecules in the presence of nitrogen oxides takes place, and the components in the
troposphere tend to move towards a more oxidized state. Thus, the primary product in troposphere chemistry
is thought to be ozone. Ground-level ozone is less concentrated compared to ozone in the upper atmosphere;
however, it is considered more dangerous due to its hazardous nature and the risk it poses to public health
and well-being. Ozone concentration varies between large cities and rural areas, as ozone formation is entirely
related to other pollutants released into the atmosphere. Hence, the determination and modeling of the
relationship between tropospheric ozone concentrations and other components in the atmosphere has been
studied extensively [6-11].

The formation and distribution of ground-level ozone compounds depend on factors such as altitude, land
use type, atmospheric components, and some meteorological factors such as temperature, wind, sunlight,
humidity, and precipitation [12]. Statistical models are used to directly determine the relationships between
the tropospheric ozone concentration and these variables. Based on the temporal and spatial variations in
these factors the models have the potential to predict the ozone concentration when and where monitoring
points are deficient [13].

Artificial intelligence is the general name of computer algorithms that model a problem situation according
to the data belonging to that problem [14]. Artificial intelligence uses the information obtained from previous
experiences, examines the new information in this direction, and constantly tries to improve its performance.
The main purpose of artificial intelligence is to make inferences using the information that already exists
without any additional intervention from the outside and to make these inferences ready to be used in future
estimations or when appropriate [15]. Artificial intelligence algorithms are widely used in most applications
due to their unique nature of problem-solving. Such algorithms deal with the construction of machines that
move automatically by gaining experience, the formation of these algorithms with low computational costs,
the design of new algorithms and the usability of big data have made progress in recent years. Since artificial
intelligence has a very wide usage area, studies on artificial intelligence can be found in nearly every subject
when reviewing the literature [16-28]. Due to artificial intelligence, computers can be programmed to perform
specific tasks or process [29], desired classifications can be made [30-33], models can be designed, and these
models can make predictions about the future [21, 34], based on previous experiences or dataset presented as
examples [35].

It is observed in the literature that ozone concentration is successfully predicted using artificial intelligence
methods. Although studies may have different results based on the methods or data used, overall, they
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demonstrate the successful application of artificial intelligence methods. Juarez and Petersen [36] used
XGBoost, Random Forest (RF), K-Nearest Neighbor Regression (K-NNR), Support Vector Regression (SVR),
Decision Trees (DT), AdaBoost, LSTM, and Linear Regression (LR) methods to predict the ozone level in
Delhi, India. The study utilized a dataset containing 12 air pollutants and 5 weather variables recorded hourly
throughout one year (2015). Each model was trained and tested ten times. The performance of the models
was compared using the determination coefficient (R?) statistical criterion. According to the findings of the
study, the most successful method was XGBoost with an R? value of 0.614. Additionally, predictions were
made based on seasons, and during the winter period, the XGBoost method exhibited an approximate
prediction success rate of 97%

Jumin et al. [37] used LR, Neural Network (NN), and Boosted Decision Tree (BDT) methods to predict the
tropospheric ozone concentration in Malaysia, Kuala Lumpur, and Selangor. The model prediction
performances were compared using the R* statistical criterion. The dataset used in the study consists of
variables such as humidity, wind speed, nitrogen oxide, nitrogen dioxide, sulphur dioxide, carbon monoxide
and ozone. 75% of the dataset was used for training, and 25% for testing. According to the findings of the
study, the most successful method was BDT. The R* values for the proposed method of ozone concentration
in these three regions were determined as 0.87, 0.88, and 0.91, respectively.

Pan et al. [38] used 19 machine learning (ML) methods for predicting ozone pollution. To compare the
prediction performances of the methods, they utilized R?>, RMSE, MAPE, MAE, and J* metrics. The study
employed air pollution and meteorological data collected at King Abdullah University of Science and
Technology in Saudi Arabia. The data was collected every 15 minutes from May 20 - Dec 20, 2020, and Jan
21-Oct 21, 2021. The findings of the study reported that the SVR method outperformed other ML models.

Wang et al. [39] proposed a random forest model for predicting ground-level ozone concentrations in
California. The study utilized Troposphere Monitoring Instrument (TROPOMI) and High-Resolution Rapid
Refresh (HRRR) data. According to the obtained results, it was reported that daily surface ozone
concentration was predicted with an R* value of 84%. Three cross-validation (CV) strategies were applied to
evaluate the model performance.

Yafouz et al. [40] aimed to predict ozone intensity using various ML models such as LR, Tree Regression (TR),
Support Vector Regression (SVR), Gaussian Process Regression (GPR), Ensemble Regression (ER), and
Artificial Neural Network (ANN). The data used in the study was hourly averaged from three different
stations located in Putrajaya, Kelang, and KL on the Malay Peninsula. According to the findings of the study,
the best prediction with an R? value of 0.89 was achieved using LR, SVR, GPR, and ANN methods with the
data obtained from the KL station.

Aljanabi et al. [41] aimed to predict ozone concentration using a combination of meteorological and seasonal
variable data for Amman City in Jordan. For this purpose, they compared MLP, SVR, DTR, and XGBoost
methods. In the study, they reported that MLP outperformed other algorithms and the use of Savitzky-Golay
improved the R* by 50% and the RMSE and MAE by 80%. Feature selection was applied to predict ozone
concentration, and they obtained an approximate R? score of 98%.

To estimate ozone concentrations using artificial intelligence approaches this study created a database that
contains the annual average concentrations of Carbon dioxide (CO,), Carbon monoxide (CO), Nitrous oxide
(N20), Nitrogen oxides (NOx), Sulfur oxides (SOx), and Ozone (O;). Data from 2008 to 2018 was collected
from ten European countries (Czechia, Germany, Greece, Spain, France, Italy, Romania, Switzerland, United
Kingdom, and Turkey) and the accuracy of the predictions was determined. Furthermore, a performance
comparison between the selected artificial intelligence models was conducted to determine the most
successful method.

2. Material and Methods

The summary of the methodologies for data processing is illustrated in Figure 1.
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2.1. Dataset and study area

In this study, data collected from 10 different European countries was used to predict Ozone concentration
with artificial intelligence methods. These countries are Czechia, Germany, Greece, Spain, France, Italy,
Romania, Switzerland, United Kingdom, and Turkey as illustrated on the map in Figure 2.

Figure 2. Countries involved in this study

This study’s dataset includes input variables such as carbon dioxide (CO,), Nitrous oxide (N,O), Carbon
monoxide (CO), Nitrogen oxides (NOx), and Sulfur oxides (SOx) concentrations. The Ozone (O;)
concentration is used as an output (target) variable. The dataset was collected from the Eurostat website, and
it contains the annual average concentrations of selected countries from 2008 to 2018. Input and output
variables are summarized in Table 1.

Table 1. Statistics the of variables in the dataset

CO. N0 CO NOx SOx O3
Minimum 25959.1 9.3 64.9 71.8 59 154.9
1st Quarter 75395.0 17.9 217.6 201.9 137.6 412.7
Median 234325.2 56.2 766.1 680.8 267.9 1578.1
Mean 237126.4 61.7 763.4 914.2 427.7 1409.6
3rd Quarter 315613.1 110.1 1151.0 914.2 437.1 2003.7
Maximum 725664.4 150.3 2190.4 1831.9 2296.7 3563.1
Standard dev. 187421.8 45.7 584.2 493.5 551.8 973.2

2.2. Methods

In this study, nine different regression models were employed to predict ozone concentration with accurately,
and the performance of these methods was compared. The regression models used in the study are presented
in Table 2.
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Table 2. Artificial intelligence regression methods used in this study

Method Abbreviation
Linear Regression LR
Multilayer Perceptron MLP

Support Vector Regression SVR

Fuzzy k-nearest neighbor FKNN
K-Nearest Neighbors KNN
Weighted K-Nearest Neighbors WKNN
Random Forest Regression RFR

Bagging MLP Bagging-MLP
Bagging SVR Bagging-SVR

Used regression methods are briefly described below.
2.2.1. Linear Regression (LR)

LR is describing the linear relationship between a dependent variable and one or more independent variables.
LR involves utilizing weighted samples to construct a prediction model, and it employs least-squares
regression to ascertain linear relationships. The following steps are traced in the LR method:

Weights are calculated from the training dataset (Eq. (1)). Weights should be chosen to minimize errors
(actual output value - predicted output value).

X = wy+ wiay + -+ wiay (1)

Where x is the output value, a is the input value, and w is the weight of each input attribute (a0 is considered
as 1 and w1 is the weight of al).
The Predicted value for the first training instance a(1) is calculated as shown in Eq. (2).

1 1 1
Y=o W]-a]( )= wy + wyal” + -+ wial) @

Lastly, Weights are updated to minimize the squared error between actual output and predicted output as
shown in Eq. (3).

L (x® - 3 wa) (3)

2.2.2. Fuzzy K-Nearest Neighbor (FKNN)

In this method, the concept of fuzzy logic is combined with the k-nearest neighbor technique (KNN). Here,
different degrees of membership values are assigned considering the distance of the KNNs. FKNN consists of
two steps. In the first step, the KNN’s are determined for the training dataset and the fuzzy membership values
are estimated for the feature vector. In the second step, the fuzzy membership value is calculated and assigned
to the unknown test sample [42].

2.2.3. Multilayer Perceptron (MLP)

MLP method is a feedforward neural network. In a multilayer neural network, the neurons are fully
connected, that is, there are connections from the neuron cell in one layer to all the neuron cells in the other
layer. Neurons are mapped from input data to a series of outputs with hidden layers, as shown in Figure 3.
The most popular learning method in a multilayer neural network is backpropagation. To minimize the error
in the output layer, the weights of the neurons between the layers behind are updated with each
backpropagation iteration. So the weights on the connections change over time during learning. After a
certain repetition, the change of weights decreases, from that moment the system has completed the learning
process.
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Figure 3. A schematic diagram of the MLP neural network

An MLP with a hidden layer can be mathematically described by the following equations. Weighted sums of
inputs are calculated using Eq. (4).

u:

N.
;= sy Xy + ag; (4)

Where N is the number of input nodes, Xi is the i input, a;; shows the weight vectors and a; is the bias of the
hidden node.

In Eq. (5), by transforming this sum defined in Equation 4, the outputs of the Z; hidden layer are obtained.
For this g activation function (transfer function) is used.

zi= g(w) (5)

The output of each hidden node is based on the sigmoid function and is defined in Eq. (6).

1
(1+e=%)

g(x) = sigmoid(x) = (6)

The sum-product of the Z; hidden layer’s outputs and the by weight vectors and the b bias term of the output
layer are calculated using Eq. (7).

U = Z?Lhid Zibj + by (7)

Using Eq. (6) and Eq. (7), the final outputs are defined as shown in Eq. (8).

Yo = g(w) (8)
2.2.4. Support Vector Regression (SVR)

SVR is a kernel-based learning algorithm. The basic idea in SVR is to minimize the error by individualizing
the hyperplane where the error is maximized. The kernel function is used to map the input data to a higher
dimensional feature space through nonlinear mapping. Thus, SVR solves a linear regression problem in this
feature space. Although there are different kernel functions, the most commonly used are polynomial, linear,
sigmoid (MLP) and Gaussian (RBF) kernels [43]. In this study, a sequential minimal optimization algorithm
is applied to train the SVR model.

2.2.5. K-Nearest Neighbor (KNN)

KNN is the most popular of the nearest neighbor approaches [44]. When calculating the output value of a test
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sample; first, the distance of the test sample to all training samples is calculated, then the nearest k neighbors
are determined, and finally, the output is determined by averaging the value of these k neighbors [45]. In
addition, distances can be weighted in the KNN algorithm. Euclidian distance is usually used for distance
measurement. In this study, both weighted and unweighted KNN methods were used. Euclidean distance was
used for distance measurement and k value 3 was chosen. Eq. (9) is used to estimate the output value of a test
sample (qs).

fz}v_lam.s,f)z

2.2.6. Random Forest Regression (RFR)

REFR is a tree-based regression method. It is an ensemble learning algorithm developed by Leo Breiman [46]
and consists of a combination of many regression trees. Each tree in the forest is trained using a bootstrap
sample extracted from the training set. The output values predicted by the models that complete the learning
process are combined. In the regression, decisions are aggregated by taking the average of the predicted values.

2.2.7. Bagging (Bootstrap Aggregation)

Bagging is also an ensemble learning algorithm developed by Breiman [47]. The purpose of the bagging
algorithm is to generate a large number of similar training sets by taking a random bootstrap sample from the
training dataset. These subsets are used for training the base learners. To predict the test set, models that have
learned from these subsets are used collectively. Bagging uses averaging to aggregate the outputs of the base

learners [48]. Bagging can be formalized in Eq. (10) and the workflow of the bagging technique is illustrated
in Figure 4.

VBac = %erlﬂ D(x; T;) (10)

In the equation, x is the input and n is the number of bootstrap samples of training set T.

Bootstraping Prediction Aggregating

Training Average f=—=; > @
data —_— %ED@ —— —

Bootstrap Learning
Samples Models

Figure 4. Workflow of the Bagging technique

2.2. Comparison of Models' Performance

In the modeling phase, the dataset is split into two parts apart for training and the other part for testing to
perform model training and to test the prediction performance of the model. K-fold cross-validation is a
technique used to divide the dataset into training and test set. In this method, the data set is divided into
train/test according to the determined number of k. In this study, the k value of 10 was chosen. In other words,
our dataset consisting of 110 samples will be divided into 10 folds. In each iteration, the model will test the
training process with 99 samples (90%) and the prediction performance of the model with the remaining 11
samples (10%). After 10 iterations are completed, the error of the model is calculated by taking the average.
Hence, CV helps to estimate the error of the model and to select the best model. In the CV technique, the
entire dataset is used for both training and testing, thus eliminating bias. This method is useful for small
datasets as the training and testing process of models is time-consuming. The process of CV is illustrated in
Figure 5.
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Figure 5. Diagram of k-fold CV with k=10

The performances of the methods used in the study in predicting the Ozone concentration were compared
according to the evaluation criteria of R? root mean square error (RMSE), mean absolute error (MAE), and
relative absolute error (RAE). These metrics are expressed mathematically as in Eqs. (11-14), respectively:

R? = 1 _ Zea@p)?

> (ai-a)? (11)
n oo 32
RMSE = Liypimad)® (12)
n
MAE = Yi—qlpi—ail (13)
n
_ Ylpi-ail
RAE = —Z?=1I6—ail (14)

In the above equations, p is the predicted value, a is the actual value and @ is the mean of the actual values.
The above three error measurement criteria (RMSE, MAE, RAE) should be lower. Error is zero indicates that
it is a statistically perfect model. The R> measures how well the predicted values match the actual values. In
other words, this value should be high since it shows the predictive accuracy of the model.

3. Experimental Results

In this study, the prediction performances of various regression techniques were evaluated and compared to
determine the most successful artificial intelligence regression method in estimating O; concentration. Firstly,
the cross-correlation of the variables in the dataset, density plots, and 2D density charts are presented in
Figure 6.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 564



Cihan, Ozcan & Ongen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

NOx SOx O3
2.5e-06-
2.0e-06-
1.5e-06- Corr Corr Corr 3
1.0e-06- 0.956*** 0332" 0.954***
5.0e-07-
0.0e+00~
Corr Corr: Corr. z
0.754* 0.485** 0.844™ °
Corr Corr Corr 8
0.840*** 0.335** 0.886***
Corr Corr
0.293** 0.984*** §
B

il

500 1000 1500 2000 O 500 1000 1500 O 500 1000 15002000 O 1000 2000 3000

1000~

Corr
0.410**
.

06400 2¢305 4e305 6ers
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In Figure 6, it is seen from the density plots of the input variables that they do not have a normal distribution.
The CO, variable has very high values compared to other variables (see Table 1). The fact that the value ranges
of the input variables are different, especially the features with high values such as that of CO,, affects the
success of the methods that are based on distance measurement. This is because variables with high values
tend to overshadow the impact of variables with lower values. Box-plot graphs of the input variables are given

in Figure 7.
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Figure 7. Boxplot of (A) original dataset and (B) normalized dataset

Below, the impacts of each input variable on the target variable are presented.
Effect of Nitrogen oxides (NOx):

NOy is a powerful greenhouse gas that is produced during fossil fuel combustion and biomass burning. In the
troposphere, NO, is the main source that provides the oxygen atoms necessary for O; formation. NO; is
broken down into NO and oxygen atoms by sunlight. Then the oxygen atom combines with the oxygen
molecule to form Os. Therefore, it is expected that there will be a strong correlation between NO, and Os.
Figure 6 shows that NO; exhibits a strong influence on O3, with a correlation of 0.984. Figure 8 illustrates the
scatter diagram of NO, versus O; and includes the fitted linear regression model. The result of the predictive
model for the dataset is O3 = 1.9405 * NOx + 88.652. The regression function's slope indicates that a unit
increase in NOx is associated with a rise of 1.9405 thousand tonnes in Os. It is seen that when NOy increases,
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O; concentration also increases.
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Figure 8. Scatter diagram of NOx vs. O3 in thousand tones

Effect of Carbon dioxide (CO;):

CO,, a major greenhouse gas, is emitted by both human activities like deforestation and burning fossil fuels,
and natural processes including respiration and volcanic eruptions. The second most effective factor for the
formation of Os is CO, with a correlation coefficient of 0.954 (Figure 6). Figure 9 shows the scatter diagram
and the linear regression model that fits the data of CO; vs. Os. The result of the predictive model for the
dataset is O3 = 0.005 * CO, + 234.4. The slope of the function shows that the unit increase in CO, corresponds
to an increase in O; of 0.0005 thousand tones. When all other variables are held constant, the performance is
improved with the presence of CO,.
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Figure 9. Scatter diagram of CO vs. O; in thousand tones
Effect of Nitrous Oxide (N-O):

N:O is a substantial contributor to global warming as a greenhouse gas. When considered per molecule over
100 years, nitrous oxide has approximately 265 times the heat-trapping capacity of CO; in the atmosphere.
However, due to its lower concentration, its overall contribution to the greenhouse effect is less than one-
third that of CO,. Nitrous oxide is emitted as a by-product of burning fossil fuels, though the quantity released
varies depending on the type of fuel used. The linear relationship between N,O and O;, shows another high
correlation of 0.844 with ozone, as seen in Figure 10. The result of the predictive model for the dataset is O;
=17.972* N,O + 300.16.
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Figure 10. Scatter diagram of N>O vs. Os in thousand tones

Effect of Carbon monoxide (CO):

CO is a colorless, odorless, tasteless, flammable gas that results from the incomplete combustion of carbon.
CO could play roles with potential impacts on climate change. It indirectly influences radiative forcing by
increasing the concentrations of direct greenhouse gases like methane and tropospheric ozone. Natural
atmospheric processes lead to the oxidation of CO to carbon dioxide and ozone [49]. This variable shows
another high correlation of 0.886 with Os. The result of the predictive model for the dataset is O; = 1.4762 *
CO + 282.65. The linear relationship between CO and Os is shown in Figure 11.

y=1,4762x + .282,65 o ."
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Figure 11. Scatter diagram of CO vs. Os in thousand tones

Effect of Sulfur Oxides (SO.):

SOy, which stands for compounds composed of sulfur and oxygen molecules. The main form found in the
lower atmosphere is sulfur dioxide (SO2). It is a colorless gas that can be detected at concentrations ranging
from 1,000 to 3,000 ug/m3 due to its distinct odor and taste. The majority of sulfur dioxide is generated by
burning fuels containing sulfur or by roasting metal sulfide ores, while natural sources like volcanoes also
contribute to sulfur dioxide emissions, accounting for 35-65% of the total. In comparison to other variables
in the dataset, SO show the weakest correlation with O (0.41). Figure 12 shows the scatter diagram and the
linear regression model that fits the data of SOy vs. Os. The result of the predictive model for the dataset is Os
=0.7231 * SOy + 1100.3. The slope of the regression function shows that the unit increase in SOx corresponds
to an increase of 0.7231 thousand tones in Os. From the correlation value and as seen in Figure 12, SOy is not
self-sufficient for estimation.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 567



Cihan, Ozcan & Ongen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

4000
3500 °
&o
3000 8 i y=0,7231x + 1100,3
2500 S
3" 2000 00d® o
1500
1000 o
o
500 ‘. 0°
0 0
0 500 1000 1500 2000 2500
S0,

Figure 12. Scatter diagram of SOx vs. O3 in thousand tones

Ozone concentration was estimated with different artificial intelligence regression methods and the
prediction performances of these models were compared to each other in Table 3. Since the dataset does not
have a normal distribution, the data were normalized with the min-max normalization technique. The
original dataset and the normalized dataset estimations were made separately, and the results obtained are
presented in comparison in Table 3.

Table 3. Comparison of the prediction results of the models for the original and normalized dataset

Method Original Data Normalized Data
R? MAE RMSE RAE (%) R* MAE RMSE RAE (%)

LR 0.9984 42.266 54.586 4.962 0.9984 0.0124 0.0160 4.962
MLP 0.9990 34.618 44.356 4.064 0.9990 0.0102 0.0130 4.064
SVR 0.9983 42.241 56.889 4.959 0.9983 0.0124 0.0167 4.946
FKNN 0.9967 46.576 80.735 5.467 0.9967 0.0137 0.0237 5.467
KNN 0.9957 54.663 90.653 6.417 0.9957 0.0160 0.0266 6.417
WKNN 0.9962 48.906 85.676 5.741 0.9967 0.0137 0.0237 5.467
RFR 0.9972 46.620 72.764 5.473 0.9973 0.0135 0.0212 5.385
Bagging-MLP 0.9994 24.668 33.846 2.896 0.9994 0.0072 0.0099 2.896
Bagging-SVR 0.9984 43.016 55.544 5.049 0.9983 0.0125 0.0169 5.007

Table 4 presents the predicted and actual ozone values for the Bagging-MLP method, which outperforms
other methods. The study employed the CV technique, and it provides separate data for actual and estimated
ozone values (thousand tons) as well as errors for each iteration. When Table 4 is examined, it is seen that the
Ozone values estimated by the Bagging with MLP method are quite close to the actual and therefore the
estimation errors are quite low.
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Table 4. Actual and predicted values for each CV iteration of Bagging-MLP

Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5

Actual  Predicted Error | Actual Predicted Error | Actual Predicted Error | Actual Predicted Error Actual  Predicted Error

561.8 598.2 36.3 412.7 411.5 -1.3 670.9 678.0 7.0 2095.4 2105.0 9.6 2862.0 2930.0 68.1
1589.0 1614.9 259 2120.0 2086.5 -33.5 3563.1 3446.2 -116.9 1479.6 1439.3 -40.3 422.6 433.2 10.6
1592.6 1603.7 11.1 1699.4 1691.3 -8.2 2046.3 2014.2 -32.1 3133.6 3156.5 229 405.8 415.4 9.6
3359.9 3252.6 -107.2 2158.7 2149.8 -8.9 175.2 155.9 -19.3 2595.7 2597.5 1.9 2118.0 2126.0 8.0
1462.6 1396.2 -66.5 295.0 323.0 28.0 380.2 380.7 0.5 323.4 336.5 13.2 2254.9 2249.0 -5.9
2276.7 2280.2 35 186.5 156.6 -29.8 169.7 155.2 -14.5 1817.8 1815.6 =22 452.9 471.5 18.6
1989.7 1982.3 -7.4 413.7 414.5 0.8 172.9 156.7 -16.2 1915.7 1968.1 52.4 3189.1 3209.1 19.9

557.6 561.8 4.2 2028.5 2030.4 2.0 1515.5 1481.2 -34.3 177.8 152.6 -25.2 1482.6 1465.0 -17.6

394.1 394.3 0.2 163.9 143.4 -20.5 388.6 410.4 219 3141.0 3178.0 37.0 702.0 724.8 22.8

378.6 384.1 55 158.9 140.9 -18.0 334.3 357.5 232 503.5 525.4 219 2908.6 2984.2 75.5
1739.6 1755.2 15.6 1889.2 1851.0 -38.2 1884.8 1831.1 -53.8 173.9 154.2 -19.6 156.6 143.0 -13.6

Iteration 6 Iteration 7 Iteration 8 Iteration 9 Iteration 10

Actual  Predicted Error | Actual Predicted Error | Actual Predicted Error | Actual Predicted Error Actual  Predicted Error

1815.1 1811.3 -3.8 464.0 466.2 22 1508.9 1468.8 -40.2 1476.6 1484.0 7.4 1891.6 1880.2 -11.4
1471.8 1441.6 -30.1 1508.4 1454.8 -53.5 1487.7 1465.7 -22.0 1872.5 1850.7 -21.8 1796.6 1795.3 -13
3272.1 3261.1 -11.0 | 2008.4 2032.7 24.3 340.9 361.7 20.8 | 2240.8 2315.7 74.9 395.6 400.2 4.6
424.4 414.2 -10.2 389.2 378.2 -11.0 1651.4 1670.3 18.9 1567.1 1534.2 -32.9 1707.0 1702.9 -4.1
1659.6 1668.6 9.1 155.2 142.6 -12.6 | 24247 2468.4 43.7 393.0 391.9 -1.1 1892.0 1818.2 -73.9
1918.2 19323 14.2 434.0 440.7 6.7 384.1 380.9 -3.2 1521.5 1531.7 10.2 1781.0 1803.8 229
416.6 3934 -233 1929.9 1949.8 20.0 1892.7 1798.2 -94.4 304.5 3334 28.9 1687.5 1703.1 15.7
2521.3 2520.4 -0.8 | 21264 2164.2 37.8 | 22475 2269.1 21.5 | 25709 2627.9 57.0 1918.6 1983.7 65.1
1871.1 1802.4 -68.7 154.9 140.3 -14.6 412.6 418.3 57 1603.9 1553.9 -50.0 | 3062.8 3099.6 36.8
3204.7 32413 36.7 434.3 419.0 -15.3 311.6 342.6 31.0 1987.8 2039.1 51.3 431.2 426.6 -4.6
1971.8 1986.9 15.1 415.8 420.7 4.8 411.0 421.4 10.4 | 2949.2 2931.0 -18.2 | 33253 32721 -53.3

3. Conclusion and Discussion

In this work, the temporal variation of the most important air pollutant, Os;, was examined, and the
relationship of Os components with other air pollutants was investigated, to model these pollutants using
various artificial intelligence methods. The findings obtained in the study are summarized below.

A strong correlation of 0.956 is observed between NOx and CO,, which is highest correlation among the input
variables. Also, the highest correlation with the target variable (O;) is observed with NOy (0.984). A high and
significant correlation is also observed with CO, (0.954), N,O (0.844), and CO (0.886) with the target variable
(Os). From Figure 6, it can be observed that SOx has a relatively weak correlation (0.41) with O3. However,
this level of correlation is still adequate for individual estimation. The order of correlations of the data set with
Os;was NO, > CO2 > CO > N20 > SO..

When reviewing the literature on the subject, it becomes apparent that the application of machine learning
algorithms in air pollution studies largely centers around the temporal estimation of air pollutant gas
concentrations. In a study by Gao et al. [50], the R? value was found to be 0.80 in ozone estimation. Jia et al.
[51], tried to predict ozone with artificial neural networks using different model structures in their work. The
R? values obtained in the study vary between 0.89 and 0.92. They found the correlation coefficients in values
ranging from 0.40 to 0.60. Liu et al. [13], tried to predict long-term ozone concentrations using ML algorithms
in their work. The R* values of the ML model results used in the study ranged from 0.60 to 0.87. Considering
these values, it is seen that the statistical results obtained in this study are compatible with the literature (Table
5).
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Table 5. Summary and comparison of studies based on predicting ozone concentration

Reference Study Area Best Model R?

[36] Delhi XGBoost 0.614

[37] Malaysia, Kuala Lumpur, Selangor BDT 0.87,0.88,0.91
[38] Saudi Arabia SVR 0.924

[39] California RF 0.84

[40] Malaya LR, SVR, GPR, ANN  0.89

[41] Amman MLP 0.98

[50] Hebei ANN 0.80

[51] Lanzhou CANN 0.89-0.92
[13] Beijing-Tianjin-Hebei, XGBoost 0.60 - 0.87

Yangtze River Delta, Sichuan Basin, Pearl
River Delta, Jianghan Plain, Northeast Plain
Our study Czechia, Germany, Greece, Spain, France, Bagging-MLP 0.9994
Italy, Romania, Switzerland, United Kingdom,
Turkey

A review of studies in the literature reveals that ozone concentrations have been predicted using different
regions, various methods, or distinct features. Consequently, while the findings from these studies may vary,
there is a general consensus that artificial intelligence methods have been successful in predicting ozone
concentration.

Upon examining the experimental results in this study (Table 3), it becomes evident that the Bagging-MLP
method was the most successful in estimating Os levels. A comparison between the O; values predicted by the
proposed Bagging-MLP method and the actual values (Table 4) demonstrates a close alignment between the
two. These findings indicate that estimation systems employing the Bagging-MLP method can predict O;
levels with minimal error.

Estimation performances of the normalized dataset and the original dataset were compared, the error of the
SVR, FKNN, RFR, and Bagging-SVR methods for the normalized dataset decreased. However, this decrease
is less than 1%. In the Bagging-MLP prediction model, there is no difference in the success of the estimations
for Os concentration in the original dataset and the normalized dataset, however, the results obtained show
that when compared to other regression methods it is the most successful method.

The use of a limited sample size in this study is acknowledged as a limitation. To address this constraint, we
employed 10 cross-validation techniques to ensure the reliability of results and mitigate issues such as
overfitting. Cross-validation is a validation method that involves dividing the dataset into smaller subsets and
training and testing the model on these subsets. This helps improve the model's generalization and reduces
misleading results arising from the restricted sample size.

There are many studies in the literature on the distribution of air pollutants in the atmosphere and their
relations with each other. For this reason, modeling studies are important in the follow-up of the long-term
relationships of air pollutants with each other. The results obtained in this study show that the relationship of
ozone with other air pollutants can be successfully predicted by artificial intelligence methods.

Conflict of Interest Statement
The authors declare that there is no conflict of interest.

References

[1] M. O. Andreae and P. J. Crutzen, "Atmospheric aerosols: Biogeochemical sources and role in atmospheric chemistry," Science, vol.
276, no. 5315, pp. 1052-1058, 1997.

[2] H. K. Ozcan, E. Bilgili, U. Sahin, O. N. Ucan, and C. Bayat, "Modeling of trophospheric ozone concentrations using genetically trained
multi-level cellular neural networks," Advances in Atmospheric Sciences, vol. 24, no. 5, pp. 907-914, 2007. doi:10.1007/s00376-007-0907-

Y

[3] O. P. Tripathi et al, "An assessment of the surface ozone trend in Ireland relevant to air pollution and environmental protection,”
Atmospheric Pollution Research, vol. 3, no. 3, pp. 341-351, 2012. doi:10.5094/APR.2012.038

[4] Z. Feng, E. Hu, X. Wang, L. Jiang, and X. Liu, "Ground-level O3 pollution and its impacts on food crops in China: a review,"
Environmental Pollution, vol. 199, pp. 42-48, 2015. d0i:10.1016/j.envpol.2015.01.016

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 570



Cihan, Ozcan & Ongen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

[5] R. Tang, X. Huang, D. Zhou, H. Wang, J. Xu, and A. Ding, "Global air quality change during the COVID-19 pandemic: Regionally
different ozone pollution responses COVID-19: #FIFHBE R IKESHREL(L: REMMNKIXIHBIESR," Atmospheric and Oceanic
Science Letters, vol. 14, no. 4, p. 100015, 2021. doi:10.1016/j.20s1.2020.100015

[6] Y. Ma, B. Ma, H. Jiao, Y. Zhang, J. Xin, and Z. Yu, "An analysis of the effects of weather and air pollution on tropospheric ozone using
a generalized additive model in Western China: Lanzhou, Gansu," Atmospheric Environment, vol. 224, p. 117342, 2020.
doi:10.1016/j.atmosenv.2020.117342

[7] X. Ren, Z. Mi, and P. G. Georgopoulos, "Comparison of Machine Learning and Land Use Regression for fine scale spatiotemporal
estimation of ambient air pollution: Modeling ozone concentrations across the contiguous United States," Environment International,
vol. 142, p. 105827, 2020. doi:10.1016/j.envint.2020.105827

[8] X. Yang et al., "Summertime ozone pollution in Sichuan Basin, China: Meteorological conditions, sources and process analysis,"
Atmospheric Environment, vol. 226, p. 117392, 2020. doi:10.1016/j.atmosenv.2020.117392

[9] A. Yerramilli et al, "Simulation of surface ozone pollution in the Central Gulf Coast region during summer synoptic condition using
WREF/Chem air quality model," Atmospheric Pollution Research, vol. 3, no. 1, pp. 55-71, 2012. doi:10.5094/APR.2012.005

[10] T. Zhang et al., "Modeling the joint impacts of ozone and aerosols on crop yields in China: An air pollution policy scenario analysis,"
Atmospheric Environment, vol. 247, p. 118216, 2021. doi:10.1016/j.atmosenv.2021.118216

[11] M. Zunckel et al., "Modelled surface ozone over southern Africa during the cross border air pollution impact assessment project,”
Environmental Modelling & Software, vol. 21, no. 7, pp. 911-924, 2006. doi:10.1016/j.envsoft.2005.04.004

[12] Y. Fuand A. Tai, "Impact of climate and land cover changes on tropospheric ozone air quality and public health in East Asia between
1980 and 2010," Atmospheric Chemistry and Physics, vol. 15, no. 17, pp. 10093-10106, 2015. doi:10.5194/acp-15-10093-2015

[13] R. Liu, Z. Ma, Y. Liu, Y. Shao, W. Zhao, and J. Bi, "Spatiotemporal distributions of surface ozone levels in China from 2005 to 2017:
A machine learning approach," Environment international, vol. 142, p. 105823, 2020. doi:10.1016/j.envint.2020.105823

[14] S. Amini and S. Mohaghegh, "Application of machine learning and artificial intelligence in proxy modeling for fluid flow in porous
media," Fluids, vol. 4, no. 3, p. 126, 2019. d0i:10.1016/j.envint.2020.105823

[15] M. Meroni, F. Waldner, L. Seguini, H. Kerdiles, and F. Rembold, "Yield forecasting with machine learning and small data: what gains
for grains?," Agricultural and Forest Meteorology, vol. 308, 2021. doi:10.1016/j.agrformet.2021.108555

[16] B. Dietrich, J. Walther, M. Weigold, and E. Abele, "Machine learning based very short term load forecasting of machine tools,"
Applied Energy, vol. 276, p. 115440, 2020. doi:10.1016/j.apenergy.2020.115440

[17] M. Cheng, F. Fang, T. Kinouchi, I. Navon, and C. Pain, "Long lead-time daily and monthly streamflow forecasting using machine
learning methods," Journal of Hydrology, vol. 590, p. 125376, 2020. d0i:10.1016/j.jhydrol.2020.125376

[18] V. Chandran et al., "Wind power forecasting based on time series model using deep machine learning algorithms," Materials Today:
Proceedings, vol. 47,2021. doi:10.1016/j.matpr.2021.03.728

[19] S. George and A. Dixit, "A machine learning approach for prioritizing groundwater testing for per-and polyfluoroalkyl substances
(PFAS)," Journal of Environmental Management, vol. 295, p. 113359, 2021. doi:10.1016/j.jenvman.2021.113359

[20] L. Nevasalmi, "Forecasting multinomial stock returns using machine learning methods," The Journal of Finance and Data Science,
vol. 6, pp. 86-106, 2020. doi:10.1016/j.jfds.2020.09.001

[21] P. Cihan, "Forecasting fully vaccinated people against COVID-19 and examining future vaccination rate for herd immunity in the
US, Asia, Europe, Africa, South America, and the World," Applied Soft Computing, vol. 111, p. 107708, 2021.
doi:10.1016/j.as0¢.2021.107708

[22] P. Cihan, "Fuzzy rule-based system for predicting daily case in covid-19 outbreak," in 2020 4th International Symposium on
Multidisciplinary Studies and Innovative Technologies (ISMSIT), 2020: IEEE, pp. 1-4. doi:10.1109/ISMSIT50672.2020.9254714

[23] P. Cihan, H. Ozel, and H. K. Ozcan, "Modeling of atmospheric particulate matters via artificial intelligence methods," Environmental
Monitoring and Assessment, vol. 193, pp. 1-15, 2021. doi:10.1007/s10661-021-09091-1

[24] P. Cihan, O. Kalipsiz, and E. Gokge, "Hayvan Hastalig1 Teshisinde Normalizasyon Tekniklerinin Yapay Sinir Ag1 ve Ozellik Se¢im
Performansina Etkisi," Electronic Turkish Studies, vol. 12, no. 11, 2017. doi:10.7827/TurkishStudies.11902

[25] P. Cihan and Z. B. Ozger, "A new heuristic approach for treating missing value: ABCIMP," Elektronika ir Elektrotechnika, vol. 25,
no. 6, pp. 48-54, 2019. doi:10.5755/j01.eie.25.6.24826

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 571



Cihan, Ozcan & Ongen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

[26] P. Cihan and Z. B. Ozger, "A new approach for determining SARS-CoV-2 epitopes using machine learning-based in silico methods,"
Computational Biology and Chemistry, vol. 98, p. 107688, 2022. doi:10.1016/j.compbiolchem.2022.107688

[27] P. Cihan, E. Gokce, and O. Kalipsiz, "A review of machine learning applications in veterinary field," Kafkas Universitesi Veteriner
Fakultesi Dergisi, vol. 23, no. 4, 2017. di:10.9775/kvfd.2016.17281

[28] P. Cihan, "The machine learning approach for predicting the number of intensive care, intubated patients and death: The COVID-
19 pandemic in Turkey," Sigma Journal of Engineering and Natural Sciences, vol. 40, mno. 1, pp. 85-94, 2022.
doi:10.14744/sigma.2022.00007

[29] T.F. Covaand A. A. Pais, "Deep learning for deep chemistry: optimizing the prediction of chemical patterns," Frontiers in chemistry,
vol. 7, p. 809, 2019. doi:10.3389/fchem.2019.00809

[30] M. Ani, G. Oluyemi, A. Petrovski, and S. Rezaei-Gomari, "Reservoir uncertainty analysis: The trends from probability to algorithms
and machine learning," in SPE Intelligent Energy International Conference and Exhibition, 2016: OnePetro. doi:10.2118/181049-MS

[31] P. Cihan and H. Coskun, "Performance comparison of machine learning models for diabetes prediction," in 2021 29th Signal
Processing and Communications Applications Conference (SIU), 2021: IEEE, pp. 1-4. doi:10.1109/SI1U53274.2021.9477824

[32] P. Cihan, O. Kalipsiz, and E. Gokge, "Yenidogan kuzularda bilgisayar destekli tany," Pamukkale Universitesi Miihendislik Bilimleri
Dergisi, vol. 26, no. 2, pp. 385-391, 2020. doi:10.5505/pajes.2019.51447

[33] Z. B. Ozger and P. Cihan, "A novel ensemble fuzzy classification model in SARS-CoV-2 B-cell epitope identification for development
of protein-based vaccine," Applied soft computing, vol. 116, p. 108280, 2022. doi:10.1016/j.as0¢.2021.108280

[34] P. Cihan, "Impact of the COVID-19 lockdowns on electricity and natural gas consumption in the different industrial zones and
forecasting consumption amounts: Turkey case study," International Journal of Electrical Power ¢ Energy Systems, vol. 134, p. 107369,
2022. doi:10.1016/j.ijepes.2021.107369

[35] E. E. Ozbas, D. Aksu, A. Ongen, M. A. Aydin, and H. K. Ozcan, "Hydrogen production via biomass gasification, and modeling by
supervised machine learning algorithms," International Journal of Hydrogen Energy, vol. 44, no. 32, pp. 17260-17268, 2019.
doi:10.1016/j.ijhydene.2019.02.108

[36] E. K. Juarez and M. R. Petersen, "A comparison of machine learning methods to forecast tropospheric ozone levels in Delhi,"
Atmosphere, vol. 13, no. 1, p. 46, 2021. d0i:10.3390/atmos13010046

[37] E. Jumin et al., "Machine learning versus linear regression modelling approach for accurate ozone concentrations prediction,"
Engineering Applications of Computational Fluid Mechanics, vol. 14, no. 1, pp. 713-725, 2020. doi:10.1080/19942060.2020.1758792

[38] Q. Pan, F. Harrou, and Y. Sun, "A comparison of machine learning methods for ozone pollution prediction," Journal of Big Data,
vol. 10, no. 1, p. 63, 2023. doi:10.1186/540537-023-00748-x

[39] W. Wang, X. Liu, J. Bi, and Y. Liu, "A machine learning model to estimate ground-level ozone concentrations in California using
TROPOMI data and high-resolution meteorology," Environment International, vol. 158, p. 106917, 2022.
doi:10.1016/j.envint.2021.106917

[40] A. Yafouz et al, "Comprehensive comparison of various machine learning algorithms for short-term ozone concentration
prediction," Alexandria Engineering Journal, vol. 61, no. 6, pp. 4607-4622, 2022. doi:10.1016/j.a€j.2021.10.021

[41] M. Aljanabi, M. Shkoukani, and M. Hijjawi, "Ground-level ozone prediction using machine learning techniques: A case study in
Amman, Jordan," International Journal of Automation and Computing, vol. 17, pp. 667-677, 2020. doi:10.1007/s11633-020-1233-4

[42] D. T. Bui, Q. P. Nguyen, N.-D. Hoang, and H. Klempe, "A novel fuzzy K-nearest neighbor inference model with differential evolution
for spatial prediction of rainfall-induced shallow landslides in a tropical hilly area using GIS," Landslides, vol. 14, no. 1, pp. 1-17, 2017.
d0i:10.1007/s10346-016-0708-4

[43] M. O. Elish, "A comparative study of fault density prediction in aspect-oriented systems using MLP, RBF, KNN, RT, DENFIS and
SVR models," Artificial Intelligence Review, vol. 42, no. 4, pp. 695-703, 2014. doi:10.1007/s10462-012-9348-9

[44] P. Kumar, M. Folk, M. Markus, and J. C. Alameda, Hydroinformatics: data integrative approaches in computation, analysis, and
modeling. CRC Press, 2005.

[45] J. Han and M. Kamber, "Data mining concepts and techniques, Morgan Kaufmann Publishers," San Francisco, CA, pp. 335-391,
2001.

[46] L. Breima, "Random Forests. Machine Learning," 2010.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 572



Cihan, Ozcan & Ongen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

[47] L. Breiman, "Bagging predictors," Machine learning, vol. 24, no. 2, pp. 123-140, 1996.

[48] J. D’Haen, D. Van den Poel, and D. Thorleuchter, "Predicting customer profitability during acquisition: Finding the optimal
combination of data source and data mining technique," Expert systems with applications, vol. 40, no. 6, pp. 2007-2012, 2013.

[49]J. C. W. W. W. Carole and N. Beale, Global climate change linkages: acid rain, air quality, and stratospheric ozone. Springer Science
& Business Media, 1989.

[50] S. Gao et al., "Simulation of surface ozone over Hebei province, China using Kolmogorov-Zurbenko and artificial neural network
(KZ-ANN) combined model," Atmospheric Environment, vol. 261, p. 118599, 2021. doi:10.1016/j.atmosenv.2021.118599

[51] B. Jia, R. Dong, and J. Du, "Ozone concentrations prediction in Lanzhou, China, using chaotic artificial neural network,"
Chemometrics and Intelligent Laboratory Systems, vol. 204, p. 104098, 2020. doi:10.1016/j.chemolab.2020.104098

This is an open access article under the CC-BY license  [(cc) Q

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 573



Research Article/Arastirma Makalesi

gazz’

OURNAL OF ENGINEERING SCIENCES,

GAZI

Gazi

JOURNAL OF ENGINEERING SCIENCES

Keywords: Time series prediction,
monthly mean temperature,
ARIMA, SARIMA, LSTM,
Autocorrelation Function (ACF),
Partial Autocorrelation Function
(PACF)

aMeteoroloji Genel Midirlagii - 06120
Ankara, Tiirkiye

Orcid: 0000-0003-2491-327X

e mail: hkocak@gmail.com

"Corresponding author:
hkocak@gmail.com

Anahtar Kelimeler: Zaman serileri
tahmini, ayhik ortalama sicaklik,
ARIMA, SARIMA, LSTM,
Autocorrelation Function (ACF),
Partial Autocorrelation Function
(PACF)

Time Series Prediction of Temperature Using
Seasonal ARIMA and LSTM Models

Hakan Kocak™
Submitted: 18.05.2023 Revised: 25.08.2023 Accepted: 29.09.2023 doi:10.30855/gmbd.0705088

ABSTRACT

Precise quantitative understanding and monitoring of temperature is indispensable due to its
tremendous impact on almost every aspect of our lives. This work investigates prediction
capabilities of two machine learning techniques, namely Seasonal Autoregressive Integrated
Moving Average (SARIMA) and Long Short-Term Memory (LSTM) and compares them in
predicting monthly mean temperature time series data for a weather station in Ankara, Tiirkiye
from January 2010 to March 2023. The comparison of forecasting performance was based on
mean square error (MSE), root mean square error (RMSE) and mean absolute error (MAE). The
results showed that both models can capture the variations of time series data. Both models
exhibited reasonably good performance in predicting monthly mean temperature, but the
ARIMA model gave the least forecast error compared to the LSTM model.

ARIMA ve LSTM Modelleri ile Sicaklik Zaman
Serileri Tahmini

07/

Hava sicakliginin insan hayatinin hemen her alanindaki biiyiik 6neminden dolay: sicakligin nicel
olarak anlagilmasi ve takip edilmesi olduk¢a elzemdir. Bu ¢aliyjmada Ankara’da bulunan bir
meteorolojik hava istasyonundan elde edilen Ocak 2010 ila Mart 2023 tarihleri arasindaki gozlem
verileri kullanarak Mevsimsel Otoregresif Entegre Hareketli Ortalama (Seasonal Autoregressive
Integrated Moving Average -SARIMA) ve Uzun Kisa-Vadeli Hafiza Aglar1 (Long Short-Term
Memory-LSTM) makine 6grenmesi metotlarryla aylik ortalama hava sicakliginin kestirimi
yapilmis ve bu metotlarin sicaklik tahmini konusundaki basarisi karsilastirilarak irdelenmistir.
Modellerin tahmin bagarilar1 Ortalama Karesel Hata (OKH), Karekok Ortalama Karesel Hata
(KOKH) ve Ortalama Mutlak Hata (OMH) performans metrikleri kullanarak yapilmistir.
Arastirma sonucunda her iki yontemin de aylik ortalama sicaklik kestiriminde iyi derecede
performans gosterdigi ortaya ¢ikmistir. Bununla birlikte ARIMA modelinin LSTM modeline gére
hata oraninin kriter olarak ele alinan ti¢ metrik (OKH, KOKH, OMH) igin de daha diisiik oldugu,
dolayisiyla daha iyi performansa sahip oldugu goriilmiistiir.
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1. Introduction

Temperature is one of the important climatological parameters as it has direct as well as indirect effect on
humans, animals, and plants. Due to climate change which is a result of greenhouse gas emissions due to
human activities on earth, we see long-term shifts in temperatures and weather patterns. Asa a result of
climate change, we see more severe and frequent weather events such as storms, flash floods, as well as
increased drought, warming oceans, rising sea levels, food shortages, poverty and displacement, and food
shortages.

There are many areas where ambient temperature is a key factor including agriculture, energy, water resources
management, solar power. Deviations in the temperatures result in more energy demand which can lead to
severe stress on the power grids. There is direct effect ambient temperature on growth of crops, crop yield,
and water demand for growing crops in agriculture. Temperatures not suitable for the growth of crops can
lead to poor yield as well as loss in productivity. Therefore, the importance of temperature remains as an
important topic for researchers to conduct studies on it.

This study aims at predicting monthly temperature values based on historical temperature data for a weather
station located in the city of Ankara, Tiirkiye from January 2010 to March 2023 using two time series
prediction methodologies, namely Seasonal Integral Moving Average (SARIMA) as well as Short Long-Term
Memory (LSTM) and comparing their prediction performances. ARIMA (and its extension SARIMA, which
accounts for seasonality in the data), and LSTM models have gained an increasing popularity among
researchers for time series analysis in many different areas (For example, see [1, 2, 3, 4, 5]). Thus, these two
methodologies were selected for this study in order to assess and com-pare performances of the popular time-
series analysis and forecasting methodologies.

Time series forecasting methods use historical data, analyse it to find recurrent patterns existing in the data.
Data that has certain periodical characteristics in it, then used to forecast future events, and occurrences.
Autoregressive Integrated Moving Average (ARIMA), which are of stochastic in nature, have gained quite a
popularity as a time series forecasting model. An ARIMA model can be thought of as a different type of
regression analysis model which estimates the relationships between a dependent variable and independent
variables. LSTM models provide another approach to time series forecasting, which are widely used in various
areas. LSTM networks are a variety of recurrent neural networks (RNSs) and used in the field of deep learning.
One of the major drawbacks of the RNN networks is that they have short-term memory to retain previous
information in the current neuron. To fix this, LSTM models were developed in order to be able to keep
information for a longer period of time [1], [4], [6], [7], [8].

Both ARIMA and LSTM methods were applied successfully in a number of studies by various re-searchers to
predict meteorological parameters including daily and monthly temperature values. [9] observed mean
temperature changes at regional scale in Turkey from 1950 to 1994 using time-series analysis. They found a
statistically colling trend at 21 stations, a warming trend at one station and no trend at 36 stations. [10] applied
ARIMA model to data of four weather stations for the period of 1990 to 2011 in Iraq. [11] analysed monthly
mean temperature in Nanjing, China. They used monthly mean temperature from 1951 to 2014 as the training
set and data between 2015-2017 as the testing set and developed an ARIMA model for their study.

[7] used both Recurrent Neural networks (RNN) and LSTM methodologies to predict daily temperature and
classify them into five categories namely “Cold”, “Cool”, “Normal”, “Warm” and “Hot” using data from 2000
t0 2019. [1] conducted a study of forecasting and modelling daily temperature for 4 European sites of different
climatic zones based on data from 1980 to 2010. They used SARIMA, the autoregressive integrated moving
average (ARIMA) with external regressors and showed the developed model was able to represent the data
series and could be used for forecasting of future daily temperature values.

[12] employed a SARIMA model and forecasted mean temperature for the city of Gujarat, India using the
past data from period of 1984 to 2015. They tried several models and selected the best model of SARIMA (1,
0,1) (1, 1, 1) (12) for forecasting temperature values based on the Akaike Information Criterion (ACI). They
tested the adequacy of their model and the model diagnostics showed that the model was reliable for
forecasting monthly mean temperatures. [13] forecasted daily maximum temperature using three different
methods, namely ARIMA, SARIMA and Autoregressive Fractional Integrated Moving Average (ARFIMA)
for four different regions in Kerala, India based on data from January 2019 to December 2020. They then
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compared the performances of three methods by using mean squared error (MSE), mean squared error
(MSE), percentage accuracy (PA) performance metrics. According to the results, all the models performed
well and the ARFIMA model performed better than the ARIMA and SARIMA models.

[14] developed an LSTM model for predicting the most significant weather attributes such as precipitation
and temperature for a weather station in Sri Lanka. For evaluating model performance, they used Root Mean
Squared Error (RMSE) and Mean Absolute Error (MAE) metrics. As a result, they showed that both LSTM
models developed for precipitation and temperature prediction performed well and could be used for making
accurate predictions of precipitation and temperature.

[15] developed a SARIMA model using daily temperature time series for Memphis, Tennessee based on data
from 2016 to 2019. They analysed temperature data for that period for trends and to see the transient
variations over time. They used Mann-Kendall (M-K) test to detect time series analysis patterns as a non-
parametric technique. Their study revealed an increase trend of 0.003 °F in temperature for almost every day.
They also conducted a forecasting using SARIMA method and estimated temperature values of next 50 days.
The forecast also showed and increasing trend for the location.[16] predicted monthly mean minimum and
maximum temperatures for the Bhagirathi River basin in India using a seasonal ARIMA model based on data
for the period between 2001 and 2020. Their results showed that forecast data fits well with the trend in the
data.

[17] developed a SARIMA model for time series prediction of temperature in Pune, India using dataset from
year from 2009 to 2020. They used the autocorrelation function, and the partial autocorrelation function as
well as using standardized residuals in order to find the best fit for the time series for their study and came up
with SARIMA (1, 1, 1) (1, 1, 1) (12) model that could best represent their time series data. They performed
model diagnostics, and the model was found to be performing well in predicting temperature values. [18]
developed and implemented an LSTM model on AWS machine learning platform. They observed that LSTM
model gave substantial results with high accuracy among the other weather forecasting techniques.

2. Methods

A time-series approach was used in this study to predict monthly mean temperature values for a weather
station in Ankara, Tiirkiye. A time series is a sequence of data instances that occur in successive order over
period a period of time, such as hourly, weekly, monthly, or yearly. Time series approach makes it possible to
develop an appropriate model which describes inherent structures of the series by rigorously analysing and
processing data from past observations. This makes it possible to make future predictions, monitoring and
control using the developed model [1].

2.1. The study area and Data pre-processing

The data used in this study belong to the Automatic Weather Observation Station (AWOS) which is
numbered 17130 and operates as part of Observation Network of the Turkish Meteorological Service and
located near the Headquarters of Turkish Meteorological Service in Ankara, Turkey. The location of the
meteorological station is shown in Figure 1. It has got geographic coordinates of 39°58'21.0" North and
32°51'50.0 East and the altitude for the station is 883 m. The station is equipped with sensors that measure
various meteorological parameters, such as temperature, humidity, precipitation, air pressure, etc. at certain
intervals (every second, minute, or hourly, daily, etc.).

The time series data consists of monthly mean temperature readings from the weather station from January
1, 2000, to March 2023 and deemed to represent the local weather in Ankara.

Table 1. Descriptive statistics of temperature data used in the study.

Mean Std err. Median Mod Std. Dev. Kurtosis Skewness Min. Max.

12,85 0,50 12.8 11,2 8,4 -1,22 -0,006 -4.0 28,1

The data was obtained as an Excel file in “.xIsx” format and contains a total of 279 monthly mean temperature
measurements for each month between Jan. 2020 and Mar. 2023. Table 1 shows the some of the descriptive
statistics for the temperature dataset used in the study. The mean minimum and maximum temperature
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values for the temperature dataset are -4.0 and 28.1 respectively. The kurtosis is -1.22 and the skewness is -
0.006 for the distribution of the dataset. The kurtosis value being a negative number indicates that data rather
has a flat distribution. Skewness being close to zero means that the tails of the distribution are almost
symmetrical and don’t differ significantly.

A & " i

Figure 1. The location of meteorological observation station where the data were obtained from.

A normalization process was carried out before building an LSTM model by scaling all values in the dataset
into the range of between 0 and 1. Scaling was not in the case of ARIMA as this is not necessary step for
ARIMA models. The dataset then was split into training and testing datasets by reserving 80% of the whole
dataset for training and the remaining 20% for the test dataset.

The LSTM and (S)ARIMA models proposed in this study were implemented in Python programming
language. A separate Python program was written for developing each of the model. For implementing the
SARIMA model, “statsmodels” module, and for implementing the LSTM model the Keras machine learning
module was used in the study.

2.2. ARIMA

Autoregressive moving average models are used in cases where the output not only depends on the current
information but also all the previous information that have arrived over a previous stretch of time. ARIMA
models are only applicable to stationary time series data, therefore it is essential to make sure that the time
series data is stationary before it is used in ARIMA models. ARIMA models are generally used for two major
purposes: to analyse the data set to better understand it and to predict future trends. Autoregressive statistical
models, such as ARIMA predict future values based on past values. A very popular use of ARIMA models is
predicting future stock market prices. An ARIMA model could be used to predict prices of a stock future
prices based on its past values.

ARIMA models consist of three components: AR, I and MA. The “AR” stands for autoregression, and an
autoregressive model is a model with a changing variable that regresses on its own prior or lagged values. Such
amodel predicts future values based on past values. “I” stands for “integrated” and rep-resents the differencing
of time series values to make it stationary. If dataset is not stationary it is made stationary by simply replacing
data values with difference between data values and previous values. The last component "MA" stands for
Moving Average which is a representation of the error of the model as a linear combination of previous
forecast errors [19].

ARIMA models require the time series to be stationary, and non-stationary data cannot be used for building
an ARIMA model. Thus, the first step for building a ARIMA model is to make sure that data at hand is
stationary. The stationarity of the data used in the study was checked using the Augmented Dickey and Fuller
(ADF) unit root test. The ACF test is used in order to check whether or not the data has a unit root, which is
stated by the null and alternative hypotheses in the test. The test statistics of the Fuller test verified the
stationarity of the time series dataset with p-value smaller than 0.01. Additionally, the ACF plot shown in
Figure 2 exhibits a sine wave, which is another evidence that the series is indeed stationary.
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Figure 2. ACF and PACF of monthly mean temperature during Jan. 2000-Mar. 2023. The ACF and PACF graphs were plotted for 50
lags. The ACF graph shows that ACF very slowly tails off towards the end. On the other hand, PACF does not cut off event at lag=50.

As can be seen from the Figure 2, the ACF graph tails off very slowly towards lag=50 while the PACF does
not cut off even after lag=50. This suggests that the model is not an AR or a MA model. Thus the “automatic
arima” function in a Python module was used in order to find out the best fitting model.

2.3 SARIMA

SARIMA, which is short for Seasonal Autoregressive Integrated Moving Average (also known as Seasonal
ARIMA) is basically an ARIMA model, which takes into account seasonality in addition to past values. It has
three new parameters to represent seasonal terms in ARIMA for seasonal components as well as an additional
parameter for the seasonality period. The new hyperparameters are the seasonal counterparts of those existing
in ARIMA and specify autoregression (AR), differencing (I) and moving average (MA). The four seasonal
elements that are part of a SARIMA are [12], [20]:

P: Seasonal AR order

D: Seasonal difference order
Q: Seasonal MA order

M: Seasonal period

In order to find out the best performing ARIMA model, automatic arima function, i.e., auto_arima() in
“pmdarima” Python module. The results of “auto_arima()” function showed that the dataset has seasonality
of 12 months, which was an expected result as monthly temperatures follow a similar pattern throughout the
year. The best model for the dataset was found was found as SARIMA (1, 0, 0) x (2, 0, 1) 12 with 12-month
seasonality. Since the dataset had seasonality component, this SARIMA model was used in the study for the
prediction of temperature values in the test dataset. Residuals were checked for normality and correlation it
was found that they exhibit a normal distribution and not correlated as can be seen from the Q-Q plot and
the histogram in Figure 3. In order to assess the usability of the model for forecasting a diagnostics test was
performed, which showed that the model could be used for prediction.

Table 2. Results of the diagnostics test of the SARIMA (1, 0, 0) x (2, 0, 1) 12 model

Coef Std z P>lz|  [0.025 0.975]
err.

AR.L1 0.3198  0.062 5.147  0.000 0.198 0.442
ARS.L12 07462 0.073 10.220 0.000 0.603 0.889
AR.S.L24 02531 0.073 3476 0.001 0.110 0.396
MA.S.L12 - 0.060 - 0.000 - -

0.8610 14.414 0.978 0.744

Table 2 summarizes the results of SARIMA (1, 0, 0) x (2, 0, 1) 12 model. The 'Coef column is the weight of
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coefficients and shows degree of impact each feature on the time series. The fourth column shows the
statistical significance of each feature. As can be seen from the values in that column all values are less than
0.05 and therefore statistically significant.
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Figure 3. Plots of (a) standardized residual (b) histogram and estimated density (c) Normal Q-Q plot (d) Correlogram

Standard residuals graph shown in Figure 3a appear to be white noise and shows no obvious pattern,
suggesting that the model is a good fit for the dataset. The Kernel Density Estimation (KDE) (red curve)
shown in Figure 3b seems almost overlapped with the N (0, 1) (green curve), with 0 mean=0 and standard
deviation=1. In the Q-Q plot shown in Figure 3c, the red line represents a normal distribution with mean=0
and standard deviation=1 and the blue dots represent residuals. The blue dots being very close to the red dotes
showing a normal distribution suggests that the residuals are normally distributed and follow a linear trend.
The correlogram shown in Figure 3d the data have a low correlation with the lagged data. All these show that
the model fist well to the time series data and can be used for prediction and forecasting.

The selected model was further validated by predicting the monthly mean temperatures in test dataset
consisting of temperature values from July 2018 to March 2023 and reproducing the known seasonal patterns
in its forecast. This showed that the predicted mean temperature values were the same or very close to actual
data and following the same seasonal pattern.
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Figure 4. Plot of predicted values together with the actual temperature values suing the SARIMA model.

Figure 4 shows actual and predicted temperature values using the SARIMA model in the same plot. From the
plot it can clearly be seen that predicted values by the SARIMA model are very close the actual temperature
values and follow a similar pattern.

2.4. Long Short-Term Memory (LSTM)

LSTM networks are a type of recurrent neural network (RNN), which are capable of remembering previous
information and using them to learn long-term dependencies. They were first introduced in 1997 by
Hochreiter & Schumidhuber and has become a popular methodology for predicting future values based on
past data. They produce remarkable good results for a large variety of problems, and mainly used in the field
of Deep Learning. The name LSTM refers to the fact that these networks have both short term and long-term
memory. The connection weights and biases in the LTSM network change with each episode of training,
which constitutes its long-term memory. Likewise, changes in activation patterns with every time-step
constitutes its short-term memory. At any particular point in time the output of an LSTM networks depends
on three factors, namely current cell state, previous output (hidden state) and the current input [21].

LSTM networks have feedback connections, which makes them different from traditional neural networks.
This unique feature of LSTM enables them to retain information and process not just process single data
points but also process entire sequence of data, making it suitable for domains like speech recognition,
machine translation, image recognition, etc. The ability of LSTM to handle lags between subsequent events
make them well-suited for classification, processing and predictions problems based on time series data. A
sequential model with only 1 input layer with 7 neurons and a dense output layer of 1 neuron was selected as
the best performing model for this study.

A typical LSTM unit is composed of four components: a memory cell, an input gate, an output gate and a
forget gate. The memory cell maintains its state over time. The cell state runs down the entire chain with only
small linear interactions, enabling the information flow along it unchanged. Information can be added or
removed through the gate structures, which perform element-wise multiplication by sigmoid ranges between
0 and 1. The gates open and close and store information in analog format [7], [22].

A thorough hyperparameter sensitivity study was done in order to find the best performing LSTM model for
the study. A Python program was written which varied number of neurons in the LSTM layers, number of
hidden layers and number of dense layers in for loops and the resulting performances of each were recorded
for that purpose. And the best performing model with minimum error rate was selected based on this
criterion. The resulting best performing model was a sequential model and consisted only of 1 input layer
with 7 neurons and a dense output layer. The LSTM model summary for the study is shown in Figure 5. As
can be seen from “Output Shape” column of the figure, the selected LSTM model consist of an input layer
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with 7 neurons and a dense output layer.

Batch size for the model was set 5 and Adaptive Moment Estimation (ADAM) was used as the optimization
algorithm. Mean squared error was used as the loss function of the LSTM algorithm. The number of epochs
was set to 10 for training of the model as this yielded least error rate. Increasing number of epochs worsened
the performance with increased error rate.

Layer (type) Output Shape Param #
lstm_2 (LSTM) (None, 7) 252
dense_2 (Dense) (None, 1) 8

Figure 5. The LSTM model summary

Figure 6 shows the time series plot of actual values and predicted values of the monthly temperature data
using the LSTM model developed for the study. As with the ARIMA results above, seasonal variations in the
dataset can be clearly seen from the figure. It can also be observed from the figure that although the LSTM
model was able to capture the internal structure and follow similar pattern, it underestimates the higher
temperatures and overestimates lower temperatures. When compared to the ARIMA results plot in Figure 4,
the ARIMA model better approximates the dataset and exhibits closer pattern to the actual data than the
LSTM model.
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Figure 6. The plot of actual and predicted monthly mean temperature values using the LSTM model.

3. Results

In order to evaluate and compare performances three different performance metrics, namely Mean Absolute
Error (MAE), Root Mean Square Error (RMSE), Mean Square Error (MSE) were used in the study.

Root Mean Square is the mean of all prediction errors and calculated using the formula below:

N
1
MSE = N;(Pi —0,)? (4)
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RMSE is the root of the MSE, and it is calculated as:

N
1
RMSE = NZ(PL —Oi)z (5)
i=1

Mean Absolute Error is the absolute mean of all differences between actual and predicted values and
calculated using the formula:

N
1
—— . — ). 6
MAE N;(m 0,) (©)

As a result of performance evaluation process, MAE of 1.43 and RMSE of 1.87 for SARIMA model and MAE
of 1.69 and RMSE of 2.04 for LSTM model were obtained. The performance results were summarized in Table

3.
Table 3. Results of the performance evaluation of the models
Method MAE MSE RMSE
SARIMA 1.43 3.51 1.87
LSTM 1.69 4.14 2.04

From the Table 3 which summarizes the model results it was concluded that SARIMA model yielded least
error prediction of monthly temperatures compared to the LSTM model.

4. Conclusion

This study aimed at predicting monthly temperature values based on historical temperature data for a weather
station located in the city of Ankara, Tiirkiye from January 2010 to March 2023 using two different time series
prediction methodologies, namely Seasonal ARIMA (SARIMA) as well as LSTM and their performance
results were presented for comparison. The SARIMA and LSTM methodologies used in this study selected
based on their popularity and wide use for predicting times series.

As an initial first step, the stationarity of the dataset was tested using the Augmented Dickey and Fuller (ADF)
unit root test and the dataset was found to be stationary. This step was necessary as non-stationary data could
not be used to build a ARIMA model. The ACF and PACF graphs did not indicate a clear AR, MA or ARIMA
model, thus the “automatic arima” function in a Python module was utilized in order to come up with best
fitting model. The process revealed the inherent seasonality in the dataset and yielded the model of SARIMA
(1,0,0) x (2,0, 1) 12 with 12-month seasonality as the best fitting model to the dataset. Normality check was
performed for the normality of residuals, and they were found to be normally distributed and not correlated
with each other. Further, a diagnostics test was performed to assess the usability of the model for prediction
which verified the usability of the model for that purpose.

The selected model was further validated by predicting the monthly mean temperatures in test dataset
consisting of temperature values from July 2018 to March 2023 and reproducing the known seasonal patterns
in its forecast. This showed that the predicted mean temperature values were identical or very close to actual
data and following the same seasonal pattern.

The selected model then applied to the test dataset consisting of temperature values from July 2018 to March
2023. This showed very close temperature values to the actual values in the test dataset and similar seasonal
pattern as could be seen in the plots, validating that the model was able to represent the dataset and could be
used as a forecasting tool for future monthly mean temperatures.

For the second method, in which an LSTM network was used, a thorough study was done in order to find the
best performing LSTM model by varying number of LSTM, hidden and dense layers as well as number of
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neurons in each one of them through a Python program and the best performing LSTM model was selected
based on the minimum RMSE metric for predicting monthly mean temperatures. The LSTM model was then
applied to the test dataset to predict temperature values from July 2010 to March 2023. As with the SARIMA
model, LSTM model was also exhibited good fit to the dataset with very close values to the actual temperature
values. However, as can be seen from the Figure 6, although the plots of actual and predicted values follow
similar pattern, the model mostly underestimates highest values and sometimes overestimates lowest values.

Finally, performance metrics of MSE, RMSE, and MAE were calculated to make prediction performance
comparison between for the models. For the SARIMA model the MSE, RMSE and MAE were 1.43, 3.51 and
1.87 and 1.69, 4.14 and 2.04 for the LSTM model respectively. According to these results it can be concluded
that both methodologies yielded similar good performances in predicting monthly mean temperatures, but
the performance of the SARIMA model was slightly better than that of LSTM model. This could be due to the
size of the dataset used for this study as the dataset consisted of only 279 temperature measurements and only
80% (N=223) of the entire dataset was used for building the LSTM model. LSTMs are a special type of
Artificial Neural Networks (ANN), thus as with any kind of ANN, training the LSTM model with larger
datasets would in general lead to a better model. Therefore, experiments with larger dataset are needed in
order to test the superiority of the SARIMA model over the LSTM model in predicting monthly mean
temperatures.
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ABSTRACT

In contemporary aviation, superalloy materials are frequently preferred in areas of aircraft
engines where high heat and temperature resistance are crucial. Superalloys are considered
ideal for use in aircraft engines due to their high thermal resistance and strength values.
However, the processing of superalloys is quite expensive, and they can be susceptible to
corrosion at high temperatures. To prevent corrosion at elevated temperatures, a coating
process with suitable materials is applied to superalloy materials. Research efforts aimed
atreducing the weight of aircraft and enhancing their performance have focused on the use
of ceramic, metal, and plastic composites with lower density in aircraft engines. Composite
materials are lighter than superalloys, and they can contribute to a reduction in the total
weight of aircraft by up to 10%. This study aims to create a resource by investigating
composite materials that could be used instead of superalloys in aircraft engines.

Ucak Motorlarinda Stiperalasimlar Yerine
Kullanilabilecek Olan Kompozit Malzemelerin

Incelenmesi

0Z

Giintimiizde, ucak motorlarinda ytiksek 1s1 ve sicaklik dayanimi gerektiren boélgelerde
siiperalasim malzemeler sik¢a tercih edilmektedir. Siiperalasim malzemeleri, yiiksek 1s1l
dayanimi ve mukavemet degerleri sayesinde ugak motorlarinda kullanilmak i¢in idealdir.
Ancak, sliperalasimlarin islenmesi olduk¢a pahalidir ve yiiksek sicakliklarda korozyona
ugrayarak hasar gorebilmektedir. Yiiksek sicakliklardaki korozyonu o6nleyebilmek igin
siiperalasim malzemelere uygun malzemelerle kaplama islemi uygulanmaktadir. Ugaklarin
hafifletilmesi ve performanslarinin arttirilmasi amaglariyla gergeklestirilen arastirmalarla,
ucak motorlarinda yogunlugu daha diisiik seramik, metal ve plastik kompozitlerin
kullanimina odaklanilmaktadir. Kompozit malzemeler, siiperalasimlardan daha hafif olup
ucaklarin toplam agirhiginda %10'a kadar azalma saglanabilmektedir. Calismada ucak

motorlarinda siiperalasimlar yerine kullanilabilecek olan kompozit malzemeler
arastirilarak kaynak olusturulmasi hedeflenmistir.

To cite this article: S. Yudar, “The Examination of Composite Materials as Alternatives to Superalloys
in Aircraft Engines,” Gazi Journal of Engineering Sciences, vol. 9, no. 3, pp. 585-595, 2023.
doi:10.30855/gmbd.0705089



Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

1. Glrl$ (Introduction)

Kompozit malzemeler (Sekil 1) iki veya daha fazla malzemenin kendi 6zelliklerini kaybetmenden
birbiri icerisine katilmasiyla elde edilip birbiriyle birlesik olusturmamaktadir. Kompozit malzeme
icerisinde yer alan hacimce fazla olan yapi matris olarak adlandirilirken, icerisine ilave edilen
malzemeye ise takviye denilmektedir. Takviyeler fiber, partikiil veya tabaka seklinde olmaktadir.
Genellikle fiber ve partikiil takviyeleri kompozit malzemeler icerisinde sikca kullanilmaktadir. Ornegin
bir kompozit malzemenin ana malzemesi polimer, takviye malzemesi cam elyaf ise polimer matrisli
cam elyaf takviyeli kompozit malzeme olarak adlandirilmaktadir. Kompozit malzemeler matris
malzemesine gore lige ayrilip metal matrisli, polimer matrisli ve seramik matrisli kompozit malzemeler
seklinde isimlendirilmektedir [1-4].
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Pargacik Katkili  Kisa Fiber Katkih Kesintisi Fiber Tabaka Seklinde
Kompozit Kompozit Katkih Kompozit Kompozit
Malzeme Malzeme Malzeme Malzeme

Sekil 1. Kompozit Malzemelerin Katki Sekline Gore isimlendirilmesi (Naming of Composite Materials According to Their Reinforcement
Method)

Ozellikle son yillarda cesitli havacilik ve-uzay projelerinde kompozit malzemelerin kullanimlarinin
artmasiyla kompozit malzemelere olan giiven artmis ve havacilik ve-uzay projelerde birincil yapisal
malzeme olarak kullanimlarinin 6nii agilmistir. Aliiminyum ve polimer matrisli kompozit malzemeler
ucak yapilarinda en sik kullanilan malzemelerdir. 1990°’lardan bu yana kompozitlerin sivil ve askeri
hava tasitlarinda kullanimi hizla artmis ve kompozitler 6zellikle ucak govdelerinde aliiminyum
malzemesinin yerine tercih edilen bir malzeme olmustur [1-4].

Glinlimiizde ugak motorlarinda kullanilan siiperalasimlar yerine de kompozitlerin kullanilmasi i¢in
calismalar gergeklestirilmektedir. Kompozitlerin kullanilmasinin ana nedenleri agirlik azaltmak, belirli
sertlik ve mukavemeti arttirmak, yorulma omriinii uzatmak, termal dayanimlan iyilestirmek ve
korozyon problemlerini en aza indirmektir. Kompozit malzemelerde dogal yontemlerle elde edilmis
veya kimyasal olarak yapilmis sekilde iki cesit takviye malzemesi bulunabilmektedir. Dogal elyaf
kompozitler, insan yapimi elyaf kompozitlere gore diisiik maliyet, hafiflik, yiiksek spesifik mekanik
ozellikler, tehlikesiz yapi, cevre dostu olma, yenilenebilirlik vb. gibi ¢esitli avantajlar sunar ve sonug
olarak havacilik sanayi dahil olmak iizere cesitli endiistriyel sektorlerde kullanimlari oldukea fazladir
[1-4].

Calismanin amaci, ugak motorlarinda siliperalasimlar yerine kullanilabilecek olan kompozit
malzemeleri arastirarak ugak motorlarinda agirlik hafifletilmesinin 6niinii agmak ve siiperalasimlar
disinda termal dayanimi ve mukavemet degerleri yiiksek olan kompozit malzemeleri belirleyerek bir
derleme olusturulmasidir.

2. U(,‘ak Motorlar (Aircraft Engines)

Ucak motorlar fan, kompresor, yanma odasi ve tiirbin kisimlarindan (Sekil 2) olusmaktadir. Ugak
motorlarinda yer alan fan, havanin motor igerisinde ilerlemesine yardimci olup ilerleyen hava
kompresor yardimiyla sikistirilarak belli bir basinca ulasmasi saglanmaktadir. Sikistirma yapilmasinin
nedeni hava icerisinde yer alan oksijen molekiillerinin birim hacimde daha fazla olmasini saglayip
yanma olayinin oksijenle zengin bir ortamda gergeklesmesini miimkiin kilmaktir. Sikistirilan hava
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icerisine bir sonraki adimda yakit enjekte edilerek 6zel bir karisim elde edilip karisim yanma odasinda
yakilarak atesleme saglanmaktadir. Yanma sonucunda sicak gazlar ve yanma driinleri tiirbin
kismindan gegerek disar1 atilarak itme kuvveti olusturulmaktadir. Belli bir seviyede elde edilen itme
kuvveti sayesinde ucak havalanip tiirbin sonrasinda ise sicak gazlar ve yanma iiriinleri egzoz kisminda
disar1 atilmaktadir [5, 6].

Girig Kism Sikistirma Yanma

] ] T
Hava Girisi Kempresér Yanma Odalarn Tiirbin Egzoz

L ] 1 ]
Soguk Béliim Sicak Baliim

Sekil 2. Ucak Motoru i¢ Yapisinin Sematik Gésterimi [5] (Schematic Illustration of Aircraft Engine Internal Structure)

Ucak motorlarinda olusan sicakliklara baktigimizda (Sekil 3) giris kisminda -50°C ile 80°C arasinda bir
hava girisi olmaktadir. Hava kompresor tarafindan sikistirilmaya basladiginda yaklasik 200°C ve
sikistirma sonucunda yaklasik 600°C sicakliklara ulasmaktadir. Yanma odasinda ise 1000°C gibi
sicakliklara ulasilmaktadir. Tirbin kisminin c¢ikisindaki sicak gaz ise 700°C sicaklik degerlerine
diismektedir. Sonrasinda sicak gazlar egzoz yardimiyla disar1 atilmaktadir. Belirtilen sicaklik degerleri
kullanilan motor tiirline gore degismekte olup motor tlriine gore sicaklik degerleri azalip
artabilmektedir [5-7].

200 °C 600 °C
1000 °C 700 °C
I

Ortam

-50-+80 °C
Sliperalagimlar
Kompozit
Malzemeler [
Titanyum Celik
Altiminyum

Sekil 3. Ugak Motorlarinda Olusan Sicaklik Degerleri [6] (Temperature Values in Aircraft Engines)

Ugak motorlarinda 1siyla temas eden alanlar 6zellikle siiperalasim malzemelerden yapilmaktadir.
Siiperalasim malzemeler yiiksek 1s1l dirence sahip ve ytiksek sicakliklarda bile mekanik 6zelliklerini
koruyabildikleri i¢in tercih edilmekte ve 1sil dayanim o6zelliklerinin yetersiz kaldigi durumlarda
korozyon ve oksidasyonu engelleyebilmek amaciyla malzemelere kaplama islemi yapilmaktadir.
Bdylelikle ana malzeme korunarak kaplama malzemesi feda edilmektedir. Sekil 4’te 6rnek bir motorda
kullanilan malzemeler gosterilmektedir[7-9].
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@» Titanyum
Nikel
¢ Celik
Aliiminyum
@» Kompozit

Sekil 4. Ornek Olarak Ugak Motorlarinda Kullanilan Malzemeler [8] (As an Example, Materials Used in Aircraft Engines)
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3. Siiperalasimlar Yerine Kullanilan Kompozit Malzemeler (composite Materials Used
Instead of Superalloys)

Ucak motorlarinda kullanilan Ni ve Ti alasimli siiperalasim malzemeleri yerine kompozit malzemelerin
kullanilmasi yo6nelik ¢alismalar son yillarda hiz kazanmistir. Nikel ve Titanyum alasimli malzemelerin
pahali olmasi, islemedeki riskler ve maliyet 6ne c¢ikan problemlerdir. Kompozit malzemelerin
Titanyum ve Nikel malzemelere gore bircok avantajlari bulunmaktadir. Ornegin polimer kompozitler
nikel alasimlara gore daha hafif, seramik ve metal kompozitler ise sicaklik dayanimlar siiperalasim
malzemelerine gore daha iyi oldugu i¢in ugus performansinda artis saglamaktadir [10-15]

Ugak motorlarinda kullanilmasi iizerinde poliimid matrisli kompozit malzemeler iizerinde ¢alismalar
gerceklestirilmektedir. Ozellikle poliimid malzemesinin grafit, cam ve karbon fiber takviyeleri ile
olusturdugu kompozit malzemeler lizerinde calisilmaktadir. Poliimid malzemesinin tiirevleri olan
PMR-15 ve DMBZ-15 iizerinde oldukca yogun arastirmalar bulunmaktadir. PMR15 recine
malzemesinin grafit ve karbon ile yaptig1 kompozit malzeme 288°C’de uzun kullanim émriine sahip ve
mukavemet Ozelliklerini koruyabilmektedir. PMR-15 malzemesi, bilinen bir kanserojen ve bir
karaciger toksini olan metilen dianilinden (MDA) yapilmaktadir. Bu nedenle Mesleki Giivenlik ve Saglik
idaresi (OSHA), PMR-15 kompozitlerinin iiretimi sirasinda MDA'min kullanilmasina iliskin kati
diizenlemeler uygulamaya koymustur. PMR-15 bilesenlerinin iiretimi ve onariminda yer alan is¢ilerin
guvenligine iliskin son endiseler, ¢alisanlarin maruziyetini sinirlamak ve is yeri giivenligini saglamak
icin maliyetli koruyucu 6nlemlerin uygulanmasina yol agmistir. Bu nedenle iiretim maliyeti artmis ve
insan sagligina zararlarindan dolay1 DMBZ15 malzemesi gelistirilmistir. DMBZ-15 malzemesinin grafit
(Celion 6000, Thornel B vb.) ve karbon fiberler ile yaptigi kompozit malzemesi ise 343°C’'de uzun
kullanim 6mriine sahip olup mukavemet 6zelliklerini koruyabilmekte ve yiiksek termo-oksidatif
ozellige sahiptir. Yiksek sicakliklarda bile oksijenle bilesen olusturma olasilig1 oldukga diistiktiir.
DMBZ-15 poliimidinin, ucak motoru bilesenlerinde PMR-15'e benzer hafif, yiiksek sicaklikli kompozit
uygulamalar i¢in cam, kuvars ve karbon elyafli bir re¢ine matrisi olarak yararl oldugu kanitlanmistir.
Yiiksek sicaklik kapasitesi nedeniyle, kanatgiklar, radon ve gévde bilesenleri dahil olmak tizere fiize
uygulamalarinda kullanim i¢in 6zellikle uygundur. NASA i¢in 6zellikle ilgi cekici olan DMBZ-15, firlatma
ve atmosfere yeniden giris sirasinda yiiksek sicakliklarla karsilasan yeniden kullanilabilir firlatma
araglari icin bal petegi veya termal koruma sistemleri ile ylizey levhalar olarak kullanilmaya ¢ok
uygundur. Diger uygulamalar1 arasinda, motor veya yag sondaji bilesenleri i¢in burclar ve yataklar
yapmak icin kiyilmis liflerle ve yiiksek sicaklikta kaplama ve miirekkep uygulamalari yer almaktadir.
DMBZ-15 poliimid kompozitlerinin hafifligi, petrol sondaj bilesenlerinin yani sira havalandirma
borulari, noziil kapaklar1 ve burclar gibi ikincil, yiik tasimayan ugak motoru bilesenlerinde
kullanilmasina olanak saglamaktadir. Hafif polimer kompozitler ayrica, havacilik ve uzay tahriki ve
otomotiv uygulamalarinda agirlik hafifletmesi saglayarak yakit verimliliginde 6nemli artislar elde
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edilmekte ve miiteakip iyilestirmeler sunmaktadir. iki malzemede NASA tarafindan ses alt1 ucaklarda
kullanilmak tizere gelistirilmistir. Ses iistii hizlarda olusan sicaklik miktarlar1 400°C ve lizerinde oldugu
icin halen Titanyum ve Nikel alasimlarinin bir alternatifi durumunda olamamaktadir. Nikel alasimi olan
In718, 750°C ve In625, 650°C'de rahatlikla ¢alisabilmektedir. Ti alasimli malzeme olan Ti64 ise
350°C’de mekanik 6zelliklerini koruyarak ¢alisabilmektedir. Poliimid matrisli kompozit malzeme nikel
alasimli malzemeler i¢in bir alternatif olamasa bile Ti alasimli malzemelerin yerine kullanilabilirler.
Poliimid malzemesinin bag yapilar1 degistirilerek yeni tiirev bir polimer ile ses hizi ve {stii hizlarda
calisabilecek bir malzeme gelistirilmesi hedeflenmektedir. Poliimid, grafit, karbon elyaf, In718, In625
ve Ti64 malzemelerinin 6zellikleri Tablo 1'de gosterilmistir [10-16] .

Tablo 1. Poliimid ve Takviye Malzemelerinin Ti64, In718 ve In625 ile Karsilastirilmasi (Comparison of Polyimide and
Reinforcements with Ti64, In718 and In625)

Malzeme Yogunluk Cekme Dayanimi  Termal iletkenlik Ergime Servis

Ad1 (g/cm3) (MPa) (W/m-K) Noktasi (°C)  Sicaklig (°C)
Ti64 4,43 897 6,7 1604 350

In625 8,44 1100 9,8 1290 650

In718 8,26 1241 11,2 1300 750

Poliimid 1,37 345 1,73 371 260

Grafit 1,3 - 24 3338 -

Karbon Elyaf 1,81 5490 34 -

1960’ yillarda Rolls Royce firmasi jet motorlarinda karbon fiber destekli polimer kompozit
malzemeler kullanilmistir. Kompozit malzeme kullanilan pargalarla ugak motor agirliginda %10’luk bir
hafifletilme saglanmistir [17, 18]. Gilinlimiizde halen palelerde Ni ve Ti bazli siiperalasimlar
kullanilmaktadir. Fakat kompozit malzemelerin gelismesiyle beraber Ti ve Ni bazl siiperalasimlarin
yerine kullanilabilecek olan kompozit malzemeler {lizerinde calisma yapilmaktadir. Karbon fiber
destekli polimer kompozit malzemelerin yorulma direncleri olduk¢a yiiksektir ve mukavemet
degerleri de sliperalasimlara yakindir [17]

Siiperalasimlar yerine ge¢mesi diisliniilen en kuvvetli kompozit malzemeler seramik matrisli kompozit
malzemelerdir. Stiperalasimlarin yerini almadaki en biiyiik problemleri yiiksek kirilganliklar: ve isleme
zorluklaridir. MoSiz matrisli SisNs takviyeli seramik kompozit malzeme Uzerine c¢esitli ¢calismalar
gerceklestirilmektedir. MoSi2 seramik malzemesi olduk¢a yiliksek sicakliklarda rahatlikla
calisabilmekte ve 1600°C’de bile mekanik 6zelliklerini kaybetmemektedir. Kirilma toklugu arttirmak
amactyla MoSi2 igerisine SisN4 takviye edilmistir. MoSiz seramik malzemesinin kirilma toklugu 3 MPa
iken SisN4 ile olusturdugu kompozitin kirilma toklugu 15 MPa kadar ¢ikmaktadir. MoSiz matrisli SisN4
takviyeli seramik kompozit malzemesinin siiperalasimlara goére daha hafif olmasindan dolay1 ugak
performansinda artis saglamaktadir. Mukavemet agisinda da akma dayanimlarini arttirmaya yonelik
calismalarda devam etmektedir. SisN4 ilavesi ile akma dayaniminda da %30’a varan bir iyilestirme
oldugu gozlenmistir [19, 20]. MoSiz matrisli SisN4 takviyeli seramik kompozit malzeme 1400-1800°C
arasinda sicak pres altinda 2 ile 3 saat arasinda preslenmesi sonucunda elde edilmektedir. Sicak pres
kaliplama yontemi, ¢ift yonli kompozitlerin iiretiminde siklikla kullanilmaktadir. Bu yontemde,
dokuma formdaki fiberler bir kaliba yerlestirilir ve matris 6nciil toz malzemelerle sandvi¢ formuna
getirilmektedir. Kalip, matris ve fiberler, matris malzemesi tamamen ergiyinceye kadar 1sitilir ve belirli
bir noktaya gelindiginde mekanik basing uygulanarak ergimis matris fiberlerin icine girer ve etkin bir
impregnasyon saglanmaktadir. Basing uygulama siirecinde sikismis hava ve matris malzemesinin
fazlas1 kalip disina atilmaktadir. impregne edilmis malzeme sogutulur ve karbonizasyon islemi
yapilmaktadir. istenilen yogunluga ulasilana kadar infiltrasyon/karbonizasyon ¢evrimi tekrarlanip bu
sayede yiiksek mukavemetli, hafif ve dayanikli malzemeler iiretilmektedir. impregnasyon islemi,
fiberlerin arasinda homojen bir matris olusmasini sagladigindan, malzemenin mekanik 6zellikleri de
onemli 6lciide artmaktadir. Ancak, yontem olduk¢a zaman alic1 ve islem siiresi iiretim miktarina bagh
olarak degisebilmektedir. Yontem sematik olarak Sekil 5'te gosterilmistir [19, 21, 22]. MoSiz esash
kompozit malzemeler mekanik o6zellikleri ve iliretim maliyetleri g6z o6ntine alindiginda, ugak
motorlarindaki yapisal uygulamalar i¢in stiperalasimlarin yerini alabilecek aday malzemelerdir. MoSiz
matrisli SisN4 takviyeli seramik kompozit malzeme Nikel ve Titanyum alasimli malzemelere gore
ylksek sicaklik dayanimlari nedeniyle tizerine oldukea fazla ¢alisma gerceklestirilmektedir. Seramik
malzemelerin kompozit yapilarla en mekanik 6zelliklerin iyilestirilmesi sonucunda siiperalasimlarin
yerine alacag 6n gorilmektedir. Seramik kompozit malzemeler 6zellikle yanma odas1 pargalari, fiize
lilleleri, eriyik metal borulari, endiistriyel gaz briilorleri ve dizel motorlarin atesleme bujileri
kullanilmasi hedeflenmektedir [19, 20]. MoSiz matrisli SisN4 takviyeli seramik kompozit malzeme
icerisinde kullanilan iki malzemenin 6zellikleri Tablo 2’de gosterilmistir.
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On Emprenye Edilmis
Kompozit

Sekil 5.Sicak Pres Kaliplama impregnasyon Teknigi [10] (Hot Press Molding Impregnation Technique)

Tablo 2. MoSiz ve SisNs Malzemelerin Ozellikleri (Properties of MoSiz and SisNs Materials)

Malzeme Yogunluk Cekme Kirilma Termal Iletkenlik Ergime Servis

Ad1 (g/cm3) Dayanimi (MPa)  Toklugu (MPa) (W/m-K) Noktasi (°C)  Sicakhig (°C)
MoSiz 6,23 185 3 66,2 2050 1600

SizN4 3,2 - 3 37 2100 1800

Glintimiizde 1250°C'ye kadar termo-yapisal kapasiteye sahip SiC/SiC seramik kompozit malzemenin
askeri ve ticari gaz tiirbini motorlarinin yanma oda ve tiirbin bilesenlerinde kullanilmaktadir.
1100°C'ye kadar yiiksek sicakliklarda ¢alisan siiperalasimli metalik bilesenlerle karsilastirildiginda,
SiC/SiC seramik kompozit malzeme agirlik hafifletilmesi saglamasinin yani sira ayni zamanda bilesen
sogutma havasi gereksinimlerini de azaltmaktadir. Sogutma havasindaki azalma, itme-agirlik oraninin
artmasi, yakit tiiketiminin azalmasina ve zararli egzoz emisyonlarinda azalma gibi ek faydalar elde
edilmektedir. Bu ek faydalarda daha fazla gelisme gerceklestirmek icin, NASA biinyesinde daha da
ylksek yapisal giivenilirlik ve sicaklik kapasitesi ile SiC/SiC CMC gelistirmeyi amaglayan arastirmalar
devam etmektedir. 1300°C’lere kadar malzeme kaybi1 ve oksidasyon problemi yasamadan
kullanilabilmekte ve yiiksek sicakliklarda mekanik 6zelliklerini koruyabilmektedir. SiC/SiC seramik
kompozit malzemenin igerisinde kullanilan SiC fiberlerinin 6zelliklerinin iyilestirilmesiyle calisma
sicakliklar1 1450°C’ye kadar arttirilmistir. Tyranno SA3 isimli SiC fiberlerinin kullanilmasiyla ise
1600°C’lere problemsiz calisabildigi gozlenmistir. Ancak Tyranno SA3 malzemesinin mekanik
ozelliklerinin diger SiC fiber tiirlerine gére daha az oldugu belirtilmektedir [20, 23-25]. SiC/SiC
seramik kompozit malzemenin 6zellikleri Tablo 3’te belirtilmistir. Karbon fiberlerin iiretiminde birkag
farkli yontem kullanilmaktadir. Bunlar arasinda kimyasal buhar infiltrasyonu, polimer emdirme ve
piroliz ile eriyik sizmasi yontemleri yer almaktadir. Bu yontemlerin her biri farkli avantajlara sahiptir.
Kimyasal buhar infiltrasyonu, karbon fiberlerin en popiiler iiretim yontemidir. Bu yontem, infiltrasyon
homojenliginin iyi olmasi ve matris mikroyapisinin kontrol edilebilmesi nedeniyle klasik izotermal ve
izobarik prosesler kullanilmaktadir. Ancak, disiik difiizyon sabiti nedeniyle infiltrasyon hizi oldukca
diisiiktiir. Polimer emdirme yontemi, karbon fiberlerin 6zelliklerini kontrol etmek icin daha fazla
esneklik saglamaktadir. Bu yontemde, karbon elyaf kumaslar1 6nceden imal edilmis bir polimer matrisi
icinde doyurulmaktadir. Polimer emdirme yontemi ile liretilen karbon fiberler, yiiksek mukavemet
ozelliklerine sahip olmasina ragmen, yiiksek sicakliklara dayanikliik konusunda daha az basari
gostermektedir. Piroliz ile eriyik sizmasi yontemi ise yiiksek yogunluklu karbon fiberlerin liretimi icin
kullanilmaktadir. Bu yontemde, polimer karisimi yiiksek sicaklikta pirolize edilmekte ve elde edilen
karbon elyaflari bir matris icine yerlestirilmektedir. Piroliz yontemi ile tiretilen karbon fiberler, yliksek
yogunluklu ve diisiik gaz difiizyon katsayisina sahiptir. Temel kimyasal buhar infiltrasyon yontemleri
Sekil 6'da gosterilmistir [23, 24, 26, 27].

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 590



Gazi MUhendislik Bilimleri Dergisi: 9(3), 2023

AN

s 'S - - < & : B e g
< S g o < < < < <

L L
s jRRRIIIIIIIIIINNNNGG sicak  [338383388383333838238
L ) ad LR
L L L L L L L
LR . -\ L L I
" E oo BT e g & - v
LA L L L
N.* L L L WA - - -
[s3ss3sssssssssasss soguk
‘B TR A
a)izobarik CVI: izotermal b} izobarik CVI: Termal-
Randyant Isitmal Gradient Radyant Isitmah
soguk soguk Onciil Sivi
Oooooo--o-ooo ow;oooocoooco»‘o
o|* : e oM ‘MO
L4 it H whttss ’e o -
sk O 8 sicak O soguk O " 33333 sicak ~4 O soguk
& O‘n;u 'O ow' 1% ’mo
ol* sisdalaini: . o O::. 143355414 .:O
R R ::Oconoo-ooooo:
soéUk soéuk
c) izobarils CVI: Termal- d} izobarik CVI: Sivi Daldirmali
Gradient Indiktiv Isitmah Termal-Gradient indiiktiv Isitmali
- . I 2 8 RS 3
¢ - I HH HHHH
L
” . . . A & LR J : ..0.. .. : LR
. PR FA ) 4 LA €9, 8- 0@
v SR E e e soéuk . . .
L1ttt ttttitets B
IR RRE T
e} Forshi-Akis CVI: f) Forslu-Akis CVI: Termal
Ilzotermal Radyant Isitmal Radyant Isitmali

Sekil 6. Kimyasal Buhar infiltrasyon (CVI) Metotlar1 [13]
(Chemical Vapor Infiltration (CVI) Methods)

Tablo 3. SiC/SiC Seramik Kompozit Malzemenin Ozellikleri (Properties of SiC/SiC Ceramic Composite Material)

Malzeme Yogunluk Cekme Dayanimi Termal iletkenlik Ergime Servis
Ad1 (g/cm3) (MPa) (W/m-K) Noktasi (°C) Sicakligi (°C)
SiC/SiC 3,2 380 45 2000 1400

Glnlimiizde C/C seramik kompozit malzemeler iizerinde de ¢esitli calismalar gergeklestirilmektedir.
C/C seramik kompozit malzemeler 1050°C'de mekanik o6zellikleri koruyabilmekte ve 6zgiil cekme
dayanimlar1 2000°C’de 160 MPa/(g/cm3) olarak belirlenirken geleneksel seramiklerin 6zgiil cekme
dayanimlar1 1200°C’de 40 MPa/(g/cm3) ulasabilmektedir. C/C seramik kompozit malzemeler yerine
kullanilan SiC/Al203 veya SiC (elyaf)/SizN4 malzemelerine gore yliksek performanshdir. Metallere gore
2,5 kat daha iyi 1s1l kapasite ve 2 kat daha iyi dayanima sahiptir. C/C seramikler kimyasal buhar
infiltrasyonu, sol-jel, siv1 infiltrasyonu ve sinterleme ile tretilebilmektedir. C/C seramik kompozit
malzemeleri SiC bilesigi ile kaplandiktan sonra performansinin daha da arttig1 belirtilmektedir [20, 25].

Metal kompozit malzemelerde diger kompozit malzemeler gibi halen ilizerinde ¢alismalar devam
etmektedir. Metal kompozit malzemeler lyilestirilmis yiiksek sicaklik 6zellikleri, artirilmis tokluk ve
stineklik, yliksek elektriksel/1s1l iletkenlik, yiiksek oksidasyon direnci ve darbe direnci gibi avantajlar
sunmaktadir. Metal matris kompozit gelistirme, ilic malzeme uygulama kategorisi altinda
siniflandirilmaktadir. Bunlar hafif metal matrisler, yliksek sicaklik metal matrisleri ve 6zel metal
matrisler seklindedir. Hafif metal matrislerin tlzerine gergeklestirilen c¢alismalar aliminyum
malzemesi lizerine yogunlagsmistir [28, 29]. NASA B/Al metal kompozit malzemesini ucak fan
kanatlarinda kullanilmasi igin gelistirmektedir. Fan kanatlar tipik turbofanla ¢alisan ses alt1 nakliye
ucaginin motor agirhiginin %10’unu olustururken, toplam ugak agirhiginin %1’ini olusturmaktadir.
B/Al malzemesinin kullanimda bulunan en biiyiik engel yeterli darbe direncinin ve hasar toleransinin
oldukea diisiik olmasidir. Bunun 6ntine gegmek icinde NASA fan kanatgiklarinin tasarimini (Sekil 7)
degistirerek darbe direncinde 4 kat artis sagladig1 belirtmektedir. Aliiminyum matrisli Boron takviyeli
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metal kompozit malzemesi icerisinde yer alan Boron takviyesi yerine SiC fiberleri veya parcaciklari
ekleyerek diisiik maliyetli, elastik modiilii arttirilmis, mukavemet degerleri iyilestirilmis olan malzeme
iizerinde de calismalar yapilmaktadir [29].

TITANYUM B/Al

Sekil 7. Ti F404 Fan Kanadinin, Deneysel Boron/Aliiminyum Fan Kanat Tasarimlarinin Karsilastirilmasi [29] (Comparison of Ti
F404 Fan Blade, Experimental Boron/Aluminum Fan Blade Designs)

Yiiksek sicaklik metal kompozit malzemeler alanindaki c¢alismalarin c¢ogu, elyaf takviyeli
siiperalagimlarin  gelistirilmesine odaklanmistir. Bu kompozitler, siiperalasim matrislerini
gliclendirmek i¢in yliksek mukavemetli, yliksek 1s1l direngli lifler kullanilmaktadir. Uygun malzemeler
ve Uretim stireci se¢imi, liflerin 6zelliklerini tamamlamak i¢in slinek, oksidasyona direngli bir matris
saglarken, liflerin yiiksek 1sil direnci 6zelliklerini korumasina izin vermektedir. Elyaf takviyeli
stiperalasimlar, motor ¢alisma kosullarinda rakip siiperalasimlara gore servis sicakliginda énemli bir
artis yasanmasi olanak saglamaktadir. Calismalarda ayrica tungsten elyaf takviyeli siiperalasim matris
kompozitleri ile niyobyum ve SiC takviyeli sliperalasimlar gibi diger yiiksek sicaklik kompozitleri de
incelenmektedir. Yiiksek sicaklik metal kompozit malzemeler {izerindeki ¢alismalar ugak
motorlarindaki tiirbin kanadi ve kanat uygulamalari i¢in siiriinme 6zelliklerini ve izin verilen ¢alisma
sicakliklarini artirmak iizerine odaklanmistir. Elyaf takviyeli siiperalasimlarla asilmasi gereken temel
teknik engel, takviye elyafinin 6zelliklerinin bozulmasini 6nlemek icin elyaf/matris uyumlulugudur. En
kot senaryoda fiber ve matris, yiliksek sicaklikta liretim veya servis sirasinda reaksiyona girerek
kirilgan intermetalik bilesikler olusturmakta veya fiberler ayrismaktadir. Ayrica, geleneksel nikel bazli
siiperalasimlarin, tungsten elyaf icinde difiizyonla tetiklenen yeniden kristallesmeye neden olarak
elyafin zamanla mukavemetini ve siinekligini kaybetmesine neden olabilecegi de kesfedilmistir. Bu
bozunma reaksiyonlarini azaltmak icin, modifiye edilmis FeCr-Al-Y siliperalasimlari bir matris
malzemesi olarak kullanilmaktadir. Ciinkii demir bazl alasimlar tungsten elyafi ile ¢ok daha iyi
uyumluluga sahip ve oksidasyona direncli, yliksek 1s1iletkenligi, icin siinek bir matris elde edilmektedir
[15, 24, 30, 31]

Ozel matrisli kompozitler, belirli bir uygulamay: karsilamak icin gereken ozel bir elyaf ve matris
kombinasyonuna sahiptirler. Tungsten lifleri veya grafit ipliklerle giiclendirilmis bakir matrisli
kompozitler, bu tip kompozitlere bir érnektir. W/Cu kompozitleri, tungsten liflerinin yiiksek sicaklik
mukavemeti ve sertliginden ve hem W hem de Cu'nun istiin termal ve elektrik iletkenliginden
yararlanarak, herhangi bir yiiksek iletkenlige sahip bakir alasimindan daha iistiin bir yiiksek sicaklik
mukavemetine sahip bir kompozit olusturulmaktadir [15, 24, 30, 31]. W/Cu kompozit yapisinda %20
Cu icermesi durumda yapilan ¢alisma sonucunda 30 MPa basing altinda 1450°C’de sicak presleme ile
malzemenin yogunluk elastitise, sertlik, egilme mukavemeti sonuclarinin ideal oldugu belirtilmektedir
[32]. W/Cu igerisinde yer alan bakir oranin kompozit icerisinde artmasiyla beraber termal iletkenlik
katsayisi artmaktadir. Ancak elastik modiil diismektedir. 800°C sicakliklara ¢ikildiginda ise diisiik bakir
orant iceren kompozit malzemede biikiilme elastik modiilii dramatik olarak diismektedir. Oda
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sicaklifinda ise en iyi biikiilme elastik modiiliine diisiik bakir oranina sahip olan kompozit malzemeyle
elde edildigi anlasilmistir [33].

Gr/Cu kompozitler ayrica olaganiistii bir termal iletkenlige sahiptir ve buna ek olarak, ¢cok cesitli
mevcut termal genlesme katsayilari ile daha diisiik yogunluklu, daha ytliksek modiilli bir kompozit
malzeme olusmaktadir. Gr/Cu kompozit malzemesinin icerisine sertlik ve 1sil iletkenliklerinin
arttirmak icin metal oksit (MnO2+C0304) nano parcaciklar eklenmesiyle beraber sertlik degerinde
%30’luk ve termal iletkenlik degerinde ise %10’luk bir artis saglanmistir. Halihazirda yiiksek termal
iletkenlige sahip olan bir kompozit olan Gr/Cu bu sayede daha da ytiksek bir termal iletkenlige sahip
oldugu belirtilmektedir [34, 35].

NASA roket motorlari icin kriyojenik olarak sogutulan itme odasi gémleklerine uygulama i¢cin W/Cu
kompozitleri lizerinde ¢alismaktadir. Mevcut gomleklerin sinirl bir 6mri bulunmaktadir. Clinkii hazne
gomlegi duvarlarindaki siddetli termal gerilimler, halihazirda kullanilan bakir alasimlarinin akmasina
ve deforme olmasina neden olmaktadir. Siiriinme testlerinde astar duvarlarinin termal déngitlerle
catlamasina ve bozulmasina yol actigl gozlenmistir. W/Cu kompozitlerinin iyilestirilmis yiiksek
sicaklik dayanimi ve yiiksek termal iletkenligi, sogutma sivisindan daha verimli 1s1 transferini
gerceklestirirken itme odasi duvarlarinin giiciinii artirarak ve daha uzun émiirlii, daha giivenilir roket
motoru elde edilmesi hedeflenmektedir. Ek olarak, ytiksek sicakliklardaki yiiksek rijitlikleri ve termal
iletkenlikleri nedeniyle, Gr/Cu kompozitleri, uzay gii¢ sistemleri icin 1s1y1 reddeden radyatorler olarak
degerlendirilmektedir [15, 20, 24, 36].

4. Sonuglar ve Tartl$ma (Results and Discussion)

Kompozit malzemelerin ugak motorlari icerisinde kullanilmasi i¢in yogun calismalar yapilmaktadir.
Ozellikle bu sektoriin énciilerinden olan NASA ve GE gibi merkezler siiperalasimlar yerini alabilecek
malzemeler iizerinde ¢alismalar gerceklestirmektedir. Bunlarin nedenleri arasinda ugak
performanslarini arttirmak, hafifletme saglanmasi, yiiksek 1sill dayanimlar elde edilmesi
bulunmaktadir. Polimer kompozit malzemeler lizerinde 6zellikle yiiksek 1sil ve sicaklik dayanimi
bulunan poliimid lizerinde yogun ¢alismalar yapilmaktadir. Poliimid matrisli kompozit malzemelerinin
icerisine ilave edilen takviye malzemeler sayesinde 400°C’ye yakin dayanimlari1 sayesinde ses alti
ucaklarda kullanilmalar1 s6z konusudur. Ancak matris malzemesi olarak polimer malzeme
kullanilmasindan dolay1 yiliksek sicakliklara erisen yanma odalarinda kullanilmasi olasi
goziikmemektedir. Ancak 400°C’ye kadar olan sicakliklarda siiperalasim malzemelere alternatif olarak
kullanilabilirler.

Metal kompozit malzemeler ise yliksek sicakliklar ¢alismak icin polimer kompozit malzemelere gore
daha uygundur. Ancak metallerin yliksek sicakliklarda oksijen ile bilesik olusturma riskleri
bulunmaktadir. Bu nedenle matris malzemesi olarak kullanilan metal malzemeler {izerinde ¢alismalar
gerceklestirilerek bozunmalarin 6niine gecilmeye calisilmaktadir. Metal matrisli kompozit malzeme
olduklari icin mukavemet dayanimlari da polimer kompozitlere oranla daha iyidir. Ancak agirlik olarak
polimer kompozit malzemelerden daha agirdir. Fakat siiperalasimlara gore igerisinde elyaf
malzemelerinin yer almasinda dolay1 daha hafiftir. Ozellikle NASA'min B/Al kompozit malzemesi
iizerinde yaptiklari calismalar dne ¢cikmaktadir ve su anda siiperalasimlar yerine kullanilabilecek en iyi
malzeme metal kompozit malzemelerdir.

Son olarak seramik kompozit malzemelere baktigimiz zaman en iyi 1si1l dayanimlara sahip olduklari
gozlenmektedir. Ancak en biiyiik dezavantajlar islemesi zor ve pahali olmasinin yani sira oldukga
kirilgan malzemelerdir. Yiiksek sicakliklara dayanimlar1 yiiksek olsa dahi parcaya etki eden darbe
aninda kirllma yasanmasi oldukc¢a yiiksektir. isleme aninda bile parcaya gelen kesme kuvvetleri
sonucunda da kirilmalar yasanmaktadir. Wu/C ve Si/C gilinimiizde {izerinde ¢alismalar
gerceklestirilen kompozit malzemelerdir. Ancak seramik kompozitler kirilgan olduklar: i¢in kirilma
tokluklar: arttirmaya yonelik malzemeler gelistirilmeye calisilmaktadir.

Kompozit malzemeler incelendiginde metal kompozit malzemelerin siiperalasimlarin yerini alabilmek
icin bir adim dnde oldugu goézlenmistir. Ancak polimer ve seramik kompozit malzemeler lizerinde
yapilan ¢alismalarda g6z ardi edilmemesi gerekmektedir. Kompozit malzemeler gliniimiizde ugaklarda
bazi motor pargalar yerini almistir. Yiikksek sicakligin olustugu yerlerde halen siiperalagsimlar kullanilsa
da birkac y1l icerisinde yerini kompozit malzemelere birakacagi 6ngoriilmektedir.
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ABSTRACT

Supervisory Control and Data Acquisition (SCADA) systems monitor and control critical
infrastructure processes. SCADA systems do not have adequate detection and defense
mechanisms against developing cyber attacks and contain many security vulnerabilities. Using
SCADA systems in critical infrastructures of national and international importance means new
targets for malicious attackers. In addition, using SCADA systems with new technologies brings
new perspectives to the security world. When technologies such as SDN are integrated with
SCADA systems, it brings advantages to the system regarding manageability and
programmability. However, security problems also occur against attacks such as DDoS. For these
reasons, it is imperative to ensure the cyber security of SCADA systems. In this study, the case of
Software Defined Network (SDN)-based SCADA systems exposed to DDoS attacks are discussed.
Logistic Regression, K-Nearest Neighbors, Random Forest, and Support Vector Machine (SVM)
classification algorithms have been used for attack detection. A ready-made dataset has been
studied, and accordingly, the model that makes the most accurate determination has been
proposed in our study. The results show that the proposed SVM classifier model (97.2% accuracy
rate) effectively detects DDoS attacks against SDN-based SCADA systems.

SDN Tabanli SCADA Sistemlerinde Makine
Ogrenmesi Tabanli DDoS Saldir1 Tespiti

07/

Kritik altyapilardaki siiregleri izlemek ve denetlemek i¢in Denetleyici Kontrol ve Veri Toplama
(SCADA) sistemleri kullanilmaktadir. SCADA sistemleri gelisen siber saldirilar karsisinda yeterli
tespit ve savunma mekanizmalarina sahip degildir ve birgok giivenlik a¢iklig1 barindirmaktadur.
Ulusal ve uluslararasi 6neme sahip kritik altyapilarda SCADA sistemlerinin kullanilmas: kotii
niyetli saldirganlar i¢in yeni hedefler anlamina gelmektedir. Ayrica SCADA sistemlerinin yeni
teknolojilerle birlikte kullanilmasi giivenlik diinyasma yeni bakis agilar1 kazandirmaktadir.
Software Defined Network (SDN) gibi teknolojiler SCADA sistemleriyle biitiinlestirildiginde,
sisteme yonetilebilirlik ve programlanabilirlik konularinda avantajlar kazandirmaktadir. Bunun
yani sira DDoS$ gibi saldirilara karsi giivenlik sorunlari da barindirmaktadir. Bu sebeplerden
dolay1 SCADA sistemlerinin siber giivenliginin saglanmasi zorunlu hale gelmistir. Bu ¢alismada
SDN tabanli SCADA sistemlerinin DDoS$ saldirilarina maruz kalmast durumu ele alinmigtir.
Saldir1 tespitinin yapilmasi icin Logistic Regression, K-Nearest Neighbors, Random Forest ve
Support Vector Machine (SVM) siniflandirma algoritmalar1 kullanilmigtir. Hazir bir veriseti
tizerinde ¢alisilmis ve buna gore en dogru tespiti gergeklestiren model ¢calismamizda 6nerilmistir.
Sonuglar 6nerilen SVM siiflandirict modelinin (%97.2 oraninda dogruluk), SDN tabanli SCADA
sistemlerine yonelik DDoS saldirilarin: etkili bir sekilde tespit ettigini gostermistir.

To cite this article: E. S6giit, A. Tekerek and O. A. Erdem, “Machine Learning-Based DDoS Attack Detection
on SDN-Based SCADA Systems,” Gazi Journal of Engineering Sciences, vol. 9, no. 3, pp. 596-611, 2023.
doi:10.30855/gmbd.0705090



1. Introduction

The Supervisory Control and Data Acquisition (SCADA) systems collect real-time data from terminal units,
such as input-output units and sensors, and store them in a central unit. The SCADA system evaluates the
collected data according to the criteria, creates warning messages, and informs the system’s operator. Control
points and data flow are monitored with the interface of the SCADA system. SCADA systems serve in critical
production, distribution, and utilization infrastructures like water, gas, electricity, and oil. Operations
performed in strategic infrastructures are monitored and controlled using SCADA systems throughout the
process. The data collected from the terminal units of the SCADA system are used to make predictions about
the system's operation. In addition, the control mechanism of the SCADA system provides a fast response to
the faults in the terminal units [1].

The SCADA system, a computer-based structure that allows management machines to spread over a wide
area from a single center, ensures easy data control and high efficiency in enterprises or industrial facilities.
SCADA provides system administrators with detailed reports on the system’s operation [2]. Uninterrupted
operations in critical infrastructures depend on the robust functioning of SCADA systems. Any disruption in
SCADA systems will adversely affect other connected systems, beneficiaries, and institutions. Cyber attacks
that develop day by day also target critical infrastructures. For example, cyber attacks targeting the electricity
distribution infrastructure can cause cities to face power outages all day and remain dark.

Another known example is the Stuxnet attack. By remotely interfering with the operation of the centrifuges
at the nuclear power plant, the attackers secretly disrupted the system and managed to damage the facility
physically [3]. Experience shows that these problems can occur at any moment and cause severe financial
losses. Therefore, taking every step necessary to ensure cyber security in SCADA systems against cyber attacks
is vital.

Production and distribution infrastructures administered with SCADA systems have failed to keep up with
the developing technology. Since SCADA systems' primary aim is to manage critical infrastructures
efficiently, cyber security in the SCADA systems is of secondary importance. Therefore, SCADA systems are
vulnerable to cyber-attacks that are steadily becoming more sophisticated. In addition to the difficulties in
adding new elements to this inflexible system, replacing old ones with new ones, and providing security, their
closed-system designs make these systems more vulnerable to attacks due to the widespread use of the
internet. Using the remote control feature is another insecure practice in the system. Integrating new
technologies such as Smart Grid, Internet of Things, 5G, cloud computing, blockchain, and Software Defined
Network (SDN) with SCADA systems brings security problems along with many advantages [4], [5].

SDN technology, which offers a dynamic, flexible, and programmable architecture, can eliminate or minimize
these problems experienced in the traditional structure of SCADA systems. SDN-based SCADA system
obtained by combining SDN technology and SCADA system offers solutions to the complications
encountered in regular networks. For example, developing information and communication technologies
generated new requirements in accessibility, dynamic management, high bandwidth, and high connectivity.
SDN-based SCADA system provides solutions to these manageability, complexity, and quality of service
requirements [6].

Besides advantages, SDN technology has disadvantages, such as cyber-attacks specific to SDN architecture.
The most threatening type of attack on SDN-based systems is Distributed Denial-of-Service (DDoS) attacks
[7]. DDoS attacks that can occur in SDN-based SCADA systems with security vulnerabilities can cause
devastating results. Slowdown, downtime, or dysfunction of vital infrastructure processes cause national or
international problems. When a critical infrastructure using the SCADA system undergoes DDoS attacks that
might affect all or some of the infrastructure, this situation might lead to dangerous consequences in cities,
such as untreated drinking water, electricity cuts, or signal failures on high-speed trains. For this reason, it is
imperative to maintain business continuity uninterrupted by providing cyber security in SCADA systems.

The current study proposed a model to control and detect DDoS attacks on SDN-based SCADA systems. In
the study, four different machine learning algorithms were used to test the reliability of the proposed model.
The evaluation was made according to the success metrics such as precision, recall, f1-score, and accuracy.
According to the analysis results of the algorithms, Confusion Matrix and ROC Curve were obtained and
interpreted. The evaluation results revealed that the model with the highest performance detected DDoS
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attacks. Furthermore, the comparisons made with similar literature studies confirmed the success of the
proposed model. It has been shown that using complex, hybrid, or advanced algorithms is unnecessary, and
successful results are obtained with machine learning methods.

The second part of the study explicitly presented similar studies in the literature and their differences from
the proposed model. The third chapter explained the concepts of SCADA, SDN, and DDoS. At the same time,
the fourth chapter covered the materials and methods used in the study and outlined the experimental results.
The fifth section is the Conclusion part.

2. Literature Review

In this section, studies from the literature concerning the detection of DDoS attacks targeting SCADA
systems, communication protocols, and SDN-based SCADA systems have been summarized.

Alhaidari et al. developed a frame against DDoS attacks in the SCADA system using the KDDCup'99 dataset.
They employed J48, Naive Bayes (NB), and Random Forest (RF) algorithms to determine the attack pattern
and got the best classification success rate with the RF algorithm [8].

Skripcak and Tanuska designed and simulated a prototype for a real-time and online information generation
component that can operate in SCADA systems. They utilized a Passive-Aggressive Classifier algorithm with
an Online Machine Learning algorithm on the process alarm forecasting scenario, which is considered a
binary classification problem [9].

Beaver et al. utilized machine learning methods to detect command and data injection attacks in critical gas
pipeline infrastructures. They used a benign and malicious command traffic dataset to identify attacks and
made analyses using NB, RF, OneR, J48, Nearest-Neighbor (NNge), and Support Vector Machine (SVM)
learning algorithms [10].

Hink et al. used machine learning techniques to detect cyberattacks against the power system and activate the
operator. Their study employed NB, RF, OneR, NNge, SVM, JRipper, and Adaboost algorithms and their
suggested technique, "Adaboost+JRipper" [11].

Benisha and Ratna proposed a new method for detecting and classifying malicious data in a water storage
system using a SCADA system. They utilized the Enhanced Cuckoo Search Optimization algorithm in
optimum classification feature selection and the Genetic Machine Learning based Neural Network algorithm
in classification [12].

Perez et al. tried to detect network attacks against SCADA systems using machine learning techniques. They
used a real dataset from gas pipeline systems and employed SVM and RF methods to implement various
Intrusion Detection System classifiers [13].

In their study, S6giit and Erdem used a dataset from gas pipeline control systems focused on attack detection.
This dataset contained data on Command Injection, Reconnaissance, and DoS against the Modbus protocol.
They utilized Decision Stump, Hoeffding Tree, Random Tree (RT), and REP Tree algorithms in the study [1].

Wan et al. proposed the Event-Based Hidden Markov Model (HMM) as an anomaly detection approach for
communication protocols in SDN-based control systems. They generated data through the simulation
environment and operated the Profinet protocol in the study. Furthermore, they evaluated the proposed
approach by comparing the performances of Event-Based HMM, BP Neural Network, and NB methods [14].

In their study, da Silva et al. detected cyber attacks on the electrical network components that used the
OpenFlow protocol. They proposed an approach based on One-Class Classification algorithms and SDN. For
this purpose, they used the One-Class SVM and Support Vector Data Description algorithms [15].

Radoglou-Grammatikis et al. presented an Intrusion Detection and Prevention System with SDN technology
for SCADA systems using Distributed Network Protocol 3 (DNP3). The study processing actual data from a
transformer station used Minimum Covariance Determinant, Local Outlier Factor, Principal Component
Analysis, Isolation Forest, and DIDEROT Auto-encoder methods for the proposed system [16].
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Choubineh et al., who detected cyber attacks against a gas pipeline, used Hoeffding Tree, NB, RT, Bayes Net,
and OneR machine learning algorithms in their study. They utilized different methods to increase the
proposed algorithm's performance and efficiency and compared the results [17].

Wang et al. performed attack detection for the SCADA system using datasets of gas pipeline and power
transmission systems using the Modbus protocol. In their study, where they simulated attack scenarios such
as Short-circuit fault, line maintenance, command injection, relay setting change, data injection, and DOS,
they tested NNge, RF, NB, Adaboost, SVM, Decision Tree, oneR, J48, JRip, and AdaboostJRip, as well as their
proposed model, "Stacked Deep Learning" for attack detection [18].

Basnet et al. proposed a new deep learning-based ransomware detection framework in a SCADA-controlled
electric vehicle charging station. Therefore, they created ransomware-driven DDoS attacks and ransomware-
driven false data injection attacks in the simulation environment. They used Deep neural networks, 1D
Convolution Neural Network (CNN), and Long Short-Term Memory (LSTM) algorithms for attack detection
[19].

Rajesh et al. created a real-time SCADA network traffic dataset to detect attacks against Industrial Process
Control Systems. They utilized Chi-square, ANOVA, and LASSO with SVMS-MOTE metrics to organize the
feature values. Then, they applied RF, SVM, K-Nearest Neighbors (KNN), and NB machine learning
algorithms for attack detection [20].

Polat et al. detected DDoS attacks on SDN-based SCADA systems. They obtained the dataset by establishing
the experimental environment with Modbus TCP communication. Hybrid LSTM, Gated Recurrent Units,
and SVM methods were used to detect attacks [7].

Some studies in the literature use their own or ready-made datasets. These studies; used machine learning,
deep learning, or hybrid approaches to detect attacks against SCADA systems. The reviewed studies
frequently discussed NB, RF, SVM, and LSTM algorithms.

In addition to previous research, SDN-based SCADA systems were discussed in this study, and machine
learning methods were used to detect attacks against these systems. A DDoS attack detection system model is
proposed. The proposed model highlighted the use of different machine learning methods to eliminate the
deficiencies of previous studies and contribute to the field. Besides, a dataset adopting a real-time SDN
infrastructure—tested in similar literature studies—was used to perform attack detection. The current study
proposed a valuable model for attack detection using LR, KNN, RF, and SVM methods.

3. SCADA, SDN, and Security Relationship

This section includes information about SCADA and SDN technologies, the services offered by these
technologies, and cyber security vulnerabilities.

3.1. SCADA systems

SCADA is a system that transmits the information received from the terminal units in the work environment
to the central unit, sends commands from the center to the peripheral elements, manages communication,
and monitors all operations. While SCADA systems serve in many areas, such as airlines, railways, space
systems, power plants, and critical infrastructures of different scopes, Human Machine Interface (HMI)
monitors and manages these systems. SCADA systems consist of Master Terminal Units (MTU), Remote
Terminal Units (RTU), and end devices. Figure 1 shows SCADA system components.
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Figure 1. SCADA system components

As seen in Figure 1, end devices, such as sensors or actuators in the fields, send data to the RTU. RTU transmits
the data received to MTU. After performing the controls and actions, MTU transfers the decision and the
necessary command to the RTU. RTU conveys the relevant commands to terminals, and specified operations
thus become complete. Besides these, SCADA systems have a database for event information records and an
HMI for the user. These features make it easy to conduct retrospective case studies, data analysis, and process
tracking [1].

SCADA systems are designed independently from the external network. Therefore, it works in a closed circuit,
has no cyber security mechanisms planned, and has security vulnerabilities [21]. The increased number of
sensors used in devices or terminal units in the SCADA system and higher data transmission between the
elements raise the system's complexity. Using the Internet in SCADA has enabled the installation of many
new technologies. System users can use default or weak-featured passwords, share passwords with others, and
prefer remote access to the system. Security solutions such as attack detection and prevention systems or
antivirus software cannot ultimately provide security for SCADA systems. Therefore, security vulnerabilities
in SCADA systems allow attackers to infiltrate and damage the system. These security vulnerabilities can
manipulate SCADA system components with different attack types, such as DOS, DDoS, data modifying, and
packet injection [18]. Abnormalities or malfunctions of system components can stop the SCADA and even
damage the functioning of other associated systems.

Insecure communication protocols also compromise system security by causing vulnerabilities. Modbus
TCP/IP protocol provides no encrypted transmission, authentication check, or authorization; it has many
security vulnerabilities. However, it is the most preferred communication protocol because it is an open-
source and easy-to-use application [22]. Due to security holes, the Modbus TCP/IP protocol is vulnerable to
attacks such as DoS, DDoS, and MITM [23]. DDoS attacks might manipulate the lack of authorization
vulnerability of the Modbus TCP/IP protocol and cause the Master device to send messages to the RTUs. This
process can consume the resources of the RTU and render them unusable, as in the Alabama Browns Ferry
Nuclear Power Plant that was closed down because of DDoS attacks [22].

3.2. Software-Defined Network (SDN)

With the inability to meet the new needs in the IT world with the traditional network approach, new
technologies such as SDN have emerged. SDN technology has brought a different perspective to network
management by providing opportunities for innovations, such as adding new units to the network, increasing
the variety of devices, and using diverse technologies simultaneously. SDN can produce easy and fast solutions
to problems and facilitates network management.
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As seen in Figure 2, there are three planes in the SDN architecture: control, data, and application. The data
plane, programmed and managed by the control plane, consists of various communication devices such as
routers. Devices on this plane cannot perform high-level network operations. The application plane assists
the control plane in security, routing, and network configuration. Applications are programmed with the
software located in this plane. In the control plane between the two planes, there are SDN controllers, which
are the brains of the network. The controllers communicate with the devices in the data plane using the
Southbound interface and the services and applications running on the application plane using the
Northbound interface. The control plane manages communication devices [24].

3.3. Distributed Denial-of-Service (DDoS) attacks

DDoS attacks aim to prevent the systems from responding to their users. Network resources in the attacked
systems struggle to resist the invasion that massively damages the network infrastructure and renders the
services temporarily or permanently inoperable. These attacks occur in two modes: First, numerous requests
are forwarded to the target system via infected zombie computers. Second, network security vulnerabilities
are detected by infiltrating the target system, and the system is rendered inoperable. DDoS attacks can cause
financial, reputation, time losses, and information thefts because of system malfunctions.

SCADA systems are the most exposed when it comes to DDoS attacks. These attacks cause heavy traffic by
sending too many requests to the MTU or terminals in the SCADA system. Thus, the target machine cannot
respond even to actual requests [25]. A SCADA system that cannot react to user requests can also affect
connected systems—machines or terminals-and terminate data exchange.

4. Material and Method

This section includes information about the dataset, methods, and experimental results. In addition, the
comparison of the results obtained with the literature is also included in this section.

4.1. Dataset

The current study utilized the dataset produced by Polat et al. in their DDoS attack detection experiments
conducted in an SDN-based SCADA network environment [7]. The experimental studies covered four
scenarios: TCP flood attack, UDP flood attack, ICMP flood attack, and normal (no attack) scenario. Table 1
shows the network packet (samples) numbers of these scenarios. The dataset had 89 attributes, benign
(normal) network traffic data (1188 rows), and DDoS attacks (TCP, UDP, and ICMP flooding) traffic data (a
total of 3012 rows). Since the number of samples of these four classes in the dataset is close to each other, the
dataset is balanced.
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Table 1. The number of packages in the scenarios

Attacks Number of Packages
TCP flooding

UDP flooding 3012

ICMP flooding

Normal Request 1188

Total 4200

4.2. Methods

To detect attacks, the study utilized Logistic Regression, K-Nearest Neighbors, Random Forest, and Support
Vector Machine-machine learning classification algorithms.

4.2.1. Logistic Regression (LR)

LR is a linear classifier algorithm that finds a hyperplane in the feature space. It separates the obtained
observation results according to their classes and converts the output of a linear function using a logistic
sigmoid function. Thus, "probability values" that can match a particular class are calculated [26].

It is a successful method of classifying categorical dependent variables using independent variables. LR is used
in many areas with nonlinear classification problems, especially in market research, finance, and engineering.
The dependent variable is usually coded as "1" and "0" in binary logistic regression models. If the observed
result is successful or has a positive meaning, it is coded as “1”. In the opposite case, it is coded as "0". Unlike
traditional regression models, the error term is hidden in logistic models. In the traditional regression model,
there is no e, as in y=b+ax+e, but an error value ei plays a role in the background [27].

4.2.2. K-Nearest Neighbors (KNN)

The KNN algorithm, a preference for classification and prediction problems, represents an easy-to-use
supervised machine learning algorithm. The algorithm determines the k nearest neighbors to an unknown
taken for classification. By looking at the classes these neighbors belong to, the unknown to be classified is
assigned to one or more classes at the closest distance. While determining the data class, it finds the nearest
neighbors and calculates the distances [28]. This research found the k value for classification to be 10.

In order to apply the nearest neighbor algorithm method, it is necessary to determine the distance
measurement method. For this, one of the "Euclidean Distance" or "Cosine Similarity" measures is usually

used [29].
X = (X1,X2, .., Xn)X = (X1, X2, ..., Xn) (1)
Y =(YLY2, .., Yn)Y = (Y1, Y2, ..,Yn) )

The examples in the classes are shown with Eq.1 and the data to be classified is shown with Eq.2.

DX, Y) = /X, (xi — yi)? (3)

Accordingly, the Euclidean Distance between the two vectors is calculated by Eq.3.

4.2.3. Random Forest (RF)

RF can be defined as a collection of tree-structured classifiers. Using the best split among all variables, RF
splits the best among a randomly selected subset of predictors at a node instead of dividing all. It creates a
new training dataset by modifying the original and then grows a tree using random feature selections. Users
can create as many trees as they want. The RF algorithm has been used extensively in different applications
[30].

Instead of one classifier, it generates multiple classifiers and then classifies the new data with the votes taken
from their predictions. To start this algorithm, two parameters must be defined by the user. These parameters
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are the number of variables (m) used at each node and the number of trees to be developed (N) to determine
the best split. The number of m variables, taken equal to the square root of the total number of M variables,
generally gives the closest result to the optimum result. RF generates trees using the Classification and
Regression Tree (CART) algorithm. At each node, branches are created according to the criteria of the CART
algorithm (e.g., GINI index) [31]. The GINI index measures class homogeneity and can be expressed by Eq.4
below.

5 (1) (1) o

IT] IT]

In Eq4, T is the training dataset, Ci is the class of a randomly selected pixel, and f(Ci,T)/|T| shows the
probability that the selected sample belongs to class Ci. As the GINI index increases, class heterogeneity
increases, while class homogeneity increases in the opposite case. When all N trees are produced, the class of
candidate pixel is determined based on the prediction results obtained from N trees [32].

4.2.4. Support Vector Machine (SVM)

SVM is a supervised machine learning model that uses regression and classification analysis. It identifies and
analyzes patterns. It separates data into two or more dimensions using a line, plane, or hyperplane. For this,
it determines the appropriate decision function [33]. The dataset of the two classes can be represented by Eq.5.

(x1,yl), (x2,y2),...,(x,yD)i=1,2,..,M (5)

In Eq.5, x is the input vector with properties belonging to classes of size N. Y indicates the class labels
corresponding to them, equal to +1 or -1 [34].

4.3. Experimental results

The current study performed experiments using the dataset to detect DDoS attacks in SDN-based SCADA
systems. In the experiments study, four different algorithms were employed. These algorithms are LR, KNN,
RF, and SVM. Detailed information about the algorithms is given in the material and methods section. The
comparative results obtained from the experiments are presented in this section below.

There are four different classes in the dataset. These three contain different types of DDoS attacks, and the
fourth class is normal. For experiments, the dataset is divided for train and testing, 80% of the dataset is
arranged for training and 20% for testing. Accordingly, 2410 rows from the attack classes and 950 from the
normal class were used for the train. The remaining 602 rows of data from the attacks and 238 rows from the
normal class were used for testing. In order to create a highly accurate attack detection system, it is necessary
to prepare and train a suitable model [35].

Table 2 presents the experiment results for attack detections performed by the LR classifier algorithm.

Table 2. LR classification results

Precision Recall F1-Score Support

Normal 0.888 0.974  0.929 155
ICMP Flooding 1.000 0.901  0.948 212
TCP Flooding  0.976 1.000  0.988 239
UDP Flooding  1.000 1.000  1.000 238
Accuracy 0.970 844
Macro Avg 0.966 0.969  0.966 844
Weighted Avg  0.973 0.970  0.970 844

Table 2 shows the analysis results of the LR classifier algorithm by the precision, recall, f1-score, support, and
accuracy evaluation metrics. According to the performance results of the model on the f1-score metric, this
model obtained the following correct prediction rates: Class-1 (Normal): 0.929, Class-2 (ICMP): 0.948, Class-
3 (TCP): 0.988, and Class-4 (UDP): 1.00. The accuracy value of the model was 0.970. While the model's
prediction in Class-1 was weak, it was superb in Class-4.

The study utilized a confusion matrix to understand the results of the classification model created, compare
the actual values and estimation results, and evaluate the errors (Figure 3). In addition, the results for the
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Receiver Operating Characteristic (ROC) Curve value are presented in Figure 4. The ROC Curve furnishes a
means for the comprehensive evaluation of a model across the entire spectrum of score thresholds yielded by
a classifier [36].

Lojistik Regresyon confusion matrix
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Figure 3. LR confusion matrix results
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Figure 4. LR ROC Curve

According to the confusion matrix results, the LR classifier algorithm classified Class-1 with 151 true and four
false predictions, Class-2 with 191 true and 21 false, Class-3 with 239 true and zero false, and Class-4 with 238
true and zero false. According to the results for ROC Curve, 99.85% for the 1st Class, 99.98% for the 2nd
Class, 99.97% for the 3rd Class, and 100% for the 4th Class were obtained.

Table 3 presents the analysis results of the attack detections performed by the KNN classifier algorithm.
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Table 3. KNN classification results

Precision Recall F1-Score Support

Normal 0.985 0.839  0.906 155
ICMP Flooding 0.898 1.000  0.946 212
TCP Flooding  0.987 0.983 0985 239
UDP Flooding  1.000 1.000  1.000 238
Accuracy 0.966 844
Macro Avg 0.968 0.955  0.959 844
Weighted Avg ~ 0.968 0.966  0.965 844

The KNN classifier algorithm's performance predictions based on the fl-score were as follows: Class-1
(Normal): 0.906, Class-2 (ICMP): 0.946, Class-3 (TCP): 0.985, and Class-4 (UDP): 1.00. The accuracy value
of the model was 0.966.
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Figure 6. KNN ROC Curve

According to the confusion matrix results (Figure 5), the KNN classifier model classified Class-1 with 130
true and 25 false predictions, Class-2 with 212 true and zero false, Class-3 with 235 true and four false, and
Class-4 with 238 true and zero false. According to the results obtained for ROC Curve (Figure 6), 92.07 %
results were obtained for the 1st Class, 98.30% for the 2nd Class, 99.73% for the 3rd Class, and 100% for the
4th Class.
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Table 4 presents the analysis results of the attack detections performed by the RF classifier algorithm.

Table 4. RF classification results

Precision Recall F1-Score Support
Normal 1.000 0.535  0.697 155
ICMP Flooding 0. 691 1.000 0.817 212
TCP Flooding  0.944 0.854  0.897 239
UDP Flooding  1.000 1.000  1.000 238
Accuracy 0.873 844
Macro Avg 0.909 0.847  0.853 844
Weighted Avg  0.907 0.873  0.869 844

Table 4 shows the analysis results of the RF classifier model. According to the performance results of the
model on the fl-score metric, this model obtained the following correct prediction rates: Class-1 (Normal):
0.697, Class-2 (ICMP): 0.817, Class-3 (TCP): 0.897, and Class 4 (UDP): 1.00. The accuracy value of the model
was 0.873.
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Figure 7. RF confusion matrix results
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Figure 8. RF ROC Curve

According to the confusion matrix results (Figure 7), the RF classifier model classified Class-1 with 83 true
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and 72 false predictions, Class-2 with 212 true and zero false, Class-3 with 204 true and 35 false, and Class-4
with 238 true and zero false. According to the results obtained for the ROC Curve (Figure 8), 97.35% for the
1st Class, 98.31% for the 2nd Class, 98.14% for the 3rd Class, and 100% for the 4th Class were obtained.

Table 5 presents the analysis results of the attack detections performed by the SVM classifier algorithm.

Table 5. SVM classification results

Precision Recall F1-Score Support
Normal 0.884 0.981  0.930 155
ICMP Flooding 1.000 0.896  0.945 212
TCP Flooding  0.980 1.000  0.990 239
UDP Flooding  1.000 1.000  1.000 238
Accuracy 0.972 844
Macro Avg 0.968 0.969  0.968 844
Weighted Avg  0.974 0971 0.971 844

According to the performance results of the SVM algorithm on the f1-score metric, this model obtained the
following correct prediction rates: Class-1 (Normal): 0.930, Class-2 (ICMP): 0.945, Class-3 (TCP): 0.990, and
Class-4 (UDP): 1.00. The accuracy value of the model was 0.972. In general, the model predicted all classes

successfully.
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Figure 9. SVM confusion matrix results
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Figure 10. SVM ROC Curve
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As seen in Figure 9, the SVM classifier model classified Class-1 with 152 true and 3 false predictions, Class-2
with 190 true and 22 false, Class-3 with 239 true and zero false, and Class-4 with 238 true and zero false.
According to the results for the ROC Curve given in Figure 10, 99.87% for the 1st Class, 99.85% for the 2nd
Class, 99.96% for the 3rd Class, and 100% for the 4th Class were obtained.

Four different classification models were evaluated, and the results were analyzed. Table 6 shows all the
analysis results comparatively.

Table 6. Comparison of classification algorithms

LR KNN RF SVM
Accuracy 0970 0.966 0.873 0.972
Precision 0.973 0.968 0.907 0.974
Recall 0.970 0.966 0.873 0.971

As seen in Table 6, the models are compared according to accuracy, precision, and recall metrics. Accuracy is
a widely used metric to measure the success of a classification model. The comparison of the classification
models showed that the RF model had a worse performance than other models. The LR and KNN
classification models were close in performance. The results revealed that the SVM classification model
showed the best performance.

The results obtained with the proposed model were compared with previous studies in the literature. Table 7
shows the comparison results. The comparisons conducted according to the sensitivity and accuracy values
showed that the proposed model gave relatively better results.

Table 7. Comparison with other studies in the literature

Study Dataset Algorithms Best Accuracy  Precision
Performance (%) (%)

[1] T. H. Morris et al. Decision Stump, Hoeffding Tree, RT, REP Tree RT 84.00 -

[7] Their dataset LSTM, Gated Recurrent Units, SVM Hibrit 97.62 -

[12] Gamesa Wind RF, ECSO-GML ECSO-GML 97.60 98.10

Turbines

[14] Their dataset Event-Based HMM, BP Neural Network, NB Event-Based 91.08 -
HMM

[16] N. Rodofile et al. Minimum Covariance Determinant, Local Outlier DIDEROT 95.10 -

Factor, Principal Component Analysis, Isolation ~ Autoencoder
Forest, DIDEROT Autoencoder

[18] Mississippi State NNge, RF, NB, Adaboost, SVM, Decision Tree, Stacked Deep 97.38 98.59
University’s SCADA  oneR, J48, JRip, Adaboost]JRip, Stacked Deep Learning
Lab Learning method
Proposed  The dataset of LR, KNN, RF, SVM SVM 97.2 97.4
Study reference [7]

5. Conclusions

The safe continuation of activities in businesses, industrial facilities, or institutions, especially critical
infrastructures, depends on the correct functioning of SCADA systems. For this purpose, the cyber security
of the system in the structures using the SCADA system has been the primary research topic. Security issues
have gained a different perspective by integrating a new technology such as SDN into the SCADA system.
This study focuses on detecting three different DDoS attacks on SDN-based SCADA systems.

In addition, the normal class is also included in the dataset so that the system can detect non-attack situations.
The dataset used in the study was prepared and made available by [7]. This dataset combines SCADA and
SDN technologies, is obtained in a virtual environment, and produces network flow data of DDoS attacks
against this system. Due to these features, it differs from the datasets in the literature. The results of the models
created with four different machine learning methods on the dataset were examined in detail.

Our study reached the highest accuracy value of 97.2% with the model created with the SVM algorithm.
According to other studies examined in the literature, it has been concluded that a complex model is optional
to create an attack detection model that can be integrated into SCADA and SDN systems. When the studies
are examined based on the accuracy value, our study produced a model with an average of 7.14% higher
performance than those with lower success. Again, considering the accuracy values, there is only an average
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of 0.33% loss of success compared to the complex structured studies that achieved higher success than ours.
In particular, a less complex structure was presented compared to the study, in which the same dataset was
used, and a slight difference of 0.42% was obtained in success.

Considering the distributions of attack types, the model we obtained in our study detects TCP and UDP
attacks with 100% success. Of the attacks, only ICMP was detected as Normal at a rate of 9.43%, and TCP was
detected at a rate of 0.94%. This shows that ICMP and Normal data flow are similar. In the estimation of
normal network data, misclassification as TCP was performed with a low rate of 1.94%.

In systems where SCADA and SDN technologies are used together, using simple models that can be adapted
efficiently and will not tire the system to provide cyber security may be advantageous. For this purpose,
models have been produced for the security of the SDN-based SCADA system with fast machine learning
algorithms frequently used in the literature. Fast machine learning algorithms are preferred instead of
complex models such as deep learning and hybrid approaches, and the differences are discussed.

In the future, we plan to embed the model we developed into SDN-based SCADA systems. It is aimed to
diversify the types of attacks that can be made on these systems and to run different algorithms for attack
detection. We aim to contribute more to this field by working on the cyber security of SCADA and SDN-
based SCADA systems.
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ABSTRACT

Organizations need to safeguard their information systems not only against external cyber
attackers but also against malicious individuals within their ranks who may exploit their
access to steal sensitive information for personal gain. Particularly, these malevolent
insiders can covertly monitor and capture documents displayed on computer screens using
digital cameras. By opting for digital cameras over more traditional communication
methods like email, perpetrators can evade digital traces, making it harder to detect and
establish their identity. Even if institutions were to enforce a policy banning the use of
camera-equipped devices, the ubiquity of small cameras allows this threat to persist. In
response to this menace, a novel technique has been proposed to counter it - embedding
hidden watermarks containing confidential information onto the screen, irrespective of the
application in use. These invisible watermarks, imperceptible during regular usage, can be
extracted from captured images, aiding in pinpointing the location and time of data leaks.

Ekran Filigrani: Dijital Suclularin Tespitinde Yeni
Bir Yaklasim

0Z

Kuruluslarin bilgi sistemlerini yalnizca harici siber saldirganlara karsi degil, ayn1 zamanda
kisisel ¢ikar saglamak amaciyla hassas bilgileri calmak i¢in erisimlerini istismar edebilecek
kendi biinyelerindeki kétii niyetli Kisilere karsi da korumalari gerekir. Ozellikle icerideki bu
kotll niyetli kisiler, dijital kameralar kullanarak bilgisayar ekranlarinda goriintiilenen
belgeleri gizlice izleyebilir ve yakalayabilir. Failler, e-posta gibi daha geleneksel iletisim
yontemleri yerine dijital kameralar1 tercih ederek dijital izlerden kacabilir ve bdylece
kimliklerinin tespit edilmesini ve belirlenmesini zorlastirabilirler. Kurumlar kamera
donanimh cihazlarin kullanimimi yasaklayan bir politika uygulasa bile, kiiglik kameralarin
her yerde bulunmasi bu tehdidin devam etmesine olanak tanir. Bu tehdide karsi, kullanilan
uygulamadan bagimsiz olarak ekrana gizli bilgiler iceren gizli filigranlar yerlestiren yeni bir
teknik onerilmistir. Normal kullanim sirasinda fark edilemeyen bu gériinmez filigranlar,
yakalanan goriintiilerden ¢ikarilabilir ve veri sizintilarinin yerini ve zamanini belirlemeye
yardimci olur.
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1. Introduction

Organizations must safeguard their sensitive information not only from external attackers but also
from internal threats, such as infiltrators or malicious insiders. To address this concern, solutions like
Data Loss Prevention (DLP) systems are increasingly being employed. However, DLP software can be
configured to log or block actions like internet access, sending emails, printing, taking screenshots, or
accessing external media. As a result, data leaks through traditional communication channels can either
be prevented or at the very least generate a digital trail of the perpetrator's actions. These digital traces
can serve as evidence in forensic investigations against malicious insiders. However, solutions like DLP
systems cannot prevent an insider from capturing a computer screen's image using a digital camera.
Any employee with the authority to view a specific document on the computer screen can capture an
image and leak the document's contents to unauthorized parties. Since DLP software cannot detect
whether a photo of a document has been taken, using a camera enables the perpetrator to easily evade
digital traces. This complicates the process of identifying and proving the perpetrator's identity based
on a leaked image. The widespread availability of camera-equipped smartphones and the rise of new
technologies like digital glasses or lenses further complicate the control of this data leakage threat.

Techniques such as screen watermarking, steganography, and cryptography offer significant solutions
in the field of information security. Screen watermarking involves placing a transparent watermark on
the computer screen to facilitate the identification of the source of leaked content through photographs
or videos. Steganography is a data hiding technique, referring to concealed data within media files like
images, audio, or videos. With this method, detecting hidden data within a document or file becomes
challenging. The topic of cryptography encompasses encryption methods and plays a crucial role in
data protection. Cryptography prevents unauthorized access by encrypting and transmitting data
securely, thereby reducing the risk of data leakage.

2. Information Hiding

Individuals are constantly seeking new and effective ways of communication. Online, users often find
themselves needing to send, share, or receive confidential information. As communication increasingly
occurs within electronic environments, new needs, challenges, and opportunities emerge. Hence,
owing to the rapid development of internet technologies, digital media can be easily transmitted over
networks. However, a significant issue encountered when communicating over a network is the
presence of multiple observers, including both passive and active ones. While a passive observer might
simply listen, an active observer can both listen and modify a message. Consequently, the aim is to
ensure that only the intended recipient can decipher the communication's content, while also
preferring to keep the transmitted message confidential. To address this issue, two primary solutions
have emerged: information hiding and cryptography [1].

The pursuit of a secure and confidential communication method is crucial not only for military
purposes but also in terms of market objectives related to commercial strategy and copyright.
Cryptography involves the transformation of plain text into encrypted text using a secret key. However,
transmitting encrypted text can easily arouse suspicion among attackers, potentially leading to the
interception, compromise, or decryption of the encrypted text. To overcome the limitations of
cryptographic techniques, the strategy of information hiding has been adopted.

2.1. Information hiding techniques

Information hiding is a multidisciplinary field that enables the concealment of secret data within a
digital carrier source. Imagine two parties wishing to communicate while keeping their communication
unnoticed by others. The sender can utilize an image that masks the existence of the communication.
This image is subsequently made available on a public channel accessible to everyone, yet only the
intended recipient is aware of the hidden information and possesses the ability to extract it.
Information hiding techniques, as illustrated in Figure 1, are categorized into three main types:
steganography, watermarking, and fingerprinting.
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Information Hiding
Techniques

Steganography Watermarking Fingerprinting

Figure 1. Information Hiding Techniques [1]

Steganography is derived from the Greek words "steganos," meaning "covered or protected,” and
"graphie," meaning "writing" [2]. As such, steganography is not only the art but also the science of
hiding the fact that communication is taking place, along with the actual content of the communication
[3]- Privacy is not the sole motivation for steganography. By embedding one data piece within another,
they become a single entity, eliminating the need to maintain a connection or risk their separation. An
application highlighting this advantage is embedding patient information within medical images,
establishing a permanent association between the two pieces of information. The goal of
steganography is to enable the transmission of secret messages without arousing suspicion. The
concept of "What You See Is What You GET (WYSIWYG)" is sometimes encountered when printing
images or other materials, yet it may not always hold true. Images can contain more than what the
Human Visual System (HVS) perceives and possess more than a thousand words. Throughout history,
people have sought to create covert communication methods.

A steganographic system encompasses two fundamental aspects: steganographic capacity and
imperceptibility. However, these two features often conflict and increasing the capacity of a
steganographic system while maintaining imperceptibility proves challenging. "Watermarking" refers
to identity marks created during the paper-making process. The earliest watermarks emerged in 13th-
century Italy and quickly spread throughout Europe, serving to identify skilled papermakers or trade
guilds. Today, watermarks still function as markers of origin and for preventing counterfeiting. A
watermark is a "hidden message" embedded in a "cover source." Often, extracting a watermark relies
solely on knowledge of a secret key [2]. Thus, the effectiveness of any watermarking technique depends
on the robustness of the watermark- that is, even if the presence of a watermark is known to exist on a
specific object (visible watermarking), it should be impossible to remove the watermark from the
object without altering or destroying the original (watermarked) object.

"Fingerprinting" is the process of uniquely marking data to trace the origin of a discovered illegal data
copy. The fundamental purpose of fingerprinting is for every user to obtain a copy of the concerned
object containing a unique mark. This mark can be used to identify the object and thus the user. For
instance, copies could be distributed only to users who authenticate their identity, ensuring they are
the ones receiving the copies. Another scenario involves the distribution of sensitive information
(images, videos, etc.) to a few authorized individuals and efforts to trace the source of leaked
information to a traitorous distributor. These marks should be imperceptible and present in every
frame or image distributed. These marks must be embedded so reliably that they cannot be removed
through multiple copying or editing processes [2].

2.2. Comparison of steganography and watermarking

Steganography and Watermarking are two distinct concealment technologies utilized for different
purposes. Steganography serves the purpose of safeguarding covert communication, whereas
Watermarking is employed to authenticate the ownership of documents or content. A comparison table
of these two concepts is presented in Table 1.

Table 1. Comparison of Steganography and Watermarking

Features Steganography Watermarking

Purpose To keep communication hidden To authenticate ownership

Hidden Data Carried covertly without supervision Carried consciously or unconsciously
Failure Scenario Detection of the hidden message Removal or alteration of the watermark
Output/Result Stego file containing hidden message Embedded or invisible Watermark File
Ownership Does not verify ownership Verifies ownership

Durability Plays a minor role Requires resilience against potential attacks
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As shown in Table 1, Steganography focuses on ensuring the undetectability of the hidden message.
Hidden data is carried alongside a carrier without supervision, producing an output in the form of a
Stego file. Through steganography, it is not possible to determine who the message is from or which
organization it belongs to. Additionally, steganography is considered unsuccessful if the hidden
message is detected. On the other hand, Watermarking aims to authenticate ownership by adding
hidden data known as a watermark to content. The watermark can be visible or invisible and may
contain ownership information such as a company logo or owner's details. Watermarking results in a
watermarked file, and it is considered a failure if the watermark is removed or altered.

Watermarking is a technology that needs to be resistant against various attacks. This table and
explanations showcase the distinct usage scenarios and purposes of Steganography and Watermarking.
Steganography is preferred in cases requiring covert communication, while watermarking is chosen
when there's a need to authenticate content ownership.

3. Literature Review

This literature review highlights the significance of screen watermarking methods developed through
the combination of steganography, watermarking, and cryptography technologies. These techniques
are widely employed to protect the confidentiality of sensitive information and authenticate data
ownership. Steganographic methods ensure communication privacy by covertly embedding content
within other data carriers. Watermarking verifies ownership and provides traceability by adding
unique identifiers to content. Cryptography facilitates secure encryption and transmission of data. This
study elucidates how these technologies are integrated within the realm of screen watermarking,
showcasing their contributions to data security.

3.1. The methods used in information hiding

Data concealment has gained increasing importance in today's world. With the rapid progress of the
information age, protecting private and sensitive data has become a significant necessity. In this
context, methods like watermarking, encryption (cryptography), and steganography emerge as crucial
tools for ensuring data security and guarding against unauthorized access. These methods are highly
effective and practical for safeguarding data integrity and security.

Watermarking involves embedding a recognizable image or pattern into documents to establish
authenticity. For instance, watermarking is utilized on identity cards, passports, banknotes, and other
security documents to prevent counterfeiting and alterations. Digital watermarking, on the other hand,
is an embedded marker that aids in protecting digital rights, enabling data to be traced and detected if
necessary. Encryption (cryptography) transforms data into an incomprehensible format, offering key
features like privacy, integrity, authentication, and non-repudiation. Encrypted data is shielded against
unauthorized access and can only be deciphered with the correct key, ensuring data security and
preventing unauthorized individuals from accessing the information. Steganography involves the
practice of concealing messages, files, or images within other messages, files, or images. This method
offers high levels of security and capacity. Steganography hides data without altering the structure of
the hidden message, creating a structure that appears like a normal image or file from the outside, but
contains concealed information within. This enables data to be transmitted without being detected by
unauthorized parties.

These three methods can be combined to achieve a higher level of protection [4]. For instance,
messages can first be encrypted into an incomprehensible format. Then, steganography can be
employed to embed the encrypted text within a cover medium. This integrated approach successfully
meets the goals of security, capacity, and robustness in data concealment. These methods play a crucial
role in maintaining data privacy and security. As technology continues to advance, the need for data
protection also grows. Therefore, methods like watermarking, encryption, and steganography have
become indispensable tools in preserving sensitive data and combating unauthorized access.

3.2. Watermarking methods for screen content protection

Watermarking methods can be categorized into solutions for multimedia files and text documents.
Textual watermarks displayed on screens need to be invisible and seamlessly integrated into the text's
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visuals. Basic approaches for images involve placing watermarks in the least significant bits of pixel
values [5]-[7], utilizing imperceptible color changes. However, concerns arise about the ability of
devices such as cameras and smartphone cameras to capture these changes. An alternative method [8]
encodes watermarks by altering the brightness of adjacent pixels. Unlike this method, our approach
doesn't necessitate the presence of the original image for watermark retrieval. Many multimedia
watermarking techniques operate in transformed domains, like the frequency spectrum of images [9]-
[11], allowing subtle modifications that are hard to detect by humans. However, these watermarks can
often be discernible in text documents [12]. Therefore, frequency-domain watermarking isn't well-
suited for our proposed method. Similar to our approach, printer technology uses quasi-
steganographic techniques, embedding printing details in output using invisible yellow dots [13]. Our
method follows a similar logic by hiding information within a watermark on a computer screen.

Considering the above, current research has emphasized three methods. The first approach capitalizes
on the human eye's insensitivity to slight brightness changes compared to digital cameras. This
content-independent method invisibly embeds watermarks in textual content on screens, aiding
forensic investigations into data breaches. The watermark is later extracted from images of the
displayed documents, facilitating the determination of breach details. In the watermark embedding
process, a unique bit sequence defines hidden data. This sequence is used to create a secure payload
with a cryptographic checksum. The payload is encoded using a specialized convolutional encoder to
generate watermark symbols embedded into the computer screen. In the extraction process,
embedded symbols are decoded to retrieve the protected payload. The cryptographic authentication
summary is verified, and if correct, the obfuscated data information is returned; otherwise, no result is
provided [14].

The second research paper presents a real-time screen watermarking approach with an overlay layer
[15]. It exploits human visual system characteristics to embed an imperceptible watermark over
content, adapting to screen changes with minimal delay. This adaptable method functions without
specialized hardware and suits various computer systems. The algorithm's simplicity is a key feature,
ensuring not only low computational complexity but also enabling real-time processing. The nearly
imperceptible delay between screen changes and the watermark algorithm's adaptation is a testament
to its high adaptability dynamics. It's worth noting that the delay is proportionate to the size of the
watermarked screen, indicating a scalable performance across varying display dimensions.

The third research paper introduces the SSDeN Framework, a frequency-domain watermarking
technique leveraging deep neural networks [16]. This framework combats unauthorized use of screen
captures without compromising image quality. This innovative framework addresses common
limitations observed in traditional watermarking methods, such as detectability and potential
degradation of image quality. The SSDeN Framework stands out as a high-performance solution that
ensures robust protection against unauthorized screen capture while preserving image quality. It
operates in four stages: dataset preprocessing, watermark embedding, separation of watermarked
data, and watermark extraction. In the preprocessing stage, data is prepared, compressed, and
subjected to Discrete Cosine Transform (DCT). Watermark embedding involves adding the watermark
to DCT coefficients corresponding to each pixel. Separation of watermarked data extracts watermarked
information using frequency domain attributes. Watermark extraction removes the watermark from
watermarked data, recovering the original image. The SSDeN Framework utilizes deep neural
networks and frequency domain operations to significantly enhance the security of screen captures
without compromising the quality of the captured images. The synergy of these components positions
the SSDeN Framework as a cutting-edge solution in the realm of screen capture protection.

3.3. Assessment of watermark methods

In the following examination of various watermarking methods, we delve into the key features,
applications, advantages, and limitations of three distinct approaches. The insights from these
methods, summarized in the Table 2 below, shed light on the efficacy and challenges associated with
contemporary watermarking techniques. In the basis of these methods summarized in Table 2, detailed
findings and explanations of the methods used are also presented by us.
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Table 2. Comparison of Watermarking Methods for Screen Content Protection

Research Paper = Methodology Key Features Application Advantages Limitations
Invisibility, aids
Embeds watermarks forensic . Effectiveness
. . s . . Utilizes human
[14] Content- in textual content on investigations in Forensic ove may be
Independent screens, exploiting data breaches; investigations, Y L impacted by
. characteristics, e ;
Textual human eye extraction from data breach variations in
. . o . . . content- .
Watermarking insensitivity to images facilitates analysis. independent display
brightness changes. breach details P ) technologies.
determination.
. Real-time screen Real-time, Exploits human .
[15] Real-time P Effectiveness

Screen
Watermarking
with Overlay
Layer

watermarking using
an overlay layer,
adapts to screen
changes with
minimal delay.

adaptable without
specialized
hardware, suits
various computer
systems.

General screen
watermarking
applications.

visual system
characteristics,
minimal delay in
adapting to
screen changes.

dependent on
the complexity
of screen
changes.

[16] SSDeN
Framework -
Frequency-
Domain
Watermarking
with Deep
Neural Networks

Utilizes deep neural
networks and
frequency-domain
operations for
watermarking.
Operates in four
stages: dataset
preprocessing,
watermark
embedding,
separation of

Combats
unauthorized use
of screen captures
without
compromising
image quality.

Screen capture
security
enhancement.

Deep neural
network
integration,
frequency-
domain
operations,
image quality
preservation.

Effectiveness

subject to real-
world scenario
tests; potential
vulnerabilities
not addressed.

watermarked data,
and watermark
extraction.

The first examined method [14] concluded that all watermark data could be successfully retrieved from
unchanged photographs for all tested smartphones. Despite modifications made to the images, the
encoded data could still be extracted. Additionally, the method demonstrated remarkable resilience
against cropping of watermarked images captured by smartphones. This underscores its efficacy in
tracking and analyzing the footprint of protected data, making forensic investigation of data breaches
considerably easier.

In the second examined method [15], evaluations were conducted regarding imperceptibility and
robustness. When adjusting the size of the watermark region to medium or small, the watermark
remained unnoticed in all usage scenarios, with visibility only occurring for larger region sizes. This
highlights the balance between visibility level of the watermark and accuracy of placement within
regions containing the content to be protected. Robustness assessment revealed that for all test cases
with unaltered screen captures, it was possible to remove the watermark. Notably, it was observed that
larger region sizes offered greater resistance against attempted attacks, but smaller watermark sizes
better withstood processes like cropping.

The third examined method [16] focused on experimental studies. Experiments were conducted on the
ImageNet dataset which renowned for its vast collection of labeled images spanning thousands of
object categories, serves as a benchmark in computer vision research. In this context, the researchers
utilized key metrics such as PSNR (Peak Signal-to-Noise Ratio), SSIM (Structural Similarity Index), and
MSE (Mean Squared Error) to meticulously assess the performance of the SSDeN Framework.
ImageNet, comprising millions of high-resolution images, enables a comprehensive evaluation of the
proposed framework's capabilities across diverse visual content, ensuring a robust and thorough
analysis of its effectiveness. The outcomes substantiated the effectiveness of the SSDeN Framework as
a robust watermarking method. Robustness tests across different scaling and JPEG compression ratios
demonstrated the high durability of the SSDeN Framework. This study underscores the potential
effectiveness of deep neural network-based watermarking techniques in safeguarding data.

4. Materials and Methods

In the realm of digital security, detecting and preventing data breaches and unauthorized use of screen
content have become paramount. While existing watermarking methods address various aspects of
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this challenge, there is a need for a comprehensive approach that overcomes their limitations. In this
section, we propose a novel Screen Watermarking method that not only addresses the shortcomings of
the previously discussed methods but also offers an advanced level of security and flexibility in
detecting digital criminals. For the implementation of our proposed Screen Watermarking method, we
chose the Python programming language. Python offers a rich ecosystem of libraries and tools that
facilitate image processing, machine learning, and dynamic behavior integration, all of which are
crucial components of our approach. Additionally, Python's readability and ease of use align well with
the complexity of the task at hand.

Our chosen methodology integrates content-adaptive watermarking and real-time dynamic overlay
integration. This comprehensive approach aims to transcend the limitations of existing methods and
provide a robust solution for detecting digital criminals. Content-adaptive watermarking ensures
intelligent embedding by considering content characteristics, optimizing visibility while maintaining
imperceptibility. The real-time dynamic overlay not only adapts to content changes but also updates
based on user interactions, enhancing watermark concealment and confounding digital criminals'
attempts at pattern prediction. The workflow of the proposed watermark embedding and extraction
process is illustrated in Figure 2.
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[Pe—— —_— — | T | — Block2 | Blocks
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 Watermark Blocks
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Figure 2. Work Flow of the Proposed Watermarking Process

Through our application, we introduce an innovative methodology for dynamically embedding
watermarks into images and real-time inclusion of informative content. Our approach blends image
processing, cryptography, steganography, and graphical user interface (GUI) techniques to craft an
interactive and visually engaging watermarking solution. Our primary contributions encompass the
integration of context-adaptive watermarking and real-time dynamic overlays within a Windows Form
application. This enables the generation of QR codes that encapsulate encrypted metadata,
subsequently ingrained as watermarks using steganographic techniques in images, complemented by
real-time overlays conveying supplementary information. We offer exhaustive insights into our
content-adaptive watermarking and real-time overlay methods, supported by a comprehensive step-
by-step implementation. This workflow encompasses user input acquisition, encryption leveraging the
Advanced Encryption Standard (AES) algorithm, QR code generation via the qrcode library, watermark
embedding, and dynamic overlay application. Notably, the content-adaptive watermarking function
scrutinizes image features to discern fitting watermark embedding points, while our real-time dynamic
overlay function vigilantly tracks the image and applies live overlays. Converting our solution into
practice involves employing Python libraries like cv2, numpy, pycryptodome, qrcode, and PyQt5. Our
Windows Form application adeptly captures user data, encrypts it, produces QR codes, and
subsequently applies both watermarks and real-time overlays. The amalgamation of context-adaptive
watermarking with real-time overlays yields captivating and educational images. Through the
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seamless integration of encryption, QR code generation, and image manipulation within a GUI
environment, our proposition showcases its feasibility and potential utility. Forthcoming exploration
could delve into intricate watermarking algorithms and diverse overlay contents tailored to varied
applications.

5. Discussions

The examination of three different methods raises discussions on the limitations of watermarking
techniques in terms of susceptibility to tampering, perceptibility, and robustness, and suggests that
their reliability may not be fully guaranteed. These findings indicate that watermark technologies
might not offer a complete solution for safeguarding digital content copyright and security.

In the first method [14], it was concluded that watermarks could be retrieved from unchanged
photographs. This implies that watermarks can be rendered ineffective. This issue arises as a concern
regarding the security insufficiency of watermark technology, potentially failing to fulfill its protective
purpose. The study noted that despite alterations to the image, encoded data could still be extracted.
This suggests that watermarks can be easily bypassed, allowing unauthorized use of content. This issue
could spark a substantial debate on the credibility and efficacy of watermark technology.

In the second method [15], a study was conducted evaluating watermark visibility and robustness. The
study revealed that watermarks remained unnoticed when used at specific sizes but were detectable
atlarger sizes. This underscores the need to strike a balance between watermark visibility and accurate
placement within regions containing protected content. However, the study also showed that the
watermark could be easily removed from unaltered screen captures. This raises serious concerns about
the durability and effective protection capability of watermarking. The limitations and protection
deficiencies of this method could be subjects of debate.

The third method [16] examined the SSDeN Framework, a watermarking method. Experimental studies
demonstrated the effectiveness of this method. However, as mentioned in the review, the robustness
tests were performed under various scaling and JPEG compression ratios. The results concluded that
the SSDeN Framework exhibited high durability. Nonetheless, debates might arise about whether these
tests fully reflect real-world scenarios. In reality, various attacks and manipulation methods could
potentially bypass the watermark. Therefore, further research and discussion may be necessary to
ascertain how effective and reliable this method truly is in real-world applications.

The Screen Watermarking approach we propose represents a novel and advanced method for detecting
digital criminals engaged in data breaches and unauthorized use of screen content. By addressing the
limitations of existing watermarking techniques and integrating innovative features, our approach
provides a robust and adaptable solution to the evolving challenges of digital security. The initial
prototype, developed as a demonstration within the framework of our proposed methodology, has
been executed, revealing successful watermarking of photographs against basic attacks. Based on the
initial evaluation results, it was observed that, even after cropping the watermark, 40% of the cropped
area retained the capacity to extract the concealed information from the watermarked image.
Furthermore, it was noted that the embedded information in the watermark could be recovered even
after shooting from various angles and subject to basic photo manipulations, such as brightness
adjustments up to 20%. The preliminary assessment indicates that the proposed watermarking
method is fundamentally effective. A more comprehensive evaluation will be conducted once the
prototype is finalized.

6. Conclusions

This research has culminated in the introduction of an imperceptible low-density watermarking
technique for screen content protection. The proposed approach enables the embedding of information
that can be subsequently extracted from photographs or screen captures. To further enhance this
technique, a coding scheme based on convolutional codes will be developed to accommodate the
specific challenges of screen watermarking, including high error rates, non-uniform error distributions,
and segmented screen shapes. A series of experiments will underline the resilience of these
watermarks against resizing and basic image manipulations, confirming their inconspicuous presence
during regular usage.
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The forthcoming phase of research will predominantly delve into steganography methods. With the
primary objective of creating discreet watermarks on computer screens to counteract data theft
without leaving discernible digital traces, the watermarking process will pivot toward steganography
techniques. This approach will allow detection information linked to data breaches to be retroactively
retrieved from leaked images containing concealed watermarks in the original content. This retrieved
information can subsequently serve as compelling evidence in both forensic and administrative
inquiries.

Upon the completion of research and the development of watermarking algorithms, a prototype
application will be crafted. This application will seamlessly apply invisible watermarks to PC screens
and encompass robust mechanisms for detecting data theft. As the final stage, rigorous testing of the
developed prototype application will be conducted to evaluate the durability of the watermarking
process and the efficacy of data theft detection.

In our future endeavors, we envisage an integrated approach that amalgamates Multi-Layered
Watermarking, Behavioral Analysis Integration, and Machine Learning and Al techniques. This unified
methodology aims to elevate the watermarking process to unprecedented levels of security and
adaptability. By embedding multiple layers of information, introducing behavioral analysis to detect
anomalies, and leveraging machine learning to refine watermarking strategies and enhance data theft
detection, our proposed approach is poised to stand at the forefront of digital security solutions,
ensuring resilient protection against a dynamic landscape of threats.
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ABSTRACT

Keywords: Wear simulator, knee, Knee wear simulators are used to model joint mechanics and detect wear performance,
matlab, system modelling, referencing ISO14243-1/3 protocols. In this study, it is aimed to create a system model for a joint
artroplasity knee wear simulator prototype and then obtain input and output signals with the Matlab Simulink

program. As a result of the study, transfer functions for torque and position were obtained and a
block diagram was created in the Matlab Simulink environment. Based on the ISO 14243-3

> Gazi University,
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Dept. of Industrial Design Engineering protocol, motion curves were modeled in the Matlab Simulink environment and converted to
06560 - Ankara, Tiirkiye input reference signals. Finally, PID controlled closed loop was integrated into the DC servo
Orcid: 0000-0003-3062-1572 motor circuit to obtain output signals, and using these signals, the walking cycle was successfully

¢ mail: ozkan.hizaroglu@gazi.edu.tr simulated in Matlab SimMechanics environment in accordance with ISO 14243-3. When the

® Gazi Universi system model is evaluated, it is understood that it has advantages such as being able to work with
azi University,

Technology Faculty, open source microcontrollers such as Ardunio, low cost, and easy adaptation of any data to the
Dept. of Computer Engineering system. In this study, it is aimed to obtain a suitable system model for the knee wear simiilatér
06560 - Ankara, Tiirkiye prototype and to serve as an example for easily accessible test simulators for use in scientific
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el studies or R&D processes.
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canbimreguegieint Diz Eklemi Simiilator Prototipinin ISO 14243/3
Standardina Uygun Sistem Modelleme Calismasinin
Yapilmasi ve Matlab Simulink Ortaminda Yiiriiyis
Profilinin Simiile Edilmesi

0z

Diz asinma simiilatorleri, 1SO14243-1/3 protokollerini referans alarak eklem mekanigini

modellemek ve aginma performansini tespit etmek icin kullanilmaktadir. Gergeklestirilen

calismada, bir diz eklem agmnma simiilator prototipi i¢in sistem modelinin olusturulmasi,

sonrasinda ise Matlab Simulink program ile girdi ve ¢ikt1 sinyallerinin elde edilmesi

hedeflenmektedir. Caliyma sonucunda, tork ve konum i¢in transfer fonksiyonlar: elde edilmis ve

Matlab Simulink ortaminda blok diyagramu olusturulmustur. ISO 14243-3 protokolii esas

almarak hareket egrileri Matlab Simulink ortaminda modellenmis ve girdi referans sinyallerine

doniistiiriilmiistiir. Son olarak, PID kontrollii kapali dongii, DC servo motor devresine entegre

edilerek ¢ikt1 sinyalleri elde edilmis ve bu sinyaller kullanilarak Matlab SimMechanics ortaminda

yliriime dongiisii ISO 14243-3’e uygun olarak basarili bir sekilde simiile edilmistir. Sistem modeli

degerlendirildiginde, ardunio gibi agik kaynak kodlu mikro denetleyiciler ile ¢aligabilme, diisiik

maliyet, herhangi bir veri datasii sisteme kolay adapte edebilme gibi avantajlarmnin oldugu

Anahtar Kelimeler: Asinma anlasilmistir. Bu ¢alismada, diz asinma simiilator prototipi i¢in uygun bir sistem modelinin elde
simulatérii, diz, matlab, sistem edilmesi ayrica bilimsel ¢alismalarda veya ARGE siireglerinde kullanilmak maksadiyla kolay

modelleme, artroplasti ulagilabilir test simiilatorleri icin 6rnek teskil etmesi amaglanmugtir.
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1. Gll‘l§ (Introduction)

Son yillarda, ¢esitli diz asinma simiilatorleri gelistirilmis ve total diz protez (TDP) tasarimlarinda asinmay1
simiile etmek icin ¢esitli protokoller kullanilmistir. Asinma simiilatérlerinde nihai amag, konfigiirasyon ve
malzeme dahil olmak {izere gesitli TDP tasarimlarinin aginma oOzelliklerini ve performanslarini gercek
duruma yakinsatarak degerlendirmektir [1]. Tablo 1‘de gosterildigi tizere, ISO 14243-1 yiik kontrol protokolii
ve ISO 14243-3 konum kontrol protokolii olmak tizere iki farkli aginma test protokolii mevcuttur.

Tablo 1. ISO 14243-1 ve ISO 14243-3’ protokollerine gére aginma testi igin temel alinan eklem hareket ve kuvvet ciftleri (Joint motion and
force couples used as basis for wear testing according to ISO 14243-1 and ISO 14243-3 protocols)

Kontrol parametreleri 1SO 14243-1 ISO 14243-3

TD torku (Nm)
AP kuvveti (N)

EK (N)
FE (derece)

XWX X

AP yer degistirme (mm) -

XWX} X

TD ags1 (derece)

Sekil 1’de goriildiigi tizere, iki protokolde de eksenel kuvvet (EK) ve fleksiyon-ekstensiyon (FE) ac1 ortak
kontrol unsurlaridir. ISO 14243-1 yiik kontroliinde tibial donme torku ve AP kuvveti belirleyici unsurlar
olurken, tibial donme agist (TD) ve anterior-posterior (AP) konumu ise ISO 14243-3 konum kontrol
protokolii i¢in belirleyici unsurlar: olusturmaktadir.

I i
U
Eksenel Kuvvet Eksenel Kuvvet

Femoral komponent

Insert

Tibial komponent

()

N
N

AP yer degistirme (mm)

()

AP kuvvei (N)

FE (derece) FE (derece)
) )
™ torl|(u (Nm) ™ a<;|3||(derece)
ISO 14243-1 Yik Kontrol ISO 14243-3 Konum Kontrol

Sekil 1. ISO 14243-1 ve ISO 14243-3 hareket ve kuvvet degiskenleri (ISO 14243-1 and ISO 14243-3 motion and force variables)

Literatiirde, diz simiilatoriiniin gelisimi incelendiginde kas, tendon ve yumusak doku gibi farkli anatomik
yapilarin dikkate alindig1 ve farkli serbestlik derecelerinde tasarimlarin yapildig: goriilmektedir (Tablo 2)[2].
Bu ¢aligmanin konusu olan sistem modellemenin uygulandigi prototip diz simiilat6rii Tablo 2’nin son satirina
eklenmistir.

Tablo 2’nin son satirinda yer alan ¢alismada, mekanik tasarimi tamamlanmis prototip bir diz aginma
simiilatoriiniin ISO 14243-3 konum kontrol protokoliine uygun olarak belirli bir zaman déngiisii iginde
istenilen kuvvet ve konum degerlerini olusturan bir sistem modeli tasarlanmustir.
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Tablo 2. TDP Diz aginma simiilatér modelleri [2] (Total knee replacement knee wear simulator models)

Yazar Yaym Yi FE EK AP TD VV S/S
Wang. at all.[3] 1999 X X X

Instron Biolups Diz. Sim.[4] 2008 X X X

Walker at all..[5] 2008 X X X X

Schwenke at all[6] 2009 X X X X X X

Callies at all[7] 2014 X X X X

AMTI Diz Simiilatorii[8] 2015 X X X X X X

Abdel-Jabel at all[9] 2015 X X X X

Liu at all[10] 2015 X X X X X X

*Hizaroglu O. 2022 X X X X

Caligmanin materyal ve metod boliimiinde, ISO 14243-1 ve ISO 14243-3 protokollerinde verilen hareket,
kuvvet ve tork grafiklerinin x-y koordinatlari belirlenmis, Matlab Function komutu kullanilarak x-y
koordinatlarini temel alan bir egri fonksiyonu olusturulmus ve denklik katsayilar: elde edilmistir. Bu yontem
ile Tablo 1°de verilen TD torku, AP kuvveti, EK, FE agis1, AP yer degistirme, TD agis1 i¢in uygulanmis ve
grafikler elde edilmistir. Egri fonksiyonu, Simulink Signal Builder modiilii ile PID kontrollii DC servo motor
devresine entegre edilmis ve ISO 14243/3 protokoliinii gerceklestirmek maksadiyla motor kontrolii i¢in
referans giris sinyalleri iretilmistir. Simiilator prototipinin motor tork ve pozisyon kontrolleri i¢in
matematiksel modelleme ¢alismasi yapilmis ve transfer fonksiyonlari elde edilmigtir.

2. Materyal ve Metod (Material and Method)

2.1. ISO 14243-1 ve ISO 14243-3 hareket, kuvvet ve tork grafiklerinin simiilasyon ortaminda olusturulmasi
(Creating ISO 14243-1 and ISO 14243-3 motion, force and torque graphs in a simulation environment)

Diz aginma simiilator prototipinin ISO 14243’ uygun asinma performansini saglamasi, standartta verilen
kuvvet ve hareket egrilerini basarili bir sekilde uygulamasina baglidir. Bu amagla, ilgili standarttaki egrilerin
sistem modelleme tarafindan kullanilmak {izere referans sinyallere doniistiiriilmesi hedeflenmektedir. ISO
14243/1-3 standardinda, bir ¢evrim siiresince meydana gelen hareket ve kuvvet ciftleri grafik egrileri olarak
verilmistir [11]. Bu verilen egrilerden yola ¢ikilarak, Matlab ortaminda fonksiyon yazilmis ve her bir grafik
i¢in 100 referans nokta kullanilarak hareket ayrica kuvvet egrileri olusturulmugtur. Sekil 2’de goriildaigii tizere,
Matlab function ile elde edilen grafik egrileri ve ISO 14243-3’den gelen grafik egrileri ile iist iste ¢akistirilarak
benzetim ¢aligmas! yapilmustir.

Sekil 2’deki hareket ve kuvvet egrileri incelendiginde, noktali egriler ve diiz egrilerin birbiri {izerine
bindirildigi goriilmektedir. Referans hareket ve kuvvet egrileri ISO14243-3’den gelen diiz egriler iken noktalt
egriler ise Matlab Simulink’te fonksiyon yardimu ile elde edilmekte olup motor kontrolii i¢in referans sinyal
olarak kullanilmasi amaglanmaktadir.

2.2. Tork ve konum igin transfer fonksiyonunun elde edilmesi ve Simulink” te blok diyagramin olusturulmast
(Obtaining the transfer function for torque and position and creating the block diagram in Simulink)

Artroplasti sonrasinda dize implante edilen femur ve insertlerin yiizeyleri arasinda yuvarlanma ve kayma
hareketleri yiiriime dongiisii boyunca olusmakta ve eklem mekanigi temel anlamda modellenmektedir.
Yiiriiyiis modelinin simiile edilebilmesi i¢in diz asinma simiilator prototipi, ISO 14243 geregi, tork, kuvvet ve
konum kontrollerini saglamalidir. Bu amagla, simiilatorde kullanilacak elektrik motorlarinin referans
sinyallerle kontroliiniin saglanmasi igin tork ve konum transfer fonksiyonlarmin elde edilmesi sistem
modelleme ¢aligmasi i¢in gereklidir. Bu boliimde, voltaj ve akim parametrelerine gore konum ve tork kontrolii
yapan bir sistem modellemesi tizerinde ¢alisiimakta, standart bir DC motorun tork ve pozisyon transfer
fonksiyonlari elde edilmektedir.

Sistem modelleme ¢alismasinda, matematiksel modelleme igin gerekli semboller, tanimlari ve birimler Tablo
3’de verilmistir.
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Sekil 2. ISO 14243-3’den alinmig kuvvet ve konum egrileri(¢izgi)- Matlab Simulink’te elde edilmis kuvvet ve konum egrileri(noktalr)
(Force and position curves (line) taken from ISO 14243-3 - Force and position curves (dotted) obtained in Matlab Simulink)

Tablo 3. Sistem modelleme igin birimler tablosu (Table of units for system modeling)

Sembol Tanim Birimler
x=(d? 8)/dt? Agisal ivme Rad/s?
E, Back EMF \'%
0., Agisal konum radyan
V. Armatiir kontrol voltaji \Y
Vp Back emf voltaj1 \Y
R, Armatiir direnci ohm
L, Armatiir endiiktansi H
K, Motor tork katsayisi N/A
K Back emf sabiti Vs/rad
Ja Eylemsizlik momenti (atalet momenti) ~ Kgm?
I, Armatiir akimi A
D, Damper etkisi
R, 1, Direngten kaynaklanan voltaj \Y
T, (t) Motor torku Nm
B, Viskos siirtiinme (soniimleme) Nms/rad

katsayisi

2.2.1. Newton’un ikinci hareket yasasina gore mekanik modelleme- voltaj /konum (Mechanical Modeling

According to Newton's Second Law of Motion - Voltage / Position)

Mekanik olarak bakilirsa, Newton’un ikinci hareket yasasina gore bir sistemde olusan kuvvetlerin toplami o
sistemin ivmesi ve kiitlesinin ¢arpimina esittir [12].

YF=m.a (1)

ma=] « (2)

Bu yasadan yola ¢ikildiginda, 1 numaral: esitlikle dogrusal hareket eden sistemler icin armofolojik agidan
benzetim ¢alismasi yapilirsa 2 numarali esitlikte donme hareketi yapan sistemler i¢in gecerli denklik elde
edilmektedir. Benzetim agisindan denklik 2 incelendiginde, dogrusal hareketteki kiitle, donme hareketindeki
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J ile dogrusal ivme (a) ise acisal ivme () ile temsil edilmektedir. Tablo 3’te, By, viskoz siirtiinme katsayist
olarak verilmekte ve dogrusal hareketli sistemlerde siirtiinmeden kaynakli eylemde ters yonde etki ettigi i¢in
soniimleme katsayis1 olarak anilmaktadir. Ayrica, Bn, viskoz agisal hiz ile carpiminda elde edilen sistem i¢in
gerekli motor torkunun birlesiminden birisi olarak tanimlanmaktadir.

T () = Kp.1o(2) 3)
Denklik 3’te gortildiigi tizere, tork; akim ve tork katsayisinin ¢arpimina esittir [13,15,16,17].

d?e a6
Tn(t) = Ja- 7z + B 4)
Denklik 4’de goriildigii tizere, sistemin ihtiyaci olan toplam motor torku, atalet momentinin agisal ivme ile

¢arpiminin viskoz sitirtiinme katsayisinin agisal hizla ¢arpimi toplamina esittir [13,14,15,17,18].

29 ]
Jor g = Ty(t) = B 5 (5)
T, (t) = K. 1,(t) 3)
JarSl = Ky 1, (®) — By 2 (6)

Denklik 6’da goriildiigii tizere Newton’un ikinci hareket yasasi esas alinarak bir motor denkligi elde
edilmektedir [12,13,13,17].

Elektriksel modelleme igin temel alinan Krichhoff yasasina gore bir devrede olusan tiim gerilimlerin toplami
sifira esit yani sistem girdisi olan gerilim degeri, o sistemde meydana gelen gerilim degerleri toplamina esittir
[17,19]. Sonug olarak, sistemin agmas i¢in gerekli motor tork degeri, eylemsizlik momentinin agisal ivmeyle
carpimi sonucunda elde edilen tork degeri ve viskozite stirtiinme katsayisinin agisal hiz ile garpimi sonucunda
elde edilen tork degerinin toplamina esittir.

Bu duruma gore sistemin sagladig1 armatiir voltaji denklik 7°de gosterildigi gibi, direnglerden kaynaklanan
voltaj, indiiktanstan kaynaklanan voltaj ve back emfden kaynaklanan voltajin toplamina esittir [13,14,15].

dlg(t)
dt

V;l(t) = Ra-Ia (t) + La- + Eb (t) (7)

Denklik 8’de gorildigi tizere Ey (t) voltaji, agisal hiz ve back emf katsayisinin ¢arpimi ile dogru orantilidir
[12,13,14,15].

Ey(t) = Kp. w0, (t) = K 22 (8)

Denklik 8’de gosterilen endiiktans esitligi denklik 7°de yerine yazilirsa denklik 9’daki nihai voltaj esitligi elde
edilir [12,13,14,15].

dlg®) a0
Lo ===V, (t) = Ry.1,(t) — Kp qc 9)

at

Voltaj-konum icin transfer fonksiyonu

Bu agamada, girdi voltaj (V) olarak tanimlanir ve elde edilmesi amaglanan ¢ikt1, konum yani birim thetadir(6).

Denklik 5’te diferansiyel denklikler esitligin bir tarafinda toplanirsa denklik 10 elde edilmektedir
[12,13,17,20,21].
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a2 do
]a.F + Bmz = KT.Ia(t) (10)

Denklik 10’da akimlar bir tarafta toplanirsa denklik 11 elde edilmektedir.

dlg(t)
@ at

L

+R,.I, () =V, —KBZ—f (11)

Denklikler alt alta siralanip Laplace doniisiimii yapildiginda 12 ve 13’iincii denklikler elde edilmektedir
[12,17,20,21].

J4-5%20(s) + B,.s0(s) = K;.1,(s) (12)
Lg sl (s) + Ry 1, (s) =V, (s) — Kg.s0(s) (13)

Yukaridaki iki denklik diizenlenerek denklik 14 elde edilmektedir [12,17].

K7.Va(s) —Kp.s6(s))
Lg.slg(s)

J4.526(s) + B,.s6(s) = (14)

Transfer fonksiyonu i¢in ¢ikis degerinin giris degerine orani diizenlenir ise denklik 15 elde edilmektedir
[12,16,17,20,21,22].

_ o(s) _ KT
Ga(S) - Va(s) - s[(Rq+LgS).-UmS+Bm)+KT-KB] (15)

S’ler parantez i¢ine dagitilip denklik yeniden diizenlenirse transfer fonksiyonunun son hali denklik 16’da elde
edilmektedir [12,16,].

0(s) _ Kt
Va(s) ~ JLs3+(RJ+LB)s2+(RB+KT.KB)s

Gy(s) = (16)

Denklik 16’da elde edilen transfer fonksiyonu $ekil 3’de gorildigli tizere Matlab Simulink’te
modellenmektedir.

1La = > 1 =

0
akimtirevi | s akim

Current Integrator

back emf o

wl=

strtinme =
B

Sekil 3. Simulink-DC motor voltaj konum blok diyagrami (Simulink-DC motor voltage location block diagram)

2.2.2. Newton’un ikinci hareket yasasina gore mekanik modelleme- voltaj /tork (Mechanical modeling according to
newton's second law of motion - voltage / torque)

Denklik 17°de goriildigii tizere motor torku, armatiir akimi1 ve motor tork katsayist ¢arpimina esittir
[13,14,15,17,18,21,23,24].
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T () = K. 1, () (17)
Motor tork denkliginin Laplace doniigiimii yapilirsa denklik 18 elde edilmektedir [13,14,15,16,17,21,22,24].

T (s) = K¢ 1o (s) (18)

Motor back-emf voltaji, denklik 19°de gosterildigi {izere back-emf sabiti ve agisal hizin carpimina esittir.
A6

Vp(t) = Kb.? (19)

Back-emf voltaji zamana bagl denklikte Laplace doniisimii gerceklesirse denklik 20 elde edilmektedir
[12,13,18].

V,(s) = K,.50,,(s) (20)
Elde edilen motor torku denkligi ise denklik 21°de verilmektedir [12,13,15,17,23].
T = (J48% + D,5)0,, (21)

Voltaj-tork icin transfer fonksiyonu

Cikis birimleri giris birimlerine oranlanirsa, denklik 22’de tork/agisal konum transfer fonksiyonu elde
edilmektedir [12,20,21].

_ 1 _Tm
JeS24Des O

G, (22)

Sistemdeki voltaj farki, armatiir akiminin, sistem direnci ve indiiktans toplaminin ¢arpimina esit olur. Bu
esitlik, denklik 23’de gorildtigi gibi ifade edilir [12,15,17].

Vo =Vp = 1Ia * (Rq + 5Lo) (23)
Armatiir akimi denklik 23’den ¢ekilirse ve denklik 17 ile eslenirse denklik 24’deki esitlik saglanir [12, 15,17].

_ VaVp _Tm _ 1 _
la = Rg+sLg Kt  (Rg+sly) Vo= Vp) (24)

Son olarak, denklik 24 ¢ikig birimleri giris birimlerine oranlanirsa denklik 25’de voltaj-tork iliskisini gosteren
transfer fonksiyonu elde edilmektedir [12,15,17,21,22].

_ Tm
Kt-(Va_Vb)

G, (25)

Voltaj, tork, akim ve konum degerlerini iceren ilgili blok diyagrami Sekil 4’de verilmistir.

2.3. Matlab Simulink ile matematiksel modelin kurulmas: ve simiilator CAD modelinin Matlab

SimMechanics tizerinden ¢alistirilmast (Establishing the mathematical model with Matlab Simulink and running the simulator
CAD Model via Matlab SimMechanics)

Sistem modelinin Matlab Simulink ortaminda biitiinlesik bir yapiya getirilmesi, girdi ve ¢ikt1 sinyallerinin
diizenlenmesini kolaylastirmaktadir. Bu amagla, $ekil 4’de verilen blok diyagrami olusturulmus ve sinyaller
izlenebilir hale getirilmistir. Sekil 4’de, DC motor modeli alt montaj haline getirilmis ve sinyal girisi PID’ye
baglanmistir. ISO 14243-1/3’te verilen konum ve kuvvet egrileri, egri fonksiyonunda tanimlanan koordinat
verileri ile olusturulmakta ve referans sinyal geri besleme ile PID’ye daha sonra DC motor modeline
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girmektedir.

Birim ¢evrim boyunca, hareket, kuvvet ve tork egrileri tizerinden 100 nokta referans alinarak Matlab ortaminda
koordinat datalar1 olusturulmustur. Olusturulan bu datalar kullanilarak Simulink ortaminda bir sinyal {iretici
tarafindan FE, AP ve IE hareketi olmak tizere ii¢ temel hareket cifti i¢in input ve output sinyalleri iiretilmistir
(Sekil 5). Eksenel yiikiin, insert ve femur arasinda temas eden yiizeylerde, dongii boyunca meydana gelen
tegetsel ve normal kuvvetlerden kaynakli olarak olustugu diisiiniilmektedir. Bu sebeple, olusan yiik, Matlab
Simulink ortaminda yeniden girdi olusturmamasi igin sisteme dahil edilmemistir.

Ug farkli kontrol parametresi i¢in (FE, AP, IE) igin elde edilen sinyal grafikleri Sekil 5’te verilmistir.

FE Kontrol

hata_1 pid_func_1 D

" double| < InputFE PID) - Sl dosiie
PID(s) 1 i !
B ta double 144 e | outputHE konum sinyall PID-FE Egrileri

dc motor

-
AP Kontrol

Group 1 hata_2 pid_func_2
douple’
fo_signal [ PID-AP Egrlert
.| double - = P 3 Loy
Bp_sige D doulﬂ; PID + input: i 7 - 1 .+ _double
© Jooudie T [ outputAP konum sinyall
o double .
i dc motor2 L

IE Kontrol
.@ FE, AP, IE Sinyalleri
hata_3 pid_func_3
outputE konum sinyall D
= |doubl = g jskobi (10) * J double.
- -{' PID(s) =

de motor3 PID-IE Egrileri

Sekil 4. FE, AP, IE referans sinyallerinin Simulink ortaminda PID kontrollii DC motor iizerinde uygulanmast
(Application of FE, AP, IE reference signals to PID controlled DC motor in Simulink environment)
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70

60 - ! ! 1 ! L ~.\ ! J

Gevrim Siiresi (sn) ° 1 2 3 4

5 ¢
Cevrim Soresi (sn)
InputIE kontrol Degiskeni (Voltaj), Output:IE Konum Egrisi (Theta
put : giskeni (Voltaj), Outpy - grisi (Theta) ‘ Input:AP Kontrol Degiskeni(Voltaj), Output:AP Konum Egrisi (mm)
20 1 -- Im;ul:AP Kontrol degigkeni(Voltaj)
—— outoutE kenum sinyal | s . v
= = inputIE kontrol deligent (PID)| ;“‘ ol OuputAP konum egrisi (mm) | \ 1
| -
18 M " .
Y ' Ly
' Y 4 [
H 'R 41 TR 1
107 1 ] ]
D ! ]
! | i
. | 1
51 I, 2 N II
' '
' ,’ v, ||
LA oo 1
0 e 0 \ y v _
(N 2wl B L ), N aw Gl \ N \ o 2 P S ”
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St 2 . ' 2 y
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Sekil 5. FE, AP, IE igin elde edilen Input ve Output sinyal egrileri (Input and Output signal curves obtained for FE, AP, IE)

Optimum PID katsayilarinin elde edilmesinde Simulink PID toolbox kullanilmis ve degerler sisteme uygun
hale getirilmistir. Tablo 4’de her bir hareket ¢ifti i¢cin elde edilmis PID katsayilar1 verilmistir.

Tablo 4. Hareket ¢iftlerinin birim basamak egrileri i¢in Simulink PID toolbox’ta hesaplanan PID katsayilar:
(PID coefficients calculated in Simulink PID toolbox for step curves of motion pairs)

Sinyaller P I D

FE 2.7737 1.0985 1.4219
AP 2.1464 0.7395 1.2641
IE 3.0051 0.8148 1.3754

Sekil 5°de goriilen output egrileri, Sekil 6’da goriillen Diz Simiilatér Prototipi CAD modeline Matlab
SimMechanics ortaminda referans sinyaller olarak girilmistir.
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Eksenel Kuvvet

Fleksion Ekstension

Internal-Eksternal (Tibial Dénme)

()

Sekil 6. Diz Simiilator Prototipi CAD modeli ve ISO 14243/3’e gore olusturulan hareket ciftleri (CAD model of the Knee Simulator Prototype
and movement pairs created according to ISO 14243/3)

Diz simiilator prototipinin CAD modeli referans sinyalleri bagarili bir sekilde hareket ciftlerine doniistiirerek,
femoral ve tibial implantlar tizerinden ISO 14243/3 standardina uygun olarak yiiriime dongiisiinii simiile
edebilmistir.

3. Bulgular ve Tartlgma (Findings and Discussion)

ISO 14243 standardinin aginma testi icin sundugu protokoller, yara izi ve asinma miktar: agisindan farkls
sonuglar vermektedir. Femoral kondil ve tibial ara yiizeylerde olusan kuvvet seviyeleri eksenel yiik ve
stirtinme katsayisinin bir fonksiyonudur. Ayrica dongii boyunca olusan kuvvet degisim oranlarinin, femoral
kondil ve tibial ara yiizeydeki hareketlerden kaynaklandig: diisiiniilmektedir. Bu sebeple, olusan eksenel yiik
Matlab Simulink ortaminda yeniden girdi olusturmamast icin input olarak sisteme dahil edilmemistir. ISO
14243-1/3’te tarif edilen yiirime dongiisii boyunca alti farkli hareket ve kuvvet grafigi incelenmis, diz eklem
simiilatoriinde uygulama basarisi sebebi ile ISO 14243-3 protokolii esas alinarak Matlab program iizerinden
veri benzetim ¢alismasi yapilmistir. Bu benzetim ¢alismasindan esdeger grafikler elde edilmis ve referans
sinyal iretimi icin kaynak veri olarak kullanilmistir (Sekil 2). Motor tork ve konum kontrolii i¢in
matematiksel modelleme yapilmis ve transfer fonksiyonlar: elde edilmistir (Denklik 16, Denklik 22, Denklik
25). Transfer fonksiyonlar1 temel alinarak Matlab Simulink ortaminda motor blok diyagrami ve sistem blok
diyagrami olusturulmustur (Sekil 3). Matlab’da olusturulan sinyal egrileri, Simulink ortaminda Signal Builder
vasitasi ile kapali dongii ve PID destekli bir sistem modeli igerisine referans sinyal olarak génderilmistir (Sekil
4). AP, IE, FE hareketleri icin ¢ikis sinyalleri (Sekil 5) ve PID katsayilari sirastyla PIDgg (2.7737-1.0985-1.4219),
PID,p (2.1464-0.7395-1.2641), PIDyg (3.0051-0.8148-1.3754) elde edilmistir (Tablo 4). Sistem modeli Signal
Builder’den gelen referans sinyallerle beslendikten sonra SimMechanics modiiliinde simiilator CAD modeli
(Sekil 6) caligtirilmus ve FE, AP, IE konumlarinin dongii boyunca ISO 14243 referans egrilerini takip ettigi
gortlmiistiir (Sekil 5). Bu durum neticesinde diz aginma simiilator prototipi i¢in hazirlanan sistem modelinin
ilgili standarda uygun olarak eklem mekanigini modelleyebildigi anlagilmistir.

4. Sonuglar ve Degerlendirme (results and Evaluation)
Bu ¢alismada elde edilen referans sinyal girdileri ve ¢iktilar1 icin Ardunio temelli bir siiriici Matlab Simulink

ortamina entegre edilecek ve motor kontrolii i¢in kullanilacaktir. Sistem modellemenin uygulanacag: diz
eklem simiilatoriinde hareketli yap1 elemanlarmin kiitlesinden kaynakli atalet, segilen aktiiatére bagh

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 631



Hizaroglu & Akkurt Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

degiskenler, siirtiinme kayiplar: gibi teoride hesaplanan veya kabul edilen degerlerin yaninda uygulamada
farkli dinamik yiikler altinda meydana gelebilecek performans degisiklikleri de dikkate alinmalidir. Eksenel
yik kontrolii, sistem modelleme g¢aliymasinda ihmal edilmekte ve bir helezon yay ile insert ve femur
arasindaki bask: kuvvetinin olusturulmas: amaglanmaktadir. Kurulacak simiilator prototipi tizerinden elde
edilecek kuvvet egrileri ile ISO 14243 karsilagtirmasi yapilacak sonrasinda ise eksenel yiik sisteme dahil
edilecektir. Ayrica, bir ¢evrim siiresinde olusturulacak hareket ve tork degerlerinde, ¢evrim siiresinin
kisaltilmasi yani hiz degerinin artirilmasi ile ISO 14243-3’te verilen grafik degerlerinde ne derece bir sapmanin
olusacag yine kurulacak bir diz simiilator test diizenegi ile olgtilecektir.

Gergeklestirilen ¢alismada, benzer diz similator sistemlerinden farkli olarak, diz eklem hareket modeli
Matlab Simulink’te olusturulmus ve DC motor i¢in girdi ¢ikt: sinyalleri elde edilmistir. Girdi ¢ikt: sinyalleri
Matlab SimMechanics ortaminda diz simiilatér prototipi CAD modelinin ¢alistirilmasina ve beraberinde
tasarim optimizasyonunun gerceklestirilmesine 6nayak olmustur. Sonug olarak, mekanik tasarim ve sistem
tasarim calismalarini birlikte yiiriitebilmek, optimum tasarim ¢iktilarini elde edebilmek i¢in uygun zemini
olusturmaktadir. Bu ¢aliymada gortilmektedir ki belirli formattaki veri kaynagi gerekli diizenleme yapildiktan
sonra sistem modeline dahil edilip uygulanabilmekte ayrica sistem modelleme tasarim siireci agisindan
degerlendirildiginde farkli kontrol mekanizmalari i¢in de uygulamasi kolay ve diisitk maliyetli 6rnek bir
yontem olmaktadir.
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ABSTRACT

Keywords: Masonry structures, On 6 February 2023, the Pazarcik and Elbistan districts of Kahramanmaras experienced the largest

damage types, earthquake earthquakes in the history of the Republic of Turkey in terms of loss of life and damage. Tens of

. o thousands of buildings were destroyed or damaged due to earthquakes. Damage assessment

. Kahramanmaras Siitgi Imam studies began immediately after the earthquake to determine the extent to which the existing
Universitesi, Teknik Bilimler Meslek ildi K ff dby th th k h h ich cultural heri d

Yiiksek Okulu, ingaat Bsliimi, building stock was affected by the earthquake. Kahramanmaras has a rich cultural heritage due to

Kahramanmarag its centuries-long history. The majority of these cultural assets are masonry structures. Although

Orcid: 0000-0002-1518-4362 the number of masonry structures is less than the number of other structures, it is of great

¢ mail: abdulkadir.gulec@hotmail com importance to examine the damage conditions of masonry structures and to determine the

measures to be taken for their repair due to their cultural value. Present study, the types and causes
“Corresponding author: of earthquake damage to masonry structures in Kahramanmaras were investigated. As a result, it
abdulkadir.gulec@hotmail.com was observed that structural damages in masonry structures were generally caused by factors such
as large span widths, high height/thickness and length/thickness ratios of the walls, use of weak
lintels at the top of the spans, weak roof-flooring connections, weak wall corner joints, overlapping

of vertical joints and workmanship errors.

Kahramanmaras Depremlerinin Yigma Yapilar
Uzerindeki Etkilerinin Arastirilmasi

07/

6 Subat 2023 tarihinde merkez iissii Kahramanmaras iline bagl Pazarcik ve Elbistan ilcelerinde
can kayb1 ve hasar bakimindan Tiirkiye Cumhuriyeti tarihinin en biiyitk depremleri meydana
gelmistir. Depremler nedeniyle on binlerce yap1 yikilmis veya hasar gormiistiir. Deprem sonrasi
derhal hasar tespit ¢aligmalar1 baglatilmis ve mevcut yapi stokunun depremden ne 6lgiide
etkilendigi aragtirilmistir. Kahramanmaras ili yiizlerce yillik tarihi olan bir sehir olmasi sebebiyle
kiiltiir varliklarina ev sahipligi yapan bir sehirdir. Bu kiiltiir varliklarinin biiyiik gogunlugunu ise
yigma yapilar olusturmaktadir. Yigma yap1 sayist diger yap: sayisina gore az olmakla birlikte
kiiltiirel degerlerinden dolay: yigma yapilarin hasar durumlarinin incelenmesi ve onarim ile ilgili
almacak tedbirlerin tespit edilmesi biiyitk 6nem tagimaktadir. Yapilan ¢alismada depremden
dolayr Kahramanmaras ilindeki yigma yapilarda olusan hasar tipleri ve nedenleri arastirilmigtir.
Calisma neticesinde yigma yapilardaki yapisal hasarlara genel olarak; biiyiik agiklik genislikleri,
duvarlarin ytikseklik/kalinlik ve uzunluk/kalinlik oranlarinin fazla olmasi, agiklik {istlerinde zayif
Anahtar Kelimeler: Yigma yapilar, lento kullanimy, ¢ati-doseme baglantilarinin zayif olmasi, duvar kose birlesimlerindeki zayifliklar,
hasar tipleri, deprem diisey derzlerin st iiste gelmesi ve is¢ilik hatalar1 gibi etmenlerin sebep oldugu gériilmiistiir.
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1. Gll‘l§ (Introduction)

6 Subat 2023 tarihinde merkez tissit Kahramanmaras iline bagli Pazarcik ve Elbistan ilcelerinde Mw?7.7 (odak
derinligi 8.6 km) ve Mw?7.6 (odak derinligi 7 km) biiyiikliiklerinde iki biiyiik s1g odakli deprem meydana
gelmistir. Yaganan depremler can kayb1 ve hasar bakimindan Tirkiye Cumhuriyetinde goriilmiis en biiyiik
depremlerdir. S6z konusu depremlerden 11 sehir etkilenmistir. Merkez iissii olmasi nedeniyle
Kahramanmaras ilinde de biiyiik yikim s6z konusudur. Deprem sonrasi derhal bina hasar tespit incelemeleri
baslamistir. Bina hasar tespiti yapilirken 6ncelikli olarak binalar tasiyici sistemlerine gore ayrilmigtir. Deprem
bolgesindeki yapilarin tagtyicr sistemleri agisindan degerlendirildiginde yigma yapilar tiim yap: stokunun
%3.5’lik oranini kapsamaktadir [1] . Bu oran diger yapr tiirlerine gore oldukea diisiik kalmaktadir. Ancak
deprem bolgesindeki kiiltiir varliklarinin ok biiyiik bir kismini yigma yapilar olusturmaktadir. Bu nedenle
anitsal niteligi olan ve korunmasi gereken yigma yapilarda deprem sonras: olugan hasarlarin tespit edilmesi
ve buna gore gerekli 6nlemlerin alinmasi biiyiik onem tasgimaktadr.

Yigma yapilar binaya etkiyen diisey veya yatay yiiklerin genel olarak duvarlar tarafindan karsilandig:
yapilardir. Yigma yapilarda moment cerceveleri veya perde gibi tasiyict elemanlar: bulunmaz. Bu nedenle
genel olarak tasiyict sistem acisindan bir siireklilik arz etmezler [2]. Yigma yapilar yapim sekline veya
kullanilan malzemenin cinsine gore farkl: siniflandirmalara tabi tutulabilirler. Yigma yapilar genel anlamda
donatili ve donatisiz yigma yapilar olarak siniflandirilabilirler. Kullanilan malzeme agisindan ahsap, tas,
kerpig, tugla vb malzemelerin kullanildig: goriilebilir. Kahramanmaras ilindeki yigma yap1 stokunun biiyiik
bir kismini donatisiz yigma yapilar olusturur. Bu yapilarda yakin ¢evreden temin edilen tas, toprak ve agag
malzeme kullanilmigtir [3]. {ldeki mevcut yigma yapilar karakteristik olarak agir ve rijit yapilardir. Bu durum
y1gma yapilarin deformasyon yapabilme kabiliyetlerini sinirlar [4]. Bundan dolay: ildeki mevcut yigma yap1
stoku sismik yap1 tasarimindaki en 6nemli parametrelerden biri olan yiikler altinda siinek davranis ilkesini
karsilamaktan uzaktir. Deprem ivme kayitlar: incelendiginde Kahramanmaras ilinde bulunan istasyondan
alinan ol¢iim degerlerine gore kuzey-giiney istikametinde maksimum yer ivmesi (PGA) 0.664g olarak
olgiilmiistiir. Bu deger 1.derece deprem bolgeleri i¢in 2018 Tiirkiye Bina Deprem Yonetmeliginde 6ngoriilen
maksimum yer ivmesi degerinin oldukea iistiindedir. Dolayisiyla deprem bolgesindeki binalara etkiyen
deprem kuvveti de yonetmelikte 6n goriilen tasarim depremlerini agmistir (Sekil 1). Bu nedenle zaten
depreme kars1 dayanikliligi az olarak bilinen yigma yapilarda da biiyiik hasar ve yikim goézlemlenmistir.
Kahramanmaras depremleri ilgili literatiir aragtirmasi yapildiginda konunun olduk¢a giincel olmasindan
dolay1 konu ile ilgili sinirli sayida ¢aligma oldugu gériilmiistiir. Oztiirk ve ark. (2023) Kahramanmaras
depremlerinin betonarme yapilar iizerindeki etkilerini detaylt bir bicimde arastirmiglardir [5]. Depremin
yigma yapilar tizerindeki etkilerinin arastirildig: bir diger ¢aliymada yigma yapilarda olusan hasar tipleri ve
hasara neden olan uygulama hatalar1 ayrintili bir bigimde irdelenmistir. Caligma sonucunda zarar gérmiis
y1gma yapilarda yonetmeliklerdeki sinir degerlere uyulmadig, kullanilan malzemelerin ¢evre kosullarindan
etkilendigi ve defalarca restore edilmesine ragmen yapilarin restorasyon hatalar: neticesinde depremde agir
hasar aldig1 ifade edilmistir [6]. Bir baska ¢alismada Kahramanmarag depremlerinin bélgedeki tarihi yigma
camilere etkileri incelenmistir. Niimerik analizlerle desteklenen ¢aligma sonucunda deprem sonrasi tarihi
camilerin minare ve kubbe gibi kritik elemanlarinin hasar gordigii bildirilmistir. Caligmada tilkemizde
oldukg¢a ¢ok sayida bulunan tarihi yigma camilerin kuvvet-deplasman kapasitelerinin belirlenerek go¢me
mekanizmalarinin tespit edilmesinin énemine vurgu yapilmustir [7]. Konu ile ilgili bir baska arastirmada
Kahramanmaras depremlerinin kerpig yapilar tizerindeki etkileri irdelenmis ve kerpig yapilarda olusan hasar
tipleri ve nedenleri arastirilmigtir [8].

Bu c¢alismada Kahramanmaras depremleri sonrasi Kahramanmaras ilindeki yigma yapilarda olusan hasar
tipleri ve nedenleri incelenmistir.
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Sekil 1. a) Dogu- Bat1 Dogrultusu Yer fvmesi b) Kuzey-Giiney Dogrultusu Yer Ivmesi 1c)Spektral Ivme kayitlari [9]
(Ground accelerations and spectral acceleration records)

2.Hasar Tlplerl (Damage Types)

Yigma yapilarda hasar tespiti yapilabilmesi i¢in hangi ¢atlagin hangi etkiden dolay: olustugunun bilinmesi
gerekir. Aksi takdirde hasar tespiti dogru yapilamayabilir. Ozellikle donatisiz yigma yapilarda deprem yéniine
ve siddetine bagli olmak tizere tipik ¢atlak olusumlar: goriilebilir. Bu noktada betonarme yapilarda oldugu
gibi olusan hasarin veya catlagin yapisal olup olmadiginin tespiti biiyiik 6nem arz eder. Yapisal olmayan
hasarlara, bacalarinin devrilmesi, balkonlardaki (cumba) kiigiik ¢atlaklar, siva dokiilmeleri, tastyict olmayan
kalkan duvarda meydana gelen ¢atlaklar 6rnek verilebilir. Yapisal hasarlara baglica; kesme etkisinden dolay:
acikliklarin koselerinde veya agikliklar arasinda olusan ¢apraz catlaklar, egilme etkisinden dolay1 ¢ekme
catlaklar1 ve buna bagl diizlem dis1 duvar hareketleri, ¢ati-duvar baglantisinin zayif olmasindan olusan duvar
hasarlari, simetrik olmayan yigma yapilarda burulmadan ve egilmeden kaynakli kesme kuvvetine bagli kose
noktalardaki hasarlar ve diizlem i¢i hareketten dolay1 kemerlerde olugan hasarlar 6rnek olarak verilebilir. Sekil
2’de deprem yoniine bagli olarak tipik yapisal hasarlar gosterilmistir.

STz
==
25 "I

1: DEPREM YONU
2:YATAY CATLAK
3:KESME CATLAGI
4:EGILME CATLAGI

Sekil 2. Yigma yapida deprem sonrasi olusabilecek catlak tiirleri [7]
(Types of cracks that may occur in masonry structure after earthquake)

Yigma yapilarda, hasar derecesinin belirlenebilmesi i¢in hasar tiplerinin belirli bi¢imlerde kategorize edildigi
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farkli hasar kriter sablonlar1 mevcuttur. Sekil 3’te farkli hasar kriter tablolar: [10-12] birlikte gosterilmistir.
Farkli sartnamelerdeki kriterler birlikte incelendiginde kiigiik farkliliklar olmakla birlikte genel mantigin
benzer oldugu goriilebilmektedir. Ulkemizdeki yigma yapilarin yapim standartlar1 2019 yilinda yiiriirliige
giren Tirkiye Bina Deprem Yonetmeliginin (TBDY-2018) 11. Boliimiinde ayrintili olarak agiklanmigtir.
Yukarida bahsedilen hasar tipleri, depremden etkilenen Kahramanmaras ilindeki yigma yapilarda olusan
hasarlar tizerinden somutlastirilacaktir.

Tablo 1. Hasar kriterleri (Damage criterias)

JAPONYA ULUSLARARASI DEPREM MUHENDISLIGI

TURKIYE CUMHURIYETI CEVRE VE

KURUMU [10] AVRUPA SISMOLOJi KOMISYONU [11] SEHIRCILIK BAKANLIGI [12]
HASAR : HASAR HASAR A HASAR HASAR RO
KODU HASAR $SEKLI ACIKLAMA KODU SINTFI OLCUTLER KODU SINTFI OLCUTLER
Duvarda ¢atlak
0 .. Baz1 duvarlarda - ezilme yok,
hasar Hasar yok Herha:;g;{z;l@lem I.derece Hafif hasar kalcal 2;:5 rl Hasarsiz swvada catlak
yok 8 catlaklar veya ezilme
olabilir
1
Sivada ince Binanin bogaltilmasina i
Yapisal catlaklar, gerek yoktur. Birgok d_l_w_é rda catlak ve A tipi Kilcal ¢atlak
olmayan Lo . 2.derece Orta hasar biiyiik siva Hafif hasar
hafi lokal olarak mimari agidan tamirat al dékiilmesi hasar (<1 mm)
ha‘z{; { swvada dokiilmeler gerekli pargatarinin dokuimest
Duvarlarda p -
I ince catlaklar, Binanin bogaltilmasina (;o%: d:;ard;ﬂt;tyuk Catlak genisiligi <
yapisal | swada dokilmeler, gerek yoktur. B genis ¢ > B tipi 5mm,
. . R . 3.derece Agir hasar tagryici Orta hasar
hafif yapisal olmayan mimari agidan tamirat olmavan hasar hargta
hasar duvarlarda gerekli van dokiilmeler
hasarlar duvarlarda ¢okme
Duvarlarin yiik tagima
it Tagtyict kapasitesi azaldigindan Catlak genisiligi <
apisal duvarlarda biiyiik bina bogaltilmal, ok adir Tagtyic Ctini 10mm,
4 01: ‘a ve derin catlaklar, yapisal 4.derece (;hasa% duvarlarin haslg : Agir hasar bloklarda
hasar payandalarda restorasyon ¢6kmesi ezilme, hargta
yaygin atlaklar ve sismik giiglendirme dokiilmeler
gerekli
Tagiyict
v duvarlarda Bina derhal bogaltilmali, Tasiyici duvarlarin
yapisal ayrilmalar veya yapisal restorasyon kismen veya
biiyiik ¢6kmeler. miimkiinse yapilmali, aksi . . tamamen
hasar yapida %50 halde yikilmalt 5.derece Yikim Top tﬁn yapinin Dtipi Goleagir pargalanmasi,
oraninda ¢okme gogmest hasar hasar yikilmast
Yap\l/mn Yapinin biyik Bina tamar::n yikilmali d::ﬁﬁfz;i
Cokmesi lasminda gokme yeniden ingaa edilmeli

2.1. Diizlem dis1 etkilerden dolay1 olusan hasarlar (Damages due to out-of-plane effects)

Deprem sonrast yigma yapilarda yapilan incelemede temel olarak iki temel hasar mekanizmasina
rastlanmustir. Bunlar diizlem dist ve diizlem i¢i hasarlar olmak {izere 2 ana gruba ayrilabilir. Deprem
kuvvetleri yapilarda diizlem i¢i ve/veya diizlem dis1 gerilmelere neden olabilir. Yigma yapinin dogasi geregi
diizlem igi gerilmelere karst dayanimi, diizlem dis1 gerilmelerine kars1 dayanimindan ¢ok daha yiiksektir.
Bunun nedeni, genel olarak yigma yapilarda kullanian malzemelerin basing dayanimlarmimn yiiksek
olmasidir. Bu nedenle y1gma yapilar diizlem ici gerilmelere karst daha dayaniklidirlar. Ancak deprem yoniine
bagli olarak yapiya diizlem dist bir kuvvetin gelmesi neticesinde, yigma yapida egilmeye bagl diizlem dis1
otelenme hareketleri goriilebilir. Sekil 4’de diizlem igi ve diizlem dist hasar tipleri gosterilmistir.

Diizlem dis1 hasar

Sekil 4. Diizlem ici ve diizlem dist hasar tipleri [13] (In-plane and out-of-plane damage types )

Diizlem i¢i hasar
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Yapilan incelemeler sonucunda, Kahramanmaras ilindeki yigma yapilarda olusan agir hasarlarin veya
¢okmelerin bityiik gogunlugunun deprem sonucu yapilarda olusan diizlem dis1 gerilmelerden dolayr meydana
geldigi tespit edilmistir. Deprem yiiklerine maruz kalan elemanlarda genellikle alt katlarda diizlem igi
gerilmeler olusurken iist katlarda diizlem dis1 gerilmeler olusabilir. Diizlem dis1 yiiklenen duvarlara etkiyen
ivme diizlem igi yiiklenen duvarlara gére daha yiiksektir. Bu nedenle st katlarda diizlem dis1 etkilerden dolay:
biiyitk deplasmanlar ve dolayisiyla ¢6kmeler gorilmiistiir. Yigma yapilarda kat yiiksekliginin 1/250’si
oraninda bir deplasman olugmas: durumunda duvarda hasar olusumu baslayabilir. Hasar alan yapilarda
yapilan incelemelerde bazi yapilarda ¢ati duvar birlesiminin iyi yapilmadigs, baz: yapilarda ise alt katin ¢ift
sira, iist katin ise tek sira duvar olmasindan dolay: diizlem dis1 etkilerden iist katlarin daha ¢ok etkilendikleri
gortlmiistiir. Sekil 5’te de goriilebilecegi gibi cati- duvar baglantisinin yetersiz olmasindan dolay: hasar alan
yapilarda cat1 elemanlarinin duvarlara diizgiin baglanmadig goriilmiistiir. Ozellikle dikmelerin ve kirislerin
duvarlara diizgiin bir bi¢cimde oturtulmadig: veya ahsap malzemenin zaman i¢inde ¢iiriimesi sonucu ahsap
malzeme ile duvar baglantisinin zayifladigs tespit edilmistir. Bu noktada iist duvarlarin tizerinde yeteri kadar
yik olmadigindan deprem esnasinda iist duvarlar adeta bir konsol gibi ¢aligmislar ve diizlem dis1 hareket
yaparak zarar gormiislerdir. Ayrica ¢at1 elemanlarinin kendi icerisinde baglantisinin zayif olmas: da deprem
esnasinda yapida diizlem dis1 etkiyi arttirmistir. Gogiisleme ve payanda elemanlari olmayan ¢atilar, deprem
esnasinda agirt deplasman yaparak iist duvarlarda hasara neden olmuslardir. Sekil 6’da alt katt cift sira bir st
kat1 tek sira duvari olan yapidaki hasar goriilmektedir. Alt katin iist kata gore daha rijit olmasindan dolay1
deprem esnasinda tist kat duvari daha biiyiik bir deplasman yaparak yikilmistir. Yapida daha 6nceden olusan
bir diizlem i¢i hasar yapinin diizlem dis1 kapasitesini olumsuz etkiler [14]. Yapilan incelemelerde diizlem digt
hareket etmis bir etkiye maruz kalmis yap: elemanlarinda daha 6nceden olustugu disiiniilen diizlem igi
hasarlar gozlemlenmistir. Inceleme sirasinda dikkati ¢eken bir diger konu diizlem dis1 hareket eden duvar
elemanlarinda duvar yiiksekligi/kalinlik oranin diizlem dis1 hareket yapmayan duvar elemanlarina gore daha
yiiksek olmasidir. Narinlik oran: olarak adlandirilan bu parametrenin de diizlem dis1 davranista etkili oldugu
distiniilmektedir Sekil 7’de yiiksekliginin kalinligina gore oldukea fazla oldugu bir bahge duvarinin devrilmek
suretiyle goctiigii gorilmiistiir. Diizlem dis1 davranig gostererek hasar alan yapilarda gozlemlenen bir diger
eksiklik duvar-doseme baglantisinin zayif olmasidir. Sekil 8’de goriilebilecegi gibi doseme siriklari ile duvarin
baglantisinin zayif olmasindan dolay:r deprem yiikleri altinda rijit diyafram davramsi saglanamamistir.
Literatiirde de bu nedenden dolay: ¢oken birgok yapr rapor edilmistir [15]. Yerinde yapilan incelemelerde
doseme sirik araliklari ve kalinliklar: yeterli olan ayrica doseme siriklarinin duvara diizgiin bir bigimde
oturtuldugu yapilarda bu tiir hasarla karsilagilmamigtir. Diizlem dig1 davranista zemin durumu da oldukga
etkili olabilmektedir. Ulkemizdeki yigma yapilarin kat sayisinin en fazla 4 kat oldugu kabuliiyle periyotlarinin
0.05-0.20 saniye arasinda oldugu degerlendirilebilir. Bu durum mevcut yap: stokunun rijit yapilar oldugunu
gostermektedir. Bilindigi gibi kayalik saglam zeminlerin de hakim titresim periyotlar1 goreceli olarak
diisiiktiir. Bu nedenle saglam zeminlerde yapilan az katli rijit yigma yapilarda da deprem esnasinda rezonans
olayr gerceklesebilir ve deprem yiikii yapida daha biiyiik bir ivmeye neden olabilir. Bu nedenle yapilan
incelemede saglam zeminler {izerine yapilan diisiik kath yigma yapilarda da diizlem dis1 etkilerden dolay:
hasarlara rastlanmigstir.

YETERSIZ CATI-
DUVAR BAGLANTISI

Sekil 5. Yetersiz Cat1- Duvar Baglantis1 (Durakli Camii) (Weak Roof-Wall Connection (Durakli Mosque))
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YETVERSiZ CATI-DUVAR
BAGLANTISI

\ DUVAR SUREKSIZLi

Sekil 7. Narinlik orani yiiksek duvarda ¢6kme (Kayabagi mahallesinde bir konak) (Wall collapse with high fragility (a mansion in Kayabast
neighborhood))

. OSEME-DUVA
BAGLANTISI - .

Sekil 8. Zayif doseme-duvar baglantisi (Turan mahallesindeki bir konak) (Weak floor-wall connection (a mansion in Turan neighborhood))
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2.2. Diizlem ici etkilerden dolay1 olusan hasarlar (Damages due to in-plane effects)

Yigma yapilar deprem sonucu olusan diizlem igi gerilmelere karsi daha dayaniklidirlar. Donatisiz yigma
yapilar basing gerilmelerine kars1 iyi bir dayanim gosterirken biinyelerinde gekme gerilmelerini karsilayacak
baska bir malzeme kullanilmadigindan dolay1r ¢ekme gerilmelerine karsi oldukga zayif bir performans
gosterirler. Deprem sonrasi diizlem iginde olusacak gerilmelerin karsilanmasi noktasinda kullanilan tasiyic
malzeme (dogal tas, moloz tas vb), hare, yap1 geometrisi ve is¢ilik 6nemli bir rol oynar. Deprem sirasinda
yapinn agirhigindan dolay: olusan atalet kuvvetleri ile deprem kuvvetleri birbirine zit yénde yapiy1 zorlar. Bu
zorlamalar sonucu, yigma yapi elemanlarinda kesme ve egilme etkileri cogunlukla birlikte meydana gelir. Bu
etkilerden dolay: yigma yapr elemaninda catlaklar veya ayrilmalar goriilebilir ve bu hasar tipleri genellikle
diizlem ici hasar olarak adlandirilir. Catlaklar 6zellikle gerilme yogunlugunun yiiksek oldugu kap1 ve pencere
kenarlarinda meydana gelir [16]. Ozellikle agiklik genisliklerinin standartlara uymamasi ve iizerinde yeterli
rijitlikte lento veya hatil olmamasi bu tip hasara neden olabilir. Geleneksel Maras evlerinde kap1 ve pencere
acikliklar: tizerinde genellikle ahsap malzeme kullanildig1 gézlemlenmistir. Yapilan incelemelerde 6zellikle
yeterli kalinlikta ve elastikiyeti yitksek ahsap malzemeden (dut agaci gibi) imal edilmis lentolara sahip yigma
yap1 elemanlarinda hasar daha az gézlemlenmemistir. Bahsi gegen lentolar deprem kuvvetini soniimlemede
de 6nemli rol oynamuslardir. Sekil 9’da da goriilebilecegi tizere olduk¢a genis agikliga sahip olmasina ragmen
aciklik iizerinde yeterli kalinlik ve uzunluga sahip lento bulunan yapida herhangi bir hasara rastlanmamustir.
Ayrica lentonun duvara bindigi kisminda yeterli uzunlukta oldugu da gériilmektedir.

Sekil 9. Agiklik boyutu fazla olmasina ragmen hasar gérmemis bir duvar (An undamaged wall despite the large opening size)

Duvarlarda bir diger zayif nokta yapida st iiste veya yan yana iki agiklik arasinda bulunan bolgedir. Bu
bolgenin diizlem ici etkiler altinda performansi zayiftir. Bolgenin genisligi arttikca risk artar ve ¢apraz (X)
kesme catlaklar1 gozlenebilir. Sekil 10°’da da goriilebilecegi gibi genis agikliklara sahip yigma yapida kesme
catlag acik¢a goriilmektedir. Deprem bolgesinde bu tip catlaklar sadece yigma yapilarda degil betonarme
yapilarda da goriilmistiir. A¢iklik olmayan duvarlarda ise duvar uzunlugu/kalinlik oran: kesme gerilmeleri
acisindan 6nemlidir. Bu oran arttik¢a kesme kuvvetinden dolay1 yapida yatay catlaklarla beraber diyagonal
catlaklar da goriilebilir. Bu orami azaltmak icin kesisen duvarlar veya diisey hatillar kullanilabilir. 2018
Deprem Yonetmeliginde yeni yapilacak donatisiz yigma yapilar icin diigey hatillar arasindaki mesafenin 4
m’yi gecmemesi 6ngoriilmiistiir. Duvar uzunlugu/kalinlik oranmn da 10’nun altinda oldugu duvarlarin
deprem performansinin iyi oldugu gortalmustiir [16].
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ACTKLIKLAR ARASI

A eI S DA Y 00 B R TR

Sekil 10. Agikliklar aras1 X ¢atlagi olusumu (Kayabasi mahallesinde bir konak) (X crack formation between openings (a mansion in Kayabast
neighborhood))

Anlagilacagr tizere yigma yapida diizlem i¢i hasarlarin biyikk kismi agikliklarla (bosluklarla) ilgili
problemlerden kaynaklanmaktadir. Bu nedenle sartnameler, bu agikliklara belirli sinirlar getirmislerdir. 2018
deprem yonetmeliginde bu standartlar sekilde gosterildigi gibidir [17] (Sekil 11). Bir baska sartnamede ise
moloz tag duvarlarda yapilacak agikliklar i¢in 6nerilen sartlar sekildeki gibidir (Sekil 12).

>1.5m >1.0m (DTS 1, 1a, 2 ve 2a)
>1.0m >08m (DTS 3, 33, 4veda)
by1< 3.0m lp<3.0m | 20.5m ;

"/ oy
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/ / Z / / / . I’/
1 Pencere gb Sl e <o 4ol ll_l_-i
!

t, (Mesnetlenmis duvar boyu) I
1

Sekil 11. 2018 Deprem yonetmeliginde belirtilen agiklik sinirlari [18] (Span limits specified in 2018 Earthquake code)
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Sekil 12. Moloz tag duvarlarda igin agiklik sinirlari [7] (Span limits for rubble masonry walls)

Yigma yapilarin diizlem i¢i dayanimina etki eden faktorlerden biri de har¢ ve duvar malzemesinin
ozellikleridir. Genellikle harcin dayaniminin duvar malzemesine (tas veya tugla) gore diisitk olmasi ve
catlamalarin derz yerlerinde goriilmesi istenir (Sekil 13). Boylece yapr elemaninda olusabilecek ¢ekme ve
kayma gerilmelerinin har¢ boyunca yayilmas: saglanir ve ana birimi olusturan tas veya tuglanin kirilmasi
onlenir. Bu sekilde yap1 rijitligi azalir ve deprem yiikleri soniimlenebilir. Har¢ dayaniminin yiiksek oldugu
durumlarda catlaklar diisey yonde duvar malzemesinde goriilebilir ki bu istenmeyen bir durumdur. Bu
durumda duvar stabilitesi tehlikeye girebilir.

S T
o7

Sekil 13. Har¢ dokilmesi (Cukuroba Camii) (Damage to the mortar (Cukuroba Mosque))

Diizlem ici etkilerden olusan hasarlarin en 6nemli nedenlerinden biri de dikey derz diizenidir. Bunun nedeni
genellikle iscilik hatalaridir. Dikey derzlerin diigeyde iist iiste veya yakin bir bigimde olmas: durumunda yiik
altinda o bolgede ayrilma kag¢inilmaz olur. Deprem bolgesinde bu tiir hatalar, genellikle sonradan kapatilan
kapt veya pencere bosluklarinda gorillmiistiir. Ayrica harg ile tasin aderanslarmin yeterli olmadig:
durumlarda kaymaya bagli deformasyonlar gozlenebilmektedir. $ekil 14’te goriilebilecegi gibi duvara
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sonradan yapilan eklentinin birlestigi noktadan ayrilma gézlemlenmistir. Ozellikle yanlis yapilan restorasyon
islerinde dikey derzlerin {ist {iste gelmesinden dolay1 bu tip hasarlarla oldukga sik karsilasilmustir. Sekil 15’te
ise yine bir restorasyon hatasi olarak degerlendirilebilecek bir hata goriilmektedir. Tas malzemenin birbiri
tizerine yeterli bindirme boyu olmadan imal edilmesi sonucu dikey derz problemi ile kargilagiimistir. Deprem
bolgesinde yigma yapilarda gozlemlenen bir diger hata duvarlarin birlesim kose noktalarinda
gozlemlenmistir. Rijit kose baglantisi olmayan duvarlarda ayrilmalar veya catlaklar gorilmiistiir (Sekil 16).

Sekil 14. Duvarda derz ayrilmasi (Deli goniilliiler konag1) (Joint separation on the wall (Deli géniilliller mansion))
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Sekil 15. Yetersiz bindirmeden dolay1 olugan ¢atlak (Mutfak Miizesi Konag1) (Crack caused by insufficient overlap) (Kitchen Museum
Mansion))

Sekil 16. Rijit Kose baglantist olmayan duvarda gatlak ($1h Miisliim Camii) (Crack in wall without rigid corner connection ($th Miisliim
Mosque))
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3. Sonuglar (conclusion)

6 Subat 2023 depremleri sonrasi Kahramanmaras ilinde biiyiik can kayb1 ve yikim yasanmustir. Depremde
olusan yer ivmesinin giincel yonetmeliklerde 6ngoriilen yer ivmesinden biiyiik olmas1 depremde hasar géren
veya yikilan bina sayisinin oldukga yiiksek olmasina neden olmustur. Ozellikle mithendislik hizmeti almamig
ve deprem performansinin diisiik oldugu bilinen yigma yapilarda da hasar oldukga biiyiik ¢captadir. Yiizlerce
yilik ge¢misi olan Kahramanmarag'ta kiltiirel yapt varliklarmin ¢ogunun yigma yapr oldugu
distiniildtigiinde, bu yapilarin hasar tespitlerinin dogru bir bi¢imde yapilmas: ve bu yapilarin tekrar ayaga
kaldirilmast ile ilgili yapilacak planlama biiyitk nem arz etmektedir. Mevcut calismada deprem sonrasi yigma
yapilarin aldig: hasarlar ve nedenleri arastirilmistir. Buna gore agagidaki sonuglar elde edilmistir.

-Bir boliimii veya tamami yikilmis yigma yapilarda yikima diizlem dis1 hareketten dolayr duvarlarda olusan
hasarlarin neden oldugu tespit edilmistir. Buna gore ozellikle yiikseklik/kalinlik oraninin fazla oldugu, lento
veya hatil bulunmayan ve alt kat1 gift sira tist kati tek sira 6riillmiis duvarlara sahip yigma yapilar diizlem dist
etkiden oldukea fazla etkilenmis ve agir hasar almiglardir. Diizlem digt hareketin daha ¢ok yapimnin {ist
katindaki duvarlarda oldugu goriilmektedir. Ozellikle cati-duvar baglantisinin zayif oldugu yapilarda, iist
kattaki duvarlarin konsol gibi ¢alisarak diizlem dist hareket yaptiklar: tespit edilmistir.

-Yikilmamis ancak agir hasarli veya orta hasarli yigma yapilarda diizlem igi hasar etkileri goriilmektedir.
Diizlem i¢i hasarda en ¢ok kargilagilan problem tasiyict duvarlarda genis kap: ve pencere bosluklart
olusturulmasidir. Bu sekildeki yapilarda agikliklar arasinda veya iist kisimlarinda kesme etkisinden dolay:
capraz catlaklar gorilmiistiir. Ayrica agiklik tizerlerine lento veya hatil uygulamasi yapilmamis duvarlarda da
ayni tip hasarlar gorilmiistiir. Sik karsilasilan bir diger diizlem ici hasar tipi sonradan 6riildiigii anlagilan veya
iscilik hatas1 nedeniyle derzlerin st iiste gelmesi veya yigma yap1 elemanlarinin birbirleri {izerine yetersiz
bindirilmelerinden dolay1 olusan hasar tiriidiir. Bu sekilde olan duvar elemanlarinda diisey derz gizgisi
boyunca ayrilmalar goriilmiistiir. Hatta baz1 diizlem dis1 duvar hareketlerine de bu hatanin sebep oldugu
tespit edilmistir. Bununla birlikte rijit olmayan kose baglantilari, har¢ dayaniminin zayif olmasi ve yapi
elemanlarinin ¢evresel etkilerden dolayr dayanimlarinin zayiflamasi gibi zafiyetler hasarlara neden
olmuglardir.

-Yapilan inceleme neticesinde yigma yapilarin restorasyon uygulamalarinda mimari ve gorsel gereksinimlere
verilen 6nem kadar statik gereksinimlere de 6nem verilmesi gerekliligi ortaya ¢ikmistir. Bu kapsamda tarihi
dokuya zarar vermeden ¢ekme dayanimi yiiksek fiber takviyeli har¢ kullanimi veya gelik sistemlerle
gliclendirme uygulamalar1 yigma yapilarin deprem performanslari arttirilabilir. Sadece dokiilmiis derzlerdeki
harglarin yenilenmesinden ziyade yapilarin agirligini arttiran sonradan yapilmis eklentilerin kaldirilmasi,
duvar yiikseklik/kalinlik ve uzunluk/kalinhik oraninin disiiriilmesine yonelik giiclendirme onerilerinin
diistiniilmesi yapinin yatay ve diigey yiikler altindaki performansinin gelismesine daha ¢ok katk: saglayabilir.
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ABSTRACT

This research presents a new Finfet transistor that utilizes current mode active device technology
to construct a floating and grounded inductance simulator. In this work, the grounded inductance
circuit (GIC) uses only two Z-copy current follower transconductance amplifiers (Zc-CFTA’s) and
one grounded capacitor, and the floating inductance circuit (FIC) in the suggested simulator uses
just three Z-copy current follower transconductance amplifiers (ZC-CFTA’s) as active elements
with only a single grounded capacitor as an active inductor simulation. The aim of this work is to
realize an active inductance simulator with only one capacitor, which is commercially available as
an active building block (ABB). In addition, the designed circuit shows low incremental active
and passive hypersensitivity and non-interactive electronic control of the quality factor (Q) and
natural angle frequency (wo). Through computer simulation results with a fourth-order
Butterworth band-pass filer using LT-spice and a cadence virtuoso program with a 7nm process
parameter, the suggested circuits' performances were assessed.

Aktif Elemanlara Dayal1 Yiizen ve Topraklanmig
Endiiktans Simiilatoriiniin Yeni FinFET Transistor
Uygulamasi

07/

Bu arastirma, yiizen ve topraklanmis bir endiiktans simiilatorii olusturmak i¢in Akim mod aktif
cihaz teknolojisini kullanan yeni bir Finfet transistorii sunmaktadir. Bu ¢alismada, topraklanmig
endiiktans devresi (GIC) yalnizca iki Z-kopya akim takipgisi traniletkenlik amplifikatorii (ZC-
CFTA'ler) ve bir topraklanmis kapasitér kullanir ve 6nerilen simiilatdrdeki yiizen endiiktans
devresi (FIC), aktif bir indiiktor simiilasyonu olarak yalnizca tek topraklanmig kapasitorle aktif
elemanlar olarak sadece {i¢ Z-kopya akim takip¢i traniletkenlik amplifikatorii (ZC-CFTA)
kullanir. Bu ¢alismanin amaci, ticari olarak aktif yapi tasi (ABB) olarak temin edilebilen tek bir
kapasitorle aktif endiiktans simiilatorii gerceklestirmektir. Ek olarak, tasarlanan devre diigiik
artimh aktif ve pasif asir1 duyarliik ve kalite faktoriiniin (Q) ve dogal ag1 frekansinin (wo)
etkilesimli olmayan elektronik kontroliinii gosterir. Dordiincii dereceden Butterworth bant
gecisli filtre kullanan LT-SPICE ve 7nm islem parametresine sahip cadence virtiiéz programu ile
bilgisayar simiilasyon sonuglari ile 6nerilen devrelerin performanslar1 degerlendirildi.

To cite this article: H. Demirel and A. A. Mohammed, “New FinFet Transistor Implementation of Floating
and Grounded Inductance Simulator Based on Active Elements,” Gazi Journal of Engineering Sciences, vol.9,
n0.3, pp. 647-653, 2023. d0i:10.30855/gmbd.0705095
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1. Introduction

Current differential conduction amplifiers (CDTA) are a new type of current mode device that offers
flexibility and full functionality. It has been widely used in analog inductor, analog filter, and sinusoidal
oscillator designs. However, in most of the circuits that have been reported, 2 or more CDTAs have been used,
and useless P- or N-terminals have appeared, which not only creates a success rate It's wasteful, and it can also
cause noise interference. For this reason, an improved version of CDTA has appeared, and people call it a
current follower transconduction amplifier (CFTA). CFTA-based general filters have been reported, but
CFTA-based ground-analog inductors and floating analog inductors are not common. The author was
inspired by literature [1-7] to replace CDTA in simulated inductor circuits with CFTA, which realizes a
grounded analog inductor and a floating analog inductor, respectively. The circuit uses ground capacitors,
has minimal active components, and has no suspended input and output terminals. It is an analog inductor
circuit with minimal components. To prove the reliability of the circuit operation, based on this floating and
ground analog inductor, a fourth-order Butterworth band pass filter was designed separately using
component replacement methods. The main feature is that the pole frequency can be adjusted linearly by
electric regulation. Computer simulation shows that the circuit designed correctly is effective.

2. Description Of Active Elements

It is an active device suitable for use in analog signal processing in both voltage and current modes. The CFTA
is a three-pole active device. On the input side, there will be only one terminal, the f-terminal, and the output
will have the same structure as CDTA, that is, it will consist of a z terminal, and the symbol x and the electrical
equivalence circuit of the CFTA are represented in Figure 1. The relationship between the incoming and
outgoing currents is explained as follows: The current at the z pole will be equal to the current flowing at the
f pole, while the current at the x pole will be the transmission, transferred from the voltage at the z pole, so at
the z pole there will be a voltage. external loads will have to be brought in. The + design indicates the direction
of the current at the x pole; normally, the current at the x pole flows out. On the ideal side, the CFTA is
designed to have a resistance value; on the input side, the f terminal has a value of zero, while the z and x
terminals are designed to have an infinite resistance value based on said property. The root can be represented
by a metric equation, as in equation 1 [7-9].

VF1 0 0 0 0 O vf
Iz 1 0 0 0 Ol vz
Izc|=|1 0 0 0 O||Vzc (1)
+1Ix 0 +gm 0 0 Of|+vx
—Ix 0 —gm 0 0 Oll—yx

. 8.z i
T‘l: ‘IB —@—X;\{
X

lf O—L f Z + —_O’ IA\'+ ; _gmv/2>( l
v f o X
ZC-CFTA | _,; re RN
zC X—f—0 =

lf i:(‘ i: i:r

(a) : " (b)
Figure 1. Zc-CFTA (a) Electrical Symbols and (b) Electrical Equivalent Circuits.

When gm is the transfer conductance value, the gm value can be controlled by adjusting the bias current (Is)
on the input side.

The gm values of Zc-CFTAs designed with Finfet transistor technologies are shown in equations (2) and (3),

respectively. The internal circuits designed for the Zc-CFTA with Finfet transistor technology are shown in
Figure 2.

Iz =1zc =If,Vf =0,Ixt= +gmVz (2)
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Figure 2. Finfet transistor realization of the z-copy CFTA used in simulations.

Among them, gm is the transconductance gain of the Zc-CFTA, VT is the thermal voltage, and IB is the bias
current of the transconduction amplifier. It is the bias current of the transconduction amplifier, and the x can
be freely taken between the x- and x-end of the transconduction amplifier [10-12]. Figure 3 shows a new active
analog inductor simulator. Figure 3 (a) is a ground-analog inductor simulator based on Zc-CFTA. It can be
obtained from Figure 3 (a).

Im2lz2 _ 9mi-9maV1
1 z1 x2 - 50 s.C ( )

Vi _ s.C

Zy = (5)

I gm1-gmz
Therefore, from the above equation and formula (2), the equivalent inductance can be obtained as:

4vr2.cq
Ip

Lequ.=

(b)
Figure 3. New active analog inductor simulation based on Zc-CFTA: (a) Finfet Zc-CFTA-based grounded analog inductor simiilator
(b) Finfet Zc-CFTA based on floating analog inductor simulator.

Figure 3 (b) is a floating-simulated inductor simulator based on Zc-CFTA. And select gm=gmI1=gm?2. From
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Figure 3 (b), we can get:

I ==—I4==—1I,= —gm3(slaéz—1x1) — gm3gm2.951211(V1—V2) )
1
12 = Il == [, == 123 == g_rr;3623 (8)

It can be obtained from the above equation:

Z1 — (V1-V2) — sC (9)

Iq 9m1-9mz-9ms3

Therefore, from the above equation (9), the equivalent inductance can be obtained as

vri.c
Lequ =T (10)

Ip

3. Application Of A Novel Active Analog Inductor

The suggested floating and grounded inductance simulator is implemented in a fourth-order Butterworth
band-pass filter realization to demonstrate its usage. The passive circuit in Fig. 4 has a transfer function that
is provided by:

S(Rz2/Lequ-) S(Rz2/Lequ-)
T.F = 11
BPF ™ 524 5(Ry/Lequ)+(1/Lequ-C) < 52+5(Rz/Lequ)+(1/Lequ-C) (11)
R1 L2 C2
W J — Yot
Vs C1 L1 R2
\/ N

Figure 4. Passive circuit fourth order Butterworth band-pass filter

The cutoff frequency and quality factor of the bandpass filter can be calculated by:

Fo=->1 ’; (12)
21 4| Lequ.C
_ 1 |Lequ.
Q= R1 \I c (13)

Figure 4 shows a classic fourth-order Butterworth band-pass filter, where R, and R; are the internal resistance
of the signal source and the load resistance, respectively. Where the value of C;=C,=0.1uF, R;=R,=1Q and the
passive inductance values L;=L,=0.41 H. the cutoff frequency of the band pass filter to be designed F,=1kHz
with Q=1.2,

Grounded inductor (L1) Floating inductor (L2)

Vs

Figure 5. Fourth-order Butterworth band-pass filter based on Zc-CFTA.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 650



Demirel & Arsen Gazi Muhendislik Bilimleri Dergisi: 9(3), 2023

By replacing L1 and L2 in the Figure 4 circuit with the flouting and grounded analog inductor in Figure 3, a
fourth-order Butterworth band-pass filter based on Zc-CFTA can be obtained, as shown in Figure 5. The
values of C1 and C2 are equal to 1pf and the bias currents (Is) in the analog inductors L; and L, are 173nA.
Similarly, the cutoff frequency of the fourth-order Butterworth band-pass filter also satisfies Equation 12, so
its cutoff frequency can also be adjusted by linear electronic control of the bias current.

4. Results of the simulation

The simulation results were obtained using the Cadence virtuoso and Lt-SPICE simulation programs, which
demonstrated the performance of the suggested floating and grounded inductance simulators illustrated in
Figure 3 (a and b). With supply voltages Vss=Vpp = 0.1 V, the Finfet transistor implementation presented in
Figure 2 is used to emulate the active components of ZC-CFTAs. The 7nm process characteristics are used to
model Finfet transistors. The active parameters and passive element values given below were used to simulate
the proposed grounded and variable-inductance active circuit seen in Figure 3. (aand b): Iy = 173nA, R; =R,
=10, and C; = C; = 0.1 uF, which provides Lege. = 1 uH. Fig. 6(a and b) illustrates the magnitude and phase
responses for both grounded and flouting inductance, both theoretical and simulated. Using the circuit from
Fig. 5, a fourth-order band-pass filter has been constructed. The obtained Q values from the simulations equal
1.2. In Figure 7, the ideal and simulation magnitude responses of the fourth-order BPF are displayed.

6x10' — -4x10" —
-6x10" —|
8x10" —
-8x10" —
100 —| &) i
c =
[
@
E i B 102 —
= =
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Figure 6. The ideal and simulated magnitude of a Finfet Zc-CFTA-based (a) grounded (b) floating analog inductor simulator.
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Figure 7. The fourth-order BPF filter's ideal and simulation gain outputs are illustrated in Fig. 5.
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5. Conclusion

This article uses Finfet transistors for the internal design stage instead of CMOS, BJT, or any other type of
transistor. Using Z-copy CFTAs as an active element, a grounded analog active inductor simulator and a
floating analog active inductor simulator were designed and used for the design of a fourth-order Butterworth
band-pass filter in the voltage mode. Compared with relevant literature, the characteristics of this analog
inductor simulator are: whether it is a ground or floating analog inductor, it is non-destructive, so it is flexible
to use; it uses a ground capacitor, so it is suitable for integration; there are few active components; and the
number of input and output terminals is minimal. Thus, the circuit stability is high and the power
consumption is low. Through used cadence virtuoso and LT-SPICE as a computer simulation of a fourth-
order Butterworth band-pass filter, the analog inductor design is shown. It's correct and effective for analog
filters, its shown in figure 7 that the cutoff frequency is equal to 1KHz, so it can be used in various analog
signal processing circuits. In future can used other parameter like 3nm and 1nm to change the electronic
revolution from microelectronics to nanoelectronics that is used in new technology.
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ABSTRACT

In this study, we performed experimental and statistical analysis on the cutting of AISI 304
stainless steel using a commonly utilized laser cutting machine. Three different gas pressures (5.1,
6.4 and 8 bar), three different cutting speeds (2048, 2560 and 3200 mm/min), fixed focal point (-4
mm), fixed frequency (5000 Hz) and fixed gas (Nitrogen) were used as cutting parameters. As a
result of the study, it was observed that the surface roughness decreased as the cutting speed
increased at all pressure values, and the surface roughness increased as the pressure increased at
all cutting speed values. It was determined that the top and bottom kerf width decreased with
increasing cutting speed and decreasing gas pressure, and the top and bottom kerf width increased
with increasing gas pressure and decreasing cutting speed. When the signal/noise ratios were
analyzed as a result of Taguchi analysis, the optimum cutting parameter was calculated as Level 1
(5.1 bar) for pressure and Level 3 (3200 mm/min) for cutting speed. When the variance results
were analyzed, it was determined that the important parameter affecting the surface roughness
from the pressure and cutting speed factors was determined as cutting speed with 70.74%.

AISI 304 Paslanmaz Celikte Gelistirilmis Yiizey
Kalitesi icin Lazer Kesim Parametrelerinin
optimizasyonu

07/

Bu ¢alismada, yaygin olarak kullanilan bir lazer kesme makinesi kullanilarak AISI 304 paslanmaz
celigin kesilmesi iizerine deneysel ve istatistiksel analizler gergeklestirdik. Kesme parametreleri
olarak ti¢ farkli gaz basinci (5,1, 6,4 ve 8 bar) , {i¢ farkli kesme hiz1 (2048, 2560 ve 3200 mm/dk),
sabit odak noktas1 (-4 mm), sabit frekans (5000 Hz) ve sabit gaz (Azot) kullanilmistir. Yapilan
galigmanin sonucunda biitiin basing degerlerinde kesme hizi arttik¢a yiizey piiriizliiliik degerinin
azaldig), biitiin kesme hizi degerlerinde basing arttikga yiizey piiriizliliik degerinin arttigt
goriilmiistiir. Kesme hizinin artmasi ve gaz basmcinin azalmasi ile iist ve alt kerf genisliginin
azaldi81, gaz basincinin artmasi ve kesme hizinin azalmast ile dist ve alt kerf genisliginin arttig
belirlenmistir. Taguchi analizi sonucunda Sinyal/Giiriltii oranlari incelendiginde optimum
kesme parametresinin basing icin Seviye 1 (5,1 bar) ve kesme hiz1 i¢in Seviye 3 (3200 mm/dk)
olarak hesaplanmistir. Varyans sonuglar1 incelendiginde basing ve kesme hizi faktorlerinden
ylizey puiriizliiligii degerine etki eden 6nemli parametrenin %70,74 ile kesme hiz1 olarak olustugu
tespit edilmistir.
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1. Introduction

Laser technology is one field that has shown significant developments in recent years with the developing
technology and is widely used in the manufacturing sector. The laser cutting method is widely used in many
areas of the manufacturing industry due to its ease of use, processing precision, low cost, surface quality of
the produced part, high processing speed and minimal material waste [1]. This method has a wide range of
applications, especially in military applications, machinery and electronics, aerospace, healthcare, and
manufacturing industries [1, 2]. When the laser cutting method is analyzed in terms of engineering science,
laser radiation affects an important area in welding, cutting, and drilling processes. One of the major
advantages is the processing of brittle materials, non-conductive materials, and materials that are difficult to
cut without contact [1]. During laser cutting, the workpiece is exposed to high temperatures. The cutting
zones exposed to high temperatures show excessive thermal variations, resulting in deterioration of the
surface quality of the workpiece [3]. The laser beam focused along the material's surface to be cut causes the
material to melt, and a high-pressure gas is required to remove the molten material from the area. Meanwhile,
a narrow kerf is formed in the cutting area [4]. The kerf width indicates the waste material removed from the
workpiece and is always desired to be small. The kerf width is analyzed in two parts: top and bottom of kerf
width. In addition, the lower kerf width has a smaller dimension than the upper kerf width. [5]. In laser
cutting, many parameters such as focus, gas pressure, cutting speeds and frekans have a significant impact on
the performance of the cutting process. Having more than one processing parameter is the goal of
manufacturers in this sector to minimize productivity, part quality and production cost. These goals are
achieved by correctly selecting the cutting parameters and at the most optimal values [6, 7].

In laser-cutting machines, the workpiece is cut from the sheet by moving the laser-cutting head on the sheet
to the desired dimensions. A capacitive height control system ensures that the distance between the nozzle tip
and the cut sheet remains constant. The distance in the Z-axis between the nozzle tip and the sheet metal is
adjusted according to the material thickness. The quality of the surface cut can be influenced by raising the
focal point just above or below the sheet surface [8]. In laser cutting, the power density must first be focused
into a small spot for the laser light to cut the material. The focusing distance of the lens determines the size of
the focal spot and the depth of focus for satisfactory cutting [9]. The focal ability of laser light was shown in
Figure 1. "Z" refers to the depth of focus (Rayleigh length). Equation 1 shows the parameters that determine

the focal spot size (df).
af ==L m? (1)

Where "f" is the distance between the lens and the smallest focal spot, "D" is the unfocused raw laser beam
diameter, "\" is the laser beam wavelength, and “MA2” is the beam quality factor. The focal distance also
depends on similar parameters, such as focal spot size. A small focal diameter is typically associated with a
short focal distance [9].

2X7Z

; |

Figure 1. Focusing the laser light [9]

Extensive research has been conducted to investigate the effect of laser-cutting parameters on various output
parameters to improve part quality in the laser-cutting process. Cebeci et al. focused on investigating the
influence of cutting parameters on surface roughness, kerf width and burr height when laser cutting AISI 304
stainless steel sheets. Parameters such as gas pressure, cutting speed and frequency were investigated. The
study revealed that higher cutting speed reduced surface roughness, kerf width, and burr height. In addition,
varying the frequency affected these parameters differently, decreasing surface roughness and burr height but
increasing kerf width [10]. In another study, Isik et al. conducted an experimental and statistical analysis of
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the effects of cutting parameters on surface roughness (Ra) and kerf width (kW) during laser cutting of St-37
material. They used a Taguchi L32 (2x4x4) orthogonal design to determine the cutting parameters, which
included frequency, gas pressure, and cutting speed. Optimal values for surface roughness and kerf width
were identified through data analysis. Analysis of variance highlighted that frequency and gas pressure were
the most influential parameters, accounting for 55.78% and 54.26% of the effects, respectively [1]. Mert et al.
investigated the effects of cutting parameters on the cutting process of AISI 304 stainless steel sheet material
using CO2 laser machines. Parameters such as power, speed, focus distance, pressure, and using nitrogen (N2)
as an assist gas were considered. The study concluded that "increasing pressure, decreasing cutting power,
and decreasing feed rate resulted in a decrease in surface roughness [2].

The objective of this study was to investigate and optimize laser cutting parameters for cutting AISI 304
stainless steel sheet material, with a focus on achieving improved surface finish and minimizing kerf width.
The results of the study may provide the most effective combination of parameters that would result in
improved part quality, higher productivity, and cost efficiency in the manufacturing industry.

2. Material and Method
2.1. Material

Stainless steels are widely available materials, are easy to shape and weld, and have high corrosion resistance
[11]. In this study, AISI 304 stainless steel material measuring 210 x 297 mm and having a thickness of 4 mm
was employed. The chemical structure and mechanical properties of AISI 304 stainless steel are given in Table
1.

Table 1. Chemical structure and mechanical properties of AISI 304 stainless steel.

Wt% 0.055 1.38 0.56 0.024 0.02 18.4 8.2 0.04 Balance

2.2. Surface roughness measurements

Mahr brand (Mahr Marsurf PS 10), a surface roughness device widely used in the industry, was used to
measure the surface quality of the cut surfaces. In surface roughness measurements, three different
measurements were taken from the cut surfaces, and the average value was used as the surface roughness in
experimental and statistical results.

2.3. Machinability experiments and optical images

Laser cutting experiments were carried out on a Gweike LF-4020GA fiber laser cutting machine, and kerf
widths were measured with a polarized digital microscope model AM 4113ZT from Dino-Lite.

2.4. Experiment parameters

The machining parameters used in the experimental study were selected based on literature research and
machine catalogues. Table 2 shows the selected editing parameters and their levels.

Table 2. Cutting process parameters and levels.

] Levels

Laser cutting parameters Symbol Tevell Level2 Levels
Gas pressure (Bar) A 5.1 6.4 8
Cutting speed (mm/min) B 2048 2560 3200
Focus (mm) C -4

Frequency (Hz) D 5000

Nozzle height (mm) E 04

Gas F Nitrogen
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3. Results and Discussion

3.1. Surface roughness and kerf width measurements

The results obtained through the preferred experimental setup were shown in Table 3. How the parameters
affect the results is evaluated by comparing the results with each other.

Table 3. Results obtained from the experimental study

F Nozzl . E . Kerf width
. ocus ozzle utting spee: a (mm)
Experiment no (mm) e i) Gas Frequency (Hz) Pressure (Bar) (mm/min) )
Top Bottom
1 5.1 2048 3118  0.567 0.357
2 5.1 2560 2.639  0.564 0.352
3 5.1 3200 2450  0.549 0.347
4 6.4 2048 3126 0580 0.373
5 -4.0 0.4 Nitrogen 5000 6.4 2560 2.847 0573 0.358
[3 6.4 3200 2.748  0.559 0.355
7 8.0 2048 3.827 0584 0.379
8 8.0 2560 3.675 0.578 0.366
9 8.0 3200 3.655 0.576 0.363
o 4.2 —~ 4.2
g g
2 O 2
] 3.7 — ° g 3.7
5 )
2 =
e 3.2 2 3.2
g 8
& &
= =l
2 2.7 2 2.7
Y o
& &
: 22 L 2.2
< <
2048 2560 3200 5.1 6.4 8
Cutting speed (m/min.) Pressure (bar)
5.1 6.4 8 Qe )48 @ 2560 =@ 3200

(a) ()

Figure 2. Graph of surface roughness depending on (a) cutting speed and (b) pressure.

Increasing the cutting speed decreased the average surface roughness (Figure 2a) while increasing the gas
pressure increased the surface roughness (Figure 2b). The lowest surface roughness was measured as 2.450
pm at 3200 m/min cutting speed and 5.1 bar pressure, and the highest surface roughness was measured as
3.827 pm at 2048 m/min cutting speed and 8 bar pressure. The decrease in Ra with increasing cutting speed
may be because the low cutting speed during the laser cutting process increases the heat generated in the
cutting zone. This causes an increase in the amount of melt in the cut area. Moreover, removing residual melt
using gas can increase the amount, thickness, and irregularity of the pattern formed on the surface. This, in
turn, leads to heightened surface roughness [12].

Measurements were taken from the cut test material's top and bottom surfaces around the cut's entrance,
middle and end using an optical microscope. The average value of these measurements was determined as the
material's top and bottom kerf width. The optical image of the top of the cut test materials was shown in
Figure 3.
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Figure 3. Optical image of the top of the cut experimental materials.

The results have been graphed and shown in Figure 4 for the convenience of the readers.

— 0.60 — 0.60
= g
E £
= &
o
=} 0.58 .\'\. Z 038
= =
g =
S z
S 056 2056

0.54 0.54

2048 2560 3200 5.1 6.4 8
Cutting speed (mm/min) Pressure (bar)
5.1 6.4 8 2048 2560 3200
(a) (b)

—~ 0.40 _ .4
= g 0.40
E E
E o038 £ o3
é \\‘ 9.8,
= =
1:. 0.36 S 0.36
z T z
b= — h=
NV 0.34 V] 0.34

0.32 0.32

2048 2560 3200 5.1 6.4 8
Cutting speed (mm/min) Pressure (bar)
5.1 6.4 8 2048 2560 3200

(0 (d)
Figure 4. Kerf widths: (a) and (b) top kerf widths, (c) and (d) bottom kerf widths depending on cutting speed and pressure, respectively.

The analysis showed that as the cutting speed increased and the gas pressure decreased, both the top and
bottom kerf widths decreased. Conversely, decreased cutting speed and increased gas pressure resulted in an
increase in both the top and bottom kerf widths (Figure 4). The minimum upper kerf width measured was
0.549 mm, observed at a cutting speed of 3200 mm/min and a pressure of 5.1 bar. Conversely, the maximum
upper kerf width recorded was 0.584 mm at a cutting speed of 2048 mm/min and a pressure of 8 bar.
Additionally, the narrowest total kerf width measured was 0.347 mm at a pressure of 5.1 bar and 3200
mm/min cutting speed. Notably, the bottom kerf width remained consistently smaller than the top kerf width
throughout the study. This phenomenon can be attributed to the adequate interaction time between the laser
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beam and the material surface. During this interaction, the metal that melted and passed through the material
thickness at the cutting zone was effectively removed without solidifying at the bottom due to the high gas
pressure assistance [12, 13].

The burr formation on the bottom kerf of the test specimens at the lowest and highest surface roughness were

1 mm 1 mm

‘ , ‘ Experiment no: 7 r !
. ;

1 mm 1 mm

Figure 5. Burr formations in the bottom kerf width

The burr width at the bottom of the material with the lowest surface roughness was 0.114 mm in the mean,
while the burr width at the highest surface roughness was approximately 0.125 mm in the mean (Figure 5).
These results show that the preferred cutting parameters contribute to the burr formation.

The lower parts of the cut materials were examined, and the surface heat formations at the bottom of the part
were shown in Figure 6. When the heat distribution on the material was examined, it was 0.227 mm in mean
at 5.1 bar and 3200 mm/min cutting speed, while 0.258 mm was measured in the experiment performed at 8
bar pressure and 3200 mm/min cutting speed. The heat distribution width also increased when the pressure
and cutting speed increased.

Deney 3

by ' EL

S o ) S
: SR FS e
‘ 1 mm 8 AR S

Figu}e 6. Heat dist

1 mm . . . .

. R 3 ¥ S B [ 4 ° R
ribution patterns at the bottom of the cut materials (HAZ: Heat Affected Zone

) [14]

3.2. Taguchi method

The Taguchi method, widely used today, was used to determine the ideal optimum conditions by statistically
analyzing the data obtained from the experiments. This method was very effective in determining the
optimum cutting parameters without performing experiments on the same type of material at different
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machining parameters by analyzing the existing data [15-17]. Analyses using signal/noise ratios were also
considered in determining the optimal cutting parameters. To obtain the lowest surface roughness, the
“"Smallest is Best" approach given in Equation 1 was chosen. The signal/noise analysis of the obtained results
was shown in 4.

11
S/ =~10log . [T ¥?] (1)
Table 4. Signal/noise values of samples cut by laser cutting method.
Level Pressure (Bar) (Ertineg s?eed
(mm/min)

1 -8.697 -10.478
2 -9.256 -9.607
3 -11.407 -9.274

Delta 2.710 1.204

Rank 1 2

The value closest to zero in the signal/noise tables indicates the ideal value for that factor [18]. The optimum
value for pressure was realized at Level 1, and the optimum value for cutting speed was realized at Level 3
(Figure 6 and Table ). It was also observed that the optimum parameters were 5.1 bar for pressure and 3200
mm/min for cutting speed. These results show that the ideal cutting process is realized at these parameters.
The similarity of the statistical and experimental results obtained increases the accuracy of our argument.

Main Effects Plot for SN ratios

Pressure (Bar) Cutting Speeds (mm/min)

Mean of SN ratios
I~ U
I e
=) i

-
e
n

-
=
=)

-11.5-

T T T

5.1 6.4 8.0 2040 2560 3200

Signal-to-noise: Smaller is better

Figure 7. Signal/noise ratios for pressure and cutting speed.
3.3. ANOVA

ANOVA statistical method is used to determine the percentage of impact of the parameters on the results
[19]. The variance analysis in the present study was performed at a 95% confidence level. The % effect values
in Table indicate the degree of effect of the parameters on the results. The less than 5% P-value indicates that
the parameter is significant [20]. The most effective parameter influencing the surface roughness among the
pressure and cutting speed factors was the cutting speed at 70.74% (Table 5).

Table 5. ANOVA results

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Pressure (Bar) 2 0.008278 12.35% 0.008278 0.004139 1.46 0.334
Cutting speed (mm/dak) 2 0.047429 70.74% 0.047429 0.023714 8.36 0.037
Error 4 0.011341 16.91% 0.011341 0.002835
Total 8 0.067048 100.00%
R-sq 83.09%

3.4. Regression analysis

The above-mentioned experimental procedures must be repeated for each set of parameters to predict the
different results that may occur at different processing parameters of the material used in the experimental
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study [21]. This may result in high labour, time, energy, and material costs. Regression analysis provides an
ideal mathematical model using enough available data. The ideal mathematical model obtained for this study
was shown in Equation 2. In the present study, the R2 value, which expresses the mathematical model
consistency, was calculated as 88.01%. Since the R2 value is above 85%, the results of different machining
parameters can be predicted without performing new experiments.

Surface Roughness (um) = 1.766 + 0.3455 Pressure — 0.000343 Cutting speed (2)
4. Conclusion

The cutting process of AISI 304 stainless steel material was carried out at different parameters with a laser
cutting machine widely used in industry, and the significant outcomes in the present study were summarized
below.

e The lowest surface roughness was 2.450 um at 3200 m/min cutting speed, and 5.1 bar pressure, and
the highest surface roughness was 3.827 pm at 2048 m/min cutting speed and 8 bar pressure.

e The lowest top kerf width was 0.549 mm at 3200 mm/min cutting speed and 5.1 bar pressure, and
the highest top kerf width was 0.584 mm at 2048 mm/min cutting speed and 8 bar pressure.

o  The lowest kerf width was realized in the lower kerf width with 0.347 mm at 5.1 pressure and 3200
mm/min cutting speed.

e When the heat diffusion on the material was examined, a mean of 0.227 mm was measured at 5.1
bar and 3200 mm/min cutting speed, while a mean of 0.258 mm was measured in the experiment
performed at 8 bar pressure and 3200 mm/min cutting speed.

e When the pressure and cutting speed increased, the heat release width increased.

e When the signal/noise ratios were analyzed, it was calculated that the optimum parameter was Level
1 (5.1 bar) for pressure and Level 3 (3200 mm/min) for cutting speed.

®  When the variance results were analyzed, it was determined that the most significant parameter
affecting the surface roughness among the pressure and cutting speed factors was the cutting speed
with 70.74%.
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