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ABSTRACT

The coverage areas of Wi-Fi modules, where the operating frequency is
different, vary depending on location and the walls' properties. To investigate
the effect of these parameters on the coverage areas, 2.4 GHz and 5 GHz
monopole antennas were placed in three different locations. In addition, the
walls' thickness and the material's effect on the coverage area were
examined. Before the analyses were carried out, far-field radiation was
obtained for monopole antennas at defined frequencies. Then, radiation
analysis was carried out with the obtained far-field radiation data. As a result
of the findings, it was determined that the steel structure had the lowest
coverage area, and it was also observed that the wooden wall provided the
best coverage. However, considering the housing structures, it was concluded
that the most suitable wall material would be foam concrete instead of brick
and standard concrete since the use of wood would be limited.
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OZET

Calisma frekansilar1 farkli olan Wi-Fi modiillerinin kapsama alanlari, bir
evin icerisindeki konuma ve bulundugu konumdaki duvar malzemesine bagl
olarak degismektedir. Duvar malzemesi parametrelerinin kapsama
alanlarinin {izerinde ki bu etkisinin arastirilmasi i¢in bir ev tasarlanmig ve ev
icerisindeki 3 farkli konuma 2.4 GHz ve 5 GHz yaym yapan monopol
antenler yerlestirilmistir. Ayrica duvarlarmm kalinligi ve duvarm yapildig:
malzemenin  kapsama  alanina  etkisi  incelenmistir.  Analizler
gergeklestirilmeden once belirlenen frekanslardaki monopol antenler igin
uzak alan 1smmasi elde edilmis ve sonrasinda elde edilen uzak alan 1g1masi
verileriyle konut icerisinde 1sima analizi gergeklestirilmistir. Elde edilen
bulgular sonucunda ¢elik yapmin en diisiik kapsama alanma sahip oldugu
tespit edilmis ve ayrica, ahsap Ozellikli duvarin en iyi kapsama alanini
sagladig1 gozlemlenmistir. Fakat konut yapilar1 diisiiniildiigiinde ahsap
kullanimt kisithi olacagi i¢in en uygun duvar malzemesinin tugla ve normal
beton yerine kdpiiklii beton olacagi sonucuna varilmistir.
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1. GIRIS

Wi-Fi teknolojisi kullanilan cihazlarin sayisi giiniimiizde oldukc¢a fazladir. Bunlara televizyonlar, kisisel
bilgisayarlar, akilli telefonlar, akilli ev cihazlar1 gibi bir¢ok cihaz 6rnek verilebilir. Kullanilan bu cihazlarin
cogunlugu 2.4 GHz ve 5 GHz frekanslarindaki elektromanyetik dalgalar ile haberlesmeyi gerceklestirmektedir.
Farkli haberlesme frekanslarina sahip olmalar1 bu cihazlarin kapsama alanini da oldukga etkilemektedir.
Kapsama alimini etkileyen diger bir faktér ise bu cihazlarin konumlandirilmasidir. Koétii gergeklestirilen
konumlandirma konut igerisinde bir odada Wi-Fi erisimi bulunurken diger bir odada erisiminin bulunmamasina
sebep olmaktadir. Bu problemi ¢dzmek adina modemin elektromanyetik alan 1g1ma analizinin yapilmasi ve en
uygun konumun tercih edilmesi gerekmektedir.

Literatiirdeki ¢alismalar incelendiginde Wi-Fi modullerinin konumlandirilmasi igin gesitli ¢alismalarin yapildigi
gozlemlenmistir. Shanmugaapriyan vd. [1] bir ofis ortaminda 2.4 GHz ve 5 GHz Wi-Fi moduliiniin
konumlandirilmasit adina bu arastirmayi yaparken, Belay vd. 5 GHz Wi-Fi moduliiniin optimum
konumlandirilmasi i¢in dinamik makine 6grenimi yaklasimini kullanmigtir [2]. Yasar vd. [3] ¢ift bant anten
tasarimi ile 2.4 GHz ve 5 GHz uygulamalarinda kazanci artirmaya calisirken ve WiLucas vd. [4] i¢ mekan ve dig
mekanda 2.4 GHz ve 5 GHz kablosuz yerel agdan (Wireless Local Area Network, WLAN) faydalanilarak bir
elektronik cihazin konumunun tayin edilmesi iizerine ¢aligmig ve belirtilen frekanslardaki haberlesmenin
gelistirilmeye acgik farkli yonleri oldugunu gostermistir. Calismalardan anlasildigi {izere deneme yanilma
yonteminden ziyade iyi bir konumlandirma i¢in makine 6greniminin kullanimi s6z konusudur. Bununla birlikte
kapsama alani i¢in en iyi konumlandirmanin belirlenmesi adina cesitli ¢aligmalar da gergeklestirilmistir. Bu
calismada ¢ok iyi bir konumlandirmadan ziyade, temel olarak 2.4 GHz ve 5 GHz’de yayim yapan monopol anten
Wi-Fi modiillerinin kapsama alanlarinin ayni ev igerisinde farkli konumlarda ve farkli duvar 6zelliklerinde nasil
davrandigi incelenmistir. Bu davranigin anlagilmasi en iyi noktanin belirlenmesinde bir 6lgiit olarak kullanilabilir
ve analiz yapilamayacak karmagsik ortamlar i¢in lokasyon tercihinin 6ngoriilebilmesini saglayabilir.

Bu kapsamda, belirtilen frekanslarda Wi-Fi olarak kullanilan monopol antenlerinin belirli bir konut igin
elektromanyetik 1s1ma gii¢ dagilim analizi; en verimli noktay1 bulmak, iki igletim frekansini kiyaslamak ve farkl
duvar ozellikleri barindiran yapiy1 degerlendirmek adina gergeklestirilmistir. Gergeklestirilen bu analizle konut
icerisinde daha iyi bir konum varsa bulunmasi ve sisteme eklenebilecek ¢ogalticilarin hangi konuma koyulmasi
gerektigi hakkinda fikir elde edilecektir. Bununla birlikte bir anten davraniginin nasil oldugu ve elektromanyetik

1simanin farkl duvar 6zellikleri i¢in nasil degistigi de ele alinmistir.

2. TERMINOLOJi VE TEMEL KAVRAMLAR

Bir ortamda elektrik alan1 meydana getirmek igin yiikli cisimler ivmeli bir sekilde hareket ettirilir. Olusan
elektrik alaninin zamana gore degismesiyle birlikte Sekil 1°de gosterildigi gibi manyetik alan elde edilir. Elde
edilen bu ikili alan tanimi elektromanyetik dalga olarak isimlendirilerek haberlesme teknolojisinin temelini
olusturur [5]. Kablosuz modemlerde kullanilan monopol antenin davranigi da elektromanyetik dalgalarin
davranisina dayanmaktadir.

, \ Magnetic
{000 field (B)

Electric
field (E)

Propagation
direction

ey,
27 i
Shy @ ¥

Sekil 1. Elektromanyetik alanin yayilimi [6].

c=f.2 (1)

Elektromanyetik dalgalar 151k hizinda yayilirlar. Denklem 1°deki matematiksel iliski agik¢a gostermektedir ki
dalga boyu arttik¢a frekans azalmakta, frekans arttiginda ise dalga boyu azalmaktadir. Genis bir spektruma sahip
oldugu icin kullanim alan1 da bu genislikte gesitlenmekte ve farklilagsmaktadir. Ornegin Radyo Dalgalar1 TV ve
radyolarda kullanilirken X 1ginlar1 tip sektdriinde kullanilmaktadir. Wi-Fi modemlerinin isletim frekanslari ise
Elektrik Elektronik Miihendisleri Enstitlisii (Intitute of Electrical and Electronics Engineers, IEEE) 802.11
spesifikasyonlari tarafindan belirlenmis olup 2.4 GHz, 3.6 GHz, 5 GHz ve 60 GHz seklindedir [7]. Belirtilen bu
isletim frekenaslar ise mikrodalga simifina girmektedir. Elektromanyetik spektrumun gosterimi Sekil 2’deki gibi
verilmistir.

Elektromanyetik dalgalarin yayilimi ve bunlarin toplanip anlamli verilere doniistiiriillmesi antenler ile
saglanmaktadir. Antenler bosluktaki elektromanyetik dalgalar1 toplayarak bu dalgalarmn iletim hatlar1 igerisinde
yayilmasint ve haberlesme agisindan anlamli bir forma doniismesi icin aktarilmasmi saglayan veya iletim
hatlarindan gelen sinyalleri bosluga elektromanyetik dalga olarak yayan cihazlardir. Genel olarak antenleri iki
amag icerisinde ele alabiliriz. Bunlardan biri gii¢ transferi ve serbest uzayda empedans uyumlulugu saglamak bir
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Sekil 2. Elektromanyetik spektrum [8].

digeri ise elektromanyetik 1s1nim1 Sekil 3’te gosterildigi gibi belirli bir alanda yonlendirmektir. Bu iki amag da
tek bir yonteme hizmet eder, bu ise kablosuz haberlesme yontemidir.

150965 5 Y bl /T, 308

2100' doi =X 330°

ety 300°
Sekil 3. Kutupsal diizlemde ¢izilmis anten kazanci yonliiligii [9].

Anten i¢in temelde frekans, rezonans, kazang, yonliiliikk, 1sima Oriintiisi ve verimlilik 6nemli olan
parametrelerdir. Elektrik ve manyetik alan uzaklikla azalirken, gili¢ yogunlugu uzaysal uzaklagsmadan dolay:
uzakligin karesi ile azalir [10]. Bunlara bagli olarak uzak alan 1simasii olusturmak i¢in telekominikasyonda
dikey antenler olarak isimlendirilen ve 5 GHz ve 2.4 GHz &zelligine sahip Sekil 4’te gosterilen her yone yayilim
yapan monopol antenler kullanilmistir.

(radius) a

Sekil 4. Monopol anten [11].

2.1. 2.4 GHz ve 5 GHz Arasindaki Farklar

Belirtilen frekanslarda kullanilan Wi-Fi, IEEE 802.11 protokolii ile haberlesme saglayan bir WLAN
teknolojisidir. Bu teknolojinin kullanilabildigi cihazlarin sayisi giiniimiizde oldukga fazladir. Kullanilan bu
cihazlarin ¢ogunlugu ise 2.4 GHz ve 5 GHz frekanslarindaki elektromanyetik dalgalar ile haberlesme islemini
gergeklestirmektedir [12]. Yaygin olan kullanima bakildiginda 2.4 GHz Wi-Fi bandi ile karsilasilirken 5 GHz
daha ¢ok ¢ift bantli Wi-Fi cihazlar1 igin kullanilir. Tki farkl isletim frekansina sahip bu yapilar transmisyon hizi
(bant genisligi) ve enterferans (girisim) agisindan kryaslanabilir.

Diisiik frekansl aglara kiyasla yiiksek frekansli aglar daha hizli bir sekilde veri iletimini gerceklestirebilirler. Bu
veri iletiminin farki, goriintii aktarimi gibi yiiksek bant genisligi isteyen uygulamalarda hissedilir. Buradan yola
cikarak 5 GHz’nin 2.4 GHz’ye gore daha iyi iletim gergeklestirdigini sdyleyebiliriz. Fakat bunun yaninda daha
yiiksek frekans kullanildiginda yiiksek frekans sinyalinin zemin ve duvar gibi kati cisimlere niifuz

3
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edememesinden kaynakli olarak iletim araligi da kisalmaktadir. Bu mesafe zayiflig1 farkli teknoloji yontemleri
ile iyilestirilebilmektedir. Fakat burada incelenen, destek teknolojisi olmadan kullanilan Wi-Fi modiilleridir.
Diger bir kiyaslama kismi ise girisim durumudur. Giiniimiizde daha ¢ok 2.4 GHz Wi-Fi modeli kullanildig1 i¢in
bunlarin bir bolgede birden fazla kullanilmasi da veri aktarimi sirasinda parazitlere sebep olmaktadir. Ayrica 5
GHz’de 23 adet kanal bulunmasma karsilik 2.4 GHz’de 3 adet kanal bulunmasi da bu girisim etkisini
arttirmaktadir [13]. Sonug olarak 2.4 GHz’nin kapsama alant bakimindan daha iyi oldugu fakat iletim verimi
olarak daha diigiik bir verime sahip oldugu anlagilmaktadir.

2.2. Wi-Fi Teknolojisi ve Insan Saghgina Etkisi

Elektromanyetik radyasyon, enerjinin pargacik veya dalga halinde yayilmasi olarak tanimlanir. Pargacik veya
dalga olarak yayilan bu enerjinin insan sagligi iizerinde termal ve termal olmayan iki farkli etkisi mevcuttur.
Termal etki dokunun 1sinmasina sebep olurken termal olmayan etkiler molekiillerin titresimine ve donmelerine
sebep olmaktadir [14]. Giiniimiizde bir ¢ok alanda siirekli olarak kullanilan Wi-Fi teknolojisi de elektromanyetik
alan teorisine dayanmaktadir. Genellikle saglik {izerine yapilan arastirmalar, radyo frekansinin mikrodalga
kismimin (300 MHz ila 300 GHz) potansiyel olumsuz etkilerini yine radyo frekansi kullanan cihazlar arasinda en
fazla radyasyon yayan cep telefonu cihazlari iizerine incelemeye odaklanmigtir [15]. Bununla birlikte Wi-Fi
teknolojisinin yaygin kullanilmasi, 6zellikle isletim frekans: iizerine dikkatleri cekmektedir. Oyle ki; bugiin Wi-
Fi Allience tarafindan IEEE ile uyumlu oldugu onaylanan, kablosuz ag iiriinleri olan ve Wi-Fi teknoljisiyle
donatilmayan neredeyse hicbir diziistii bilgisayar, akilli telefon, tablet veya iletisim aygiti yoktur [16]. Bu
aygitlarin dogrudan ve dolayli olarak saglik iizerine etkisi gz Oniinde bulunduruldugunda en uygun olan,
olabildigince az radyasyona maruz kalmaktir. Radyasyon maruziyetini azaltmanin bir yolu ise Wi-Fi moduliiniin
uygun konuma yerlestirilmesidir. Yatak odasi konumunun en az kapsama alanina sahip yer olarak tercih edilmesi
giiniin biiyiik bir kisminda radyasyondan uzak kalmayi saglar.

3. ANALIZ HIYERARSISi VE SISTEM PARAMETRELERI

3.1. Anten Tipi ve Uzay1

Anten tipi olarak monopol anten tercih edilmistir. x=0.2 metre, y=0.2 metre, z=0.06 metre 6l¢iilerinde bir router
tasarlanmig, ardindan Sekil 5°te gosterildigi gibi kiitiiphaneden seg¢ilen monopol anten router iizerine eklenmistir.
Komponent kiitiiphanesinden istenilen frekans degerleri icin otomatik olarak belirli bir boyutta monopol anten
olusturulmustur.

I invertedF
InvertedF - planar
B rsa

I Log periodic

Loap - cual

B Loop - full N 2
B Loop - half i ¢ =

Patch - eliptical
B Patch - rectanguilar

[ hex ][ g |
Sekil 5. Kiitiiphaneden monopol anten se¢imi.

Buna ilave olarak, olusturulan monopol antenin konumlandirilmasi gergeklestirildikten sonra router ve
etrafindaki uzay icin mesh yapisi olusturulmustur. Olusturulan mesh yapisinin 3D patterni icin 6 ve ¢ konum
degerleri Sekil 6’da verildigi gibi 3 derece artirimlarla elde edilmistir. Daha sonra belirlenen anten, istenilen
¢oziim frekansinda (antenin 2.4 GHz yahut 5 GHz olmasina bagli olarak) verilen mesh i¢in ¢ozdiiriilmiistiir.

3.2. Anten Kazanci ve Yonliligii

Analiz gergeklestirildikten sonra elde edilen sonuglar anten kazanci ve yonliiliigii agisindan karsilagtirilmistir.
2.4 GHz ve 5 GHz i¢in elde edilmis olan uzak alan 1simasi desibel cinsinden kazang igin Sekil 7°deki gibidir.
Sekil 7 incelendiginde 2.4 GHz monopol antenin ayni besleme kaynagi altinda daha fazla alanda kazanca sahip

4
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Sekil 6. Router ve cevresi mesh yapisi.

oldugu gozlemlenmektedir. Isinim genisligi agisindan 5 GHz ¢ok dar bir aciy1 kapsarken 2.4 GHz daha fazla
1simim genisligine sahiptir. Yiizey alani agisindan incelendiginde 2.4 GHz’nin daha biiyiik kapsama alanina ve
coklu yonde daha genis bir yayilima sahip oldugunu gostermektedir. 5 GHz yayilimi 2 ana lobdan olusup arka
loblar1 az olsa da 2.4 GHz’nin sahip oldugu ana lob ve yan loblarmn biiyiikliikleri de daha fazla kapsama alanina
sahip oldugunu gostermektedir.

2.4 GHz Uzak Alan 5 GHz Uzak Alan

180 180
(a) (b)
Sekil 7. Monopol anten i¢in desibel cinsinden toplam kazang; (a) 2.4 GHz Uzak Alan Isimasi, (b) 5 GHz Uzak
Alan Isimasi.

Polar diizlemde gosterimi yukarida verildigi gibi olan 151n1im yayilimlarinin 3 boyutlu uzayda gosterimi ise Sekil
8’deki gibidir. Kazancin 5 GHz igin daha fazla oldugu goziikse de buradaki 1sinimin genisligi az oldugu igin
etkisi daha az olacaktir. Yani genlik olarak kazanci daha az olan 2.4 GHz 1s1masi, daha fazla alana ortalamast
daha yiiksek bir deger ile yayilacaktir. Monopol antenler i¢in elde edilen bu elektromanyetik yayilim degerleri
konumlandirma analizleri i¢in kullanilmistir. Buradan yola ¢ikarak yonliiliik hakkinda 6ngdriide bulunmak zor
olmasa da farkli yerlerde konumlandirilarak yapilan analizler de 2.4 GHz’nin daha fazla kapsama alanina sahip
oldugunu gostermistir.

Total Gain Total Gain

3.0
| E% 33
2.4 - )

(=E—E—E—T W Y ]

ShnGiointom:
| S
Il T 1 1Y)
(=1 "= - S R Nt PN

2.4 Ghz Wifi Monopoel Anten § Ghz Wifi Menopol Anten

Sekil 8. Uzayda uzak alan i¢in anten kazanci ve yonliiliigiiniin ifadesi.

3.3. Ev Geometrisi ve Parametreleri

Anten i¢in analiz gerceklestirildikten sonra antenin koyulacagi evin 3D modeli olusturulmustur. Mimari igin
disiiniilen yap1 Sekil 9°da gosterilmektedir. Verilen mimari yapi i¢in en sagdaki oda oturma odasini, en soldaki
oda ise yatak odasini temsil etmekte olup ortada balkon, ¢aligma odasi ve mutfak bulunmaktadir.
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Sekil 9. Daire yapist.

Bu kapsamda Sekil 9’da verilen daire birebir Ol¢lide cizilerek Sekil 10’daki yapi elde edilmistir. Farkli
malzemelerdeki her bir duvar i¢in ¢izimler pesi sira glincellenip kaydedilmis ve yap1 analiz i¢in hazirlanmistir.

Sekil 10. 3D daire yapisinin olusturulmasi. 7

Analiz, alt1 farkli duvar malzemesi i¢in gergeklestirilmistir. Her bir duvar malzemesi icin daire icerisinde ii¢
farkli konum analiz kapsaminda degerlendirilmistir. Duvar kalinliklar1 belirlenirken konstriktif uygunluk degil,
sadece 1simim analizi amaglanmistir. Bu nedenle duvar Olciileri degerlendirilirken bu varsayim goz Oniine
alinmalidir.

Bir duvarin 6zelligi frekans degerlerine bagl olarak degismektedir. Duvar &zellikleri icin ALTAIR Feko analiz
programinin arka planda kullanmis oldugu, kalinliga bagli olarak degisen hazir fiziksel parametereler
uygulanmistir. Analiz i¢in kullanilacak olan her bir duvar malzemesinin 6zelligi ayr bir tablo ile asagida
verilmistir.

Tablo 1. 10 cm tugla icin frekans degerine gore duvar parametreleri.

2.4 GHz

iletim/Yansima/Sacilma Kirmnim

iletim Kayb1  : 4.66 dB Gelen 1g1n (min) : 8 dB

Yansima Kaybi : 9.52 dB Gelen 131n (max) :15dB

Sacilma Kayb1 : 20 dB Yansiyan 151n :5dB

Frensel Katsayilari

Gor. Dielektrik Sabiti: 4 Gor. Gegirgenlik: 1 iletkenlik: 0.044 S/m
5 GHz

iletim/Yansima/Sagilma Kirinim

iletim Kayb1  :10.11 dB Gelen 151n (min) : 12 dB

Yansima Kaybi : 9.52 dB Gelen 151n (max) : 19 dB

Sacilma Kaybi1 : 20 dB Yansiyanisimn ~ : 9 dB

Frensel Katsayilar

Gor. Dielektrik Sabiti: 4 Gor. Gegirgenlik: 1 iletkenlik: 0.111 S/m
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Tablo 2. 30 cm tugla icin frekans degerine gore duvar parametreleri.

2.4 GHz
iletim/Yansima/Sagilma Kirinim
iletim Kayb1  :11.93 dB Gelen 1g1n (min) : 8 dB

Yansima Kaybi : 9.52 dB

Gelen 1g1n (max) :15dB

Sacilma Kayb: : 20 dB

Yansiyan 151n :5dB

Frensel Katsayilari

Gor. Dielektrik Sabiti: 4

Gor. Gegirgenlik: 1 Iletkenlik: 0.044 S/m

5 GHz

iletim/Yansima/Sacilma

Kirmim

fletim Kayb1  :28.3 dB

Gelen 151n (min) : 12 dB

Yansima Kaybi : 9.52 dB

Gelen 151n (max) : 19 dB

Sacilma Kaybi1 : 20 dB

Yansiyanisimn ~ : 9 dB

Frensel Katsayilar

Gor. Dielektrik Sabiti: 4

Gor. Gegirgenlik: 1 iletkenlik: 0.111 S/m

Tablo 3. 10 cm beton i¢in frekans degerine gore duvar parametreleri.

2.4 GHz
iletim/Yansima/Sagilma Kirinim
iletim Kayb1  : 6.89 dB Gelen 1g1n (min) : 8 dB

Yansima Kaybi : 7.51 dB

Gelen 131n (max) :15dB

Sacilma Kayb: : 20 dB

Yansiyan 151 :5dB

Frensel Katsayilari

Gor. Dielektrik Sabiti: 6

Gor. Gegirgenlik: 1 Iletkenlik: 0.078 S/m

5 GHz

Iletim/Yansima/Sagilma

Kirinmim

Tletim Kayb1

:14.67 dB

Gelen 151n (min) : 12 dB

Yansima Kayb: : 7.51 dB

Gelen 151n (max) : 19 dB

Sacilma Kaybi1 : 20 dB

Yansiyanisimn ~ : 9 dB

Frensel Katsayilar

Gor. Dielektrik Sabiti: 6

Gor. Gegirgenlik: 1 Tletkenlik: 0.194 S/m

Tablo 4. 10 cm kopiik beton i¢in frekans degerine gore duvar parametreleri.

2.4 GHz
iletim/Yansima/Sacilma Kirmnim
iletim Kaybr  :2.17 dB Gelen 1g1n (min) : 8 dB

Yansima Kayb: : 13.74 dB

Gelen 1g1n (max) :15dB

Sacilma Kayb: : 20 dB

Yanstyan 1sin :5dB

Frensel Katsayilari
Gor. Dielektrik Sabiti: 2.3

Gor. Gegirgenlik: 1 iletkenlik: 0.017 S/m

5 GHz

iletim/Yansima/Sagilma

Kirinim

iletim Kayb1  :4.87 dB

Gelen 1g1n (min) : 12 dB

Yansima Kayb: : 13.74 dB

Gelen 151n (max) : 19 dB

Sacilma Kayb: : 20 dB

Yanstyanisin 9 dB

Frensel Katsayilari

Gor. Dielektrik Sabiti: 2.3

Gor. Gegirgenlik: 1 Iletkenlik: 0.042 S/m

Tablo 5. 10 cm ahsap (hus agaci) icin frekans degerine gore duvar parametreleri.

2.4 GHz
iletim/Yansima/Sacilma Kirmnim
iletim Kayb1  :0.36 dB Gelen 151n (min) : 8 dB

Yansima Kaybi : 22.51 dB

Gelen 1g1n (max) :15dB

Sacilma Kaybi1 : 20 dB

Yansiyan 1s1n :5dB

Frensel Katsayilar

Gor. Dielektrik Sabiti:
1.35

Gor. Gegirgenlik: 1 Iletkenlik:0.0022 S/m

5 GHz
iletim/Yansima/Sagilma Kirinim
iletim Kayb1  :0.83 dB Gelen 1gin (min) : 12 dB

Yansima Kayb: : 22.51 dB

Gelen 151n (max) :19dB

Sacilma Kayb: : 20 dB

Yansiyan 151n :9dB

Frensel Katsayilar

Gor. Dielektrik Sabiti:
1.35

Gor. Gegirgenlik: 1 Tletkenlik: 0.006 S/m
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Tablo 6. 5 mm c¢elik i¢in frekans degerine gore duvar parametreleri.

2.4 GHz

iletim/Yansima/Sacilma Kirinim

iletim Kayb1  :0.36 dB Gelen 1g1n (min) : 8 dB
Yansima Kaybi : 22.51 dB Gelen 1g1n (max) :15dB
Sacilma Kayb: : 20 dB Yansiyan 151n :5dB
Frensel Katsayilari

Gor. Dielektrik Sabiti: Gor. Gegirgenlik: 1 iletkenlik:0.0022 S/m
1.35

5 GHz

iletim/Yansima/Sacilma Kirmnim

iletim Kayb1  :1055.42 dB Gelen 151n (min) : 12 dB
Yansima Kayba : 0.05 dB Gelen 151n (max) : 19 dB
Sacilma Kayb1 : 20 dB Yansiyanisimn ~ : 9 dB

Frensel Katsayilari
Gor. Dielektrik Sabiti: 1 Gor. Gegirgenlik: 20 iletkenlik: 27778 S/m

4. ANALIZ SONUCLARI

Konum degerlendirmesi i¢in anten Sekil 11°deki gibi ti¢ farkli konuma yerlestirilmistir. Birinci konum oturma
odasini, ikinci konum calisma odasini ve tiglincli konum balkonu temsil etmektedir. Bu yerlestirmeler her farkli
duvar malzeme 6zelligi adina yapilmigtir. Her konumlandirma ve duvar 6zelligi kombinasyonu i¢in iki farkli Wi-
Fi isletim frekans: géz oniinde bulundurularak 36 farkli analiz gerceklestirilmistir. Gergeklestirilen analizlerin
sonuclar1 duvar 6zelliklerine gore siniflandirilmis ve yorumlanmstir.

Konum 2
()

Konum 3 Konoml
[o | ™

Sekil 11. Antenin yerlestirilip analizinin gergeklestirilecegi li¢ farkli konum.

4.1. 10 cm Tugla i¢in Sonuclar

3 — T | —— w
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— |
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Sekil 12. 1. duvar i¢in alan kuvveti dagilimi [dB uV/m] a) 1. konum 2.4 GHz, b) 2. konum 2.4 GHz, c) 3. konum
2.4 GHz, d) 1. konum 5 GHz, e) 2. konum 5 GHz, f) 3. konum 5 GHz.
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10 cm tugla duvar 6zelligi i¢in 2.4 GHz’nin 5 GHz’ye gore daha fazla alana yayilabildigi goriilmiistiir. Bununla
birlikte, en kapsamli konumlandirma oturma odasi da g6z 6niinde bulunduruldugunda 2. konumdur. Ciinkii 1.
konumda yatak odasinda az ¢ekim varken, 3. konumda oturma odasinda az ¢ekim olacag1 goriilmektedir. Fakat
saglik etkileri nedeniyle yatak odasinda daha az g¢ekim bulunmasi isteniyorsa 1. konumun tercih edilmesi

gerekmektedir.

4.2. 30 cm Tugla icin Sonuclar

e — | (E—

F—— s —
70 75 80 85 %0 05 100 105 110 1IS 120 65 70 75 80 85 90 95 100 105110 115 120 75 80 85 90 95 100 105 110 15 120
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(d) f
Sekil 13. 2. duvar i¢in alan kuvveti dagilimi [dB uV/m] a) 1. konum 2.4 GHz, b) 2. konum 2.4 GHz, c) 3. konum
2.4 GHz, d) 1. konum 5 GHz, e) 2. konum 5 GHz, f) 3. konum 5 GHz.

30 cm tugla duvar 6zelligi i¢in elde edilen analiz sonuglar1 duvar kalinliginin etkisini ortaya koymaktadir. Duvar
kalinlig1 arttiginda 1s1manin ve alan kuvvetinin azaldig1 gézlemlenmektedir.

4.3. 10 cm Beton icin Sonuclar

E—————
80 85 90 95 100 105 110 115 120 125
(@)
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(o — S . O SO R s o e s e s st s P

65 70 75 80 85 90 95 100 105 110 115120 60 6570 75 80 85 90 95 100105110 115120 60 65 70 75 80 85 90 95 100105110 115120
©

Sekil 14. 3. duvar i¢in alan kuvveti dagilimi [dB uV/m] a) 1. konum 2.4 GHz, b) 2. konum 2.4 GHz, c¢) 3. konum
2.4 GHz, d) 1. konum 5 GHz, ) 2. konum 5 GHz, f) 3. konum 5 GHz

10 cm beton duvar o6zelligi i¢in elde edilen analiz sonuglari, 10 cm tugla i¢in elde edilen analiz sonuglari ile
karsilastirildiginda betonun 15inimi daha fazla engelledigi gézlemlenmistir.
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4.4. 10 cm Kopiik Beton i¢in Sonuclar

10 cm kopiik beton duvar 6zelligi igin elde edilen analiz sonuglaria bakildiginda ayni kalinliktaki 10 cm tugla
duvar analizine gore ve ayni kalinliktaki 10 cm beton duvar analizine gore daha fazla 1simaya izin verdigi
gozlemlenmistir. Konumlandirma agisindan degerlendirdigimizde ise 2. konum tekrar en fazla kapsama alanina
sahip konum olarak bulunmustur. 2. konumda gerceklestirilen 30 cm tugla duvar 6zelligi analizinin 2.4 GHz
1sinimi ile 10 cm kopiik beton duvar 6zelligi icin 2. konumda gerceklestirilen analizin 5 GHz 1siniminin benzer

giic dagilima sahip oldugu gézlemlenmistir.

S eE—

' ' | )
95 100 105 110 115 120 125 100 104 108 112 116 120 124

)
100 105 110 1s 120 125
a

— . ——

: 7 o | ——
8 90 95 100 105 110 115 120 125

o | | '
8 90 95 100 105 110 115 120 125 95 100 105 110 1ns 120 125
U]

e) (
Sekil 15. 4. duvar i¢in alan kuvveti dagilimi [dB uV/m] a) 1. konum 2.4 GHz, b) 2. konum 2.4 GHz, c¢) 3. konum
2.4 GHz, d) 1. konum 5 GHz, ) 2. konum 5 GHz, f) 3. konum 5 GHz.

4.5. 10 cm Ahsap icin Sonuclar
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(d) ©
Sekil 16. 5. duvar i¢in alan kuvveti dagilimi [dB uV/m] a) 1. konum 2.4 GHz, b) 2. konum 2.4 GHz, c¢) 3. konum
2.4 GHz, d) 1. konum 5 GHz, ) 2. konum 5 GHz, f) 3. konum 5 GHz.

10 cm ahsap duvar 6zelligi i¢in elde edilen analiz sonuglarina bakildiginda diger tiim duvar 6zelliklerinden daha
iyi iletim sagladigini ve her konumda bu iyi iletimin diger biitiin analizlerden daha fazla kapsama alanina sahip
oldugu bulunmustur.

10
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4.6. 5 mm Celik i¢in Sonuglar

A S Ay s s s
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Sekil 17. 6. duvar igin alan kuvveti dagilimi [dB uV/m] a) 1. konum 2.4 GHz, b) 2. konum 2.4 GHz, ¢) 3. konum
2.4 GHz, d) 1. konum 5 GHz, e) 2. konum 5 GHz, f) 3. konum 5 GHz.

10 cm ahsgap duvar 6zelligi analizinin tam tersi olarak 5 mm ¢elik duvar 6zelligi analizi incelendiginde 1smim1 en

az geciren duvar malzemesinin g¢elik oldugu gozlemlenmistir. Duvar malzemesi olarak bu yap1 kullanildiginda 2.
konum veya 3. konum kullanigh gibi géziikse de diger odalarda kapsama problemi olusmustur.

5. DEGERLENDIRME VE SONUC

Her bir duvar 6zelligi i¢in minimum alan giicii Tablo 7°de verilmistir.

Tablo 7. Minimum alan giicii kiyasi.

Min Alan Giicii Duvar 1 Duvar 2 Duvar 3 Duvar 4 Duvar 5 Duvar 6
(dB uV/m)
2.4 GHz i¢in 85 65 80 95 104 80
5 GHz i¢in 75 30 60 85 102 75

Tiim duvar dzellikleri igin gergeklestirilen analizlerin mimum degerlerinin g6z oniine alindiginda en fazla alan
giiclinlin ahsap Ozellikteki Duvar 5’te oldugu gozlemlenmistir. Elektromanyetik alan dagilimi incelendiginde
celik 6zellikteki Duvar 6’nin minimum degeri tugla 6zellikteki Duvar 2°’nin minimum degerinden daha fazla olsa
da duvarlarin sinyali engellemesi Duvar 6’da daha baskindir.

Buna ek olarak grafiksel analizler incelendiginde 2.4 GHz antenin 5 GHz antene goére daha fazla alanda 1s1ma
yaptig1 gozlemlenmistir. Bunun nedeni frekansin artmasiyla sontimlenmenin de artmasidir. Bu sebeple aym
giicte 1s1ma yapan iki anten icin diisiik frekansli olanin daha fazla kapsama alanina sahip oldugu
gozlemlenmistir. En etkili konumlandirma, incelenen evin oturma odasi goz oniinde bulunduruldugunda 2.
konumdur. Ciinkii 1. konumda yatak odasinda az ¢ekim varken, 3. konumda salonda az ¢ekim olacagi
goriilmektedir. Saglik agisindan degerlendirildiginde ise yatak odasina en az i1sinim yapan konumun se¢ilmesi
daha uygundur. Duvar 1’in kalinliginin arttirilip Duvar 2 olarak analiz gergeklestirildiginde 1gimanin azaldigi ve
¢ekim alanini olumsuz etkiledigi gézlemlenmistir. Duvar 3’{in 1s1ma 6zelligi Duvar 1 ile benzer olsa da yapisal
ozellikten kaynakli olarak Duvar 3 daha fazla 1s1maya engel olmustur. Duvar 3’iin aksine daha az yogunluklu
yapist nedeniyle Duvar 4 daha fazla 1simaya izin vermistir. Duvar 5 ise ahsap 6zellikte oldugundan bariz bir
sekilde en iyi 1simaya sahiptir. Duvar 6 ise en fazla sinyal bloke etkisine sahip duvar o6zelligi oldugu
gozlemlenmistir.

Sonug olarak en iyi 1s1ma ve kapsama alani i¢in 2. konum se¢ilmesi 6nerilmekte olup diger konumlar i¢in sinyal
cogaltici kullanilmasi dnerilmektedir.

Yazar Katkilan

Calisma kapsaminda Hiiseyin Tarik NIS matematiksel modelleme ve bu modellemenin Altair FEKO iizeinden
cesitli analizlerini gerceklestirip verilerin kaydedilmesini saglarken, Mehmet Baris TABAKCIOGLU elde edilen
sonuglarin yorumlanmasi, anten modelinin kurulup yorumlanmasi ve duvar parametrelerinin tanimlanmasi ile
katkida bulunmustur.
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Cikar Catismasi

Herhangi bir ¢ikar ¢atismasi bulunmamaktadir.
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ABSTRACT

In the mobile telecommunications market, subscribers expect high service
quality, competitive pricing and improved service. If the customer cannot
meet these expectations from the telecom service provider, he chooses to
change it. To cope with this situation, service provider operators need
interpretable churn prediction models that provide strategic insights by
analyzing data on subscribers' communication patterns, behaviors and
subscription plans. In this study, churn prediction models based on K-Nearest
Neighbour, Decision Tree, Random Forest, Support Vector Machine and
Naive Bayes algorithms are first developed. Then, explainable artificial
intelligence methods (ELIS, LIME, SHAP and Counterfactual) are used for
the interpretability of the decisions of the most successful model. The
experimental results show that the most successful model for subscriber churn
detection is Random Forest with an accuracy of 81%. In addition, graphical
results were obtained to explain how this algorithm makes decisions according
to which features, how and with what accuracy rate. As a result, this study
presents an application example of how to make both highly accurate and
interpretable decisions in customer churn detection.
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OZET

Mobil telekomiinikasyon pazarinda aboneler yiiksek hizmet kalitesi, rekabetgi
fiyatlandirma ve gelismis servis beklentisindedirler. Miisteri bu beklentilerini
telekom servis saglayicisindan karsilayamamast durumunda onu degistirme
yoluna gitmektedir. Hizmet saglayici operatorler abone kaybi olarak
nitelendirilen bu durumla bagsa ¢ikmak i¢in abonelerin iletisim kaliplari,
davranislar ve abonelik planlarina ait verileri analiz ederek stratejik ongorii
saglayan yorumlanabilir miisteri kaybi tahmin modellerine ihtiyag
duymaktadirlar. Bu ¢alismada 6ncelikle K-En Yakin Komsu, Karar Agaci,
Rastgele Orman, Destek Vektdor Makinesi ve Naive Bayes algoritmalarina
dayali abone kayip tahmin modelleri gelistirilmistir. Daha sonra, en basarili
modele ait kararlarin yorumlanabilirligi i¢in agiklanabilir yapay zeka
yontemleri (ELIS, LIME, SHAP ve Counterfactual) kullanilmistir. Deneysel
sonuclar abone kaybinin tespitinde en basarili modelin %81 dogruluk oraniyla
Rastgele Orman oldugunu gostermistir. Ayrica bu algoritmanin kararlart
hangi 6zelliklere gore, nasil ve ne kadar dogruluk oraniyla aldigina dair
aciklamalar1 gosterir grafiksel sonuglar ¢ikarilmigtir. Sonug¢ olarak, bu
calismada misteri kaybi tespitinde hem yiiksek dogrulukla hem de
yorumlanabilir kararlarin nasil alinabilecegine iliskin bir uygulama 6rnegi
sunulmustur.
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1. GIRIS
Son yillarda, nesnelerin interneti (IoT) ile birlikte mobil teknolojilerin hizla yayilmasi, diinya genelinde mobil
cihaz sayisinda biiytik bir artisa neden olmustur. Statistanin tahminlerine gore, diinya ¢apinda akilli telefon mobil
ag abonelerinin sayisinin 2023 yilinda 6,7 milyara ulasmas1 ve 2028 yilinda 7,7 milyar1 agmas1 beklenmektedir
[1]. Bu durum, telekomiinikasyon sektoriindeki servis saglayicilar i¢cin hem biiyiik bir firsat hem de biiyiik bir
zorluk olusturmustur. Sektor kosullart degistiginden, servis saglayicilarin yeni miisteri ¢cekme firsatlari artarken,
mevcut miisterileri elde tutma zorlugunu asmalar1 gerekmektedir. Ancak birgok sirket, doymus pazarlardan
kaynaklanan siddetli rekabet, dinamik pazar kosullar1 ve siirekli yeni ticari tekliflerin sunulmasi nedeniyle 6nemli
bir miisteri kayb1 sorunu yasamaktadir [2]. Diinyada telekomiinikasyon sektoriiniin y1llik miisteri kayip oraninin
%20 ila %40 arasinda degistigi ifade edilmektedir. Ayrica mevcut misterileri elde tutma maliyetinin yeni miisteri
edinme maliyetinden 5-10 kat daha ucuz oldugu vurgulanmaktadir. Bunun yani sira misteri kaybinin %5
azaltildiginda kar’in %25 ten %85 cikabildigi ortaya konmustur [3]. Ayrica, European Business Review [4]
platformu da benzer bir goriisii paylasmakta ve %2 oraninda bir miisteri kayip oranina sahip bir igletmenin aylik
65 milyon dolara kadar kayiplar yasayabilecegini Ongdérmektedir. Bu durum pazar payr oldukca artan
telekomiinikasyon endiistrisinde rekabet artisini beraberinde getirmistir [5]. Hizmet saglayici operatorler rekabetgi
ve doyuma ulagmis pazar sartlarinda yeni abone edinmenin maliyetinin mevcut bir aboneyi elde tutmadan daha
fazla oldugunun farkindadirlar. Bu sebeple operatorler daha iyi servis kalitesi, ucuz tarifeler ve promosyonlarla
abone kaybini 6nleme ve elde tutma stratejisini 6n planda tutmaktadir [6]. Ancak abone verilerinin biiyiik olmasi,
abonelerin operatérde ayrilma nedenlerinin ¢ok degisken olmasi ve teknolojik gereksinimlerin hizla artmasi
nedeniyle etkin bir misteri kayip modeli ve strateji olusturmak olduk¢a zordur [7]. Bu ekonomik etki, biiyiik veriyi
yonetme ve analiz etme yetenegi, dinamik degisken pazar kosullarmma uyum saglama konusunda hayati 6nem
tasimaktadir. Veri analizi temelli ¢6ziimler, servis saglayicilara yeni veri kaynaklarindan yararlanma ve miisteri
davraniglarin1 daha derinlemesine anlama firsati sunacaktir. Bu veri analizi sayesinde operatdrler, miisterilerin
ihtiyaclar1 ve tercihleri konusunda daha 6z ve anlamli bilgileri hizli sekilde erisebileceklerdir. Ayrica, miisteri
deneyimini iyilestirmek i¢in &zellestirilmis hizmetler sunma kapasiteleri artirma ve miisteri sadakati saglama
konusundaki yeteneklerini giiglendirme imkan1 edineceklerdir [8]. Veri analizi, miisterilerin hangi hizmetlere daha
fazla ilgi gosterdiklerini, hangi zamanlarda daha fazla kullanim yaptiklarini ve ne tiir kampanyalardan daha fazla
etkilendiklerini belirlemelerine yardimci olacaktir. Bu baglamda bir diger dnemli husus ise veri analiz sonuglarinin
operatdr politikasi ve kampanyasina doniisebilmesi igin sonuglarinin operatdrler tarafindan kolaylikla anlasilabilir
ve yorumlanabilir olmasi gerekmektedir.
Giliniimiizde yapay zeka alaninin i¢inde yer alan ML (Machine Learning-ML) ve derin 6grenme algoritmalari
mevcut alandaki bir ¢ok siiflandirma, kiimeleme ve tahmin probleminde basarili sonuclar elde etmektedir. Ancak
bu modeller ¢ogunlukla kara kutu modeller olarak degerlendirilmektedir [9]. Bu nedenle genellikle model
Onyargisi, model yapist ve sonuglarina iligkin giiven sorunlarina sahiptirler. Mevcut sorunlara ¢6ziim olarak
aciklanabilir yapay zeka (Explainable Artificial Intelligence-XAlI) alan1 gelistirilen yapay zeka sisteminin yiiksek
6grenme performansini koruyarak daha agiklanabilir modeller iiretmeye odaklanmaktadir. XAl ayrica paydaslarin
gelistirilen modeli veya sistemi anlamasini, uygun sekilde giivenmesini ve etkili sekilde yonetmesini saglayan
seffaf yontemler ger¢evesi sunmaktadir [10]. Bu sayede otomatik karar vermenin olumsuz sonuglartyla miicadele
etmeleri igin bireyleri giiclendirmek, bireylere daha bilingli se¢imler yapmalarinda yardimer olmak, giivenlik
aciklarmi ortaya ¢ikarmak ve algoritmalarin insani degerlerle biitiinlestirmek hedeflenmektedir [9, 11].
Bu calismada literatiiriin bu eksikligine yonelik hem ML algoritmalarima hem de agiklanabilir yapay zeka
tekniklerine dayali olarak etkili ¢6ziim sunmaktadir. Bu baglamda bu makalenin ana katkilar1 asagida sunulmustur.
e Telekomiinikasyon sektdriinde kritik bir konu olan miisteri kayb1 problemine ML modellerine dayali
¢oziimler sunulmusgtur. Bu sayede miisteri kayip tahmini yiiksek dogruluk oranlarryla tahmin eden k-en
yakin komsu, destek vektdr makinesi, karar agaci, rastgele orman ve naive bayes modelleri
gelistirilmistir.
e  Gelistirilen ML modellerin etkili sekilde yorumlanabilmesi ve sonuglarinin anlasilabilirligi i¢in ELIS,
LIME, SHAP ve Counterfactual gibi agiklanabilir yapay zeka yontemleri kullanilmistir.
e Ek olarak hizmet saglayici operatorlere miisteri kaybini dnleyici karsiolgusal agiklanabilirlik yontemine
dayali 6neriler sunulmustur.
Bu calismanin ilk béliimiinde, mobil telekomiinikasyon sektoriinde miisteri davranis degisikligi ve miisteri
kayiplar1 hakkinda bilgiler verilerek konuya iliskin literatiir bilgisi aktarilmistir. Tkinci béliimde,
Telekomiinikasyon sektdriinde miisteri kaybi tahmine yonelik yapilan ¢aligmalart ait literatiir bilgisi verilmistir.
Ucgiincii boliimde, bu ¢alismada kullanilan materyal ve metotlara iliskin teorik bilgiler sunulmustur. Dérdiincii
boliimde, deneysel sonuglar yer verilmis ve elde edilen uygulama sonuglar1 karsilagtirmali olarak
degerlendirilmigtir. Dordiincii bolimde ise ¢aligma sonuglandirtlmistir.

2. ILGILI CALISMALAR

Bu calisma kapsaminda ise telekomiinikasyon sektoriinde miisteri kaybinin tahminine odaklanan giincel literatiir
caligmalarina yer verilmistir.
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Kisioglu ve Topgu [12], Tiirkiye’deki bir telekomiinikasyon sirketi verilerini kullanarak Bayes Inang Agina
(Bayesian Belief Network) dayali miisteri kayip modeli olusturmuslardir. Yazarlar modelin sonuglarini daha
anlagilir hale getirmek i¢in ise ki-kare otomatik etkilesim detektorii, korelasyon analizi, ¢oklu baglanti testi ve
uzman gorlisii gibi yontemleri ek olarak kullanmislardir. Miisteri kaybina neden olan degiskenleri ortalama
goriisme dakikalari, ortalama fatura tutari, farkli saglayicilardan kisilere arama siklig1 ve tarife tiirli olarak tespit
etmislerdir. Lu ve arkadaglar1 [13] ise miisteri kayb1 tahmini i¢in dncelikle artirma (boosting) yontemine dayali
agirliklandirma yontemi kullanmislardir. Daha sonra logistic regresyon modeline dayali miigteri kayip tahmini
gerceklestirmiglerdir. Jung ve arkadaslari [14] veriye dayali miisteri deyim kalitesini artirarak miisteri kaybini
dnlemeyi amaglamiglardir. Ozellikle miisteri sikayetleri olasihigini tahmin etmek igin rastgele orman, destek vektdr
makinesi, lasso ve karar agaci algoritmalarini kullanmiglardir. Bagdi ve arkadaslari [15] telekomiinikasyon veri
lizerinde destek vektor makinesi ve rastgele orman algoritmasina dayali miisteri kayip modelleri gelistirmislerdir.
Gelistirilen modellerin sonuglarini anlamlandirmak igin ise k-ortalama kiimelemesi, histogram, kutu ve bar
grafikleri olusturmuslardir. Mitrovic ve arkadaslari [16] miisteri kaybinin tespitinde 6zellik miihendisliginin
onemine dikkat ¢ekmislerdir. Bu kapsamda kayip analizinde optimum 6zellik tiirii kombinasyonlarini belirlemek
icin Pareto ¢ok amagl optimizasyona dayali yeni bir metodoloji dnermislerdir. Onerilen metodu kullanarak
belirlenen dzelliklerle rastgele orman ve lojistik regresyon modeli ile siniflandirma gergeklestirmislerdir. Onerilen
metot ve smiflandirma sonuglarmin miisteri kayb1 modellenmesinde kilavuz olabilecegini ortaya koymuslardir.
Caigny ve arkadaglar1 [17] birgok sektdriin temel problemi olan miisteri kaybi tahmini i¢in karar agaclari ve lojistik
regresyon modeline dayali hibrit logit yaprak modeli (LLM) énermislerdir. Onerilen modelin temel fikri tiim veri
kiimesi yerine agacin her yapragi iizerindeki veri parcalari iizerinde insa edilen farkli modeller aracigiyla tahmin
yapmasidir. Onerilen model finans, enerji, telekom, perakende ve gazete gibi sektdrlerden 14 veri seti iizerinde
test edilmis ve karar agaglari, lojistik regresyon ve rastgele orman modellerinden daha iyi oldugu gosterilmistir.
Cenggoro ve arkadaslar1 [18] ise miisteri kaybin1 modellemek i¢in ayirt edici 6zelliklerin belirlenmesinde gémiilii
vektorler (vector embedding) modeline dayali derin 6grenme modellerinin gelistirilmesine odaklanmislardir.
Yazarlar onerdikleri modelle vektorlerin iki boyutlu bir uzayda gorsellestirilerek ayrilma ve elde tutulma
potansiyeli yiiksek olan iki grubu etkili sekilde tespit edebilmislerdir.

Wu ve arkadaglari [19] telekomiinikasyon alaninda miisteri kayip yonetimi i¢in veri 6n isleme, kesifsel veri analizi,
kayip tahmini, faktor analizi, miisteri segmentasyonu ve miisteri davranisi analitigi gibi alt1 bileseni igeren bir
cerceve onermislerdir. Onerilen ¢ercevede miisteri kayip tahmini icin karar agaclari, rastgele orman, naive bayes,
Adaboost ve c¢ok katmanli algilayici modelleri kullanmiglardir. Model sonuglarina dayali miisteri kaybinin
nedenlerinin tespit i¢in faktor analizi ve kiimeleme yontemlerini kullanmislardir. Shresthaa ve Shakya [20] miisteri
kayb1 tahmini icin XGBoost algoritmasinin etkinligini analiz etmeye odaklanmustir. Iki farkli veri seti {izerinde
elde edilen sonuglari literatiirdeki diger calismalarla karsilastirmiglardir. Deneysel sonuclarda %97 dogruluk orant
ile XGBoost algoritmasinin miisteri kayb1 tahmin problemleri i¢in diger siniflandiricilara gore daha iyi sonuclar
iiretebildigini gostermislerdir. Amin ve arkadaglari [21] telekomiinikasyon sektdriinde miisteri kayip tahmini i¢in
uyarlanabilir ML’ye dayalit ACCP adinda yeni bir yaklagim 6nermislerdir. Yazarlar 6nerdikleri yaklasimda genetik
algoritma tabanli 6zellik agirliklandirma yaklasimi ile naive bayes algoritmasini kullanarak hibrit bir yaklagim
ortaya koymuslardir. Onerilen yaklagim sinir aglari, lineer regresyon, KNN, XGBoost gibi temel siniflandiricilarla
kargilagtirmiglardir. Bir diger ¢aligmada, Saha ve arkadaslart [22] telekom sektdriinde miisteri kayip tahmini igin
geleneksel smiflandirma teknikleri (rastgele orman, xgboost, gradyan artirma), topluluk 6grenme teknikleri
(lojistik regresyon, karar agaci, k-en yakin komsu) ve derin 6grenme (yapay sinir aglar1) modellerine dayali
kapsamli ¢aligma yapmislardir. Miisteri kayip tahmininde yapay sinir aglar1 ve konvoliisyonel sinir aglarinin
yaklasik %98 dogruluk oranityla diger modellerden daha iyi oldugunu gostermislerdir. Prabadavi ve arkadaslari
[23] telekomiinikasyon sektoriinde miisteri kaybini erken tahmin etmek i¢in optimum ML modelleri gelistirmeyi
hedeflemislerdir. Bu kapsamda mevcut miisterileri elde tutmak igin gosterecekleri tepkileri tahmin etmek icin
stokastik gradyan gli¢clendirici, rastgele orman, lojistik regresyon ve k-en yakin komsu algoritmalarini
kullanmiglardir.

Ayrica literatiirde bulanik mantik ve teorik modellere dayali analiz yontemlerinin de kullanildig1 bazi ¢alismalar
da bulunmaktadir [24-27]. Tiim literatiir incelendiginde miisteri kaybi analizi ve tahmininde ML, derin 6grenme,
veri madenciligi ve istatistiksel yontemleri dayali bircok modelin kullanildig1 agik¢a goriilmektedir. Ancak
literatiirde yer alan bu modellerin agiklanabilirligine ve yorumlanabilirligi odaklanan bir c¢alisma
bulunmamaktadir. Ozellikle agiklanabilir yapa zeka destekli modellerin olmayist ele alinan probleme ydnelik
gelistirilen modelleri anlama ve onlara giiven konusunda problem yaratmaktadir. Bazi ¢aligmalarda
aciklanabilirlik i¢in birden ¢ok istatistiksel yontem (ki-kare, faktor analizi, kiimeleme gibi) tercih edilmis olsa da
bunlar alanda ihtiya¢ duyulan gereksinimleri karsilamada yetersiz kalmaktadir. Bu nedenle bu ¢alismada miisteri
kayb1 tahminin agiklanabilir yapay zeka yontemlerine dayali ¢6ziim Onerisine odaklanilmustir.

3. MATERYAL VE METOD

Bu boliimde bu makalede kullanilan veriseti, veri 6n isleme siireci, ML algoritmalar1 ve agiklanabilir yapay zeka
yontemlerine yonelik detayli bilgiler verilmektedir.
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Bu calismada IBM telekomiinikasyon sirketine ait 20 dzellik ve 7043 satirdan olusan Telco miisteri veri seti [28]
kullanilmistir. Veri setinde abonelere ait demografik bilgiler, hesap bilgileri ve hizmet bilgileri gibi 6zellikler yer
almaktadir. Veri setinde yer alan 6zellikler ve agiklamalarina ait kapsamli bilgiler Tablo 1’de verilmistir.

Tablo 1. Telco veriseti 6zellikleri ve aciklamalari.

Ozellik Aciklama Icerik

Gender Cinsiyet Kadm, Erkek (Female, Male)

SeniorCitizen Miisterinin kidemli/emekli/yasli olup olmadig1 Evet, Hayir (Yes, No)

Partner Miisterinin bir ortagi olup olmadig1 Evet, Hayir (Yes, No)

Dependents Bakmakla yiikiimlii oldugu kisi olup olmadig: Evet, Hayir (Yes, No)

Tenure Miisterinin sirkette kaldig1 ay sayist Niimerik deger

PhoneService Miisterinin telefon hizmeti olup olmadig1 Evet, Hayir (Yes, No)

MultipleLines Miisterinin birden fazla hatti olup olmadig1 Evet, Hayur, Telefo.n Servisi Yok (Yes,
No, No phone service)

InternetService Miisterinin internet servis saglayicisi DSL’ Fiber optik, Hayir (DSL, Fiber
optic, No)

. . . T e - Evet, Hayir, Internet Servisi Yok (Yes,
OnlineSecurity Miisterinin ¢evrimici giivenliginin olup olmadig: No. No Internet service)

. . . .. - Evet, Hayir, Internet Servisi Yok (Yes,
OnlineBackup Miisterinin online yedeginin olup olmadigt No, No Internet service)
DeviceProtection ~ Miisterinin cihaz korumasina sahip olup olmadig1 Evet, Hayrr, Internet.SerV151 Yok (Yes,

No, No Internet service)
. . - Evet, Hayir, Internet Servisi Yok (Yes,
TechSupport Miisterinin teknik destek alip almadigt No. No Internet service)
. . - Evet, Hayir, Internet Servisi Yok (Yes,
StreamingTV Miisterinin TV yayini olup olmadig1 No. No Internet service)
. . . - Evet, Hayir, Internet Servisi Yok (Yes,
StreamingMovies ~ Miisterinin canli yaym/film akis1 olup olmadigi No, No Internet Ser\{ice)
Contract Miisterinin s6zlesme siiresi Aydan aya, Bir y1l, ki Y1l (Month-to-
month, One year, Two year)
PaperlessBilling Miisterinin kagitsiz faturasi olup olmadig1 Evet, Hayir (Yes, No)
T . . Elektronik ¢ek, Posta ¢eki, Banka tranferi,
PaymentMethod Miisterinin 6deme ydntemi Kredi Karti (Otomatik)
MonthlyCharges Miisteriden aylik olarak tahsil edilen tutar Niimerik deger
TotalCharges Miisteriden tahsil edilen toplam tutar Niimerik deger
Churn Abone hareketi - Miisteri kayb1 Evet, Hayir (Yes=1, No=0)

3.1. Veri Onisleme

Bu calismada kullanilan Telco veriseti ML modelleriyle egitilmeden 6nce gereksiz verilerin temizlenmesi ve veri
doniistimii (label encoding) siireglerinden gegirilerek model egitimine hazirlanmigtir. Ayrica verisetinin dengesiz
olmasi (yaklasik %74 churn no, %26 churn yes) nedeniyle egitim siirecinde veriyi dengeli hale getirmek igin
orneklem artirma yontemi SMOTE (Synthetic Minority Over-sampling Technique) kullanilmistir. Bu baglamda
dengesiz veri probleminin sonuca etkisini analiz edebilmek i¢in siniflandirma sonuglari hem dengeli hem de
dengesiz veri seti dikkate alinarak ayri ayr1 verilmistir.

3.2. Makine Ogrenmesi Algoritmalar

Bu c¢alismada odaklanilan miisteri kaybi tahmini igin literatirde daha ¢ok ML algoritmalarina yonelik
siiflandirma yaklagimlarin kullanildigi gériilmiistiir. Bu nedenle bu ¢aligmada ilgili problemin ¢dziimiinde ML
modellerine ek olarak agiklanabilir yapay zeka yontemleri de kullanilmistir. Bu béliimde 6ncelikle kullanilan ML
modelleri acgiklanmistir. Bu modeller sirasiyla K-En Yakin Komsu (K-Nearest Neigbor-KNN), Karar Agaci
(Decision Tree-DT), Rastgele Orman (Random Forest-RF), Destek Vektor Makinesi (Support Vector Machine-
SVM) ve Naive Bayes (NB) algoritmalaridir. Bu algoritmalara ait 6zet agiklamalar agagida sunulmaktadir.

3.2.1. K-En Yakin Komsu (K-Nearest Neigbor-KNN)

KNN algoritmast drnek veri noktasini tahmin etmek icin 6zellik benzerligini kullanan tembel ve non-parametik
bir 6grenme algoritmasidir. Algoritmanin temel mantig1 veriler arasi uzakliga dayanmaktadir. Bir verinin hangi
sinifa dahil olduguna karar verebilmek i¢in o veriye en yakin “k” adet veriye bakilmaktadir. En ¢ok hangi sinifa
ait veri varsa test verisi de o sinifa ait kabul edilmektedir. Bu algoritmanin basarist “k” degerinin se¢imine ve
uzaklik hesabi ig¢in hangi metodun kullanilacagina baglidir. Komsuluk sayisi ¢ok az ya da ¢ok fazla segilirse
dogruluk orani diisebilir. Bu yiizden farkli komsuluk sayilari ile algoritmanin tekrarlanmasi ve en iyi sonucu veren
“k” degerinin bulunmasi gerekmektedir. Bu algoritmada kullanilan uzaklik metriginin hesaplanmasinda birden
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farkli yontem bulunmaktadir. Bunlardan en ¢ok bilineni 6klid uzakligidir. Denetimli ML algoritmas: olup
siniflandirma ve regresyon problemlerinde yaygin olarak kullanilmaktadir [29].

3.2.2. Karar Agaci (Decision Tree-DT)

Karar agaclari, bagimli degisken iizerindeki farkliliklarin maksimize edilmesi amaciyla veri setinin belirli karar
adimlarina goére boliinerek olusturulan yapilardir. Agagtaki her bir nitelik bir diigiim tarafindan temsil
edilmektedir. Dallar ve yapraklar agac¢ yapisinin elemanlaridir. En son yap1 yaprak, en st yap1 kok ve bunlarin
arasinda kalan yapilar ise dal olarak adlandirilir. Aga¢ olusturulurken dallanma kriteri olarak entropi’ye dayali,
smiflandirma ve regresyon agaclart ve bellek tabanli yaklagimlar bulunur. Anlasilir kurallar iiretilebilmesi, daha
az hesaplama ve smiflama gerektirmesi, siirekli ve kategorik verilerde kullanilabilmesi karar agaglarinin
avantajlart arasinda sayilmaktadir. Ancak karar agaglari egitim asamasinda hesaplama agisindan masrafli olabilir.
Siirekli degerleri tahmin i¢in az elverigli olmasi ve kiiglik egitim 6rneklerinde gesitli siniflama problemleri ise
dezavantajlar olarak verilmektedir [29].

3.2.3. Rastgele Orman (Random Forest-RF)

RF algoritmasi birden fazla karar agacini bir araya getirerek daha giivenilir ve dogru sonuglar iiretmeye ¢alisan
topluluk 6grenme algoritmasidir. Bu algoritmada her bir karar agaci, veri kiimesinin rastgele bir alt kiimesi
iizerinde egitilmekte ve girdi verilerine dayali olarak bircok karar kurali olugturulmaktadir. Ardindan, bu agaclar
tahminlerde bulunmakta ve sonuglar birlestirilmektedir. RF, karar agaclarinin bir araya gelerek daha giivenilir
tahminler yapmasini saglayarak overfitting riskini azaltmaktadir. Bu nedenle, genellikle biiyiik veri setlerinde ve
karmagik veri yapilarinda tercih edilen bir algoritmadir [30]. RF &zellikle siniflandirma ve regresyon problemleri
yaygin olarak kullanilmaktadir.

3.2.4. Destek Vektor Makinesi (Support Vector Machine-SVM)

SVM, verileri yiiksek boyutlu uzayda temsil ederek bu verileri ayiran hiper diizlemi (karar smirini) bulmaya
caligan bir algoritmadir. Hiper diizlemi siniflar arasindaki marjini maksimize ederek ve destek vektorleri belirleyip
onlar1 optimize ederek olusturmaktadir. SVM, dogrusal, polinom, radyal temel islev ve sigmoid gibi ¢ekirdekler
(kernellere) yardimiyla lineer ve non-lineer siniflandirmalari etkili sekilde gergeklestirebilmektedir. Hem c¢alisma
mantigi, yapist ve performansi agisindan 6zellikle diigiik veri durumlarinda yiiksek hassasiyetle ¢alisabilmektedir
[30].

3.2.5. Naive Bayes (NB)

NB algoritmasi bayes teoremine dayali olarak sonrasal olasiliklari hesaplamakta kullanilan ve rastgele iki olaym
kosullu ve marjinal(6nsel) olasiliklarini iliskilendiren istatistiksel siniflandirma algoritmasidir. Bu algoritmadaki
temel varsayim, veri setindeki 6zelliklerin kosullu olarak bagimsiz oldugudur. Bu durum ¢ok sayida o6zelligi
islemesine ve sinirlt egitim verilerinde iyi ¢alismasina imkan saglamaktadir. Bu algoritmada bir olaym kosullu
olasiligmi hesaplanirken bu olayin gergeklestigi bir baska olaym etkisi dikkate alinmaktadir. Ornegin, P(A[B)
hesaplamasi, P(B|A) ve bagimsiz olarak P(A) ve P(B) bilgilerini kullanarak yapilmaktadir.

Bu hesaplama Denklem 1°deki bayes teoremine dayali olarak gergeklestirilmektedir. Bu teorem, 6zellikle makine
6grenimi ve istatistiksel analiz gibi alanlarda, belirsizlik altinda olaylarin olasiliklarini tahmin etmek igin yaygin
olarak kullanilmaktadir [31].

P(B|A)P(A)
P(B) (D

P(A|B); B olay1 gergeklestigi durumda A olaymnin meydana gelme olasiligini, P(BJA); A olayr gergeklestigi
durumda B olayinin meydana gelme olasiligini, P(A) ve P(B); A ve B olaylarmin 6nsel olasiliklarini ifade
etmektedir.

P(A|B) =

3.3. Aciklanabillir Yapay Zeka (Explainable Artificial Intelligence-XAI) Yontemleri

Yapay Zeka (AI) modellerinin kara kutu yapisi, kullanicilarin bu model tarafindan olusturulan ¢iktiy1 anlamalarina
ve bazen bunlara giivenmelerine izin vermez. Yalnizca sonuglarin degil sonuglara giden karar yollarinin da kritik
oldugu Al uygulamalarinda, bu tiir kara kutu AI modellerinin kullanicilar i¢in daha anlasilir, glivenilir ve seffaf
olmasi gerekmektedir. Bu noktada Aciklanabilir Yapay Zeka (XAI), Al tabanli sistem bilgileri ve kararlarmin
insan tarafindan anlasilabilir ve yorumlanabilir aciklamalarini iireten yaklasimlari, algoritmalar1 ve araclari
incelemekte ve tasarlamaktadir [32]. XAI yapay zeka girdi verilerinin, model ve model sonrasi karar verme
mekanizmalarmin aydinlatilmasini veya ortaya ¢ikarilmasini amaglamaktadir [11]. Bu amaca yonelik olarak veri
on igleme agsamasinda model gelistirme siirecinde ve model sonuglarinin kullanict ve uzman tarafindan anlagilmasi
siirecinde model sonrasinda birgok XAI yontemi kullanilmaktadir. XAI yontemlerinin temel amaci gelismis
gerekgelendirme, kontrol, iyilestirme ve kesiftir [9].
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3.3.1. Yerel Yorumlanabilir Model-agnostik Aciklamalar (Local Interpretable Model-agnostic
Explanations-LIME)

Model kararlarinin yorumlanabilirligine odaklanan modelden bagimsiz bir yaklagimdir. Her bir bireysel tahmini
aciklamak icin herhangi bir kara kutu ML modeline yerel, yorumlanabilir bir modelle yaklagsmay1 amaclamaktadir.
Bu yaklagimin temelinde girdileri bozmak ve bu durumun modelin ¢iktilarini nasil etkiledigini izlemek vardir.
Buna gore, 6rnek veri noktalarini bozarak yeni 6rnekler olusturur ve bu 6rneklerin tahminlerini anlamak i¢in basit
bir aciklanabilir model olusturur. Olusturulan bu model, orijinal modelin kararlarina benzer tahminler yapar ve bu
sayede tahminlerin nedenlerini daha iyi anlamamiza yardimci olur. LIME, 6zellikle tibbi teshisler, kredi riski
degerlendirmeleri gibi kritik uygulamalarda, model kararlarinin anlasilabilirligini artirmak i¢in etkili bir arag
olarak kullanilabilmektedir [33].

3.3.2. SHapley Katki Aciklamalar1 (SHapley Additive exPlanations-SHAP)

SHAP yontemi oyun teorisindeki Shapley degeri olarak bilenen matematiksel kavrami kullanarak &zniteliklerin
ciktrya katkisini bulmaya odaklanan XAl yontemidir. Bu yontemde kullanilan Shapley degeri, 6zellik uzaymdaki
tiim olas1 degerler arasinda her bir 6zellik degerinin ortalama marjinal katkisini ifade etmektedir. SHAP hem global
hem de yerel agiklamalarda kullanilabilmektedir. Teorik olarak saglamdir ancak yiiksek boyutlu verilerde Shapley
degerini hesaplamak maliyetli oldugunda kullanilmasi dezavantaj olusturmaktadir [34].

3.3.3. Bes Yasindaymisim Gibi A¢ikla (Explain Like I’m 5 - ELIS)

Bu yontem isminde de belirtigi {izere karmasik ve teknik olarak zor konulari bir ¢ocuga anlatir gibi basit ve
anlagilabilir sekilde agiklama amaci tastyan bir yontemdir. Model parametreleri incelemeye ve modelin genel
ozellikleri ¢ikarmada etkili sekilde caligmaktadir. Ayrica global ve yerel agiklamalarla modelin tiim veriseti
6zelinde veya bireysel tahminlerini neden aldigina dair gecerli agiklamalar saglamaya yardimei olur [34].

3.3.4. Karsi olgusal aciklama (CounterFactual)

Kars1 olgusal (karsit gerceklik) agiklama yontemi bir 6rnek veri noktasinin tahmin sonucunu degistirmek icin
gerekli olan degislikleri gosteren ve ¢oklu oOneriler sunan XAI yontemidir. Model ¢iktisinin tahminin tersi
durumunda girdi tarafinda hangi degiskenlerin ne kadar degismesi gerektiine odaklanmaktadir. Ornegin ikili
siniflandirma probleminde model ¢iktist 0 oldugu durumda, ¢iktiy1 1 yapacak girdi degerlerini bizlere sunmaya
calisir. Her ornek uzayi igin birden c¢ok karsi olgusal ¢ikti iiretebilmektedir. Burada zorluk karsi olgusal
aciklamalardan hangisi oldugudur. Kars1 olgusal yontemler, verilere veya modellere erigim gerektirmez ve makine
6grenimini hi¢ kullanmayan bir sistemle de ¢alisabilmektedir [35].

4. DENEYSEL SONUCLAR VE TARTISMALAR

Bu béliimde abone kayb1 tahmini igin gelistirilen ML algoritmalar1 ve agiklanabilir yapay zeka yontemlerine iligkin
deneysel sonuglar ve karsilagtirmali degerlendirmeler her alt boliimiin sonunda sunulmustur.

4.1. Makine Ogrenmesi Algoritmalarina iliskin Sonuclar

Bu calismada kullanilan ML modellerinin performansi hem dengeli hem de dengesiz veriseti kullanilarak elde
edilmis ve Tablo 2’de verilmistir. Calisma kapsaminda gelistirilen ML modellerinin tahmin performansini
degerlendirmek icin kesinlik, duyarlilik, F1-skoru ve dogruluk metrikleri kullanilmigtir. Ayrica bu caligmada
kullanilan veri setini kullanan literatiirdeki diger ¢aligmalarla dogruluk metrigi agisindan karsilastirma yapilarak
Tablo 3’te sunulmustur.

Tablo 2’deki SMOTE yontemi kullanilmadan dengesiz veriseti (yaklasik %74 churn no, %26 churn yes) ile yapilan
siiflandirma sonuglar1 degerlendirildiginde en basarili sonuglar %81, %80, %80 dogruluk oranlariyla sirastyla
RF, SVM ve DT algoritmalar: tarafindan elde edilmistir. Bu sonuglara gore abonelerin operatérde kalma ve
operatorii terk etme durumu en basarili belirleyen RF algoritmasi olmustur. Bu sonugta RF algoritmasinin birden
¢ok agac modelini baz alarak topluluk 6grenme yaklagima dayali olarak ¢aligmasi etkili olmustur.

Diger taraftan SMOTE yontemi ile dengeli hale getirilen veriseti siniflandirma sonuglarina gore sirasiyla en
basarili modeller %77, %76 ve %75 dogruluk oranlariyla RF, SVM ve KNN olmustur. Dengeli veri setinde
siniflandirma basari oranlarinin biraz daha diisiik oldugu gézlemlenmektedir. Bu sonucun nedeni, dengesiz veri
setlerinde baskin sinifin daha fazla 6rnegi oldugu i¢in model, baskin sinift daha iyi tahmin edebilirken azinlik sinifi
daha zayif tahmin edebilmektedir. Dengesizlik, azinlik sinifin dogru tahmin edilmesini zorlastirabilir. Dengeli bir
veri seti, modelin tiim siniflar1 daha dengeli bir sekilde tahmin etmesini saglayabilmekte ve sonucun istatistiksel
olarak daha stabil olmasint saglamaktadir.

Bu calismada elde sonuglar literatiirde ayni veri setini kullanan baska caligmalarla da karsilastirilarak sayisal
sonuglar Tablo 3’verilmistir. Buna gore [19] referans numarali ¢alismada hem dengesiz hem de dengeli veri setiyle
yapilan siniflandirmalarda en basarili RF algoritmasi olmus ve sirasiyla yaklasik %79 ve %76 basari oranlari elde
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Tablo 2. ML modelleri siniflandirma sonuglart

Dengesiz Veriseti (Without SMOTE) | Dengeli Veriseti (With SMOTE)
Model (gre:g‘sli‘(')‘n Duyarhlik F1-Skoru a"cgc‘:;g‘ck (;f::g‘sll‘;‘n Duyarhlik F1-Skoru a"cgcfl‘:la“ck
) (Recall)  (Fl-score) ) Y ) (Recall)  (Fl-score) ) y

KNN  0.781108 0.794890 0.784278  0.794890 | 0.754581 0.758694 0.756506  0.758694
DT 0.787835  0.801278  0.790272  0.801278 | 0.776141  0.748048  0.758004  0.748048
RF 0.799160 0.811214 0.800758  0.811214 | 0.792074  0.772179  0.779533  0.772179
SVM  0.795421 0.804829  0.798427  0.804826 | 0.796871  0.765082  0.775375  0.765082
NB 0.782992  0.799148  0.774352  0.799148 | 0.778779  0.733144  0.747096  0.733144

edilmistir. [23] referans numarali ¢alismada ise sadece dengesiz veri sonuclari alimmistir ve en basarili model
yaklasik %80 dogruluk oraniyla RF algoritmasi olmustur. Bizim ¢alisma sonuglarimiz ise hem dengesiz hem de
dengeli veri setinde literatiirdeki diger caligmalardan daha bagarili sonuglar ortaya koymustur. Diger taraftan hem
bizim calismamizda hem de diger calismalarda en basarili algoritma olarak RF algoritmasi 6n plana ¢ikmistir.

Tablo 3. Bu ¢alismanin literatiirdeki ¢calismalarla dogruluk metrigi a¢isindan karsilastirilmasi

Dengesiz Veriseti (Without SMOTE) Dengeli Veriseti (With SMOTE)
Model Bu calisma Wu et al. Prabadevi Bu calisma Wu et al. Prabadevi
[19] et al. [23] [19] et al. [23]
KNN 0.794890 - 0.77730 0.758694 - -
DT 0.801278 0.783 - 0.748048 0.767 -
RF 0.811214 0.795 0.80388 0.772179 0.769 -
SVM 0.804826 - - 0.765082 - -
NB 0.799148 - - 0.733144 - -

- (tire) : Tlgili calismada gerekli veri bulunmamaktadir.

Yukaridaki bilgiler 151g1nda literatiirde miisteri kayb1 tahmininde hem dengeli hem de dengesiz veriler kullanildig:
goriilmektedir. Bu c¢aligmalarda sadece tahmin modeli gelistirilme sonuglar basari oranlari 6zelinde
kiyaslanmaktadir. Bu noktada abonenin sadece operatdriinde kalma durumu veya ayrilma durumu tespit etmek
abonenin tutulmasina yonelik politika ve kampanya gelistirilmesi i¢in yeterli degildir. Elde edilen sonucun hangi
oranda, nasil ve neden kaynaklandigini tespit etmek kritik 6nemdedir. Bu nedenle sonraki boliimde RF algoritmast
siniflandirma sonuglarinin agiklanabilirligine iligkin ¢caligma sonuglarina yer verilmistir.

4.2. Aciklanabillir Yapay Zeka Yontemleri iliskin Sonuclar

Bu boliimde gelistirilen ML modellerinin yorumlanabiligi i¢in ELI5, LIME ve SHAP yontemlerini kullaniyoruz.
Burada gelistirilen en basarili siniflandirma modeli olan RF’ye gore hem global hem de lokal agiklanabilirlik
sonuglarimi verilmigtir. Bu kapsamda dncelikle RF modelinin tiim veri seti iizerindeki siniflandirma kararina etki
eden oOzellikler tespit etmek ve modelin davranigina biitiinciil olarak bakmak igin ELIS yo6ntemiyle global
aciklamalar ¢ikarilmistir. Elde edilen global agiklamalara ¢iktilar Sekil 1°de verilmistir.

Sekil 1°teki sonuglar tim miisteriler/veri seti baglaminda mobil operatdr abonelerin kaybedilmesinde genel olarak
etkili olan 6zellikleri 6nem sirasina gore vermektedir. Bu bilgilere gore abone kaybina neden olan ilk bes 6zelligin
sozlesme (contract) siiresi, abonenin sirkette kaldig1 ay sayisi (tenure), aylik 6deme tutarlart (MontlyCharges),
internet servisleri (InternetService) ve ddeme yontemleri oldugu goriilmektedir. ilk iki 6zellik baglaminda
abonelerin durumu detayli incelendiginde operatdr degistiren (y=1) abonelerin %88’inin aylik sdzlesmeler
kullandig1 ve bir operatdrde yaklagik ortalama 17 ay kaldigi tespit edilmistir. Diger taraftan operatoriine sadik
kalan abonelerin ise yaklasik %57 sinin bir y1l ve iizeri sdzlesmeye sahip oldugu ve operatdriinde kalma siiresi
ortalama 38 ay oldugu tespit edilmistir. Bu sonuglardan s6zlesme siirelerinin uzun ve aylik ticretlerin diigiik
tutulmasi1 aboneleri operatére bagli tutacagi yorumu c¢ikarabilir. Bunlarin disinda internet servisleri, 6deme
yontemleri ve teknolojik destek gibi diger bilesenlerinde abonelere saglanmasi miisteri kaybini 6nlemede etkili
oldugu sonucu ¢ikarilabilir.

Global agiklamalar tiim aboneler baglaminda genel politikalar iiretmede yardimci olurlar. Ancak giiniimiizde
aboneleri operatdre baglamak icin miisteri spesifik kampanya ve segenekler sunmak kritik énemdedir. Bu
nedenle her bir miisterinin tercihlerini anlamak ve ihtiya¢larina yonelik aciklama getirmek gerekmektedir. Bu
baglamda veri setinden biri operatore bagli/ayrilmayan (y=0), digeri operatdrden ayrilan (y=1) olmak iizere iki
ornek secilmistir. Secilen bu iki 6rnek aboneye ait verilerin lokal agiklamalari Sekil 2 ve Sekil 3’te verilmistir. Sekil
2’de RF modelimizin %95 olasilikla sonucu 0 yani mobil operatérden ayrilmayan olarak tahmin ettigi bir
abonenin ELI5, LIME ve SHAP yontemlerine dayali local agiklanabilirlik sonuglar1 yer almaktadir. Bu arada her
iic yontemin de benzer ¢iktilari iirettigi gézlemlenmistir.
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‘Weight  Feature

0.2391 £0.2669  Contract Contract
0.2328 £0.1879  tenure tenure
0.1538+0.1124  MonthlyCharges MonthlyCharges
0.0856 £ 0.1163  InternetService InternetService
0.0749 £ 0.1153  PaymentMethod PaymentMethod
0.0296 = 0.0603  TechSupport PaperlessBilling
0.0293 £ 0.0507  PaperlessBilling Techsupport
0.0271 = 0.0604  OnlineSecurity onlinesecurity
0.0154+£0.0224  StreamingMovies StreamingTV
0.0154=0.0191  SeniorCitizen )

0.0143 = 0.0168  Partner streamingttovies
0.0142+0.0233  OnlineBackup onlineBackup
0.0135=0.0178  StreamingTV Dependents
0.0132+0.0237  Dependents SeniorCitizen
0.0129=0.0102  gender MultipleLines
0.0120+£0.0125  MultipleLines Partner
0.0093 = 0.0100  DeviceProtection gender
0.0075£0.0104  PhoneService DeviceProtection

PhoneService : 2
O.dOO 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
mean(|SHAP value|) (average impact on model output magnitude)
a) b)

Sekil 1. RF modelinin ELIS ve SHAP yontemleriyle global aciklanabilirligi (a. ELIS yontemi global agiklama, b.
SHAP yontemi global agiklama).

Buna gore ilgili abonenin operatdrde kalmasinda sdzlesme (contract) siiresi, abonenin sirkette kaldig1 ay sayist
(tenure), teknikdestek (TechSupport), online giivenlik (OnlineSecurity) gibi seceneklerin oncelikle etkili oldugu
goriilmektedir. Detayl1 veri analizinde bu abonenin iki yillik s6zlesmesi oldugu ve operatérde 72 aydir bulundugu
goriilmektedir. Bu baglamda miisterinin sdzlesme siiresine bagli kaldig1 ve verilen teknik hizmet ve giivenlikten
memnun oldugu i¢in operatore baglilik gosterdigi soylenebilir. Sekil 3’de ise RF modelinin %79 olasilikla sonucu
1 yani mobil operatérden ayrilan olarak tahmin ettigi bir abonenin ELIS, LIME ve SHAP yontemlerine dayal
lokal agiklanabilirlik sonuglart yer almaktadir.

Sekil 3’teki sonuglari incelendiginde abonenin operatorden ayrilmasinda en etkili olan iki 6zellik sdzlesme
(contract) siiresi, abonenin sirkette kaldigi ay sayisi (tenure) olarak tespit edilmistir. Diger 6zellikler ise sirasiyla
aylik 6deme miktar1 (MontlyCharges), 6deme yontemi (PaymentMethod) ve internet servisi (InternetService)
olarak devam etmektedir. Detayli veri analizinde bu abonenin ise aylik/aydan aya (taahiitsiiz) olarak devam ettigi
ve mevcut operatorde 1 aydir bulundugu goriilmiistiir. Bu bilgilerden haretketle miisterinin taahhiitsuz aylik 6deme
planin1 tercih etmesi, aylik {icretin yiliksek olmasi, 6deme yontemi ve internet servislerinden kaynakli
memnuniyetsizligi nedeniyle operator degisikligi yaptig1 sonucu ¢ikarilabilir.

¥=0 (probability 0.951) top features
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+g‘}§§ Em;;:act o N 0.55 o
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+0.034  TechSupport o.10l
+0.033  OnlineSecurity U.g?g< InternetService ..
L0070 incBacknp Feature Value PaymentMethod <= 0.00
+0.005  DeviceProtection 0.06
+0.001  SeniorCitizen \onthlyCharges = 00 035

- 0.06
tg gg:lz ];l;?;l:fm 1ee UD(O)O < PaperlessBilln._..
-0.002  StreamingMovies 0.00 = OnlineSecurity ...
-0.004  MultipleLines . oo
0.004  StreamingTV OnlineSecurity 1.00 SeniorCitizen <= 0.00
-0.004  Dependents SeniorCitizen  0.00 0.00 < TechSupport <=
-0.005  Partner TechSupport 0.03| 7
0.011  MonthlyCharges i 0-00 < StreamingTV'...
-0.012  PaperlessBilling :
-0.023  InternetService b)
-0.065 PaymentMethod
a)
higher 2 lower
o1 base valu
c) %2 bl bl bl i o g

MonthlyCharges

) o o 0 ( ______( ({ ({4

InternetService

PaymentMethod Contract tenure

TechSupport OnlineSecurity

Sekil 2. RF modelinin ELI5, LIME ve SHAP y6ntemleriyle churn olmayan/bagli bir miisteriye ait lokal
aciklanabilirlik (a. ELI5 lokal agiklama, b. LIME lokal agiklama, c. SHAP lokal agiklama).

Elde edilen tiim sonuclar degerlendirdildiginde abonelerin kullanildiklar1 operatérlerde kalma ve operatdrii terk
etme davraniglarinda sézlesme siiresi, operatérde kalma siireleri, aylik iicretler, internet servisleri, teknik destek
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ve giivenlik gibi kriterler belirleyici etken olarak tespit edilmistir. Gelistirilen ML algoritmlarinin hem global
hemde lokal sonuglart bu ¢ikarimi dogrulamistir. Bu ¢alisma sayesinde benzer problemlerin ¢dziimiinde sadece
ML yaklasimiyla miisterinin operatorii terk edip etmesi degil, ayn1 zamanda sonucun neden kaynakladigina iliskin
cikarimlar elde edilmistir. Ozellikle agiklanabilir yapay zekaya dayali yontemler sonuglarin yorumlanabilir ve
anlagilabilir olmasina katki saglamistir.

¥=1 (probability 0.790) top features

Lo 2
Contribution®  Feature
+0.270 <BIAS> Prediction probabilities 0
+0.197  tenure 0 C"mlrf‘,‘" =000
+0.067  Contract N tenure <= 9.00
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10.062 Paymenﬂ\{eﬂmd 0 00;. InternetService
.062 - 0.
+0.054  InternetService Feature Value [PaymentMethod <= 0.00
+0.019 TechSupport D\:OICO-{ PaperlessBillin
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. . 003
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-0.001  gender
0.003  SeniorCitizen b)
0.006  MultipleLines
0.012  StreamingMovies
a) higher 2 lower

fix
0.79
02 03 04 os 06 o7 08
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tenure

PaperlessBilling PaymentMethod Intemetservice Contract

Sekil 3. RF modelinin ELI5, LIME ve SHAP yontemleriyle churn olan/kaybedilen bir miisteriye ait lokal
aciklanabilirlik (a. ELI5 lokal agiklama, b. LIME lokal agiklama, c. SHAP lokal agiklama).

MonthlyCharges

Yukarida verilen global ve lokal agiklamalar modelin genel ve tek bir 6rmek baglaminda verdigi sonuglar
gostermektedir. Ancak hizmet saglayicilar miisterileri bireysel bazli olarak elde tutmak icin onlara spesifik
promosyon ve teklifler sunmak isterler. Bu sebeple her abone 6zelinde onlar1 yonledirrecek bir takim onerilere
ihtiya¢ duyarlar. Bu noktada karsiolgusal aciklamalar ilgili ihtiyaca yonelik oneriler sunarlar. Bu baglamda
operatorden ayrilmis (churn=1) bir 6rnek (Sekil 3’te kullanilan 6rnek verinin aynisi) i¢in karsi olgusal agiklamalar
Tablo 4’te verilmistir. Tabloda secilen 6rnek veriyi RF modeli 1 olarak yani operatdrii terk etmis olarak
siniflandirmistir. Buna gore karsi olgusal agiklama yontemiyle bu drnege en yakin operatdrden ayrilmamis dort
abone tespit edilmistir. Bu bilgilere segilen abonenin operatorii terk etmemesi i¢in karsiolgusal alanda kendinden
farkli (kirmiz:1 ile isaretli daire iginde yer alan) 6zelliklerini tespit etmek ve ayrilan aboneye onlara benzer
secenekler (kampanya, politika, promosyon vb) 6nermek gerekmektedir. Tablodaki 6rnek degerlendirildiginde bu
abonenin operatdrde kalma siiresinin (tenure) artirilmasia ydnelik opsiyonlar, internet servisinde kisitlama,
televizyon yayini 6nerme, sézlesme siiresini bir yila ¢ikarma ve fatura 6deme yontemini banka transferi seklinde
yapmasina imkan saglayan opsiyonlar onerilebilir. Bunlarda uygun olan segenekler abonenin operatérde kalmasi
saglayabilir.

Tablo 4. Hizmet saglayici operatorii terk etmis miisteriye ait karsiolgusal agiklamalar.

w S 2 a ,5 'g 2 E §n
= g & & T =z 9 v » S = £ 5
. g @ 2 £ £ 5§ 2 8 5 & = = 2 =
Abone Ozellikleri p= = £ 0 @ 2 g 8 & »w B = O
O = 2 A 2 T o @ & 5= = 38 E =
$ £ 2§z &2 Eeg2z §E 8L g £ OCE
T : s :E:Zz:zE4£ ¢ EEEz: sz £ GZ
H 2 &~ A & A 2 EC O A FE @B @B O A& A& = O
Secilen Ornek 1 0O 0 O 1 1 0 1 o 0 0 O 1 0o 0 1 0 795 1
Counterfactual-1 1 0O 0 O 1 1 0 1 o 0 o0 O 1 1 1 1 0 80 O
Counterfactual-:2 1 0 o0 o0 11 1 0 2 0 0 O O 1 O O 1 0 8 O
Counterfactual-:3 1 0 o0 o0 3 1 o0 1 O O O O 1 O O 1 2 8 O
Counterfactual- 4 1 0 0 0 1 1 0 2 0 O O O 1 0 1 1 0 8 O

Tablodaki degerlere iliskin agiklamalar: Tenure: 0-72 ay araliginda degismektedir. InternetService(0:DSL, 1: FiberOptik, 2:
No Service), StreaminTV (0: STV No, 1: STV Yes ), Contract (0:Aydan aya 1: bir yillik 2: iki y1llik) PaymentMethod (0:
Elektronik ¢ek, 1:Posta ¢eki 2: Banka transferi 3: Kredi karti)
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5. SONUC

Bu makale mobil telekomiinikasyon sektoriindeki miisteri kayb1 problemine farkl: bir perspektif getirmekte ve
¢Oziim sunmaktadir. Bu baglamda, k-en yakin komsu, destek vektor makinesi, karar agaci, rastgele orman ve naive
bayes gibi makine 6grenimi modelleri gelistirerek bu modellerin miisteri kayb1 tahminlerinde yiiksek dogruluk
sagladiklarin1 gosteriyoruz. Bunun yam sira, ELI5, LIME, SHAP ve Counterfactual aciklanabilir yapay zeka
yontemleriyle gelistirilen modellerin sonuglarini hem uzman hem de aboneler anlasilir ve yorumlanabilir hale
getiriyoruz. Bu bulgular, hizmet saglayict operatorlere miisteri davranislarint daha derinlemesine anlayarak,
stratejik kararlar alabilme yetenegi sunmaktadir. Bu ¢aligmanin en dnemli katkilarindan biri, hizmet saglayict
operatorlere miisteri davraniglarini kapsamli bir gekilde analiz ederek, miisteri kaybini azaltici tedbirler
alabilmelerine rehberlik etmektir. Literatiirde miisreri kaybini tahmin eden ML modellerinin gelistirilmesini igeren
calismalar bulunmaktadir. Ancak bu caligmalar gelistirilen modellerin kararlarina iligkin agiklamalar ve
yorumlanabilirlik sunmamaktadir. Bu nedenle bu caligmanin literatiire katkisi gelistirilen ML modellerinin
aciklanabilir yapay zeka yontemleriyle desteklenmesidir. Bu sayede, calisma daha seffaf ve yorumlanabilir karar
siireci sunarak kullanicilarin tahmin modeline ve verilen kararlara olan giivenini artirmaktadir. Diger taraftan bu
calismada geleneksel ML algoritmalarina yonelik ¢aligmalar sunulmus olmasi ve model sayisinin sinirli olmasi bir
sinirlilik olarak degerlendirilebilir. Bu baglamda hem model sayist hem de daha yiiksek dogruluk oranlart igin
derin 6grenme tabanli modellerin kullanilmasi gelecek ¢alismalar agisindan faydali olacaktir. Sonug olarak, bu
arastirma, telekomiinikasyon sektoriindeki miisteri kaybi sorununun agilmasinda agiklanabilir yapay zeka destekli
¢oziimlerin degerli bir katki saglayabilecegini agik¢a gostermektedir. Ayrica bu ¢aligmada kullanilan model ve
yontemler telekomiinikasyon sektoriindeki aktorlerin rekabet avantajini elde etmelerine ve siirdiirmelerine iligkin
o6nemli bir gelecek projeksiyonu sunmakta ve miisteri kaybini azaltma potansiyelini ortaya koymaktadir.

Yazar Katkilan

Ibrahim Kok: Makalenin kapsami, yontemi, arastirmanin uygulanmasi, sonuglarin degerlendirilmesi ve makalenin
yaziminin tamamina katki saglamistir.
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ABSTRACT

The efficiency of solar energy systems requires a complicated forecasting
process due to the variability of sunlight and environmental conditions.
Among environmental factors, cloud coverage (% range), temperature (°C),
wind speed (Mph), and humidity (%) variables were taken into account in
this study. Neural networks (NN), which are machine learning (ML)
algorithms with a flexible structure that can define complex relationships and
process large amounts of data for solar energy prediction, were used in this
study. The NN algorithm showed a high performance, with mean square
error (MSE), root mean square error (RMSE), mean absolute error (MAE),
and R-squared (R?) values calculated as 0.019, 0.139, 0.053, and 0.977,
respectively. This study emphasized that solar energy predictions made with
the NN algorithm, considering environmental factors, are an essential tool
that helps use solar energy systems more efficiently and sustainably.
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OZET

Giines enerjisi sistemlerinin verimliligi, giines 15181n1n ve ¢evre kosullarinimn
degiskenligi nedeniyle karmasik bir tahmin siireci gerektirmektedir. Bu
calismada gevresel faktorlerden bulut kapsami (% aralik), hava sicakligi
(0C), rtizgar hiz1 (Mph) ve bagil nem (%) degiskenleri dikkate alinmistir. Bu
calismada giines enerjisi tahmini i¢in karmasik iliskileri tanimlayabilen ve
biliylik miktarda veriyi isleyebilen esnek yapiya sahip makine 6grenmesi
(ML) algoritmalarindan sinir agi (NN) kullanilmigtir. NN algoritmas,
ortalama kare hatas1 (MSE), kok ortalama kare hatas1 (RMSE), ortalama
mutlak hatas1 (MAE), ve R-kare (R?) degerleri sirastyla 0,019, 0,139 0,053
ve 0,977 olarak hesaplanarak yiiksek bir performans gostermistir. Bu
calismada, cevresel faktorler dikkate alinarak NN algoritmasi ile yapilan
giines enerjisi tahminlerinin, giines enerjisi sistemlerinin daha verimli ve
siirdiriilebilir kullanilmasina yardimci olan 6nemli bir ara¢ oldugu
vurgulanmistir.
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1. INTRODUCTION

Solar energy, a renewable energy source, is growing in significance within the energy production sector and offers
substantial potential for environmental sustainability [1]. Solar energy is an environmentally friendly energy
source [2]. Greenhouse gases produced by burning fossil fuels cause serious problems such as global climate
change and air pollution [3] [4]. On the other hand, solar energy can produce clean electricity that does not harm
the environment [5]. Therefore, solar energy supports environmental protection efforts by helping reduce the
carbon footprint [6].
The source of solar energy is unlimited and abundant worldwide [7]. The sun sends a tremendous amount of energy
to the Earth every day, and only a tiny part of this energy is used by humans [8]. This is a great advantage in terms
of the sustainability of energy supply. Solar energy provides long-term energy security compared to energy
production based on limited resources such as fossil fuels [9]. Solar energy is also an economically competitive
option. With technological advances and large-scale production, solar panels and energy storage systems are
becoming more accessible and cost-effective [10]. This helps individuals, businesses, and governments reduce
energy costs and achieve energy independence by using solar energy. For all these reasons, solar energy is
becoming an increasingly preferred energy source worldwide. Being clean, unlimited, and economically attractive,
solar energy increases its role in energy production and becomes an essential driving force in achieving
environmental sustainability goals [11].
Solar energy and artificial intelligence (Al) have a strong relationship between the two fields, creating significant
collaboration in the energy sector [12]. Al is an essential tool to increase the efficiency of solar energy structures,
make predictions, optimize maintenance, and manage energy production more sustainably [13]. In particular, Al-
based forecasting models can predict solar energy production more precisely by analyzing sunlight levels, weather
conditions, and other factors that affect energy production [14]. It can also increase the operational continuity of
systems by using sensors and Al to monitor the maintenance of solar panels and detect failures in advance. In this
way, solar energy and Al support the energy transition by providing a more efficient and reliable path for clean
and sustainable energy production [15].
The relationship between solar energy and machine learning (ML) algorithms creates a vital collaboration to
increase the efficiency of solar energy plants, optimize energy production, and make energy management more
sustainable [1]. ML algorithms analyze various variables that affect solar energy production, offering the ability
to predict sunlight levels, weather conditions, location of panels, and other environmental factors [16]. These
forecasts provide valuable information to energy producers and distributors to optimize the performance of solar
energy systems and better manage energy demand. Additionally, ML can be used to monitor the maintenance of
solar systems, detect failures in advance, and improve system efficiency [17]. In this way, solar energy and ML
contribute to more effective, clean, and sustainable energy production, increasing energy efficiency and promoting
environmental sustainability.
Artificial neural networks (ANNSs), a subset of ML algorithms, have a significant impact on the field of solar
energy. The complexity of solar energy systems and environmental variability make it difficult to predict solar
energy production [18]. The NN algorithm offers an effective tool for predicting and optimizing solar energy
production with its ability to process large amounts of data and model complex relationships [19]. This algorithm,
which can include environmental factors such as sunlight levels, weather conditions, and cloud cover, as well as
system features such as the location and tilt of solar panels, allows for more precise predictions. This offers a solar
energy system that is both more dependable and efficient for energy producers, grids, and consumers. The NN
algorithm emerges as a crucial instrument for enhancing the efficiency of solar energy systems and advancing the
production of clean energy [20].
The NN algorithm should be used for solar energy because solar energy systems operate complexly under the
influence of environmental variations, and traditional methods cannot fully address the efficiency and
predictability of these systems [21]. With its ability to process large amounts of data, the NN algorithm can more
precisely predict solar energy production by considering sunlight levels, weather conditions, cloud cover, and other
environmental factors [19]. The NN algorithm also helps optimize energy production by modeling system features
such as the location and tilt of solar panels. This situation contributes to reducing energy costs while increasing
the efficiency of solar energy systems, promoting clean and sustainable energy production. Therefore, the NN
algorithm may be the key to a more reliable and efficient future in the solar energy industry. A study reveals that
a NN-based tool developed to estimate the amount of solar energy produced by photovoltaic generators addresses
the control complexity in solar energy systems and has the potential to optimize future energy production [18].
Another study created complex non-linear models using neural networks, emphasizing the importance of using a
range of predictions that include uncertainty rather than typically a single prediction for renewable energy
predictions [22].
One of the most important contributions of this study to the literature and the industry is to create a model by
creating an NN model in ML algorithms, which is reliable among prediction models. This study, which considers
weather parameters, has resulted in the emergence of a manageable system in the installation phase or in
calculating the energy amounts of installed solar power plants. The ability to learn complex relationships and
patterns by analyzing large amounts of meteorological data in this study is provided by the NN algorithm. Thanks
to their ability to analyze real-time data, NN algorithms can quickly adapt to changes in weather conditions and
25



Miih.Bil.ve Aras.Dergisi,2024,;,6(1) 24-34

allow solar energy systems to be managed more effectively. This study is planned to contribute to the development
of more precise and reliable prediction models in the field of solar energy, leading to significant advances in energy
planning and sustainable energy use.

This study consists of four main sections. Information about the importance of solar energy, one of the renewable
energy types, its advantages, the factors that affect it, and the place of the method used in this study in the literature
are discussed in the first part of the research. The second section provides details on the methods employed in the
study, followed by a discussion of the study's statistical and numerical findings in the third section. The final
section presents overarching remarks regarding the scientific contributions of this research.

2. METHODOLOGY

This study aims to create an NN model from ML algorithms, taking into account environmental factors, to calculate
the amount of solar energy production within the scope of renewable energy. ML makes significant contributions
to making predictions about future solar radiation and weather conditions by analyzing various meteorological
data. The most important reason for using this method is that ML algorithms allow more effective planning and
management of solar energy systems. Solar energy is an energy source that can fluctuate depending on atmospheric
conditions, so predicting how long and how intense the sun's rays will be is critical for optimizing energy
production and increasing the efficiency of solar energy systems. By processing large data sets, ML reveals
complex patterns, which helps predict solar energy production more accurately. Publicly available data on solar
energy amounts and environmental inputs were used in the present research [23]. The flow chart of the techniques
used in the methodology of this study is visualized in Figure 1.
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Figure 1. The visual representation outlining the methodological process.

Re-organizing Data

This study has a three-step method. The first step involves pre-examination of the study data. The second step of
the method includes defining variables and statistical analysis. In the last step of the method, prediction data was
obtained by running the model of the ML algorithm.

2.1. Data of Study and Descriptive Statistics

This research treats the quantity of solar energy as the dependent variable, while it characterizes the independent
variables as environmental factors influencing the solar energy amount. The statistical properties of six variables
(Cloud Coverage, Temperature, Relative Humidity, Wind Speed, and Solar Energy) and the results of the data
analysis about these variables are displayed in Table 1. The inputs of the study are defined as Cloud Coverage,
Temperature, Relative Humidity, Wind Speed, and hour (not included in Table 1) and the output is defined as the
amount of solar energy.

Table 1. Descriptive statistical values of data sets regarding the amount of Solar Energy and environmental factors.
Cloud Coverage Temperature  Relative humidity Wind speed  Solar Energy

Variable

(% range) ‘0 (%) (Mph) (kWh)
Sample Size 7536.00 7536.00 7536.00 7536.0 7536.0
Mean 0.41369 16,4300 65,4560 10,111 17,962
Standard Error of Mean 0.00482 0.1220 0.23700 0.0654 0.0105
Standard Deviation 0.41864 10,5950 20,6060 5,6800 0.9151
Variance 0.17526 112,248 424,596 32,267 0.8375
Minimum 0.00000 -18,9300 14,8800 0.0000 0.0000
Maximum 100,000 34.0100 100,000 41,560 46,738
Skewness 0.34000 -0.62000 -0.32000 0.6900 0.0200
Kurtosis -1.59000 -0.41000 -0.78000 0.6600 -0.9100

The number of observations for each variable is expressed as 7536 in total in the data set. The measures of
statistical describe each variable's central tendency, dispersion, skewness, and kurtosis. The Cloud Coverage
variable indicates the proportion of cloud cover. The average cloud cover percentage was calculated as 0.41369.
The standard deviation value of 0.41864 indicates how spread this distribution is around the data. The skewness
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value is 0.34, indicating a slight rightward skew in this distribution. Also, the kurtosis value is -1.59, indicating
that the distribution has some weighted tails. The temperature variable shows the average temperature value as
16,430. The standard deviation is 10.595, meaning that this distribution has a wide range of data. The skewness is
-0.62, indicating that this distribution is slightly skewed to the left, while the kurtosis value is -0.41, showing a
flatter distribution.

The relative humidity variable shows the average relative humidity as 65,456. The standard deviation is 20.606;
this distribution reflects the degree of spread of the data. The skewness value is -0.32, indicating that the
distribution is slightly skewed to the left, while the kurtosis value is -0.78, showing the flatness of the distribution.
The average value of the wind speed variable is 10.111. The standard deviation is 5.680, indicating that the wind
speed data of this distribution are somewhat variable. The skewness is 0.69, indicating that this distribution is
skewed to the right, while the kurtosis value is 0.66, indicating that the distribution is more peaked. The solar
energy variable shows an average solar energy value of 17,962. The standard deviation is 0.9151, indicating this
distribution has a relatively low variance. The skewness value is 0.02, indicating that this distribution is slightly
skewed to the right, while the kurtosis value is -0.91, reflecting the flatterness of this distribution.

In this study, independent and dependent variable data were used in the NN model, one of the ML algorithms, to
estimate the amount of solar energy. The rest of this section discusses the criteria that measure the performance of
ML, NN algorithm, and ML models.

2.2. Machine Learning (ML)

Machine learning (ML) is a subfield of artificial intelligence (AI) that empowers computer systems to acquire the
capability to learn from data and enhance future decisions or predictions based on accumulated experience [24].
ML helps computers perform human-like intelligence functions, with the ability to analyze large amounts of data
and discover patterns and relationships, solve complex problems, and make autonomous decisions [25]. ML is
assessed within three fundamental categories: supervised, unsupervised, and reinforcement learning [26].
Supervised Learning learns a model on training data and then applies this learned information to new data [27].
This type of learning works with labeled data, meaning there is correct output or label information for each data
sample. Classification and regression problems are examples of supervised learning. Unsupervised learning works
on unlabeled data and aims to discover hidden structures, patterns, or groupings within the data [28]. It is used to
find similarities or differences between samples. Clustering and dimensionality reduction can be given as examples
of this category. Reinforcement Learning presents a paradigm in which an agent interacts with an environment
and learns by receiving rewards or punishments for performing specific actions against the environment [29]. It is
used in game theory, robot control, and automated vehicles.

2.3. Neural Network Algorithm

In the present research, the neural network (NN) algorithm was used, which is within the scope of the supervised
learning method. The NN is an essential ML algorithm and an Al model inspired by biological nervous systems
[30]. The NN attracts attention with its structure consisting of many connections and layers [31]. These networks
can solve complex problems by processing large amounts of data. The NN uses a network structure mainly
composed of artificial cells called neurons [32]. These neurons take input data, process them with a weight and
activation function, and then produce an output. This process occurs when the input data passes through the layers
within the network to deliver results. The network layers connect where information processing and learning occur
by transmitting each neuron's output to other neurons [33].
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Figure 2. The flowchart of the NN algorithm.

The NN assimilates information through learning processes [34]. There are two primary learning approaches:
supervised learning and reinforcement learning [35]. In supervised learning, the network is trained using the data
it must learn from, to minimize the disparity between the network's output and the actual values [36].
Reinforcement learning, on the other hand, is a paradigm in which an agent learns by interacting with an
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environment and receiving rewards or punishments [37]. In this way, the agent learns from its experiences to
determine the best course of action. The NN are used in various application areas [38]. Specifically, it has seen
remarkable accomplishments in image recognition, natural language processing, game Al, financial forecasting,
medical diagnosis, and numerous other applications [39]. Additionally, a type of NN called deep learning has
mainly influenced large and complex data sets, leading to significant advances in the field [40]. NNs have become
increasingly used and considered an essential tool in data mining and artificial intelligence. The flowchart of the
NN algorithm, one of the ML models developed for this paper, is presented in Figure 2. In this study, the Orange
Data Mining program was used to run the NN model, one of the ML algorithms. This program is publicly available
and uses Python software. The parameters of the NN algorithm are expressed below:

Model parameters

Model Name: Neural Network
Hidden layers: 200
Activation: ReLu

Solver: Adam

Alpha: 0.003

Max iterations: 100
Replicable training: Yes

2.4. Machine Learning Performance Measurement Criteria

ML performance measurement criteria are used to evaluate a model or algorithm's predictive ability, accuracy, and
effectiveness [24]. These criteria help us understand how well or poorly a model works and support decisions
made. Error metrics such as Mean Squared Error (MSE), Root Mean Squared Error (RMSE), or Mean Absolute
Error (MAE) determine how close a model's predictions are to actual values [41]. The R-squared (R2) metric also
assesses the goodness of fit of a model to the data and the influence of independent variables on the dependent
variable [42]. These performance measurement criteria are essential to model development and tuning and
comparing different models. They are also important when businesses make decisions and evaluate risks [43]. As
a result, ML performance measurement criteria form a fundamental part of our process for assessing model
reliability and effectiveness, making our data-driven decisions more robust. Below, the respective performance
measurement criteria for ML algorithms are explained.

2.4.1. MSE (Mean Squared Error)

MSE calculates the mean of the squares of variances between the model's predictions and the real values. Smaller
MSE values suggest that the model's predictions are closer to the actual values, indicating superior predictive
performance [44]. However, using squares can cause more significant errors to be highlighted.

MSE = Z(J’i -5’ @

i=1

where, n represents the total number of observations, y; signifies the estimated values, and y; denotes the actual
values.

2.4.2. RMSE (Root Mean Squared Error)

RMSE is an error metric used to quantify the extent of disparity between a model's predictions and the actual
values. It is derived by taking the square root of MSE, making the error more interpretable [45]. Elevated RMSE
values signify that the model's predictions exhibit greater deviations from the actual values, indicating lower
prediction accuracy. The equation for RMSE is as follows:

X (v —y0? @)
n

RMSE =

2.4.3. MAE (Mean Absolute Error)

MAE computes the mean of the absolute variances between the model's predictions and the actual values [44].
This metric directly quantifies the magnitude of forecasting errors and mitigates the influence of substantial errors.
Smaller MAE values indicate that the model's predictions, on average, are closer to the actual values. The
mathematical equation of the MAE is given below:

n
1 i
MAE == |y = il? ®
i=1
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2.4.4. R? (R-squared)

R? is a statistical measure that assesses how effectively the model aligns with the data. Its values range from 0 to
1, with values closer to 1 indicating a stronger alignment between the model and the data. R? signifies the
percentage of variance explained, revealing the extent to which independent variables account for the variance in
the dependent variable [46]. A higher R? value corresponds to a more robust fit of the model to the data and
improved prediction accuracy [47]. These metrics are employed to assess and compare the performance of various
model types. The suitable metric may vary depending on the data and the context of the application, as each metric
evaluates different aspects. The mathematical expression of R? is given below:

n 2
R = Z Vi~ 371'] (4)
i Lyi = yi

Using four different metrics such as MAE, MSE, RMSE, and R? to evaluate the performance of ML algorithms
provides a more comprehensive evaluation by analyzing various aspects of the model. MAE gives the average of
the absolute differences between actual and predicted values and determines the overall accuracy of the model.
MSE and RMSE evaluate the model's sensitivity to large errors by taking the mean and square root of the squares
of the errors. R? measures the ratio of the variance of the independent variables to the dependent variable. R?
indicates how much of the variance in the data set the model can explain, which is important for assessing the
overall fit of the model. When these four measurements are used together, it is possible to evaluate the model's
average error, sensitivity to large errors, variance explanation capacity, and overall fit. These multiple
measurements help gain a more comprehensive understanding of the model's performance and make
improvements. Each measurement provides information from different perspectives and, when used together,
paints a more detailed picture of the reliability and applicability of the model.

3. RESULTS AND DISCUSSION
3.1. The Variance Analysis of Variables (ANOVA)

This study considers variables such as Hour, Cloud Coverage, Temperature, Relative Humidity, and Wind Speed
as factors affecting solar energy production. Analysis of the variance of these variables showed how solar energy
production is associated with these factors. Analysis of variance determines the extent to which these factors
explain the variance in solar energy production and how statistically significant each factor is. It reveals the
relationships between these factors and the contribution of each factor to solar energy production. For example,
factors such as temperature and wind speed can positively or negatively affect solar energy production, and
analysis of variance is a crucial tool to measure these effects. Variance analysis of these variables is an essential
analytical tool to evaluate their impact on solar energy production and to indicate which factors should be
considered to predict energy production. The variance analysis results for the variables considered in this study
are shown in Table 2.

Table 2. The results of the ANOVA of variables.
Degree of Adjusted sums Adjusted mean

Source

freedom of squares squares F-Value P-Value
Hour 1 23.34 23.34 2758.37 0.01
Cloud coverage 1 112.66 112.66 13312.14 0.01
Temperature 1 1066.04 1066.04 125964.8 0.02
Relative humidity 1 1639.62 1639.62 193741.1 0.01
Wind speed 1 69.97 69.97 8268.12 0.01

Analysis of variance results for the time variable shows that this variable plays an essential role in the study. The
degree of Freedom (DF) value is 1, indicating that this variable participates in the analysis with one degree of
freedom. The Corrected Sum of Squares was calculated as 23.34, meaning that the time variable explains the
variability in the data. The f-value was 2758.37, and the P-value was 0.01, which shows that the time variable was
significantly effective in the analysis. The analysis of variance results for the cloud cover variable is quite
impressive. The DF value of this variable is 1, and the Adjusted Sum of Squares value is 112.66. The f-value was
calculated as 13312.14, which is relatively high. These findings suggest that cloud cover is a significant variable
that predominantly accounts for the variations in the data. Similarly, the analysis results for the temperature
variable indicate that it plays a major role in explaining the data's variability. It has a DF value of 1, an Adjusted
Sum of Squares value of 1066.04, and a high F-value of 125964.8. These results indicate that the temperature
variable had a statistically significant effect on the analysis. The analysis results for the relative humidity variable
are pretty impressive. The DF value is 1, and the Adjusted Sum of Squares value is 1639.62. The f-value was
calculated as 193741.1, which is relatively high. These results demonstrate that the relative humidity variable is a
significant factor that predominantly accounts for the variability in the data and is an important variable. Similarly,
the analysis results for the wind speed variable reveal that it plays a significant role in explaining the data's
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variability. It has a DF value of 1, an Adjusted Sum of Squares value of 69.97, and a high F-value of 8268.12.
These results indicate that the wind speed variable has a statistically significant effect on the analysis.

3.2. The Results of the NN Model’s Performance Measurement

The NN model, a machine learning algorithm, was employed to estimate the impact of environmental factors on
solar energy production. To validate the accuracy of the predictions made by the NN algorithm, performance
evaluation metrics were computed. The performance metrics of the NN algorithm are presented in Table 3.

Table 3. The values of performance measurement of the NN model.
Model MSE RMSE MAE R?
NN Algorithm 0.019 0.139 0.053 0.977

The MSE value was calculated as 0.019. MSE is an error metric that quantifies the extent of divergence between
the model's predictions and the actual values. A lower MSE indicates superior prediction performance, and in this
case, the value is quite low. The RMSE value stands at 0.139. RMSE is derived by taking the square root of MSE
and provides a more intuitive understanding of the error magnitude. This value is also relatively small, suggesting
that the model's predictions are, on the whole, near the actual values. The MAE value is 0.053. MAE calculates
the average of the absolute differences between predictions and actual values. This low MAE value implies that
the model's predictions generally deviate by approximately 0.053 units. The R2 value was registered as 0.977. R?
evaluates how well the model fits the data, with values closer to 1 indicating a better fit. In this instance, the R?
value is notably high, signifying that the model fits the data well, and its predictions are generally very close to
the actual values.

In the present paper, the low error and high fit values of all these metrics show that the NN model has an excellent
prediction performance. This indicates that the model is a powerful choice in data analysis or prediction tasks and
can produce reliable results.

3.3. The Results of Prediction Values

A comparison of the prediction results of the NN algorithm used in the present paper with actual data is discussed
in this section. Descriptive statistical data for forecast and actual data are given in Table 4. Comparing the statistical
properties of actual data and the values predicted by the NN algorithm, the data show statistically similar
properties. The actual value and the value indicated by NN are the same (1506.00). This shows that the total
number of data points was estimated correctly. The actual average value is 18476.00, while the value predicted by
NN is 18474.00. The estimate is very close, indicating that it accurately captures the center of the data distribution.
The standard error values between the actual and predicted values are very similar (0.02). This shows that the
mean estimate of the sample data was calculated accurately. There are slight differences between the standard
deviation and variance values of the actual data and the predicted values. This indicates that it accurately captures
how dispersed the data points are.

Table 4. Descriptive statistical data for forecast and actual data

Variable Actual Value Neural Network Value
Total Count 1506.000 1506.000
Mean 18476.00 18474.00
Std. Error of Mean 0.020000 0.020000
StDev 0.930000 0.920000
Variance 0.860000 0.840000
Coefficient of Variance 50.09000 49.69000
Min 0.010000 -0.080000
Qi 10975.00 10852.00
Q2 19048.00 19219.00
Qs 25898.00 25907.00
Max 46738.00 38990.00
Inter Quartile Range 14923.00 15055.00
Skew -0.040000 -0.050000
Kurt -0.900000 -0.980000

The estimate is reasonably accurate while there are variances between the observed and projected coefficient of
variation. The minimum value of the actual data is 0.01, but the expected value is negative (-0.08). This indicates
that there is a slight deviation from the minimum value of the estimate. The maximum data set for the actual value
1s 46738.00, while the predicted value is lower (38990.00). The quartile values of the real data set and the predicted
values are similar. However, there is a slight difference in the interquartile range (IQR). There are similarities
between actual and expected asymmetry and kurtosis values. Negative asymmetry and kurtosis indicate the data
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is close to a normal distribution. In general, the estimates closely approximate the real values, although notable
disparities exist in certain minimum and maximum values.

The raw data run on the NN algorithm was divided into 80% for the training and 20% for the testing phases. The
number of data used for the testing phase is 1507. The actual data used for the testing phase and the prediction
data obtained with the NN algorithm are compared in Figure 3.
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Figure 3. The actual data used for the testing phase and the prediction data.

In one study, researchers highlighted that the SVM model was 27% more accurate than other forecast-based
models, considering seven weather forecast measurements [48]. One study used an artificial neural network to
predict the amount of solar energy produced and the prediction results showed that the difference between the
actual production and the prediction was in the range of 0.5-9%. In this study, the difference between forecast data
and actual data was calculated as 0.02% [18]. One of the differences between this study and other studies is the
difference in the models used in ML algorithms. Another study emphasized that the deep learning model performed
best in ML algorithms to measure the amount of solar energy produced [49]. Another study compared two common
methods, artificial neural networks (ANN) and support vector regression (SVR), to predict energy production from
a solar photovoltaic (PV) system in Florida 15 minutes, 1 hour, and 24 hours in advance[50]. As a result, both this
study and other studies make important contributions to the emergence of other studies.

Multidimensional Scaling (MDS) is a data analysis method used in machine learning and data mining. MDS aims
to transform data into a lower dimensional space by preserving the observation similarities of points represented
in multidimensional spaces. In this way, it helps to make significant and complex data sets more understandable

Figure 4. The MDS of the NN algorithm.

and visually representable. MDS facilitates understanding the structure of data sets, recognizing patterns, and
discovering relationships between data, especially by using it in data mining, visualization, cluster analysis, and
similar applications. This method is considered an important tool, significantly to increase the understandability
of multidimensional data and to make data analysis processes more effective. The distribution of the data in the
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MSD diagram created for the prediction data of the NN algorithm preferred for this study is shown in Figure 4.
The MSD diagram of this algorithm visualizes that the prediction data of the NN algorithm is partially clustered,
but the clustering classes are few.

In this study, an NN model from ML algorithms was developed to calculate production amounts for solar energy
facilities depending on environmental factors. This study presented a model to estimate the production amounts of
solar energy facilities. This study has some limitations. First, information needs to be provided about the physical
conditions and equipment of the facility where solar energy amounts are obtained. Secondly, other weather and
geographical parameters were not used. Finally, the times of the dates on which the energy amounts were obtained
were ignored. As a result, this study presented a model to get predicted values for solar energy, one of the
renewable energy types, by considering some restrictions.

4. CONCLUSION

Solar energy is significant among renewable energy sources and is essential for various reasons. Solar energy
contributes to electricity production using sunlight and heat and does not produce any by-products or harmful
emissions during this process. Additionally, solar energy potential is relatively high worldwide and can increase
energy security by reducing dependence on conventional energy sources. Solar power, as a clean, limitless, and
eco-friendly energy source, delivers economic advantages while simultaneously helping to achieve sustainability
goals in the battle against climate change and energy generation. For these reasons, solar energy is considered an
essential component of renewable energy portfolios and is becoming an increasingly preferred option in the energy
sector.

This study addressed various environmental factors affecting solar energy production and showed that these factors
are associated with solar energy production. By performing variance analysis, the relationships between these
factors and the contribution of each factor to solar energy production were revealed. The NN algorithm was utilized
to estimate the influence of environmental factors on solar energy production, and model performance metrics
were computed to validate these predictions. These metrics indicate the extent of variance between the model's
predictions and the actual values. The low MSE and RMSE values achieved in this research demonstrate the
model's strong predictive performance, while the high R? value signifies a good fit of the model to the data. This
implies that the model's predictions are generally in close agreement with the actual values. In summary, this study
highlights the NN model as a robust choice for forecasting solar energy production. This means the model can
produce reliable data analysis or prediction task results. Additionally, the prediction results of the NN algorithm
were compared with actual data. This comparison examined the statistical properties of the predicted and actual
data and generally found that the predictions were quite close to the actual values. However, there are significant
differences in some minimum and maximum values. Finally, in a section where the multidimensional scaling
(MDS) method was used, the data distribution estimated by the NN algorithm was visualized. This visualization
shows that the forecast data is partially clustered, but the clustering classes are limited.

Finally, this study demonstrates that the use of the NN algorithm in solar energy predictions results in more precise
forecasts of solar energy production, as it effectively captures the intricacies and interplay of environmental factors.
This algorithm has provided high accuracy in solar energy production forecasts, especially its ability to process
large data sets and recognize complex patterns. In addition to explaining the relationship between solar energy
production and environmental factors, this study will provide insight into the potential of increasing the efficiency
of solar energy facilities thanks to the accuracy of the predictions obtained with the NN algorithm.
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1. GIRIS

Yiyecek triinlerin kalitesi, yiyecegin lezzetini/aromasin1 ve giivenligini etkiler. Test kagidi, siklotron veya
kromatografi gibi geleneksel tespit yontemlerinin dogruluk, tespit aralig1, zaman tiiketimi, taginabilirlik ve maliyet
acisindan bazi sinirlart oldugu bilinmektedir [1]. Yapay koku sistemi (Artificial Olfactory System/AOS) ve
elektronik burun (Electronic Nose/E-Nose), kisa algilama dongiisii, yiiksek hassasiyet ve karmasik on isleme
gerekmemesi gibi avantajlara sahip olan hayvan ve insan koku sensodrlerini simiile ederek gida kalitesini
algilayabilir ve tanimlayabilir. E-Nose veya AOS, kokuyu tespit etmek ve tanimlamak i¢in hayvanin veya insanin
koku algist mekanizmasini simiile eder [1, 2]. Gida kalitesini tespit etmek i¢in potansiyel olarak iyi bir yontem
olabilir. Biyonik bir 6l¢iim yontemi olarak E-Nose ve AOS, temel olarak insan koku alma sistemi siirecini simiile
ederek sinyal tanima ve islemeyi gergeklestirir. Sensor dizisi, insan koku alma reseptorlerini taklit edecek sekilde
tasarlanirken, sensorler ve gazlar arasindaki elektrokimyasal geri besleme sinyalleri, insan koku alma sistemindeki
enzim basamakli reaksiyonlari olarak goriilmektedir. E-Nose ve AOS, cevresel izleme, gida endiistrisi (aroma
smiflandirma ve gida tazeligi), kimya endiistrisi ve tibbi iiretim gibi c¢esitli alanlarda yaygin olarak
kullanilmaktadir [1-4].

E-Nose ve AOS'un sensor dizisi, ¢esitli kokular ve aromalar i¢in farkli driintiiler gdsterir ve bunlar, kokularin
durumunu Oriintii tanima algoritmalariyla tanimlamak icin kullanilabilir. Aroma siniflandirma ve gida giivenligi
tespitinde Temel Bilesenler Analizi (Principal Component Analysis/PCA), Dogrusal Diskriminant Analizi (Linear
Discriminant Analysis/LDA), K-En Yakin Komsu (K-Nearest Neighbor/KNN), Geri Yayilan Yapay Sinir Ag1/
Cok Katmanl Sinir Ag1 (Backpropagation — Artificial Neural Network veya /BP-ANN/ Multilayer Neural
Network), 6grenme vektor nicelemesi (Learning Vector Quantization/LVQ) gibi birgok yontem kullanilmaktadir.
Bununla beraber kendi kendini organize eden harita (Self-Organizing Map/SOM), olasiliksal sinir agi
(Probabilistic Neural Network/PNN) ve diger makine 6grenmesi yontemleri de E-Nose ve AOS ile birlikte
gida/aroma ve hassasiyet/siniflandirma degerlendirmesinde uygulanmigtir [1-4]. Bu g¢alismalarin son yillarda
literatiirde 6nem kazandig1 ve giderek arttigi goriilmektedir.

Makine 6grenimi modeli (Machine Learning/ML), E-Nose ve AOS'un temeli olarak goriilebilir. ML son yillarda
gida kalitesi degerlendirmesinde yaygin olarak uygulanmaktadir [1]. Meyvelerdeki nem igerigindeki degisiklikleri
izlemek i¢in invazif olmayan bir ML odakli teknik, Ren ve arkadaglari tarafindan Snerilmistir [5]. Matteo ve ark.
farkli kahve gruplarini simiflandirmak igin PCA ve ¢ok katmanli algilayicilara sahip yeni bir E-Nose yaklagim
kullanmistir [6]. Palas ve ark. su numunelerinin kategorisini belirlemek i¢in ¢esitli sinir ag1 siniflandiricilarinin
paralel kombinasyonundan olusan bir sistem gelistirdiklerini rapor etmislerdir [7]. Antony ve ark. meyve, sebze,
deniz iiriinleri, et ve siit iiriinlerinin kalitesinin tespit edilmesi de dahil olmak iizere gida giivenligi alaninda ML
tekniklerinin gelisimini gdzden gegirmislerdir [8]. Bu gida iirlinlerinin yan1 sira dogrudan sarap, peynir, yesil ¢ay,
cilek, soya siitli, mantar, makarna, sosis ve likor gibi aromalarin siniflandirilmasi da rapor edilmistir [9-16].
Fermantasyon sonucu olusan ugucu organik bilesenler ve sicaklik, mikroorganizma vb. nedenlerden dolay1 olugan
yan iriinlerin analizinde de E-Nose, AOS ve elektronik dil sistemleri ML modelleri ile birlikte gida kalite
analizinde kullanilmasinin yararli bir ara¢ oldugunu gostermistir [4,17,18]

Bu arastirmada, ¢ikolata, karanfil, tar¢in, zencefil ve aroma olmayan ortam kokusu 6rneklenmis ve saf 6rnekler
tizerinden sistem olusturulmustur. Daha sonra E-Nose cihazinin sensor dizisi ile farkli 6rneklerin tepkileri tespit
edilmis ve veri setleri elde edilmistir. Daha sonra oriintii durumunu degerlendirmek i¢in farkli ML modelleri
olusturulmus ve karsilastirilmistir.

2. METOT

Aroma siniflandirmak igin gelistirilen E-Nose sistemi kuru hava, aromanin konuldugu bir bélme, sensor dizisi,
elektronik valfler, veri toplama kart1 (Data Acquisition System-DAQ) ile bilgisayardan olusmaktadir. Kuru hava,
belirli araliklarla elde edilen aroma kokusunun bulundugu bdlmeyi temizlemek i¢in kullanilir. Daha sonra E-Nose
sistemi sahip oldugu sensor dizileri ile ilgili kokuya ait kimyasal bilesenleri sahip oldugu farkli sensorler
yardimiyla DAQ ile 6l¢iimiinii yaptiktan sonra sinyal isleme/Oriintii tanima i¢in bilgisayar ortamina aktarir. E-
Nose sistemine ait en genel deneysel diizen Sekil-1’de gosterilmektedir.

s e Bilgisayar veya Data
Sensér Toplama Karti Aroma
Dizisi (Makine Ogrenmesi Siniflandirma
Kuru Hava | Modelleri/Egitim-Test Fazi)
(Azot Gazi)
Gida Aromasi

Orneginin Konuldugu Balme

| |
. E-Nose veya AOS .

Sekil 1. Aroma siniflandirmak igin gelistirilen E-Nose sistemine ait deneysel diizen.
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2.1. Sensor Dizileri ve Veri Seti Olusturma

E-Nose sisteminde, farkli hassasiyet karakteristiklerine sahip (metan, karbonmonoksit, karbondioksit, alkol,
metan, biitan vb.) ve farkli tespit araliklarinda (30-10000 ppm*) gaz sensor dizilerinden toplamda 7 adet kimyasal
sensor kullanilmistir. Bu sensorler ile ilgili aromaya ait driintiilerin 6l¢imii yapilmis ve her aroma sinifina ait veri
seti elde edilmistir. Bu arastirma ¢aligmasinda, ¢ikolata, karanfil, tar¢in, zencefil ve aroma olmayan ortam kokusu
orneklenmistir ve saf drnekler iizerinden E-Nose sistemi gerceklenmistir.

2.2. Makine Ogrenmesi Modelleri
2.2.1. Lineer Diskriminant Analizi

Kernel Fisher Diskriminant analizinden tiiretilen Lineer Diskriminant Analizi (LDA), siniflandirma ve verinin
boyutunun azaltilmasi i¢in kullanilan istatistiksel bir yontemdir. Bu yontem, smiflar arasi varyans oranini
maksimuma ¢ikarmay1 ve sinif i¢i varyans oraninit en aza indirmeyi amaglamaktadir. Veri setinin mevcut hali
bilesenleri ayirmak i¢in ¢ok elverisli olmadigi1 durumlarda veriyi daha kolay ayrilabilir hale getirmekte kullanigh
olan denetimli bir 6grenme algoritmasidir [19]. iki veya daha fazla nesne veya olay smifin1 ayiran veya tanimlayan
dogrusal bir 6zellik kombinasyonunu bulmak LDA'nin birincil hedefidir. Diskriminant fonksiyonu olarak da
bilinen bu dogrusal kombinasyon, siniflandirma i¢in kullanilir. LDA'nin ¢aligabilmesi i¢in dncelikle her sinifa ait
ortalama ve kovaryans matrisi belirlenir. Daha sonra saglanan bilgileri kullanarak siniflar arasindaki mesafeyi
optimize eden bir projeksiyon vektorii hesaplanir. Veriler bu vektdr kullanilarak yeni 6zellik uzayina doniistiiriiliir.
Smiflandirma gorevlerinde LDA, siniflar1 en iyi sekilde ayiran bir karar sinir1 olusturur. Bu karar siur1, siniflar
arasi dagilimi en iist diizeye ¢ikaran ve sinif i¢i dagilimi en aza indiren bir hiperdiizlemdir. LDA biyoenformatik,
goriintii analizi ve Oriintii tanima gibi birgok alanda kullanilmaktadir. Gozlemleri 6zelliklerine gore birgok gruba
ayirmanin gerekli oldugu senaryolarda uygulanir [19].

2.2.2. K-En Yakin Komsuluk Algoritmasi

Oklid tabanli K-En Yakin Komsuluk (KNN), siniflandirma ve regresyon gorevleri igin kullanilan basit ve sezgisel
bir makine 6grenme algoritmasidir. Egitim asamasinda algoritma, tiim egitim veri noktalarini 6zellik uzayinda
saklar. Siniflandirma gérevi igin her veri noktasi bir sinif etiketiyle iliskilendirilir. Tahmin agamasinda algoritma,
yeni bir veri noktasi i¢in &zellik uzayinda bu noktanin k-en yakin komsularini belirler. Komsular belirlemek igin
mesafe metrigi olarak genellikle Oklid mesafesi kullanilir [19]. Ancak verilerin dogasina bagli olarak Manhattan
mesafesi, Minkowski mesafesi veya kosiniis benzerligi gibi diger mesafe 6l¢iimleri de kullanilabilir. Siniflandirma
icin algoritma, yeni veri noktasina k-en yakin komsular arasinda en yaygin sinif etiketini atar. Algoritmanin hiper
parametresi "k", bir veri kiimesindeki sonuglart siniflandirmak veya tahmin etmek i¢in kullanilan en yakin
komsularin sayisini ifade eder. "k", kullanici tanimli bir parametredir ve "k"nin optimal degerini bulmak igin
onceden tanimlanmig matematiksel teknikler yoktur. Eger "k" sayisi kiigiik se¢ilirse tahmin bolgesi sinirlanir ve
smiflandiricinin genel dagilimi daha az kesin hale gelir. Daha biiyiik "k" degerleri daha yumusak bir karar siniri
saglayabilir ancak yerel Oriintiileri o kadar etkili bir sekilde yakalayamayabilir [19].

2.2.3. Karar Agaclan

Sayisal ve kategorik verileri isleme yetenegiyle 6n plana ¢ikan Karar Agaci (DTC), popiiler bir denetimli makine
O0grenimi algoritmasidir. Bol ve yonet stratejisini uygulayan kural tabanli bir algoritmadir ve hem regresyon hem
de siniflandirma igin kullanilir. Smiflandirma igin girdi matrisindeki satir sayisi ile sinif etiketlerinin sayisi esit
olmalidir [19]. Agag, her bir diiglimdeki verileri bolmek i¢in en iyi dzellik segilerek 6zyinelemeli olarak
olusturulur. Bu siireg, dnceden tanimlanmis bir aga¢ derinligi, yaprak basina minimum 6rnek sayis1 gibi bir
durdurma kriteri karsilanana kadar devam eder. Karar agaci, yukaridan asagiya dogru kok, karar diigiimleri ve
sonucu veren yapraklardan olusur. Agagtaki en iist diigiim kok olarak adlandirilir ve veri kiimesini belirli bir kritere
gore en iyi sekilde bolen 6zelligi temsil eder. Bu kriter, her bir alt kiime icindeki hedef degiskenin homojenligini
en iist diizeye ¢ikarmak igin secilir. i¢ diigiimler, 6zelliklerin degerlerine dayali karar noktalarini temsil eder. Her
bir i¢ diigiim, ilgili 6zelligin olas1 degerlerine karsilik gelen dallara sahiptir. Problem uzaymin béliinecegi segment
say1s1 (agactaki dal sayis1) ¢oziim i¢in 6nemlidir ve asil sorun agag olusturulurken en iyi siniflandirma icin gerekli
dal sayisinin belirlenmesidir. Yapraklar, belirli bir 6rnek i¢in tahmin saglayan nihai ¢ikti diigimleridir.
Simiflandirma gorevlerinde her bir yaprak bir sinif etiketi ile iligkilendirilir. Cok az veri 6n isleme gerektirir ve
ozellikler arasindaki dogrusal olmayan iligkiler dogal olarak yakalanir. Ancak karar agaglar1 verilerdeki kiigiik
degisikliklere kars1 hassas olabilir ve dengesiz veri kiimelerinde iyi performans gostermeyebilirler [19].

2.2.4. Cok Katmanh Sinir Ag1

Cok katmanli sinir ag1 (MLP), sinyal islemede yaygin olarak kullanilan ve bilginin tek yonde aktig1 bir yapay sinir
ag1 tirtidiir. Derin 6grenmede temel bir mimaridir ve siniflandirma, regresyon ve driintii tanima gibi ¢esitli gérevler
icin kullanilir. Bu algoritmay1 kullanmanin arkasindaki motivasyon, bir sistemin veya veri drneklerinin dogrusal
olmayan davranisini yakalamaya ve bunlari tahmin etmeye dayanmaktadir. MLP, riintliyii 6grenme ve genelleme
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yetenegine sahiptir [19]. MLP'de egitim, istenen sonuglara daha iyi yakinsama elde etmek icin agirliklarin
giincellenmesi eylemi olarak tanimlanir ve denetimli bir 6grenme yaklasimi kullanilir. Egitim sirasinda, modelin
tahminleri gercek hedef degerlerle karsilastirilir ve fark bir kayip fonksiyonu ile 6l¢iiliir. Geri yayilim daha sonra
kaybi en aza indirmek icin agdaki agirliklar1 ve bias degerlerini giincellemek i¢in kullanilir. MLP'nin yapist girdi
katmani, ¢ikti katmani ve bu iki katman arasinda yer alan bir veya daha fazla gizli katmandan olusur. Agdaki her
diigiim, girdilerinin agirlikli bir toplamini gerceklestiren ve sonucu bir aktivasyon fonksiyonundan gegiren bir
norondur. Yaygin aktivasyon fonksiyonlar1 arasinda sigmoid, hiperbolik tanjant (tanh) ve diizeltilmis dogrusal
birim (ReLU) bulunur. Aktivasyon fonksiyonlari modele dogrusal olmayan bir 6zellik katar ve boylece verilerdeki
karmagik iliskileri 6grenmesini saglar. MLP performansi gizli katman sayisi, her katmandaki néron sayisi,
aktivasyon fonksiyonlarinin se¢imi ve 6grenme orani gibi hiper parametrelerin se¢imine baglidir. Optimum ag
yapisi, verilen gorevi yerine getirebilecek ve genelleme yetenegini en ist diizeye ¢ikarabilecek en diisiik gizli
katman sayisina sahip olmalidir [19].

3. BULGULAR VE TARTISMA

E-Nose tabanli aroma smiflandirma i¢in yapilan ¢aligmada 5 farkli sinif i¢in geleneksel makine 6grenmesi
yontemleri  kullanilmis  ve  dogruluk  (Accuracy/ACC), hassasiyet (Sensitivity/SENS), 0ozgillik
(Specificity/SPEC), kesinlik (Precision/PREC) ve F-score degerleri elde edilmistir. Tablo 1°de goriildiigi tizere,
5 farkli aroma siniflandirma sonuglari i¢inde en basarili makine 6grenmesi yontemi biitiin performans metrikleri
i¢in DTC olarak goriilmektedir. Buna gore ilgili ML modeli, 93.16% ACC, 93.11% SENS, 98.31% SPEC, 93.35%
PREC ve 93.12% F-score degerlerini elde etmistir.

AROMA SINIFLANDIRMA

nnamen  Ginger  Unflavored Checolste Clove  Cinnamon  Ginger  Unflavored
Predicted Class Prodicted Class

Chololate (Cikolata), Clove (Karanfil), Cinnamon (Tar¢in), Ginger (Zencefil), Unflavored (Aromasiz Koku)

Sekil 2. Aroma siniflandirma basar1 grafigi. Ortama siniflandirma sonuglar (éist sira), 5-fold’a ait siniflandirma
sonuglari (orta sira), karmasiklik matrisi sonuglart (alt sira sol DTC igin, alt sira sag MLP i¢in).
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En basgarili ikinci ML modeli, MLP olarak gézlenmistir. Bununla beraber, KNN ve LDA geleneksel ML modelleri
diger iki modeli gore aroma siiflandirma daha diisiik siniflandirma sonucu elde etmistir. Dogruluk orani her iki
model i¢in 76.07% (KNN) ve 69.23% (LDA) olarak hesaplanmistir. Hassasiyet, 6zgiilliik, kesinlik ve F-score
degerleri, KNN ve LDA igin sirastyla 76.29%-68.91%, 94.05%-92.33%, 76.39%-72.52% ve 74.94%-69.03%
olarak elde edildigi gozlenmistir. Aroma siniflandirma basarisina ait ilgili grafikler Sekil 2°de gosterilmistir.

Tablo 1. Aroma smiflandirma sonuglari.

ACC (%) SENS (%) SPEC (%) PREC (%) F-SCORE (%)
DTC 93.16 93.11 98.31 93.35 93.12
KNN 76.07 76.29 94.05 76.39 74.94
LDA 69.23 68.91 92.33 72.52 69.03
MLP 90.00 90.00 97.00 90.00 90.00

t-SNE (t-Distributed Stochastic Neighbor Embedding) grafigi bir¢ok veride oldugu gibi aroma verileri arasinda da
smif i¢ci ve smiflar arasi ayristirmayi ve kiimelemeyi gostermektedir. Bagka bir deyisle t-SNE, veri noktalarmin
benzerliklerini olasiliklara doniistiiriir [2]. Buna gore birden fazla siifin kiimelenmesi i¢inde (Sekil 3.a) karanfil
ve ¢ikolata aromasina ait kimyasal koku verilerinin diger aroma verilerinden daha fazla ayrisabildigi gézlenmistir.
Bununla beraber, bir sinifin diger siniflara goére ayrismas: ve sagilmasi goézlendiginde, ¢ikolata ve karanfil
aromalarinin diger kalan aromalardan daha fazla ayrisabildigi hesaplanmistir.
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Sekil 3. Aroma verileri i¢in t-SNE sacilim grafikleri a. ¢ikolata (1), karanfil (2), tar¢in (3), zencefil (4), aroma yok
(5). b. ¢ikolata (1) ve diger aromalar (2), c. karanfil (1) ve diger aromalar (2), d. tar¢in (1) ve diger aromalar (2),
e. zencefil (1) ve diger aromalar (2), f. aroma yok (1) ve diger aromalar (2) (lgili sayilar grafikler iizerindeki
aromalara ait etiketleri gostermektedir.)
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Sinif tabanli aroma siniflandirma sonuglarina gore ¢ikolata aromasina ait hassasiyet, 6zgiilliik, kesinlik ve F-score
sonucu 100% olarak hesaplanmigtir. Bununla beraber karanfil aromasi i¢in elde edilen hassasiyet, 6zgiillik,
kesinlik ve F-score degerleri sirastyla 91.30%, 97.87%, 91.30% ve 91.30% olarak bulunmustur. Tar¢in ve zencefil
aromalarina ait smif tabanli tahmin sonuglar1 ise hassasiyet ve Ozgiillik degerleri icin >87.00% olarak
gozlenmistir. Kesinlik ve F-score degerleri de yine >80.00% olarak elde edilmistir.

Tablo 2. DTC i¢in sinif tabanli aroma tahmin sonuglari.
SENS (%) SPEC (%) PREC (%) F-SCORE (%)

Cikolata 100 100 100 100

Karanfil 91.30 97.87 91.30 91.30

Tarc¢in 90.91 94.74 80.00 85.11

Zencefil 87.50 98.92 95.45 91.30

Aromasiz Koku 95.83 100 100 97.87

Ortalama Deger 93.10 98.30 93.35 93.11
4. SONUC

Elektronik burun (E-Nose), aromalara ait kokular1 ayirt etmek i¢in hizli 6l¢iimler yapabilen, uygun maliyetli ve
giiclii bir elektronik cihazdir. Cevre, tip ve gida bilimleri gibi birgok disiplinde, temel olarak iiriinlerin kalitesini
degerlendirmek ve gida bozulmasina atfedilebilecek kotii koku/tatlar: tespit etmek amaciyla yaygin olarak
kullanilmaktadir. Gida isleme sirasinda aciga ¢ikan aromalardan sorumlu molekiiller insan burnu tarafindan
taninabildiginden, islenmis gida iiriinlerinde meydana gelen degisiklikleri tespit etmek icin E-Nose kullanmak
miimkiin olabilir. Ayrica aromatik bilesiklerin olusumu ile isleme sirasinda kimyasal kirleticilerin olusumu
arasindaki iliski nedeniyle E-Nose, toksik bilesiklerin olusumunu tahmin etmek igin bir ara¢ olarak da
kullanilabilir. Bu ¢alismada 4 farkli gidaya ait aroma ile aromasiz kokunun analizini elde etmek ve siniflandirmak
icin E-Nose sistemi kurulmus ve kullanilmigtir. Buna gore DTC ve MLP ile &zellikle ¢ikolata ve karanfil
aromalarina ait kokularda yiiksek siniflandirma dogrulugu (>90.00%), hassasiyet (>90.00%) ve 6zgiilliik degerleri
elde edilmistir. Boylece bu sistemin, bu gidalardaki ayrigim ve tahmin seviyelerini dogrudan dlgmedeki etkinligi
ortaya koyulmustur. Bu sonuglara dayanarak, E-Nose ve makine Ogrenmesi modellerinin diger gida
matrislerindeki etkinliginin dogrulanmasi gelecek caligmalar igin faydali olacaktir.
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ABSTRACT

Convolutional neural networks, inspired by the workings of biological neural
networks, have proven highly successful in tasks like image data recognition,
classification, and feature extraction. Yet, designing and implementing these
networks pose certain challenges. One such challenge involves optimizing
hyperparameters tailored to the specific model, dataset, and hardware. This
study delved into how various hyperparameters impact the classification
performance of convolutional neural network models. The investigation
focused on parameters like the number of epochs, neurons, batch size,
activation functions, optimization algorithms, and learning rate. Using the
Keras library, experiments were conducted using NASNetMobile and
DenseNet201 models—highlighted for their superior performance on the
dataset. As a result of the studies, the accuracy rate of the NASNetMobile
model increased by 6.1% from 0.617 to 0.678, and the accuracy rate of the
DenseNet201 model increased by 11.55% from 0.668 to 0.786.
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OZET

Biyolojik sinir aglarinin isleyisinden esinlenen evrisimli sinir aglarmin
goriintli verisi tamima, siniflandirma ve Ozellik ¢ikarma gibi gorevlerde
oldukca basarilt oldugu kanitlanmistir. Yine de, bu aglarin tasarlanmasi ve
uygulanmast bazi zorluklar ortaya ¢ikarmaktadir. Bu zorluklardan biri, belirli
model, veri kiimesi ve donamima gore uyarlanmis hiperparametrelerin
optimize edilmesidir. Bu ¢aligmada, ¢esitli hiperparametrelerin evrigimli sinir
ag1 modellerinin siniflandirma performansini nasil etkiledigi arastirilmistir.
Arastirma epok sayisi, ndronlar, yigin boyutu, aktivasyon fonksiyonlari,
optimizasyon algoritmalart ve Ogrenme orani gibi parametrelere
odaklanmigtir. Keras kiitiiphanesi  kullanilarak NASNetMobile ve
DenseNet201 modelleri (veri kiimesindeki iistiin performanslari nedeniyle
vurgulanmistir)  kullanilarak deneyler yapilmigtir. Yapilan c¢aligmalar
neticesinde NASNetMobile modelinde 0,617 olan dogruluk orani 0,678’ye
kadar yiikselerek % 6,1 oraninda, DenseNet201 modelinde ise 0,668 olan
dogruluk orani1 0,786’ya yiikselerek %11,55 oraninda artis saglanmuistir.
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1. INTRODUCTION

In what can be described as the information age, information is used not only by humans but also by computers
through machine learning and artificial intelligence methods. Artificial neural networks are generally used in the
learning process, which is one of the basic elements of artificial intelligence. Artificial neural networks (ANN),
inspired by the working principles of the human brain, enable the development of systems that can solve complex
problems, recognize patterns and make predictions [1].

Deep learning is one of the most widely used methods in pattern recognition, object detection, object tracking and
classification. The basis of deep learning is multilayer artificial neural networks. In classical machine learning
methods, attribute extraction and selection are performed by researchers, whereas in deep learning methods,
features and their weights are determined by the model throughout the layers. Deep learning methods have gained
popularity by relieving researchers from the burden of feature extraction and obtaining more useful features thanks
to interconnected layers [2]. In deep learning models, it is usual to obtain different success performances depending
on variables such as the problem itself, hardware, dataset, variety and size of the dataset. For this reason, there are
specialized methods in different areas according to the problems in deep learning. Convolutional neural networks
(CNN) are the most successful and most preferred deep method in image processing. CNN has a multilayer
structure inspired by the functioning of the biological visual system. The ImageNet Large Scale Visual Recognition
Challenge (ILSVRC) was won by the CNN model Alexnet algorithm in 2012, and its success has gradually
increased in the following years. CNN has become the most preferred deep learning model in many fields thanks
to its high performance in image recognition and classification problems. When the literature is examined, it is
observed that CNN is used not only in image processing but also in other data types such as natural language
processing and time series [3].

In addition to this rise and success of CNN, the creation of a neural network model suitable for the problem and
the selection of the best hyperparameters for this model is a very complex issue. In this study, it is aimed to observe
the effect of different values of hyperparameters in CNN models on the classification performance of the model.

1.1. Related Works

Thanks to the successful developments in object detection, studies are carried out in many fields such as health,
production and defense industry, security systems, electronics, design and architecture. Studies on CNNs and their
parameters, which are the main elements of these studies, also make important contributions to the field.

In a study by Smith [4] on learning rates in deep neural networks, a cyclical approach was proposed to determine
learning rates. In the study, this approach, called iterative learning rates, was tested with CIFAR-10 and CIFAR-
100 datasets in ResNet and DenseNet models, and with ImageNet dataset in Alexnet and GoogLeNet models.
Smith argued that this approach would be a practical method for people who train neural networks by reducing the
assumptions in determining ideal learning rates. Bircanoglu and Arica [5] compared the effects of commonly used
Linear, Sigmoid, Tanh, Hard Sigmoid, Softsign, ReLU, Softplus, ELU, SeLU, Swish activation functions and
Square activation function on classification performance. As a result of experimental studies with different
datasets, it was stated that the best performing activation function varied according to the dataset, but generally
good results were obtained with ReLU activation function in all datasets. In the study titled "Investigation of
Hyper-Parameter Optimization Methods in Convolutional Neural Networks" published by Giilcii and Kus [6], they
examined genetic algorithm, particle swarm optimization, differential evolution and Bayesian optimization
methods on CNN. In their study, as a result of their tests with different datasets, they stated that it is not possible
to make a generalization to choose the best hyperparameter set and that hyperparameter optimization may vary
according to the problem and dataset. In the study published by Seyyarer et al [7], the performance of optimization
algorithms in classification success was compared using Caltech 101 and Caltech 256 datasets. In the study, the
success rates of the optimization algorithms in classification with 64x64 image size, ReLU activation function and
cross entropy error function were found as adadelta 86.88%, adagrad 71.25%, adam 92.31%, momentum 85.56%,
rmsprop 40.26% and sgd 64.5%, It was also suggested to use gardient descent-based optimization algorithms
(SGD, Momentum, Adam) to minimize the error in large datasets. Adem [8] investigated the effects of P+ FELU
activation function which is a combination of FELU, ELU and ReLU activation functions. He made comparisons
by working with MNIST, CIFAR-10 and CIFAR-100 datasets. It is stated that the P+ FELU activation function
with flexible properties can effectively prevent the vanishing gradient. It is concluded that the proposed activation
function outperforms ELU, SELU, MPELU, TReLU, ReLU and FELU activation functions. Liashchynskyi and
Liashchynskyi [9] compared grid search, random search and genetic algorithm methods for hyperparameter
optimization. As a result of the study, they stated that the grid search method takes too long and is costly, the
random search method is faster, but this method cannot guarantee the best results, and the genetic algorithm method
takes a long time to run, but this situation can be controlled with some variables. They concluded that the genetic
algorithm method is preferable when there are more parameter options.

In this study, CNN models from the Keras deep learning library are used. In the selected model, 53 different
trainings were performed to observe the effects of batch size, number of training epochs, optimization algorithms,
activation functions, learning rate and number of neurons hyperparameters on model performance. The study is
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expected to contribute to researchers in the selection and optimization of hyperparameters to be used in CNN
models.

2. MATERIAL VE METHODS
2.1. Datasets

Two different datasets were used in this study. The datasets were obtained from the Kaggle platform, which has a
lot of content in various fields. No pre-processing or editing was done on the datasets used. The first dataset is the
dataset published on Kaggle under the name "Dogs & Cats Images" and contains images of dogs and cats taken
from different angles [10]. The dataset consists of two classes, "cats" and "dogs", and a total of 10000 images.
8000 of the images are allocated to the training dataset and 2000 of the images are allocated to the test dataset with
equal distribution to the two classes. The second dataset is a dataset published on kaggle.com under the name
"pizza classification data" [11]. It consists of images of pizza and non-pizza dishes taken from different angles.
The images are of different sizes with a maximum edge length of 512 pixels. The dataset consists of two classes,
"pizza" and "not_pizza". A total of 1966 images, 983 each, are equally distributed in the two classes. Of the images
in the dataset, 1600 images are allocated to the training set and 366 images are allocated to the test dataset.

2.2. Deep Learning and Libraries

Deep learning is a more advanced subtype of multilayer artificial neural networks. Deep learning models are
composed of many layers, and each layer aims to extract features by taking the output of its predecessors. Since
the first feed-forward multilayer deep learning model developed by Ivakhnenko and Lapa [12], there has been
significant progress in deep learning models [13]. Since designing and training deep learning models is a difficult
and costly task, open source deep learning libraries have been developed to help users in this sense. These libraries
provide users with significant facilities to create learning algorithms [14]. In this study, TensorFlow is used as a
sub-library and Keras library is used as a high-level library due to its ease of use and up-to-date nature.

2.3. Convolutional Neural Networks and Models Used

Inspired by the functioning of biological neural networks, CNN is one of the most successful and most preferred
deep learning methods in image processing. Alexnet, an CNN model, won the ImageNet Large Scale Visual
Recognition Challenge (ILSVRC) in 2012 and its success gradually increased in the following years. CNN has
become the most preferred deep learning model in many fields thanks to its high performance in image recognition
and classification problems. Designers continue to improve these models and introduce new models every day.
However, there are also libraries where popular models are brought together and made available for use. These
libraries, which are easier to use than designing a new model, are widely used in CNN studies, especially in areas
such as health, agriculture, production and industry. In this sense, the Keras library is a library that offers very up-
to-date and popular CNN models. In this study, experimental studies were conducted on 27 CNN models in the
Keras library. In these models, trainings were performed with two datasets and the models with the highest
accuracy rates, DenseNet201 and NASNetMobile, are given in the subsections.

2.3.1. DenseNet

The basis of the DenseNet architecture is the dense blocks in the convolutional layers, which give the model its
name. Unlike traditional CNN models that have a hierarchical structure, DenseNet is that each layer is fed with
the outputs of all previous layers instead of only the outputs of the previous layer [15]. The layer structure of the
DenseNet architecture is shown in Figure 1.

Figure 1. DenseNet layer structure [16].

2.3.2. NASNetMobile

NASNetMobile is an artificial neural network model designed by Google in 2017 through deep learning based on
the Neural Architecture Search (NAS) method [17]. NASNet is composed of cells that can be improved by
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reinforcement learning. In these cells, several convolution and pooling operations are performed and repeated
many times according to the capacity of the network. The architecture of the NASNetMobile model is given in

Figure 2.
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Figure 2. NASNetMobile layer structure [18].

2.4. Hyperparameters in Convolutional Neural Networks

Hyperparameters are predetermined control parameters of the model used in training [19]. Some of the parameters
used in CNN models are layer-specific and some are considered as common parameters of the model. These

parameters and their grouping according to layers are shown in Table 1.

Table 1. Hyperparameters that can be optimized [6]

Convolution

Pooling

Fully-connected

General

Filter size

Number of filters
Stride

Padding

Activation function
Number of layers
Initial number of layers

o Filter size

o Stride

o Centering detection.
o Number of layers

o Number of neurons
o Number of layers
o [nitial number of layers

Optimization method
Batch size

Learning rate

Initial learning rate
Dropout rate

Dropout active
Regularization method

Regularization rate
Weight initializer
Weight reducer
Weight multiplier
Weight normalization
Weight penalty value
Number of iterations
Momentum

Bias active (bias
Bias inception

Bias onset rate
Gauss ratio

2.4.1. Number of Epoch

When training a neural network model, the training dataset is usually passed through the network multiple times.
The parameter that determines how many times the entire training dataset is run in the network's learning algorithm
is called the number of training rounds (Epoch) [20]. The number of epochs can take a value between one and
infinity. In the literature, epoch numbers are usually chosen from high values such as 100, 200, 500 [21]. However,
a higher number of epochs does not necessarily mean that the network will be trained better or achieve better
success values. However, the higher the number of epochs, the more time it will take to train the model [22].

2.4.2. Number of Neurons

In neural networks, the number of neurons is one of the parameters that have a significant impact on the complexity
and learning ability of the network. Neurons are connected to the layers with the weights of the data determined
in the network and the output value of each neuron is used as the input data of the next neuron [23]. As the number
of neurons increases, the learning capacity of the network is expected to increase, but this is not always the case.
Using too many neurons in the architecture of the network may lead to overfitting and weakening of the
generalization ability [24]. In addition, a large number of neurons increases the size and computational load of the
network. If the hardware capacity is low, this has a negative impactin terms of time. If the number of neurons is less
than the required number, the model may not be able to represent the dataset [25].
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2.4.3. Batch Size

When training a neural network model, it is not a preferred method to pass all the training data through the network
at the same time. Instead, the dataset is passed through the network step by step in forward and backward
propagation. The amount of data in these chunks or the number of samples taken from the dataset in each training
round is called the batch size [26]. In the literature, it is seen that the batch size is usually composed of 32, 64 and
128 samples [21].

2.4.4. Activation Functions

In CNN models, activation functions are used to transmit the output values produced by neurons in one layer to
the next layer. Activation functions are used to determine the threshold values of the output values in the layers
and to decide whether they will be transmitted to the next layer, and therefore whether the artificial neural cell will
be active [27]. Since CNN is generally used for nonlinear classifications, activation functions are also chosen from
nonlinear functions. These functions usually produce output values in the range [-1,1] or [0,1]. The most commonly
used activation functions and their mathematical formulas in the Keras library are given in Table-2.

Table 2. Activation Functions [28]

Activation Function Mathematical Formula
ReLU max (0, x)
1
Sigmoid =
g o) 1+e™*
Tanh tanh(x)
x x=20
ELU {a(ex -1 x<0
Softplus In (1 4+ ¢e%)

Although researchers generally use the popular activation functions available in the Keras library, there are also
studies using activation functions that are newly introduced or created by combining different functions.
Kilicarslan et al. used new activation functions such as RSigELU and Superior Exponential (SupEx) and obtained
better results compared to popular functions [29-30].

2.4.5. Optimization Methods

In artificial neural networks, optimization methods are used to find the best difference between the output value
given by the network and the actual value. In the literature, these optimization methods are also called gradient
descent [7]. In CNN applications, the goal is often not to minimize the error rate but to make the best generalization.
It is known that the choice of optimization algorithm used in the CNN model will be effective in making this
generalization. However, no algorithm guarantees the best solution, but some methods are used to help choose the
best optimization algorithm for the model [31]. The most commonly used algorithms as optimization methods in
deep learning are SGD, Adagrad, RMSProp, Adadelta, Adam and Adamax [32].

2.4.6. Learning Rate

Learning rate is a coefficient used in convergence calculations in optimization algorithms. Learning rate is one of
the most important parameters in the training of neural networks [4]. It is known that setting this ratio too large
will fail to achieve the convergence goal and even cause divergence, while setting it too small will provide a better
convergence with small steps [33]. However, as the learning rate becomes smaller, the training time will increase
as the optimization algorithm will proceed in smaller steps. It is very difficult to precisely adjust the learning rate
in optimization algorithms [26].

3. RESULTS

The Google Colab platform was used to design the CNN models used in the study and to implement the training
tasks. The testing of the transfer learning models and the applications with the second dataset were carried out with
12.7 GB RAM, 15 GB GPU and 72.8 GB disk space hardware provided with the standard Colab membership.The
applications with the first dataset were run with 85 GB RAM, 40 GB Tesla A100 GPU and 170 GB disk space
provided with Colab Pro membership.

In order to determine the model to be used in the study, performance tests were performed on 27 models in the
Keras library with our datasets. In order to examine the effects of the parameters, the models were used without
weights pre-trained with the ImageNet dataset. The parameter values used in these trainings are as follows;
Number of training rounds (Epoch) = 10

Package size = 32

Activation function = ReLU,
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Optimization algorithm = Adam
Learning rate = 0.001

Table 3. Performance results of CNN models in Keras

First Dataset Results Second Dataset Results

No | Model Accuracy | Epochs | Time No | Model Accuracy | Epochs | Time

(sec.) (sec.)
1 NASNetMobile 0.6175 10 273.46 | 1 DenseNet201 0.6687 10 66.10
2 ResNet101V2 0.6167 10 267.62 | 2 InceptionResNetV2 | 0.6675 10 85.16
3 DenseNet169 0.6162 10 27822 | 3 NASNetMobile 0.6667 10 70.95
4 ResNet50 0.6150 10 25773 | 4 DenseNet121 0.6562 10 70.56
5 DenseNet201 0.6113 10 280.25 | 5 ResNet152V2 0.6438 10 95.95
6 ResNet152V2 0.6100 10 27985 | 6 ResNet101V2 0.6375 10 68.71
7 DenseNet121 0.6087 10 282.77 | 7 DenseNet169 0.6313 10 68.42
8 ResNetS0V2 0.6012 10 25821 | 8 ResNet50 0.6187 10 63.61
9 InceptionResNetV2 | 0.5900 10 28643 | 9 ResNet50V2 0.6125 10 62.77
10 VGGl6 0.5838 10 256.08 | 10 | InceptionV3 0.5250 10 61.22
11 VGGI19 0.5038 10 264.16 | 11 | EfficientNetB6 0.4750 10 72.89
12 ResNet152 0.5038 10 285.43 | 12 | EfficientNetB3 0.4750 10 70.71
13 ResNet101 0.5038 10 274.85 | 13 | VGGI19 0.4750 10 54.21
14 Xception 0.5038 10 258.15 | 14 | VGGIl6 0.4750 10 63.87
15 EfficientNetB7 0.5038 10 306.26 | 15 | EfficientNetB0 0.4750 10 68.57
16 EfficientNetB2 0.5038 10 268.53 | 16 | EfficientNetB1 0.4750 10 67.11
17 EfficientNetB1 0.5038 10 283.10 | 17 | EfficientNetB2 0.4750 10 59.88
18 EfficientNetB0 0.5038 10 261.37 | 18 | ResNetl52 0.4750 10 92.00
19 MobileNet 0.4963 10 251.58 | 19 | ResNetl01 0.4750 10 79.33
20 MobileNetV3Large | 0.4963 10 270.40 | 20 | EfficientNetB7 0.4750 10 75.78
21 MobileNetV3Small | 0.4963 10 251.78 | 21 | EfficientNetB4 0.4750 10 77.36
22 MobileNetV2 0.4963 10 261.31 | 22 | MobileNetV3Small | 0.4750 10 58.07
23 EfficientNetB6 0.4963 10 278.30 | 23 | MobileNetV3Large | 0.4750 10 63.32
24 EfficientNetB5 0.4963 10 292.48 | 24 | MobileNet 0.4750 10 51.30
25 EfficientNetB4 0.4963 10 293.12 | 25 | MobileNetV2 0.4750 10 47.62
26 EfficientNetB3 0.4963 10 271.77 | 26 | EfficientNetB5 0.4750 10 74.51
27 InceptionV3 0.4963 10 261.88 | 27 | Xception 0.4750 10 64.10

In the applications with the first dataset, the best classification performance was obtained with the
"NASNetMobile" model. In the applications with the second dataset, the best classification performance was
obtained with the "DenseNet201" model. We continued our study with the models with the best performance in
the two datasets.

In this study, experimental studies were conducted on the number of epochs, batch size, activation function,
optimization methods, learning rate and number of neurons among the parameters given in Table 1. These studies
were carried out separately for the models where the best classification performance was obtained for both datasets.
Firstly, the number of epoch’s parameter was varied with 5, 10, 25 and 50 values and the results are given in Table
3.

Table 4. Training results by number of epochs

First Dataset Second Dataset
No Model Epochs Loss Accuracy Time (sec.) No Model Epochs Loss Accuracy Time (sec.)
1 NASNetMobile 5 0.6936  0.5615 359 5 DenseNet201 5 0.5441  0.6639 73
2 NASNetMobile 10 0.6407 0.62 528 6 DenseNet201 10 0.5221  0.7459 174
3 NASNetMobile 25 0.6337 0.627 1296 7 DenseNet201 25 0.5268  0.724 350
4 NASNetMobile 50 0.6534  0.6005 2536 8 DenseNet201 50 0.5673  0.7022 776

When Table is examined, it is seen that the highest accuracy rate was obtained at 25 epochs in the training of
NASNetMobile model with the first dataset, and the highest accuracy rate was obtained with 10 epochs in the
training of DenseNet201 model with the second dataset. In the number of neurons parameter, experiments were
performed on 32, 64, 128, 256 and 512 values.

As can be seen in Table 5, the number of neurons providing the highest accuracy rate for both models was 256.
As the number of neurons increases, the learning capacity of the network is expected to increase, but using more
neurons than necessary may lead to overfitting and weakening of the generalization ability.

Batch size is one of the important parameters that should be adjusted according to the dataset. In this study, the
batch size was changed to 8, 16, 32 and 64 and both datasets were trained with the specified models and the results
are given in Tables 6 and 7.
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Table 5. Training results by neuron number
First Dataset Second Dataset
No Model Epoch Neuron Loss Accuracy Time No Model Epoch Neuron Loss Accuracy Time
9 NASNetMobile 25 32 0.5255 0.6315 808 14 DenseNet201 10 32 0.5255 0.6967 112
10 NASNetMobile 25 64 0.5047 0.639 806 15 DenseNet201 10 64 0.5047 0.6749 104
11 NASNetMobile 25 128 0.4897 0.6355 805 16 DenseNet201 10 128 0.4897 0.7486 104
12 NASNetMobile 25 256 0.5244 0.6535 804 17 DenseNet201 10 256 0.5244 0.776 103
13 NASNetMobile 25 512 0.5126 0.6525 806 18 DenseNet201 10 512 0.5124 0.7541 104

Table 6. Batch size training results with the first dataset

No Model Epochs  Neuron Ba.tch Loss Accuracy Time

Size (sec)
19  NASNetMobile 25 256 8 0.5986 0.6825 1287
20  NASNetMobile 25 256 16 0.6342 0.625 1206
21 NASNetMobile 25 256 32 0.6532 0.6015 1083
22 NASNetMobile 25 256 64 0.6369 0.6355 1181

Table 7. Batch size training results with the second dataset

No Model Epochs Neuron Ba.tch Loss Accuracy Time
Size (sec)
23 DenseNet201 10 256 8 0.5017 0.7787 194
24  DenseNet201 10 256 16 0.5165 0.7568 178
25  DenseNet201 10 256 32 0.5205 0.7541 180
26 DenseNet201 10 256 64 0.5603 0.735 196

The smaller the batch size, the more number of times the network is trained. It is observed that this leads to a
certain increase in the performance of the model. However, Table 6 shows that as the batch size decreases, the
training time increases due to the increase in the number of iterations. It should be considered that this may be a
disadvantage in studies with larger datasets. In this study, the highest performance among the two models was
achieved with a batch size of 8.
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Figure 3. Accuracy graph of 8 batch size training. Figure 4. Accuracy graph of 64 batch size training.

As can be seen in Figure 3, the fact that the training accuracy rate is more consistent while the test accuracy rate
shows a fluctuating graph can be attributed to the small batch size. This can be explained by the fact that when the
batch size given for testing is small, the number of samples with high or low discriminability is more likely to be
unevenly distributed.

As for the activation functions, six different activation functions were used in the intermediate layers: ELU, ReLU,
Sigmoid, Softmax, Softplus, Tanh. The results obtained according to the models in these studies are shown in
Table 8.

As seen in Table 8, the best classification performances were obtained with the ELU activation function in the
DenseNet201 model, and with the Softplus and ReL U activation functions in the NASNetMobile model.
According to the results, although good results are obtained with the ReLU activation function for both models, it
should be tested with more models and datasets in order to make generalizations. Considering the properties of
activation functions, different functions should be tested and the most appropriate one for the dataset and model
should be decided.

One of the parameters examined in the study is optimization algorithms. Seven different optimization algorithms,
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Table 8. Results according to activation functions

No Model Epochs Neuron Batch Size Activation Accuracy Time
Functions (sec)
27 DenseNet201 10 256 8 ELU 0.7842 139.74
28 DenseNet201 10 256 8 ReLU 0.7705 142.23
29 DenseNet201 10 256 8 Tanh 0.7623 129.66
30 DenseNet201 10 256 8 Softplus 0.7322 131.92
31 DenseNet201 10 256 8 Sigmoid 0.6940 137.09
32 DenseNet201 10 256 8 Softmax 0.5000 140.85
33 NASNetMobile 25 256 8 Softplus 0.6480 1018
34  NASNetMobile 25 256 8 ReLU 0.6480 1127
35  NASNetMobile 25 256 8 Sigmoid 0.6365 1024
36  NASNetMobile 25 256 8 ELU 0.6070 1129
37  NASNetMobile 25 256 8 Tanh 0.5000 1078
38  NASNetMobile 25 256 8 Softmax 0.5000 1013

namely Adadelta, Adagrad, Adam, Adamax, Nadam, SGD and RMSprop, were used for model training and their
classification performances are presented in Table 9.

Table 9. Result performance of optimization functions

No Model Epochs  Neuron Batch Activation Optimization Accuracy Time
Size Functions Algorithms (sec)
34 DenseNet201 10 256 8 ELU RMSprop 0.7732 127.90
35 DenseNet201 10 256 8 ELU Adamax 0.7377 116.71
36  DenseNet201 10 256 8 ELU Nadam 0.7322 128.04
37 DenseNet201 10 256 8 ELU Adam 0.7319 116.34
38 DenseNet201 10 256 8 ELU Adagrad 0.5956 115.91
39 DenseNet201 10 256 8 ELU Adadelta 0.5000 115.12
40 DenseNet201 10 256 8 ELU SGD 0.5000 116.27
41 NASNetMobile 25 256 8 Softplus Adam 0.6525 1029.47
42  NASNetMobile 25 256 16 Softplus Adagrad 0.6295 1026.14
43  NASNetMobile 25 256 32 Softplus SGD 0.6280 1034.05
44 NASNetMobile 25 256 48 Softplus Nadam 0.6235 1041.37
45 NASNetMobile 25 256 64 Softplus Adamax 0.6210 1025.61
46 NASNetMobile 25 256 80 Softplus RMSprop 0.6170 1034.03
47 NASNetMobile 25 256 96 Softplus Adadelta 0.6025 1025.97

As seen in Table 9, the highest accuracy values were obtained with the RMSprop algorithm in training with the
DenseNet201 model and with the Adam algorithm in training with the NASNetMobile model. The accuracy graphs
of the optimization algorithms according to the models are given in Figures 5 and 6.
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Figure 5. Accuracy graph of optimization Figure 6. Accuracy graph of algorithms with
optimizationalgorithms with DenseNet201. NASNetMobile.

In the graph shown in Figure 5, the optimization algorithms have more distant performances from each other. This
difference is thought to be due to the dataset rather than the model. Since the dataset used in the DenseNet201
model is smaller, a consistent result could not be obtained with some optimization algorithms in training. Figure
6 shows that in the NASNetMobile model, RMSprop, Adadelta and Adagrad algorithms draw a more consistent
graph while Adam, Adamax, Nadam and SGD algorithms have a more fluctuating training process. On the other
hand, the highest accuracy rate in the NASNetMobile model was obtained with the Adam optimization algorithm.
As can be seen in the results of the training tasks performed in our study, the optimization algorithms that achieve
the best performance on different models and datasets vary. Therefore, no generalization can be made about any
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optimization algorithm. It is recommended to try different algorithms to find the most suitable optimization method
for the datasets and models.

In CNN, the learning rate is the parameter that determines how large steps the network's weight updates will be
made. In this study, training was performed with values between 0.01 and 0.0001 for the learning rate parameter.
In order to better observe the effects of this parameter, the models were trained for 100 epochs unlike the previous
trainings. The results obtained after these trainings are given in Table 10.

Table 10. Results of RMSprop and Adam algorithms according to learning rates

No Model Dataset Epochs Olfltgl::‘l;ﬁ::losn Le;;rtlzng Accuracy r{sl:cl)e
48 DenseNet201 pizza classification data 100 RMSprop 0.01 0.6585 1251
49 DenseNet201 pizza classification data 100 RMSprop 0.001 0.7860 1269
50 DenseNet201 pizza classification data 100 RMSprop 0.0001 0.7486 1249
51 NASNetMobile Dogs & Cats Images 100 Adam 0.01 0.6 1028
52 NASNetMobile Dogs & Cats Images 100 Adam 0.001 0.6286 1033
53  NASNetMobile Dogs & Cats Images 100 Adam 0.0001 0.6786 1011

As seen in Table 10, the RMSprop algorithm achieved the highest accuracy performance with a learning rate
of 0.001 and the Adam algorithm achieved the highest accuracy performance with a learning rate of 0.0001. It is
observed that the Adam algorithm gives better results at a lower learning rate than the RMSprop algorithm. This
shows that the ideal learning rates may be different according to the optimization algorithm.
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Figure 7. Accuracy of 0.01 learning rate in the Figure 8. Accuracy of 0.0001 learning rate in the
RMSprop algorithm. RMSprop algorithm.

Looking at the accuracy/epoch graphs given in Figures 7 and 8, it can be seen that when the learning rate is high,
the training progresses in a more fluctuating structure, while as the learning rate decreases, the fluctuation
decreases and it becomes more consistent. In summary, in this study, the NASNetMobile model achieved the
highest performance with 10 epochs, 256 number of neurons, 8 batch sizes, Softplus activation function, Adam
optimization algorithm and 0.0001 learning rate, while the DenseNet201 model achieved the highest performance
with 25 epochs, 256 number of neurons, 8 batch sizes, ELU activation function, RMSprop optimization algorithm
and 0.001 learning rate.

4. CONCLUSION

In order to examine the effect of the hyperparameters used in CNN on the classification performance of the model,
58 trainings were performed on NASNetMobile and DenseNet201 models with two different datasets. As a result
of the trainings for the number of training rounds, it was seen that the ideal values of this parameter can be reached
with different numbers according to the model and dataset. Considering the datasets used in the study, it can be
said that larger datasets should be trained with higher epoch values. In the experiments on the number of neurons,
it was observed that increasing the number of neurons in both models increased the learning capacity of the network
and thus the classification performance. In the training studies on batch size, it was observed that the accuracy rate
increased as the batch size decreased for both models. However, it should be noted that when the batch size is
small, the number of iterations will be larger and the training time will be longer. As a result of the experiments
with activation functions and optimization algorithms, no characterization could be made according to the models
or dataset. Considering the properties of these parameters, different values should be tried and the most suitable
one for the dataset and the model should be decided. Finally, it was observed that training was more unstable when
the learning rates took large values, while training was more consistent with small learning rates. However, it
should be kept in mind that small learning rates may cause the training to slow down, especially for large datasets.
As a result of the parameter changes made on the CNN models in the study; in the NASNetMobilemodel, the
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accuracy rate increased from 61.75% to 68.25%, an increase of 6.5%. In the DenseNet201 model, the accuracy
increased from 66.87% to 78.42%, an increase of 11.55%. Although these findings show that hyperparameters
have an impact on the classification performance of CNN models, our study also has some limitations. The values
of only some of the hyperparameters used in the CNN models were selected and analyzedin certain ranges.
Experiments were conducted for only a part of the probability space consisting of all values that all hyperparameters
can take. In addition to the hyperparameters, the dataset used in the model also has an impacton performance.
Training the models with two datasets is another limitation of the study. In the continuation of the study,
experiments can be conducted on CNN models with different value ranges of different hyperparameters and more
datasets. In addition, the examination of the parameters in Vision Transformers architectures, which is a new and
impressive approach in the field of image processing, can be added to the continuation of the study.
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ABSTRACT

This paper focuses on the innovative application of the Modified Ant Colony
Optimization (DEKKO) algorithm for the optimization of speed reducer
engineering problem. The main contribution of this study is the development
of DEKKO, which combines the advantageous features of Ant Colony
Algorithm (KKO). The aim of DEKKO is to achieve better results than those
previously solved with different techniques in the literature by modifying
KKO. The algorithm was run 20 times until the most effective result was
achieved, with the best performance outcome of 3105. 8779 vector unit
obtained at 14 iterations. This process utilized 100 ants and was completed in
66.81 seconds. When compared with similar results in the literature, DEKKO
has achieved success with a solution that stands out among the literature
results. Users can easily obtain information about speed reducer design and
pre-production through simulation using the DEKKO algorithm. This aims to
contribute to cost and time savings.
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OZET

Bu makale, degistirilmis karinca kolonisi optimizasyonu (DEKKO)
algoritmasmin rediiktor miihendislik probleminin ¢6ziimiine yeniden
odaklanilmasina dayanmaktadir. DEKKO, Karinca Kolonisi Algoritmasinin
(KKO) avantajli 6zelliklerinin birlestirilmesiyle olusturulmustur. DEKKO ile
KKO’ da degisiklik yapilarak daha onceden literatiirde farkli tekniklerle
yapilan c¢aligmalardan daha iyi sonuglarin elde edilmesi amaglanmistir.
Algoritma, en etkili sonug elde edilene kadar 20 kez calistirilmustir. Iterasyon
sayisi 14 olmak iizere en iyi performans sonucu olarak 3105,8779 vektor birim
sonucu elde edilmistir. Bu iglem, algoritmada 100 adet karinca kullanilarak
66,81saniyede tamamlanmigtir. Literatiirdeki sonuglarla karsilastirildiginda
DEKKO, literatiir sonuglari arasinda oldugu ve basarili bir ¢oziimle
sonuglandigi gézlemlenmistir. Kullanicilar, DEKKO algoritmasini kullanarak
simiilasyon yoluyla rediiktor tasarimi ve on iiretimi hakkinda kolaylikla bilgi
edinebilmektedir. Bdylelikle maliyet ve zaman tasarrufu acisindan
kullanicilara katkida bulunulmasi amaglanmaistir.
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1. GIRIS

Optimizasyon, belirlenen hedefler ve kisitlamalar i¢inde en iyi sonucu elde etmek icin genellikle kullanilan bir
yontemdir. Optimizasyon adimlari, temel yapilandirmalari olusturmayi, tasarim degiskenlerini tanimlamay1, amag
fonksiyonunu formiile etmeyi, uygun optimizasyon problemlerini se¢gmeyi ve uygulamayr igermektedir [1].
Optimizasyon teknikleri genellikle matematiksel ve meta-sezgisel yontemler olmak iizere iki kategoriye
ayrilmaktadir. Matematiksel yontemler, en dogru analitik ¢oziimii bulmay1 amagclarken, meta-sezgisel yontemler
daha pratik bir yaklasim sergilemektedir [2-3]. Miihendislik problemlerini ¢dzmek igin bazi meta-sezgisel
yontemler siklikla kullanilmaktadir [4]. Bunlar arasinda karinca kolonisi optimizasyonu (KKO) [6], genetik
algoritma (GA) [6], par¢acik siirli optimizasyonu (PSO) [7], yarasa algoritmasi (YA) [8], atesbocegi algoritmast
(ABA) [9], kelebek algoritmast (KA) [10], yapay ar1 kolonisi (YAK) [11], yapay bagisiklik sistemi (YBS) [12] ve
kizil tilki optimizasyon (KTO) [13] gibi algoritmalar bulunmaktadir. Goriildiigli gibi meta-sezgisel yaklagimlar
icinde karinca, yarasa ve atesbocegi gibi hayvanlarin icgiidiisel davranislari iizerine calismalar yapilabilmektedir.
Bu i¢giidiiler, karincalarin yiyecek arama, kuglarin toplanma ve baliklarin siiriiler halinde hareket etme gibi dogal
davranislarini organize etmelerine olanak tanimaktadir [14]. Bu baglamda bilim insanlar1 bocek davranislarini
incelemis ve basarili optimizasyon algoritmalart gelistirmislerdir. Miithendislik problemlerini ¢6zmede yiiksek
esneklik diizeyine sahip bu teknikler, bircok bilimsel alan ve miihendislik problemlerinin ¢dziimiinde basariyla
uygulanmistir [15].

Son yillarda ¢oziilen problemin 6zelliklerine ve karmasikligina bagh olarak meta-sezgisel algoritmalarin nispeten
daha iyi yonlerini bir araya getirilerek karma ve iyilestirilmis algoritmalar olusturulmustur [16]. Bu algoritmalar
rediiktor tasarimi gibi miithendislik problemlerini ¢oziimiinde siklikla kullanilmistir [17]. Havacilik ve imalat
sanayindeki aktarma sistemlerini iceren farkli tiirdeki mekanik ekipmanlarin ¢alisma verimliligi ve hassasiyeti
dikkate alindiginda rediiktor tasarimi dikkat cekmektedir [18]. Rediiktorler, aktarma sistemlerindeki hizi azaltarak
yiiksek tork, yiiksek verimlilik ve diisiik giiriiltii saglamaktadir. Temel prensip olarak bir rediiktoriin girig miline
yiiksek hizda gelen donme hareketi, piyon ve ¢ark yardimiyla ¢ikis miline daha diigiik hizlarda aktarilabilmektedir.
Ornek bir rediiktor tasarimi Sekil 1° de gosterilmistir [19].

Cark Giris mili
w o §
) " (Yuksek
~ donme hiz)

—— Pinyon
Cikis mili—
(Dusiik
donme hizi)
T Govde

Sekil 1. Ornek bir rediiktor tasartmi [19].

Optimizasyon problemlerine uygulanabilecek basarili meta-sezgisel uygulamalardan biri KKO algoritmasidir
[13]. Optimizasyon problemlerine ¢éziim bulmak, miihendislik problemlerinin yiiksek uygulama alanlar1 ve
degiskenligi nedeniyle zorlasmaktadir. Bunun kolaylastirilmasi igin bilgisayar programlarinin [21] dolayisiyla
MATLAB [22] gibi programlardan dillerinin hesaplama giiciinden faydalanilmaktadir.

Bu makaledeki ¢aligma, rediiktor tasarimi gibi mithendislik tasarim problemlerini karinca kolonisi optimizasyonu
(KKO) kullanarak ¢ozme fikri ile olusturulmustur. Karinca kolonisi algoritmasi, literatiirde farkli tekniklerle
onceden ¢oziilen bu tiir problemlerden daha iyi sonuglar almak i¢in degistirilmistir. DEKKO adi1 verilen bu yeni
algoritma, MATLAB yazilimi ile galistirilmig ve sonuglar literatiirdeki diger tekniklerle kargilastiriimigtir.
DEKKO ad1 verilen bu ¢aligmanin literatiire katkisi ve avantajli yonleri asagida siralanmaistir.

e Bu yeni algoritma, KKO 'nun avantajli yonlerini birlestirerek elde edilmistir.

e Onerilen algoritma, uyarlanabilir parametreler ve dzel bir prosediir kullanarak karinca feromon izinden
en iyi sonu¢ elde edilene kadar ¢odziim gilincellenmektedir. Boylece DEKKO hassas ayarlanmisg
parametrelerle daha az hesaplama yapmakta ve daha kisa slirede daha iyi sonuclara ulasabilmektedir.

e Kullanicilar DEKKO algoritmasi kullanilarak simiilasyon yardimiyla rediiktor tasarimi ve tiretimi
oncesinde kolayca bilgi edinebilmektedirler.

e Yeni algoritma ile endiistri, profesyoneller ve bu alanda ¢alisan kullanicilar i¢in maliyet ve zaman
tasarrufuna katki saglanmaktadir.

. DEKKO algoritmasinin kodu, MATLAB yazilimi kullanilarak islevselligi test edilmis ve literatiirdeki
sonuglara gore islevselligi agikga paylagilmistir.

54



Miih.Bil.ve Aras.Dergisi,2024,;,6(1) 53-64

o Ayrica DEKKO, diger algoritmalarin giiglii yanlar ile birlestirilerek hibrit bir algoritma olusturulmasi
yoluyla daha iyi sonuglar alinabilme potansiyeline sahiptir.

2. LITERATUR TARAMASI

Uretim ve havacilik endiistrisinde ¢esitli zorluklarda miihendislik problemleri bulunmaktadir. Bu zorlu
miihendislik problemlerinin genis uygulama alanlar1 nedeniyle bunlarin ¢ézlimleri i¢in bircok ¢alisma yapilmistir
[23]. Problemlerdeki degisken sayisinin artmasiyla beraber geleneksel yontemlerle ¢oziim bulmak zorlagmistir.
Coziimii basitlestirmek ve en iyi ¢oziimii bulmak i¢in ¢aba harcanmig ve bu da meta-sezgisel algoritmalarin
gelistirilmesine yol agmustir. Bu tiirden bir meta-sezgisel algoritma olan KKO [24], giinliik yasamin farklt
alanlarinda bir¢ok uygulama problemini ¢6zmek i¢in kullanilmigtir [25]. KKO ilk kez 1930'da analitik olarak ifade
edilmis ve 1950'den sonra sik¢a kullanilmaya baslanmistir. O zamandan beri ¢esitli problemleri basariyla ¢6zmek
i¢in kullanilmistir [26].

Rediiktor tasarimi gibi mithendislik problemleri {izerine bir literatiir taramasi1 yapilmistir. Yapilan arastirmada
amag fonksiyonlari, kisitlamalar1 ve degiskenleri dikkate alinarak bu problemlerin gesitli optimizasyon tekniklerini
kullanarak ¢oziilmeye calisildig1 goriilmiistiir. Coziimlerin gelistirilmesi i¢in bu ¢alismalar incelenmis ve asagida
verilmigtir.

Yay Tasarimi daha 6nce Ray & Saini [27], Belegundu [28], Ray & Liew [29], Grkovi¢ & Bulatovi¢ [30], Coelho
& Mariani [31] ve Cagnina ve ark. [32] tarafindan tanimlanmistir. Tasarim problemi, yaymn agirligint minimuma
indirirken minimum egilme, kayma gerilmesi, salimml frekans ve dis ¢ap ile tasarim degiskenlerinde belirli
kisitlamalara uygun olmasini igermektedir.

Kaynakli Kirig daha 6nce Ray & Liew [29], Grkovi¢ & Bulatovié [30], Cagnina ve ark. [32] ve Rao [33] tarafindan
tanimlanmistir. Sunulan tasarim problemleri, kiristeki egilme gerilmesi, biikiilme gerilmesi, kirisin burkulma yiikii
ve kirigin ug¢ egilimi nedeniyle minimum maliyetin belirlenmesini amaglamaktadir.

Rediiktdr tasariminda yapilan bazi ¢alismalar incelenmistir. Ornegin; Li ve ark. [34], rediiktor icindeki akis
alaninin dagilimini sayisal olarak simiile etmislerdir. Bu simiilasyonda disli hizin1 belirleyen yasalari, yaglayicinin
dinamik viskozitesi ve 1sil iletkenlik katsayisinin disli 1s1 dagitim verimliligi tizerindeki etkilerini ortaya
koymuslardir. Maccioni ve ark. [35], yaptiklari ¢alismada yenilikgi bir rediiktor tasarimi sunmus ve farkli rediiktor
tasarimlariyla karsilastirilmiglardir. Ayrica yeni tasarimin avantajlari ortaya koymuslardir. Farhat ve ark. [36],
yaptiklart galismada calisir ve azali durumdaki rediiktorlerin iizerinde bir modelleme yaparak bir arastirma
sunmuglardir. Burada hiz, yiik degisimlerinin performansin nasil etkileyecegini incelemislerdir. Bunun i¢in hizh
Fourier doniisiimii, kare zarf spektrumu, kisa Siireli Fourier doniisiimii ve kurtogram metotlarin1 kullanmiglardir.
Tatar [37], yaptig1 calismada robotik sistemler i¢in i¢inde rediiktdr bulunan tahrik iinitesi tasarlamigtir. Bu islemler
icin MATLAB/Simulink programi1 kullanilmistir. Demir & Giiner [38], MATLAB yazilimi1 kullanarak geometrik
bir rediiktor model tasarimi yapmigslardir. Sonlu elemanlar analizi yapilan modelin mukavemet degerini
incelemiglerdir. Kogak ve ark. [39], yaptiklar1 ¢alismada geleneksel bir rediiktor ile yeni tasarladiklari rediiktorii
deneysel olarak karsilastirmislardir. Deneyler sonucunda yeni tasarimin sabit devir ve frenleme momenti agisindan
geleneksel rediiktore gore daha yiiksek verim sergiledigini belirtmislerdir.

Ayrica ayni amag fonksiyonlari, kisitlamalar1 ve degiskenleri dikkate alinarak bu makaledeki rediiktor tasarim
problemlerin cesitli optimizasyon teknikleri ile ¢oziimiinii sunan bazi ¢aligmalar incelenmistir. Ornegin; ayni
rediiktor tasarimi daha dnce Ray & Saini [27], Belegundu [28], Ray & Liew [29], Grkovi¢ & Bulatovi¢ [30],
Coclho & Mariani [31], Cagnina ve ark. [32], Saruhan & uygur [40], Eskander ve ark. [41], Baykasoglu &
Ozsoydan’in [42], Guedria [43], Akhtar ve ark. [44], Mezura-Montes ve ark. [45], Aguirre ve ark. [46], Tomassetti
[47], Akay & Karaboga [48], Gandomi ve ark. [49], Brajevic &Tuba [50], Yang &Gandomi [51], Mezura & Coello
[52], Siddall [53], Golinski [54] ve Elaziz ve ark. [55] tarafindan tanimlanmistir. Ayrica, sunulan tasarim
problemleri, disli diglerinin biikiilme gerilmesi, yiizey gerilmeleri ve millerin enine egilmesinden kaynaklanan
minimum agirligin bulunmasina olanak saglamaktadir. Bunlarin arasinda KKO optimizasyon c¢aligmalar1 yapanlar
Ray & Liew [29], Grkovi¢ & Bulatovi¢ [30], Coelho & Mariani [31] ve Cagnina ve ark. [32] oldugu goriilmiistiir.

3. KARINCA KOLONISININ ALGORITMASININ TEMELI

Wilson ve Holldobler [56], karincalarin feromon adi verilen sinyaller araciligiyla iletisim kurabildiklerini
kesfetmisleridir. Feromonlar, karincalarin salgiladigi kimyasallardir ve salgilandiktan sonra izleri kisa bir siire
kalmaktadir. Karincalar, ayn1 yere ne kadar sik gittiklerini, o yol {izerine ne kadar ¢ok feromon biraktiklarini
belirleyebilmektedirler. Feromon izlerinin tespit edilmesiyle, karincalarin nasil yiyecek bulduklar1 ve nasil is
birligi yaptiklari agik hale gelmektedir. Karinca davranis kalibi su sekilde agiklanabilmektedir. Karmcalar feromon
izini bulana kadar rastgele hareket etmektedir. Ardindan, izdeki feromon konsantrasyonuna bagli olarak karincalar,
izi takip edip etmeyeceklerine karar vermektedirler. Dolayisiyla, bir izi takip eden karinca sayisi ne kadar ¢oksa,
diger karincalarin izi takip etme olasilig1 da o kadar yiiksek olmaktadir [21].

Karincalar gida kaynaklarindan yuvalarina en kisa yolu gérme duyusunu kullanmadan bulma becerilerinin yani
sira, adaptasyon yeteneklerine sahiptirler. Eger takip ettikleri mevcut yol dig etkenler nedeniyle artik en kisa yol
degilse, yeni en kisa yolu bulabilmektedirler. Baslangicta, karincalar diiz bir ¢izgiyi takip etmekte ve ayni anda
feromonlar1 yolu birakarak takip eden karincalara yardimci olmaktadirlar.
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Sekil 2' de, dogal olarak salgiladiklar1 feromonlarin yardimiyla karincalarin hareketleri ve izledikleri yol
gosterilmistir. Karincalarin yollar1 engellendiginde feromon izlerini takip edememekte ve genellikle takip
edebilecekleri iki yoldan birini se¢cmektedirler. Karincalarin kisa yola gecis yapma sayisi daha fazla olacagindan,
birakilan feromon miktar1 da daha fazla olmaktadir. Dolayisiyla, zamanla daha fazla karinca kisa yolu tercih eder
hale gelmektedir. izleri kontrol ederek, dnceden rastgele hareket eden karincalar, muhtemel olarak daha yogun bir
feromon izinin yoniinii almay1 tercih etmektedirler [57].

Gida kaynagi

-
:
Q | ¥ = \ Tad)
)
r| 5
Karinca yuvasi B s Gida kaynagi
| >

Karinca yuvasi

Gida kaynagi

Yol engeli

Sekil 2. Gergek karinca davranislari; (a) Karincalar yuva ve gida kaynagi arasinda bir yol izlemekteler, (b) Yolda
bir engel belirdiginde karincalar, esit olasilikla sola veya saga donme segenegine sahiptirler, (c) Karincalar kisa
yola daha yiiksek miktarda feromon birakmakta ve ¢ogunlugunun kisa yolu se¢gmesine olanak saglamaktadirlar.

Bu kesif karmcalarm bir yiyecek kaynagi bulduklarinda nasil ulastiklarini ve engelleri nasil astiklarini anlamaya
yardimct olmaktadir. Feromonlar, karincalar arasinda iletisim kurmanin bir araci olarak islev gérmektedir. Bu
davranislar incelenerek bilim adamlar1 bir algoritma gelistirilmistir. Bu algoritma, karinca kolonilerinden ilham
aliarak gelistirildigi i¢in karinca kolonisi optimizasyon algoritmasi (KKO) olarak adlandirilmistir. Klasik KKO
temel olarak gercek karmcalardan esinlenen yapay karincalar kullanilarak formiile edilmistir. Bu algoritmada da
karincalar feromon adi verilen izleri kenarlara birakarak iletisim kurabilmektedirler. Bu algoritma ilk olarak
Dorigo ve ark. [58] tarafindan bir referans makalesinde incelenmistir. Klasik KKO, siirii zekasindan ortaya ¢ikan
davranislar araciligiyla optimizasyon problemlerini ¢6zmeyi amaglayan bir ajan popiilasyonuna dayali meta
sezgisel bir yontemdir. KKO algoritmasinin tek yapay kontrol mimarisi bazi birimler i¢in ayni ve l¢eklenebilir
ozelliklere sahiptir.

4, METODOLOJI

Yapay koloni karincalar1 tarafindan birakilan feromon izleri seklinde biriken bilgilerden faydalanilarak, ardisik
olarak daha kisa turlar olusturulmasi miimkiin olmaktadir. Bu sayede belirtilen iterasyonun sonunda belirlenen en
iyi sonuclar kaydedilmekte ve problem ¢oziimiine ulagiimaktadir.

Algoritmanin c¢alisma siirecinde, karincalar tarafindan giincellenen feromon izleri araciligiyla iyi bir ¢oziim
bulmak i¢in bir veri seti olusturulmus ve bu veri seti her iterasyonda giincellenmistir. Karincalarin sayisini artirmak
¢Oziimiin iyilestirilmesine yardimct olabilmektedir. Ancak igslem sayisint arttirdigi i¢in, karincalarin sayisini ¢ok
fazla arttirmak islem siiresini uzatmaktadir. Problem boyutuna goére karmasik bir hal alabilen KKO algoritmasinin
hizini artirmak igin alfa ve beta gibi bazi parametrelerin giincellenmesi yoluyla basarili bir sekilde test edilen gesitli
calismalar bulunmaktadir [59]. Programlama dilleri kullanilarak yapilan bilgisayar simiilasyonlari, KKO
problemlerin iyi ¢oziimler bulundugunu gostermektedir [60].

Bu ¢aligmada, daha etkili ve giivenilir bir ¢dziime ulasma hedefiyle bir KKO algoritmasi gelistirilmistir. Bu hedef
dogrultusunda, temel KKO yonteminin kodu degistirilerek DEKKO adi verilen bir algoritma olugturulmustur. Bu
DEKKO algoritmasinin kodu, MATLAB yazilimi kullanilarak islevselligi test edilmig ve literatiirdeki sonuglarla
karsilastirilmistir.

4.1. Karinca Koloni Algoritmasi

Bu algoritma, optimizasyon siirecinde yapilan feromon giincellemesine ek olarak, yerel bir feromon giincellemesi
baglatmaktadir. Bu giincelleme ayni zamanda ¢evrimdisi feromon giincellemesi olarak da adlandirilir. Her
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iterasyonun ardindan tiim karincalar yerel feromon giincellemesi yapar ve her bir karinca yalnizca kapsanan son
kenara uygular. Yerel feromon giincellenmesi tj;, Denklem 1° de gdsterilmigtir

Tij =T1](1—Q)+ TO'Q

Burada, Q buharlagma katsayisidir ve miktar1 0< Q <1 olarak tanimlanir. 1o, feromonun baslangi¢ degeridir.
Yerel feromon giincellemesinin ana amact, her iterasyondan sonra karincalar tarafindan gergeklestirilen aramanin
cesitliligini saglamaktir. Kapsanan kenarlardaki feromon konsantrasyonunu azaltarak, sonraki karincalarin bagka
bir kenar1 segmeleri tesvik edilmekte ve dolayisiyla farkli bir ¢oziim iiretilmektedirler. Iterasyon sirasinda, birkag
karincanin ayni ¢6ziimii iiretme olasilif1 diiser. Yerel feromon gilincellemesi, maksimum ve minimum karinca
sistemi ile ayn1 prensipte calismaktadir. Denklem 2’ deki gibi her iterasyonun sonunda en iyi glincelleme goz
Oniine alinmaktadir.

(1

Tij
_ [T (1—q) + AT1.q, eger (i,)) en iyi tura aitse)
Tij, aksi takdirde (2)

Karinca sistemleri ve karinca kolonisi sistemleri arasindaki onemli bir fark, karincalarin ¢6ziim siirecinde
kullandiklar: karar kuralinda goriilmektedir. KKO' da agagidaki kural kullanilmaktadir.

Bir karincanin i sehrinden j sehrine taginma olasiligi, 0 < q < 1 aralifinda bir rasgele degiskene baglidir. Eger bu
deger yeni oran qo'a esit veya kiigiikse, j = argmaxcile,v(sp){‘rﬂ n? }, islemi uygulanmaktadir. Aksi halde,
asagidaki Denklem 3 kullanilir.

B
™% N
o Z R —,  efer G € N(SP)
) G g ®
0, aksi takdirde

4.2. Degistirilmis Karinca Koloni Optimizasyonu (DEKKO)

Onerdigimiz algoritma, Karinca Kolonisi Optimizasyonu (KKO) algoritmasmin bir modifikasyonudur. Bu
degisiklik, algoritmanin uyum kabiliyetini artirmay1 ve ¢dzliim kalitesini iyilestirmeyi amaglamaktadir. Bu yeni
algoritmanin ana noktalar1 ve nasil ¢alistig1 asagida gosterilmistir.

Uyarlanabilir a ve f Degerleri: Algoritmanin her iterasyonunda, feromonun (o) ve meta-sezgisel bilginin ()
onemi dinamik olarak ayarlanmaktadir. Bu, ¢6ziim arama siirecini daha esnek hale getirmekte ve yerel sikismay1
onlemeye yardimci olabilmektedir.

Feromon Giincellemesi: Her iterasyonda, tiim feromon izleri (1) giincellenmektedir. Yeni feromon degeri, o
iterasyondaki en iyi ¢6ziimiin mevcut feromon degeri ve iglev degerine dayanarak artirilmaktadir. Boylelikle daha
iyi ¢oziimlere daha fazla agirlik verilmektedir.

Kralice Karinca (queen. Value): En iyi ¢oziim "krali¢e karinca" olarak saklanmakta ve bu ¢6ziimiin degeri diger
karincalarin gelecekteki arama yonlerini etkilemektedir.

Durum Kontrolii ve Cikti: Algoritma, her iterasyonda en iyi ¢6ziimii kontrol etmekte ve eger bu ¢dziim 6nceki en
iyi ¢oziimden daha iyiyse, yeni en iyi ¢6ziim olarak kabul edilmektedir.

Bu oOnerilen modifikasyonlart mevcut karinca optimizasyonuna entegre etmek igin, belirtilen degisiklikleri
yansitan fonksiyonlari giincellemek ve algoritmanin temel yapisini korumak gereklidir. Bu durum, hem feromon
giincelleme mekanizmasini hem de a ve B'nin uyarlanabilir ayarlarini igerecektir. Ayrica, ihtiya¢ duyuldugunda
en iyi ¢oziimii ("kralige karinca") saklamak ve giincellemek gerekecektir.

Bu yaklagim, rediiktor tasarimi gibi ¢esitli miithendislik tasarim problemlerinin karmasik optimizasyon
caligmasinda etkili olabilmektedir. Parametre tanimi Tablo 1'de verilmistir.

Degistirilmis karinca kolonisi algoritmasinda, yalnizca en iyi karinca feromon izinden elde edilen ¢oziim
giincellenmekte ve belirlenen modifikasyonlarla DEKKO algoritmasi elde edilmektedir. Tlk asamada, m sayida
karmca parametre olarak belirlenmelidir. {1k ¢oziimiin kalitesi ve ikinci dongiide degisim sayisini temsil eden I
iterasyon numarasi bu parametreye dayanmaktadir.

Tablo 1. DEKKO paremetre tanimlamalari

Tanimlama
max_iterations Algoritmadaki maksimum iterasyon sayisi
ant_population Karinca popiilasyon sayisi
evaporation_rate (p) Feromon buharlagma orani
alpha (o) Karincanin karar verme siirecinde feromonun énemini kontrol eden parametre
beta (B) Karincanin karar verme siirecinde mesafenin dnemini kontrol eden parametre
queen. Value En iyi ¢6ziim bulundugunda "krali¢e karinca" olarak saklanmaktadir
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[k dongiide, tiim karincalar rastgele bir konum segmekte ve her bir degisken igin bir deger almaktadir. Her bir
karinca konumunu buldugunda, karincalar tarafindan secilen degisken degerleri i¢in optimize edilmis minya
degerleri araciligiyla fonksiyonun degeri belirlenir. Her bir karinca i¢in fonksiyon degerleri elde edildiginde, hangi
karincanin en iyi ¢oziimii sectigi degerlendirilmekte ve bu ¢éziimiin degeri mingncion 0larak kaydedilmektedir.
Ikinci déngiide, tiim karincalar ilk asama mingmetion 'dan en iyi ¢dziim yerelini elde etmektedir. En iyi deger igin
feromon giincellemesi Denklem 4’ te gosterildigi sekilde yapilir.

(i) = 0.1 (1 - ni]-).r(i) 4)

Her iterasyonun ¢oziimiinii diizeltmek igin o ve P;j degerleri verilmektedir.. ilk iterasyonda, bu deger bir kodda
verilir ve bu deger, degiskenlerin olasi ¢6ziim araliklarinin alt ve {ist sinirlarina bagl olarak segillmektedir. Ayrica,
her takip eden iterasyon i¢in a ve B'nin diizeltme degerleri Denklem 5' te oldugu gibi yapilmaktadir.

Ikinci adimda agiklanan bu prosediir, ikinci dongiide bir iterasyon tekraridir ve maksimum iterasyon sayisina kadar
coziimleri diizeltmek igin tekrarlamak iizere programlanmustir. Istege baglh olarak, en iyi deger kodda
tanimlanabilmektedir. Bir deger tanimlanmissa ve belirli bir iterasyon sayisindan sonra gereksinimden daha iyi bir
¢ozlim elde edilemezse, tiim dongii tekrarlanabilmektedir. En iyi ¢6ziim degerleri elde edildikten sonra, bu degerler
kaydedilmekte ve islev degerleri tanimlanmaktadir. DEKKO algoritmasinin basit bir optimizasyon sdzde kodu
Sekil 3' te verilmistir.

DEKKO Algoritmasi

for t=1 : maxiteration

MACO= createMaco ( graph, colony , antnumber, T, n, a., B);
function [ graph ] = createGraph()

Update a and §3;

o= 0,05 a; Bi = 0,05. Bi

Determine optimun value and best function value
fori=1: antnumber
1(j) = ©(@ + 0,005. mingpction

if minfunction < bestfunction;
function = new function;
end

queen.value= bestvalue;
to update T ;
t=0.1*%( 1 -rho) .* 1;

output = [ ‘MACO (Modified ACO) #' ,'Tteration #’ , valuel ,
" optimum Function value = © , value2];
disp(output)

Sekil 3. DEKKO s6zde kodu.

5. BUGULAR VE TARTISMA

Literatiirde bulunan rediiktor tasarimi uygulamalarinda uygulanan KKO ¢o6ziimleri incelenmistir. Buradaki
tasarimlar birebir olarak DEKKO algoritmas1 kullanilarak yiiriitiilmiis ve sonuglar karsilastirma amactyla
okuyucuya sunulmustur.

5.1. Rediiktor Tasarim

Bir dénme hareketini disliler yardimi ile degistiren ve aktaran makine elemanlarina rediiktér denmektedir.
Ingilizcedeki “Reduce” kelimesinden gelmektedir. Temel olarak Sekil 4° te gosterilen rediiktorler ana govde, disli,
rulmanlar, giris milleri ve ¢ikis millerinden olugmaktadir. Rediiktdr bir motor ile bir makine pargasi arasina
yerlestirilmekte ve motorun sagladig1 hizi azaltarak sisteme aktarilmasini saglamaktadir. Bir rediiktor donen ve
dondiiren olmak tizere en az iki disliden meydana gelmektedir. Bu iki digliden kiigiik olanina pinyon, biiyiik
olanina cark adi verilmektedir. Bunlar yardimiyla hiz diiserken diger taraftan sistemin torku artmaktadir.
Boylelikle prosesin daha iyi, daha hassas sekilde kontrol edilmesi ve daha iyi sonuglar elde edilmesine olanak
saglanmaktadir [61]. Rediiktor bloklarina gére Monoblok rediiktor ve yatik tip rediiktdr olmak tizere temelde ikiye
ayrilabilmektedir. Monoblok rediiktor bloklarinda yataklar, bir kapak veya govde parcasina bagli degil ve
dogrudan govde tizerinde konumlanmaktadir. Yatay rediiktor bloklari, agir is kosullarinda kullanilmak tizere 6zel
olarak tasarlanmig rediiktorlerdir. Bu tip rediiktdrlerde, rediiktor ile tahrik mekanizmasi arasinda farkli baglanti
sekilleri bulunabilmektedir. Govdeleri ve kapaklar1 yiiksek kaliteli celik dokiimden iiretilirken, disliler
sementasyon ¢eliklerinden imal edilmekte ve ylizeyleri modern iiretim yontemleriyle sertlestirilerek
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taglanmaktadir. Her iki disli ¢arkin yuvarlanma daireleri {izerindeki ¢evre hizlarin esit oldugu bilinmektedir.
Buradan hareketle pinyon yuvarlanma dairesi ¢ap1 ve agisal hizlarinin ¢arpiminin ¢ark yuvarlanma dairesi ¢api ve
acisal hizlarinin carpimina esit oldugu sonucu ¢ikmaktadir. Geleneksek bir rediiktdr ¢caligma prensini Sekil 4” te
gosterilmistir [62]. Burada; pinyon yuvarlanma dairesi ¢api ra, pinyon agisal hizi w,, cark yuvarlanma dairesi ¢ap1
rpve cark acisal hizi wy, olarak gosterilmistir.

Cark

l‘a. Wa= rbo Wb

Sekil 4. Geleneksel bir rediiktoriin ¢alisma prensibi [62].

Rediiktorlerin tercih edilme sebepleri arasinda gii¢ aktariminin yani sira farkli dénme yonleri elde edilmesi, kiigiik
bir hacimden biiyiik bir ¢evrim orani saglanmasi, az bakim maliyetine sahip olmasi ve bakimlari dogru
yapildiginda kullanim dmiirleri olmasi gosterilebilmektedir.

5.2. Probleminin Taninmlanmasi

Rediiktorlerde disler {izerindeki egilme gerilimi, ylizey gerilmeleri, enine sapmalar ve mildeki gerilmelerden
dolay1 olusan birtakim kisitlamalar bulunmaktadir. Bunlar dikkate alimmarak DEKKO algoritmasi ile minimum
agirhikta bir rediiktor tasarimina ulagilmasi amaglanmigtir. Yanak genisligi b (x1), dis modiilii m (x»), pinyonun dis
sayist z(x3), ilk mil ile rulmanlar arasindaki uzunluk 1; (x4), ikinci mil ile rulmanlar arasindaki uzunluk 1, (xs),
birinci mil ¢ap1 di(xe) ve ikinci mil ¢ap1 da(x7) olarak tasarlanmigtir [27-32, 40-55]. Rediiktor tasarimi Sekil 5' te
gosterilmistir [55].

X7

4—"" b

v
Xe
Sekil 5. Problem ¢6ziimiinde kullanilan rediiktor yapisi [55].

Literatiirde yukarida tasarim ve parametreleri verilen rediiktériin minimum agirlik problemlerinin ¢6ziimii i¢in
amag¢ fonksiyonu, kisitlama fonksiyonlari ve tasarim degigkenleri tanimlanmistir. Bu rediiktdr problemi, disli
dislerinin biikiilme gerilimi, ylizey gerilimi, millerin enine sapmalart ve millerdeki gerilimler tizerindeki
kisitlamalar ile ifade edilmektedir. Bunlar ayr1 ayr1 agagidaki denklemlerde ifade edilmistir [27-32, 40-55].
Rediiktoriin Amag fonksiyonu Denklem 6’ de gosterilmistir.
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f(x) = (0,7854 x;x2 (3,3333 x2 + 14,933 x; — 43,0934) — 1,508 x; (x2 + x2) + 7,4777 x; (x& + x3) +

+ 0,7854 (x4 x2 + x5x%) (6)
Kisitlama fonksiyonlar ve tasarim degiskenleri Denklem 7-24 arasinda gosterilmistir.

91 (x) = 27/ (x; x5 x3) —1<0 (7
g> (x) =(B97,5/ (x; x2x2)—1<0 (8)
gz () =(1,93x3 / (x, x¢x3)—1<0 9)
ga (@) =(1,93x3 / (k3 x¥x3)—1<0 (10)
gs (x) = (ﬁwms,o X/ X3 %3 )2 + 169106 —1<0 (11)
ge (X) = (8;;)\/(745,0 Xe/X;%3)2 + 157,5106 —1<0 (12)
g7 (x) = (xz x3/40) —1<0 (13)
gs (x) = (5xz/ x,)—1<0 (14)
go (x) = (x1/ 12%,)—1<0 (15)
Jio (X)) = (1,5x6+1,9)/x,)—1<0 (16)
g1 () =(Q1x,+19)/x5)—1<0 (17)
2,6 < x;, <36 (18)
07< x,<0,8 (19)
17,0 < x5 < 28,0 (20)
7,3< x,<83 2n
78 < x5 <83 (22)
29 < x, <39 (23)
50< x, <55 (24)

5.3. Rediiktér Tasarimi icin DEKKO Algoritma Simiilasyonu

Algoritma hedef ve kisit fonksiyonlar1 goz Oniinde bulundurularak en iyi sonuca ulagmak icin 20 kez
calistirilmistir. En iyi sonug, 14 iterasyon, 100 karinca ve 66,81 saniye siireyle elde edilmistir. Iterasyon-en iyi
sonug grafigi Sekil 6 ve MATLAB sonug ekran1 Sekil 7' de gosterilmistir. Ayrica, DEKKO i¢in elde edilen en iyi
sonug, literatiirde ayn1 problem icin elde edilen sonuglarla karsilastirilmistir. Sonug 6zetleri Tablo 2' de verilmistir.

5500

5000

B
o
=}
=1

En lyi Sonug

=
o
o
=1

3500

3000 ; 3 5 : ; : 3 : :
0 100 200 300 400 500 600 700 800 900 1000

Iterasyon
Sekil 6. iterasyon-en iyi sonug grafigi.
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B4 Editor - C\Users\ktan\QneDrive\GUNCEL DOSYA\DOKTORA TEZI\marmara tniv\makale ¢alismasi\Gonderilen makaleler\Gonde.. @ X i

engineeringproblem_modified.m + |
1[z]  function engineeringproblem_modified @)
% Parametreler

2

3 numAnts = 100;

4 numvariables = 7;

5 maxIter = 1000;

6 evaporationRate = B.zk

7 alpha = @.5; % Baslangi¢ Alpha degeri
8 beta = @.5; % Baslangic Beta degeri

9 maxPheromoneIndex = 508;

10

11 % Degiskenler igin sinirlar

12 b = [2.6 0.7 17 7.3 7.8 2.9 5.0];

13 ub = [3.6 ©.8 28 8.3 8.3 3.9 5.5];

14

15

16 % optimizasyon

17 [bestsol, bestCost, bestIter, elapsedTime] = modifiedACO(numAnts, numvariab
18

19 % Sonuglari Goster

20 fprintf( En Iyi Cézim: %s\n', mat2str(bestSol));

21 fprintf("En Iyi Senug: %.4f\n', bestCost);

22 fprintf('Bulunan Iterasyon: %d\n', bestIter);

23 fprintf('Gecen siire: #%.2f saniye\n', elapsedTime);

24 fprintf('Karinca Sayisi: %d\n', numAnts); .
25 L : R

@

Command Window
g e e
Karinca Sayisi: 100
>> engineeringproblem modified
En Iyi cozim: [3.53386773547094 0.705410821643287 17 5.27394789579158 £.05350701402806 3
En Iyi Sonug: 3105.8779
Bulunan Iterasyon: 14
Gegen Stire: 66.81 saniye
Karinca Sayisi: 100

Jx o> v
<

Sekil 7. Rediiktor tasarimi igin MATLAB sonug ekrani.

Tablo 2. Rediiktor problem ¢oziimlerinin karsilastirilmasi

Definition Eskandar ve Baykasoglu & Guedria Grk.(tvic' & O;n/[eertl;:n
ark. (WCA) Ozsoydan (FA) (IAPSO) Bulatovi¢ (MACA) (DEKKO)

X1 3,500000000 3,507495 3,501313 3,499999999470 3,533867735
X, 0,700000000 0,7001 0,700000 0,699999999999 0,705410821
X3 17,00000000 17,00000 18,00000 17,00000000000 17,0000000
X4 7,300000000 7,719674 8,127814 8,051780184365 8,27394789
Xg 7,715319000 8,080854 8,042121 8,084677071037 8,053507014
Xg 3,350214000 3,351512 3,352446 3,351689274675 3,39268997
X7 5,286654000 5,287051 5,287076 5,286782111706 5,35698359

Best f(x) 2994,4710660 3010,137492 3187,630486 3009,669238634 3105,8779

iterasyon - - -

Karinca - - - 10000 100

Sayisi

Ayrica, DEKKO igin elde edilen en iyi sonug literatiirde ayn1 problem i¢in elde edilen sonuglarla karsilastirilmistir.
Eskandar ve ark. su dongiisii algoritmasi (WCA), Baykasoglu & Ozsoydan’in atesbdcegi algoritmasi (FA),
Guedria gelistirilmis bir hizlandirilmis parcacik siiriisii optimizasyon algoritmas: (IAPSO) ve Grkovi¢ & Bulatovié
ise degistirilmis bir karinca kolonisi algoritmasi (MACA) kullanarak ¢alismalarini gergeklestirmislerdir. DEKKO
algoritmasi uygulandiginda, en iyi ¢dziimiin 3105,8779 oldugu bulunmustur.

DEKKO algoritmast sonucu, Eskander ve ark.” nin [41] ¢alismasina gére (WCA) %3,58 daha fazla bulunmustur.
DEKKO 14 iterasyonla ¢6ziime ulasirken, WCA calismasinda iterasyon bilgisi verilmemistir.

DEKKO algoritmas1 sonucu, Baykasoglu & Ozsoydan’in [42] caligmasina gore (FA) % 3,082 daha fazla
bulunmustur. DEKKO 14 iterasyonla ¢dziime ulasirken, FA’ da en iyi sonuglar ortalama 3000 iterasyon-
degerlendirme ile ¢6ziime ulagmistir.

DEKKO algoritmasi sonucu, Guedria’nin [43] ¢alismasina gore (IAPSO) % 2,63 daha diigsiik bulunmustur.
DEKKO 14 iterasyonla ¢6ziime ulagirken, IAPSO 6000 iterasyon-degerlendirme ile ¢6ziime ulagmistir.

DEKKO algoritmasi sonucu, Grkovi¢ & Bulatovi¢'in [30] g¢alismasina gore (MACA) %3,09 daha fazla
bulunmustur. DEKKO 100 karinca ile ¢oziime ulasirken, MACA 10000 karinca ile ¢6ziime ulagmgtir.

Bundan dolayi, DEKKO' nun literatiirdeki sonuglar arasinda basari elde ettigi aciktir. Dolayisiyla, DEKKO' nun
rediiktor tasarimlarinda giivenilir bir sekilde kullanilabilecegi agiktir.

6. SONUC

Son yillarda ¢oziilen problemin 6zelliklerine ve karmasikligina bagh olarak meta-sezgisel algoritmalarin nispeten
daha iyi yonleri bir araya getirilerek karma ve iyilestirilmis algoritmalar olugturulmustur. Bu algoritmalar rediiktor
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tasarimi gibi miihendislik problemlerini ¢éziimiinde siklikla kullanilmigtir. Havacilik ve imalat sanayindeki
aktarma sistemlerini igeren farkli tiirdeki mekanik ekipmanlarin ¢alisma verimliligi ve hassasiyeti dikkate
alindiginda rediiktdr tasarimi dikkat cekmektedir.

Bu makale amag¢ fonksiyonlari, kisit fonksiyonlar1 ve tasarim degiskenleri belirli olan rediiktdr probleminin
degistirilmis bir karinca kolonisi optimizasyon algoritmasi (DEKKO) ile ¢oziimiine odaklanmistir. Literatiirde
farkl teknikler kullanilarak rediiktor probleminin ¢éziimlerinden daha iyi sonuclar elde etmek amaciyla karinca
koloni (KKO) algoritmasinin degistirilme yolun gidilmigtir. Bu yeni algoritma KKO' nun avantajli yonlerini
birlestirerek gelistirilmis ve DEKKO adi verilmistir. DEKKO kodu MATLAB yazilimi kullanilarak
calistirilmustir.

En iyi sonucu elde etmek i¢in program 20 kez c¢aligtirilmistir. En iyi sonuca 14 iterasyon, 100 karinca ve 66,81
saniyede ulagilmistir. Burada en iyi ¢6ziim 3105,8779 vektor birim oldugu bulunmustur. Ayrica, DEKKO igin elde
edilen en iyi sonug literatiirde ayni problem i¢in elde edilen sonuglarla karsilagtirilmistir. Eskandar ve ark. su
dongiisii algoritmasi (WCA), Baykasoglu & Ozsoydan ategsbocegi algoritmasi (FA), Guedria gelistirilmis bir
hizlandirilmig parcacik siiriisii optimizasyon algoritmasi (IAPSO) ve Grkovi¢ & Bulatovi¢ ise degistirilmis bir
karinca kolonisi algoritmasi (MACA) kullanarak ¢aligsmalarini gerceklestirmiglerdir. DEKKO algoritmasi sonucu,
WCA’ ya gore % 3,58 daha fazla bulunmustur. DEKKO 14 iterasyonla ¢oziime ulagirken, WCA ¢aligsmasinda
iterasyon bilgisi verilmemistir. DEKKO algoritmasi sonucu, FA’ ya gore % 3,082 daha fazla bulunmustur.
DEKKO 14 iterasyonla ¢dziime ulagirken, FA en iyi sonuglari ortalama 3000 iterasyon-degerlendirme ile ¢dziime
ulasmistir. DEKKO algoritmasi sonucu, IAPSO’ ya gére %2,63 daha diisiikk bulunmugtur. DEKKO 14 iterasyonla
¢oziime ulasirken, IAPSO 6000 iterasyon-degerlendirme ile ¢oziime ulasmigtir. DEKKO algoritmasi sonucu
MACA’ ya gore %3,09 daha fazla bulunmustur. DEKKO 100 karinca ile ¢dziime ulagirken, MACA 10000 karinca
ile ¢oziime ulasmustir.

Bu durum, DEKKO' nun literatiirdeki sonuglar arasinda basari elde ettigini agik¢a géstermektedir. Dolayisiyla,
DEKKO' nun rediiktor tasarim ¢éziimlerinde giivenilir bir sekilde kullanilabilecegi agiktir. Kullanicilar, DEKKO
algoritmasimi kullanarak rediiktor tasarimi ve on iiretim hakkinda kolayca bilgi edinebileceklerdir. Boylece
endiistri, profesyoneller ve bu alanda calisan kullanicilar i¢cin maliyet ve zaman tasarrufuna katkida bulunulmasi
amaglanmistir. Gelecekte DEKKO algoritmasimin daha da optimum sonuglar verecegi inanciyla, algoritmanin
daha fazla aragtirilmasi ve gelistirilmesi gerektigi diisiiniilmektedir. Ayrica, gelistirilen DEKKO algoritmasi diger
mithendislik ¢alismalarinda test edilebilir ve sonuglart literatiirdeki caligmalarla karsilastirilarak okuyuculara
sunulabilir.
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ABSTRACT

Feeding animals is one of the important problems of those dealing with
livestock breeding. In order for animals to live a healthy life, they need to have
adequate and balanced nutrition. Providing nutrients from cheaper sources has
an important place in animal husbandry. In this study, it was aimed to prepare
low-cost feed rations for dairy cattle with Genetic Algorithm (GA). In the
experiments, a milk yield of 20 and 25 Kg with 3.5% fat was targeted, taking
as reference dairy cattle with a body weight of 450 to 600 Kg in the 10th
lactation week. The results of the proposed model were compared to the
National Dairy Council's raw milk production cost in June 2023, yielding an
approximately 20% gain in feed cost. In addition, the proposed model is
compared with Particle Swarm and Ant Colony optimization algorithms and
the results are discussed.
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1. INTRODUCTION

Animal production, one of the two main production areas of agriculture, aims primarily at the economic production
of basic nutrients such as meat, milk and eggs, which ensure the survival of humankind and are indispensable
elements of a balanced diet. Animal products are relatively expensive products that contain all the nutrients that
humans need, especially protein, vitamins and minerals, in appropriate proportions, are easy to digest, have a
unique taste and are relatively expensive. Therefore, the most important indicator of individual and social
development is the production and consumption of animal products in sufficient quantities [1, 2].
The most important expense in animal production is feed and it constitutes approximately 70% of the total input.
This indicates that for economical animal production, people working in this field must have sufficient knowledge
about feeds [3, 4]. Increases in compound feed prices in our country, due to reasons such as the fact that feed raw
material prices are above the world average, insufficient working capital and stock, the contractual raw material
production model has not been developed, and the price formation according to quality, also pose an obstacle to
the development of the compound feed industry [5].
In the nutrition of dairy cattle, emphasis should be placed on providing rough and concentrated feed, while
providing cheap and high quality feed, and on the other hand, preparing a balanced nutrition program. Features
such as the animal's breed, age, live weight, target milk yield and fat rate, lactation periods and general condition
of the animal constitute important elements in determining nutritional requirements [6]. Today, animal production
has made it necessary to develop solution-oriented projects not only in the fields of food, agriculture and
mechanical engineering, but also in the fields of electronics and software. Various methods are used to meet the
feed needs in animal production at low costs.
In our country, programs purchased from abroad to prepare feed rations cause high feed costs. At the same time,
it increases the total cost by re-claiming usage fees every year. On the other hand, due to regional differences in
feed raw materials, it appears that imported software does not fully meet the needs of animals consuming these
feeds [7].
While traditional methods such as trial and error, Pearson Square method and algebraic calculation are used in the
preparation of an optimal feed ration, with the development of technology, computer-aided methods and
metaheuristics have also begun to be used. Additionally, linear and non-linear programming techniques are used
in many studies in this field: A linear programming model was developed to reduce the total feed costs for dairy
farm [8], dairy cattle feeding and feed calculator developed as a mobile application [9], mixed feed ration
optimization using the GA [10], development of ration formulation for buffalo breeding [11], hybrid evolution
strategies, and linear programming for beef cattle feed optimization [12]. Existing studies have demonstrated the
benefits of using optimization problems to achieve stated goals. Milani et al. [13] stated that one of the most
important points in animal nutrition is the preparation of appropriate rations. They reported that proper feeding of
animals in terms of cost and production can significantly increase the productivity of livestock farming enterprises.
They state that preparing an ideal feed ration is about accurately determining the animal's nutritional needs. They
reported that feed ration preparation can be considered a NP (Non-polynomial) problem due to the presence of
various parameters and many constraints after the animal's needs are met. Fatyanosa et al. [12] stated that the
biggest obstacle faced by cattle breeders is the high-cost of feed. Livestock breeders have stated that cattle feed
should be formulated that meets the nutritional requirements of cattle and minimizes feed costs. They also stated
that this type of problems belongs to the constrained optimization class. They reported that various heuristic and
deterministic algorithms were used to solve constrained optimization problems and applied to feed composition.
However, they state that while it can consistently discover solutions that are truly close to the global optimum of
the problem, there is still some instability in finding an essentially reliable technique.
The GA, one of the metaheuristic methods, is used in engineering, economics, mathematics, chemistry, physics,
etc. it is widely used in many fields of science and technology [14, 15]. It is a well-known optimizer that has
proven itself with its strong methodology in various types of scientific research. Studies on the preparation of cattle
feeds show that the GA can be used to prepare low-cost feed rations [16].
There are many scientific studies in the literature aimed at preparing low-cost animal nutrition programs. Some of
them are as follows: Wijayaningrum and Mahmudy [10] reported that determining feed ingredients is a difficult
process and that various constraints such as minimizing the total cost of feed ingredients and maximizing the
nutritional needs of farm animals must be taken into account simultaneously. They proposed a modified GA model
to solve the problem. They reported that the change was made by applying numerical methods in creating the
initial population in the GA. In their test results, they reported that the optimal parameters that can be used to
produce a solution are the population size of 300, the number of iterations of 400, the crossover rate of 0.2 and the
mutation rate of 0.6. They reported that the modified GA provided an average fitness value of 0.142357, while the
classical GA provided an average fitness value of 0.094354. They proved that their proposed method provides a
better result with a higher fitness value compared to classical GA. In their study, Guo and Zhang [17] proposed a
feed formulation preparation method based on the principle of Differential Evolution (DE) algorithm to increase
the feeding efficiency of lactating dairy cows and reduce feed costs. They used the NRC-2001 basic nutrient
requirement prediction model of dairy cows and the common feed data of dairy cows in the Chinese Feed Database,
and performed the feed formulation experiment for lactating dairy cows by analyzing the feed formulation with
the DE algorithm. They reported that their method provided better performance in feed formulation results
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compared to the Linear Programming method. Juan et al. [18], in beef cattle; they reported that nutritional
requirements vary according to live weight and live weight gain targets. They reported that it may be harmful for
breeders because the live weight gain target cannot be achieved with an inappropriate feed ration and feed funds
are spent inappropriately. They reported that the solutions produced by GA are close to the values needed by beef
cattle and can be used to search for feed ration solutions. Hassani et al. [19] proposed in their study an intelligent
and automatic model to optimize durability and sustainability in industrial dairy farms. They reported that to obtain
the best result, they measured the model with both GA and PSO. Although both algorithms gave similar results,
validation tests revealed the superiority of the genetic algorithm. Based on the results, they reported that the
proposed model can increase the durability and sustainability of production on dairy farms and reduce
environmental degradation caused by the production process. Uyeh et al. [20] in their study, they formulated a
multi-purpose feed ration problem consisting of two objects; is to minimize feed cost and minimize deviation from
stated requirements. They reported that the problem was solved using the population-based evolutionary multi-
objective optimization algorithm NSGA-II, which resulted in an optimal set of comprehensive solutions in a single
run. They reported that the availability of the full set of solutions included facilitates understanding of the
relationship between different nutritional requirements and cost, thus leading to a more efficient decision-making
process. They reported that they demonstrated the applicability of their proposed method by performing
experimental simulations on several dairy and beef cattle feed ration problems. Kuntal et al. [21] in their study,
they proposed a GP model that produces 10 liters of milk with 6% fat content for a non-pregnant buffalo weighing
450 kg and takes into account the standard nutrient requirement on a dry matter basis. Das and Mallik [22] stated
in their study that it triggered the need for efficient evolutionary algorithms to find feed mix with minimum cost
and maximum shelf life for dairy cattle. They reported that an attempt was made to introduce the self-adaptive
multi-population approach with the recently proposed Quadratic Approximation-based Jaya (JaQA) algorithm.
Also, they reported that the performance of this approach was tested on problems on the benchmark set of the
Congress on Evolutionary Computation (CEC) 2006. According to their results, they reported that the proposed
technique was more successful than some new algorithms. They then incorporated this approach into two real-life
case studies to optimize feed costs for dairy cattle. The improved results under the applicable area indicated that
the proposed method is farmer-friendly.

In this study, it was aimed to prepare a low-cost feed ration that provides the targeted milk yield in cattle by using
the GA, one of the well-known metaheuristic methods. The developed GA-based feed ration model uses a dataset
consisting of roughage, concentrated feed and minerals. For the targeted milk productivity, the proposed method
was tested in three different experiments consisting of cattle with 450 and 600 kg body weight. Source code of the
proposed model and dataset publicly available at GitHub (https://github.com/abdullahelen/FeedRationOptimizer).

2. NUTRIENT REQUIREMENTS OF DAIRY CATTLE

Dairy cattle need nutrients such as water, carbohydrates, protein, fat, vitamins and minerals in order to survive and
obtain high productivity from them. All substances containing organic and inorganic nutrients that can be safely
fed to animals in order to meet these requirements are called feed. The feed mixture that fully meets the nutritional
requirements of an animal in its daily life is called a ration. Meeting survival and productivity needs requires
consumption of sufficient amounts of nutrients (energy, protein, minerals, vitamins and water) [23]. The ration
that meets all these needs is called a balanced ration. In other words, it is a feed mixture that meets the animal's
daily nutritional requirement in an appropriate ratio and amount. The amount of feed containing the basic nutrients
needed by an animal that is resting or not productive to maintain its live weight and normal body temperature and
maintain its vital functions is called survival ration. The daily feed given to animals in addition to the survival rate
ration in order to obtain animal productivity is called the yield ration [24]. In addition, nutrient needs of animals
vary according to their physiological periods. For this reason, nutritional and energy needs were calculated based
on productivity functions such as survival, growth, development, pregnancy, lactation and wool according to the
animal species. These calculated values are considered nutritional standards. Therefore, feeding standards must be
taken into consideration in the preparation of feed rations [25].

In order to achieve the targeted productivity in dairy cattle, improving environmental conditions is an important
issue, in addition to the balanced and regular nutrition mentioned. The main condition for ensuring optimum
efficiency is to calculate the animal's survival rate and productivity rate completely and accurately in terms of
energy and nutritional needs and to feed it according to this principle. In terms of high milk productivity, it is
essential to prepare an appetizing ration for dairy cattle with protein, fat, carbohydrates, vitamins, and minerals
such as Ca, P and salt [26]. The daily dry matter rates that dairy cattle can consume vary depending on live weight
and targeted milk productivity. NRC-2001 [27] estimates the dry matter intake (DMI) of lactating cows. The DMI
equation is a combined combination of two published equations [28, 29]. The formulation in Eq. (1) is universal
in that it can be applied at all stages of lactation in dairy cattle [30].
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where FCM (fat-corrected milk) refers to the amount of fat-corrected milk, BW (body weight) refers to body
weight of the animal, and WOL (week of lactation) refers to the lactation week of the dairy cattle. The amount of
fat-corrected milk is calculated as shown in Eq. (2).

FCMy, = 0.4Yy, + 15Fy )

where Y), refers to the amount of milk in kg and Fy, refers to the amount of fat in milk in kg. For the F); value
here, 3.5% to 4% of the milk amount in Holstein cows is used. The F), can take may vary for dairy cattle of
different breeds. Calculating dry matter intake gives more accurate results, especially when calculations are made
taking into account the Neutral Detergent Fiber (NDF) found in roughage [28]. However, less than 1% variation
is seen in calculating the dry matter intake of dairy cows fed high-energy feeds containing 25-42% NDF dry matter
[29].

All farm animals require energy for the maintenance of body functions, control of body temperature and
productivity. Feed needs of farm animals; It is divided into two: maintenance and yield. The reason for this is that
animals use some of the feed they eat to survive and some to produce productivity. The amount of energy required
by dairy cows for daily living is given in Eq. (3) according to NRC-1989 [31].

NE,; = 0.08 BW%75 Mcal/day 3)
ME = 0.133 BW%7> Mcal/day

The NRC reported the net energy requirement for maintenance (NE,;) as 0.073 Mcal/Kg metabolic body weight,
and by adding 10% as activity, it was defined as 0.08 Mcal NE,,. These requirements are for adult dairy cattle.
Since young dairy cattle are still developing, 20% more is taken for dairy cattle in the first lactation and 10% more
for cows in the second lactation.

The energy requirement for productivity in dairy cattle is calculated based on the energy content of the milk. In
addition, the energy content of milk also varies depending on the amount of fat. NRC-1989 reported that 0.74 Mcal
NE; is required for lkg of milk with 4% fat. Depending on the milk fat content, the energy amounts required for
1kg of milk according to different energy systems are as in Eq. (4).

NE;, = 0.3512 + 0.0962f (Mcal/kg milk) )
ME = 0.577 + 0.165f (Mcal/kg milk)

One of the issues that dairy cattle breeders attach importance to is providing adequate nutrition corresponding to
the energy needed in the early period of lactation. To overcome this problem, energy density of the ration must be
increased. Daily protein needs of a dairy cattle are expressed in digestible Crude Protein (CP) and its unit is gram.
This is also the sum of maintenance and yield margin. The formulation given in Eq. (5) is used to determine the
CP requirement in dairy cattle.

CP = 3.7 BW°75 +85Y,, (5)

where CP refers to the crude protein requirement of the dairy cattle in grams, BW,, ;5 refers to the metabolic body
weight and Y, refers to the milk yield in Kg.

Minerals are elements necessary for the health and productivity of the animal. Minerals are typically classified as
metal elements, which are inorganic compounds essential for many different body functions, from structure to
nerve impulses to osmotic balance. Minerals are divided into two categories: macro minerals (Ca, P, Mg, K, Cl,
Na and S) and micro minerals (Cu, I, Fe, Mn, Mo, Zn, Se). While the amount required for macro minerals is in
grams, micro minerals are in mg or pug [32]. Minerals that should be included in the rations of dairy cows; They
are Calcium (Ca), Phosphorus (P), Magnesium (M g), Sodium (Na), Chlorine (Cl), Sulfur (S) and Potassium (K).
Sodium and Chlorine are added to rations as salt. Another important issue here is the Ca/P ratio. With the onset of
lactation, the need for Ca and P increases significantly. Because milk contains significant amounts of Ca and P
minerals [33]. It is essential that calcium and phosphorus are present in certain proportions in the rations of dairy
cows. This ratio (Ca/P) should be between 1/1~2/1. Ca requirement in dairy cattle can be calculated with the
formulation in Eq. (6).

Ca = 0.0154 BW®75 4 (1.22 FCM) + 0.38 (6)

Here, Ca refers to the calcium requirement of dairy cattle in grams, BW refers to the body weight of the dairy
cattle, and FCM refers to the amount of fat-corrected milk. Additionally, the value of 0.38 in this equation shows
the absorption efficiency of calcium in animal feed. P requirement in dairy cattle can be calculated with Eq. (7).

P = 0.143 BW®75 4 (0.99 FCM) + 0.5 7)

Here, P refers to the phosphorus requirement of dairy cattle in grams, BW refers to the body weight of dairy cattle,
and FCM refers to the amount of fat-corrected milk. The recommended amount of Na for lactating cows is 0.18%
and the amount of Cl is 0.25%. These amounts are 80% more than requirement of dairy cattle in dry period [33].

Fats contain more energy than concentrated feeds and therefore can be preferred in preparing high-energy rations
for dairy cattle [34]. 1kg of fat contains approximately 2-2.5 times more energy than 1kg of carbohydrates. If fat
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is used instead of some of the carbohydrates in the diet, the energy efficiency of the diet will increase. Thus,
problems such as high starch content in the feed ration and insufficient roughage will be eliminated. Feeding
recommendations typically state that no more than 8% fat in total dry matter should be fed [32].

3. MATERIAL AND METHOD
In this section, technical details are given about dataset we used in feed ration preparation and, the constraint and
fitness function designed for the proposed GA model.

3.1. Dataset

The dataset is included in the book published in 2001 by the NRC (National Research Council) in the USA under
the name “Nutrient Requirements of Dairy Cattle” [27]. The tables in the Nutrient Compositions of Feeds section
in the book have been examined, and the relevant values containing the nutritional and mineral compositions of
some feedstuffs commonly used in dairy cattle have been created from these tables as reference.

Table 1. Roughages in the ration dataset.

4 Feedstuff Pricc DM CP Dﬁfl/ﬁgl/ EE NDF ADF Ash Na Ca P Sugar Stﬁrc
(TL/Kg) % % K % % % % % % % % °

g kg %o
1 Alfalfa 6.500 903 192 1.96 1.19 250 41.6 328 11.0 0.10 1.47 028 7.90 1.40
2 Corn silage 2.600 351 8.80 233 145 320 450 28.1 430 0.01 028 026 1.42 27.0
3 Wheat straw 2400 927 4.80 144 082 1.60 73.0 494 7.60 0.12 031 0.10 0.70 2.60
4 Wheat silage 2.000 333 12.0 191 116 320 59.9 37.6 8.60 0.07 038 029 1.60 4.40

Table 2. Concentrate feeds in the ration dataset.
4 Feedstuff Price DM CP l\lﬁfv 1\1::?1/ EE NDF ADF Ash Na Ca P Sugar Stﬁrc
(TL/Kg) % % % % % % % % % % .,

kg kg %o
1 Barley 6.400 91.0 124 292 1.86 220 20.8 7.20 290 0.02 0.06 039 243 5234
2 Canola meal 8250 903 37.8 2.75 1.76 540 29.8 20.5 7.40 0.07 0.75 1.10 820 8.30
3 Corn gluten meal 1350 864 650 3.66 238 250 11.1 820 3.30 0.05 0.06 0.60 1.58 18.12
4 DDGs 8700 902 29.7 3.03 1.97 10.0 38.8 19.7 520 030 022 0.83 4.44 7.78
5 Maize 6300 88.1 9.40 3.12 2.01 420 9.50 3.40 1.50 0.02 0.04 030 1.54 71.86
6 Cotton bagasse 5700  90.5 449 270 1.71 190 30.8 199 6.70 0.07 020 1.15 2.12 033
7 By-pass FCS 4200 953 0.00 627 502 845 0.0 0.00 155 0.00 12.0 0.00 0.00 0.00
8 Molasses 5650 779 850 2.88 1.84 020 0.10 0.10 114 1.48 0.15 0.03 68.0 0.00
9 Rice bran 7.800  90.6 155 3.09 2.05 152 26.1 13.1 104 0.03 0.07 1.78 0.57 21.46
10 Soybean meal 1270  89.5 53.8 3.41 221 1.10 9.80 620 640 0.03 035 0.70 113 3.77
11 Soybean hull 6300 91.0 430 4.0 2.72 19.0 22.1 147 500 001 026 0.64 104 2.80
12 Sunflower meal 7500 922 284 224 138 140 403 300 7.70 0.04 048 1.00 7.35 827
13 Wheat bran 5600 89.1 17.3 255 1.61 430 42.5 155 630 0.04 0.13 1.18 4.73 21.79
14 Wheat 6.700 89.4 142 3.10 1.99 230 134 440 2.00 0.01 0.05 043 2.12 65.1

The dataset we use in experimental studies is divided into three main categories: roughages, concentrated feeds
and minerals. As shown in Table 1, there are alfalfa, wheat straw, corn and wheat silage in the roughage category,
and the nutritional values and unit prices of these feeds in kg are also included. Similarly, nutrients in the
concentrated feed category are listed in Table 2, and nutritional values of minerals and unit prices in kg are listed
in Table 3. Abbreviations in the columns of tables (Table 1, Table 2 and Table 3): dry matter (DM), crude protein
(CP), metabolic energy (ME), net energy of lactation (NEI), ether extract (EE), neutral detergent fiber (NDF), acid
detergent fiber (ADF), sodium (Na), calcium (Ca) and phosphor (P). In addition, DDGs in Table 2 stands for dried
distillers grains with soluble; MCP and DCP in Table 3 stand for Monocalcium phosphate and Dicalcium
phosphate, respectively. The kg values of all feedstuffs in the tables are for 2023 and are in Turkish Lira.

3.2. GA-based Feed Ration Model

In our GA-based model, we designed a fitness function considering the key requirements used in development and
implementation of the NRC feeding programs for dairy cattle. The goal in solving the problem is the lowest cost
feed ration that can provide dairy cattle's needs in a balanced way (taking into account nutritional standards). The
four main elements that need to be known when preparing a ration are as follows: Nutrient requirements of dairy
cattle, nutrient contents, restrictive features and raw material costs.

The first stage of the developed model is to transform the attributes of various types of food resources into a
computable table. The dataset (v), which we used in experimental studies and shown divided into separate nutrient
categories in Table 1, Table 2 and Table 3, was converted into a single data model consisting of 23 rows and 16
columns for ease of calculation of costs and constraints. Thus, the content of a feedstuff in i-th row is defined as
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Table 3. Minerals in the ration dataset.

Price DM CP ME  NEI EE NDF ADF Ash Na Ca P  Sugar Starch
# Feedstuff TLK® % % Mkcgal/ Mkcgl/ P vy Y oji v
1 Calcium carbonate 0.475 100 0.00 0.00 0.00 0.00 0.00 0.00 99 0.00 34.0 0.02 0.00 0.00
2 MCP 32.00 97 0.00 0.00 0.00 0.00 0.00 0.00 97 0.00 164 21.6 0.00 0.00
3 DCP 35.00 97 0.00 0.00 0.00 0.00 0.00 0.00 97 0.00 22.0 19.3 0.00 0.00
4 Sodium chloride 2.250 100 0.00 0.00 0.00 0.00 0.00 0.00 100 39.34 0.00 0.00 0.00 0.00
5 Sodium bicarbonate 13.50 100 0.00 0.00 0.00 0.00 0.00 0.00 100 27.0 0.00 0.00 0.00 0.00

shown below:

= v; ;: Type of nutrient (1: roughage, 2: concentrated feed, 3: mineral)

= v; ,: Amount of nutrients used in the ration.

= v; 3: Price per kilogram of the nutrient in b

= v; 4. Dry Matter (DM) ratio

= v; 5: Crude Protein (CP)

= v; 6: Metabolic Energy (ME)

= v; ;: Net Energy of Lactation (NEI)

= v; g: Ether-extract (EE)

= v; 9: Neutral Detergent Fiber (NDF)

= v; 10: Acid Detergent Fiber (ADF)

= v; 11: Ash ratio

" V; 15: Sodium (Na)

= v; 13: Calcium (Ca)

* v; 14: Fosfor (P)

" v;45: Sugar

" V;16: Starch
In the GA-based feed ration model, a chromosome is represented as shown in Fig. (1). The gene values represented
on the chromosome include amounts in grams of the 23 nutrients in the dataset. The value range for each gene is
from 0 to DMI given in Eq. (1), converted to grams (DM X 1000). In the GA model, the roulette wheel selection
method and the double-point crossover method were used. Crossover and mutation rates were determined as 85%
and 1%, respectively.

Genes
(d-dimension)
e e
~ ~
r
X | Xz }C hromosome 1
. X2
Population <
size (N) :
| X X4 } Chromosome
n

Figure 1. Representation of chromosomes and genes in the population.

Accordingly, for a possible solution, genes with nutrient weights other than 0 will be used in the preparation of
the ration. That is, the prepared feed ration may contain 23 different nutrients or less. When calculating the fitness
value of chromosomes, minimizing the total feed cost is taken as a basis, and the constraints explained below must
also be taken into consideration. The difference between the total dry matter in solution found by the GA and the
required minimum dry matter amount (DMI) is as in Eq. (7). Accordingly, if the GA solution contains a value
below the DMI, a penalty coefficient equal to the difference will be applied.

four(©) = DMI = min (DML B, x;; - 2 (7)

100

Where v; 4 is the dry matter ratio of the j-th food and x; ; is the amount of nutrient represented by the j-th gene of

the i-th chromosome. Similarly, the difference between required minimum crude protein (CP) amount and the GA
solution is calculated as in Eq. (8).

fep(i) = CP —min (CP, T, x;; - 22) ®)

100

Where v; 5 is the crude protein ratio of the j-th food. The constraint function where ash rate in the feed ration is
desired to be a maximum of 10% of the dry matter amount is as in Eq. (9).
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fASh(i) = max (Z?:lxi,j ° 1::;_141; 01) - 0.1 (9)

Where v; 4 and v; 1, represent the dry matter and ash ratios of the j-th food, respectively. The desired constraint
function for sugar rate in the feed ration to be a maximum of 8% of the dry matter amount is as in Eq. (10).

fugar (i) = max (z;zlxu "V—f 0.08) -0.08 (10)

Where v; 4 and v; ;5 represent the dry matter and sugar ratios of the j-th food, respectively. The constraint function
where starch rate in the feed ration is desired to be a maximum of 35% of the dry matter amount is as in Eq. (11).

fstaren(D) = max (Z}iﬂ Xi,j 121—146 0.35) —0.35 (11)

Where v; 4 and v; ;¢ represent the dry matter and starch ratios of the j-th food, respectively. The desired constraint

function for the ether extract (EE) ratio in the feed ration to be a maximum of 6% of the dry matter amount is as
in Eq. (12).

fee(Q) = max (Z?zl Xi j :l—g, 0.06) —0.06 (12)
i,4

Where v; 4 and v; g are the dry matter and ether-extract ratios of the j-th food, respectively. The constraint function
that ensures that roughage ratio in the feed ration is not less than 40% is as in Eq. (13).

(Bl omrmte)
fRoughage (l) — 04 — min( = o,d otherwise 0.4> (13)

) j=1%ij»
The constraint function that the amounts of calcium (Ca) and phosphorus (P) in the ration should not be less than
the value determined according to Eq. (6) and (7) is as in Eq. (14).
d

fea(®) = Ca —min in,j *Viiz, Ca |, (14)
j=1

fr@) =P— min(2?=1 Xij " Vii4, P)

Where v; 13 and v; ;4 are the calcium and phosphorus ratios of the j-th food, respectively. The constraint function
for which the amount of salt in the feed ration should be between 50 and 75 grams is as in Eq. (15).

d d
fyact (D) =50 —min Z(xi‘j . vi,13),50 + max Z(xi‘j . vi‘13),75 — 75,

j=1 Jj=1

4 4 (15)
fraticos (i) = 50 — min Z(xi,j 'vi,M),SO + max Z(xi,j 'Ui,14)'75 —-75
j=1 =1

Up to this point, mathematical notations of constraint functions designed according to the NRC's recommendations
have been explained. In the next stage, we define the fitness function that is included in the constraints. The sum
of feed costs and penalty points calculated for all chromosomes in the population is shown in Eq. (16).

1+D- fDMI(i) + % (fCP(i) + fRoughage (O) +

0+ (16)
fasn(D) + fSuga‘r(i) + fstaren(@) + W

F() =Xy xi5 - vis

In order to solve the low-cost feed ration problem with the GA, a fitness function was prepared by taking into
account the above-mentioned constraints and a limited range of chromosome values. The fitness function given in
Eq. (17) aims to find the minimum penalty score, taking into account nutritional standards.

fitness = min{ili € {0,1,...,n},F;} (17)

Where n is the population number. Accordingly, the fitness function finds the chromosome with the lowest
penalties in the population at each iteration. The smallest fitness score of all time is found by Eq. (18).

fitness,  fitness, < fitnessSges:

fitnesspges otherwise , tite{0,1,...,T} (18)

fitnessges = {
Where T is the number of iterations. Accordingly, if the fitness value at the t-th iteration is less than the best value,
the current fitness is determined as the best. This process is repeated continuously at each iteration until the
algorithm is terminated.
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4. EXPERIMENTAL RESULTS

In all our experimental studies, crossover and mutation rates of the GA are 85% and 1%, respectively. The number
of iterations was determined as 500. Roulette-wheel was used for chromosome selection and two-point technique
was used for crossover.

In the first experiment, the target was to produce 20kg of milk with 3.5% fat content from a cow in its 10th lactation
week with a body weight of 450 kg. Table 5 lists the expected values of nutrient requirements for targeted milk
productivity and the values found by the GA. When the results obtained are compared, it is seen that the GA
significantly provides the expected nutritional requirement values in terms of zoo-technics. In addition, the values
found in nutritional requirements; It was observed that results above expected values were obtained in CP, ME,
NE], Ca and P.

Table 5. Expected nutritional requirements and GA results for 20 kg of milk with 3.5% fat at 450 kg BW.

#  Nutrient requirements Expected value GA result
1 Amount of Dry Matter (DM) 15.16 Kg 15.16 Kg
2 Crude Protein (CP) 20615 ¢ 288485 g
3 Metabolic Energy (ME) 36.08 Mcal 45.85 Mcal
4 Net Energy (NEI) 21.8 Mcal 28.7 Mcal
5 Crude Ash Ratio 10% < 7.32%

6 Sugar Ratio 8% < 9.09%

7  Starch Ratio 35%< 22.29%
8 Ether-extract (EE) Ratio 6% < 2.58%

9  Roughage Ratio 40% > 48.78%
10 Neutral Detergent Fiber (NDF) Ratio 25% > 46.84%
11 Amount of Calcium (Ca) 8243 ¢g 694 ¢g
12 Amount of Phosphorus (P) 4947 ¢ 7081 g

The feed ration solution found by the GA is given in Table 6. Considering the feed ingredients and food types
according to the test results, feed ration containing the animal's daily nutritional requirements; It is seen that a total
of 15 different feed ingredients are used, including four types of roughage, six types of concentrated feed and five
types of minerals. Total weight in the feed ration is 19,11 Kg and feed cost is 103,57 TL. In the proposed feed
ration solution, wheat straw and wheat silage were mainly used in roughage, and barley and molasses were used
in concentrated feeds. Also, it is seen that the amount of sugar in the feed ration is 1% high in meeting nutritional
requirements, but it meets other requirements at ideal rates.

In the second experiment, a dairy cattle with a body weight of 600 kg in the same lactation week (10th) is aimed
to yield 20 kg of milk with a fat content of 3.5%. Table 7 shows the expected values of nutrient requirements for
the targeted milk productivity and optimal results obtained with the GA. When the optimal results are compared,

Table 6. Feed ration prepared with the GA for 20 kg of milk with 3.5% fat at 450 kg BW.

# Animal food ingredients Type of nutrient Amount (g)

1 Alfalfa Roughage 1385

2 Corn Silage Roughage 1130

3 Wheat Straw Roughage 4606

4 Wheat Silage Roughage 2198

5 Barley Concentrate Feed 2014

6 Corn Gluten Meal Concentrate Feed 1446

7 Dried Distillers Grains (DDGs) Concentrate Feed 1040

8 Maize Concentrate Feed 1464

9 Molasses Concentrate Feed 2031

10 Wheat Concentrate Feed 1591

11 Calcium Carbonate Mineral 2

12 Monocalcium Phosphate (MCP) Mineral 53

13 Dicalcium Phosphate (DCP) Mineral 23

14 Sodium Chloride (NaCl) Mineral 72

15 Sodium Bicarbonate (NaHCO3) Mineral 50
Total Price: 103.57 TL

Total Feed Weight: 19.11 Kg

it is seen that GA significantly provides the zoo-technically expected nutrient requirement values. According to
the first experiment, it was observed that there was an increase in the need for DM as the body weight of the animal
increased from 450 Kg to 600 Kg. When the expected DM values for dry matter intake of NRC 2001 in Eq. (1)
were compared, it was seen that the results were valid.

The feed ration solution found by the GA is given in Table 8. When the feed ingredients and types are examined
according to the test results, the feed ration containing the daily nutritional requirements of dairy cattle; It is seen
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Table 7. Expected nutritional requirements and GA results for 20 kg of milk with 3.5% fat at 600 kg BW.

#  Nutrient requirements Expected value GA result
1 Amount of Dry Matter (DM) 17.27Kg 16.66 Kg
2 Crude Protein (CP) 2148.55 g 2689.09 g
3 Metabolic Energy (ME) 39.21 Mcal 47.84 Mcal
4 Net Energy (NEI) 23.68 Mcal 30.46 Mcal
5 Crude Ash Ratio 10% < 7.02%

6  Sugar Ratio 8% < 1.93%

7  Starch Ratio 35% < 20.38%

8  Ether-extract (EE) Ratio 6% < 6.43%

9  Roughage Ratio 40% > 47.18%
10 Neutral Detergent Fiber (NDF) Ratio 25% > 54.01%
11 Amount of Calcium (Ca) 88.5¢ 12639 g
12 Amount of Phosphorus (P) 53.76 g 93.61l¢g

that a total of 15 different feed ingredients are used, including three types of roughage, seven types of concentrated
feed and five types of minerals. The total weight in the feed ration is 20,04 Kg and feed cost is 117,36 TL. In the
proposed feed ration solution, mainly wheat straw and wheat silage were used in roughage, and dried distillers
grains and corn were used in the concentrated feed. According to the first experiment, it is seen that the DM
requirement resulting from the 150 Kg increase in body weight is met by wheat straw, which is predominantly

from the roughage category.

Table 8. Feed ration prepared with the GA for 20 kg of milk with 3.5% fat at 600 kg BW.

# Animal food ingredients Type of nutrient Amount (g)

1 Corn Silage Roughage 761

2 Wheat Straw Roughage 6688

3 Wheat Silage Roughage 2006

4 Barley Concentrate Feed 1050

5 Dried Distillers Grains (DDGs) Concentrate Feed 2699

6 Maize Concentrate Feed 2547

7 Cotton Bagasse Concentrate Feed 1145

8 By-pass FCM Concentrate Feed 609

9 Wheat Bran Concentrate Feed 1377

10 Wheat Concentrate Feed 965

11 Calcium Carbonate Mineral 3

12 Monocalcium Phosphate (MCP) Mineral 41

13 Dicalcium Phosphate (DCP) Mineral 13

14 Sodium Chloride (NaCl) Mineral 71

15 Sodium Bicarbonate (NaHCO3) Mineral 63
Total Price: 117.36 TL

Total Feed Weight: 20.04 Kg

In the third and last experiment, the target was to produce 25 kg of milk with a fat content of 3.5% from a dairy
cow with a body weight of 600 kg and in the 10th week of lactation. Table 9 shows the expected values of nutrient

Table 9. Expected nutritional requirements and GA results for 25 kg of milk with 3.5% fat at 600 kg BW.

#  Nutrient requirements Expected value GA result
1 Amount of Dry Matter (DM) 18.86 Kg 18.74 Kg
2 Crude Protein (CP) 257355¢ 451045 ¢
3 Metabolic Energy (ME) 44.99 Mcal 52.12 Mcal
4 Net Energy (NEI) 27.18 Mcal 32.7 Mcal
5 Crude Ash Ratio 10% < 8.67%

6 Sugar Ratio 8% < 4.12%

7  Starch Ratio 35%< 14.16%
8 Ether-extract (EE) Ratio 6% < 3.75%

9  Roughage Ratio 40% > 45.71%
10 Neutral Detergent Fiber (NDF) Ratio 25% > 48.04%
11 Amount of Calcium (Ca) 10455 ¢ 14441 ¢
12 Amount of Phosphorus (P) 6291 ¢g 17478 g
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requirements for targeted milk productivity and the optimal results obtained with the GA. When the experimental
results are compared, it is seen that the GA significantly meets zoo-technically expected nutrient requirements.
Additionally, when the targeted amount of milk was increased, there was an increase in Ca and P requirements.
When the amounts of Ca and P at the optimal result of the GA were evaluated according to the recommendations
of NRC-2001 given in Eq. (5) and (6), it was seen that they were 40 g and 112 g more, respectively. In addition,
with the increase in milk amount, DM, CP, ME, NEI requirements also increased.

The feed ration solution found by GA is given in Table 10. When the feed ingredients and types are examined
according to the test results, the feed ration containing the daily nutritional requirements of the animal; It is seen
that a total of 17 different feed ingredients are used, including three types of roughage, nine types of concentrated
feed and five types of minerals. The total weight in the feed ration is 22,02 kg and the feed cost is 134,77 TL. In
the recommended feed ration solution, the roughages are mainly wheat straw and alfalfa, and the selected
concentrated feeds are on average close to each other. Compared to the previous experiment, the total feed weight
difference required for a five kg increase in the targeted milk amount is two kg.

Table 10. Feed ration prepared with the GA for 25 kg of milk with 3.5% fat at 600 kg BW.

# Animal food ingredients Type of nutrient Amount (g)

1 Alfalfa Roughage 3385

2 Corn silage Roughage 2263

3 Wheat straw Roughage 4417

4 Barley Concentrate Feed 1379

5 Canola meal Concentrate Feed 694

6 Corn gluten meal Concentrate Feed 1066

7 Dried distillers grains (DDGs) Concentrate Feed 1453

8 Cotton bagasse Concentrate Feed 1007

9 Soybean hull Concentrate Feed 1057

10 Soybean meal Concentrate Feed 1664

11 Wheat bran Concentrate Feed 1834

12 Wheat Concentrate Feed 1374

13 Calcium Carbonate Mineral 1

14 Monocalcium Phosphate (MCP) Mineral 254

15 Dicalcium Phosphate (DCP) Mineral 31

16  Sodium Chloride (NaCl) Mineral 66

17 Sodium Bicarbonate (NaHCO3) Mineral 71

Total Price: 134.77 TL

Total Feed Weight: 22.02 Kg

5. CONCLUSION AND DISCUSSION

In this paper, use of the GA in feed ration cost optimization in dairy cattle is discussed. Finding the feed ration
ingredients with low-cost is goal of the optimization algorithm. Based on this, the developed model was coded in
the MATLAB environment as an optimization problem with determined objective function and constraints. The
performance of the model was tested with dairy cattle samples with a body weight of 450 and 600 Kg for 20 Kg
milk with 3.5% fat. In three different experiments we have conducted, it has been observed that the expected values
in NRC's nutrient requirements are largely compatible with the results found by the GA. Experimental results show
that GA can be a useful tool for feed ration cost optimization. As a concrete example, the ration solution obtained
with the GA for the yield of 20 kg milk (3.5% fat content) of cattle with a body weight of 600 kg costs 117.36 TL.
The daily feed cost amount in the June 2023 Raw Milk Cost Table of the National Milk Council [35] is stated as
143.70 TL. Thanks to the proposed method, a feed ration with approximately 20% lower cost was prepared.

Table 11. Expected nutritional requirements and GA results for 20 kg of milk with 3.5% fat at 450 kg BW.

#  Nutrient requirements Expected GA PSO ACOr
1 Amount of Dry Matter (DM) 15.16 Kg 15.16 Kg 16.14 Kg 15.54 Kg
2 Crude Protein (CP) 2061.5¢g 2884.85¢g 299354 g 37126 g
3 Metabolic Energy (ME) 36.08 Mcal 45.85 Mcal 45.39 Mcal 47.61 Mcal
4 Net Energy (NEI) 21.8 Mcal 28.7 Mcal 29.09 Mcal 29.57 Mcal
5 Crude Ash Ratio 10% < 7.32% 6.93% 8.16%
6 Sugar Ratio 8% < 9.09% 3.25% 4.74%
7  Starch Ratio 35% < 22.29% 20.42% 10.8%
8 Ether-extract (EE) Ratio 6% < 2.58% 6.62% 1.92%
9  Roughage Ratio 40% > 48.78% 40.24% 67.18%
10 Neutral Detergent Fiber (NDF) Ratio 25% > 46.84% 43.5% 59.74%
11 Amount of Calcium (Ca) 8243 g 694 ¢ 125.02 g 121.65¢g
12 Amount of Phosphorus (P) 4947 ¢g 7081 g 7734 ¢g 6547 ¢g
Total Price: 103.57 TL 126.75 TL 107.42 TL
Total Feed Weight: 19.11 Kg 17.78 Kg 20.95 Kg
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The results of the experimental studies were compared with Particle Swarm Optimization (PSO) and Ant Colony
Optimization for Continuous Domains (ACOg) algorithms, which are well known in the literature. Comparative
results of the first, second and third experiments are given in Table 11, Table 12 and Table 13, respectively. While
the proposed GA model found the lowest cost feed ration in the first and third experiments, the ACOg algorithm
achieved the best result in the second experiment.

Table 11 shows that the sugar content in the feed ration obtained by GA is 1.09% higher than expected, while the
PSO algorithm contains 0.62% more Ether-extract. The ACORr algorithm met all of the expected values. Table 12
shows that the Ether-extract content in the feed ration obtained by GA was 0.43% higher than expected. The PSO
and ACOg algorithms met all the expected values. In Table 13, all three optimization algorithms met all expected
values.

Table 12. Expected nutritional requirements and GA results for 20 kg of milk with 3.5% fat at 600 kg BW.

#  Nutrient requirements Expected GA PSO ACOr
1 Amount of Dry Matter (DM) 1727 Kg 16.66 Kg 18.32 Kg 17.83 Kg
2 Crude Protein (CP) 214855 ¢g 2689.09 g 303133 g 443095 g
3 Metabolic Energy (ME) 39.21 Mcal 47.84 Mcal 73.09 Mcal 52.92 Mcal
4 Net Energy (NEI) 23.68 Mcal 30.46 Mcal 46.72 Mcal 33.22 Mcal
5  Crude Ash Ratio 10% < 7.02% 5.76% 7.54%
6  Sugar Ratio 8% < 1.93% 7.96% 4.69%
7 Starch Ratio 35% < 20.38% 34.71% 10.52%
8  Ether-extract (EE) Ratio 6% < 6.43% 5.56% 4.06%
9  Roughage Ratio 40% > 47.18% 50.8% 62.15%
10 Neutral Detergent Fiber (NDF) Ratio 25% > 54.01% 50.55% 57.22%
11 Amount of Calcium (Ca) 88.5¢g 12639 g 13461 ¢g 113.14 g
12 Amount of Phosphorus (P) 53.76 g 93.6lg 83.36¢g 71.18 g
Total Price: 117.36 TL 148.94 TL 116.79 TL
Total Feed Weight: 20.04 Kg 27.89 Kg 2241 Kg

Those exceeding the expected value in the feed ration of optimization algorithms are negligible. Since the main
focus here is on feed-cost, the highest penalty coefficient in the fitness function is applied to the total cost of feed.
It is also possible to obtain different results by changing these coefficients.

As a result, the fitness function in the proposed model can be easily adapted to other metaheuristic methods. The
results obtained can be used in the nutrition of dairy cattle to save on feed costs.

Table 13. Expected nutritional requirements and GA results for 25 kg of milk with 3.5% fat at 600 kg BW.

#  Nutrient requirements Expected GA PSO ACOr
1 Amount of Dry Matter (DM) 18.86 Kg 18.74 Kg 19.95 Kg 19.61 Kg
2 Crude Protein (CP) 2573.55 ¢ 451045 ¢ 6872.56 g 55163 ¢
3 Metabolic Energy (ME) 44.99 Mcal 52.12 Mcal 62.72 Mcal 53.64 Mcal
4 Net Energy (NEI) 27.18 Mcal 32.7 Mcal 39.48 Mcal 33.73 Mcal
5  Crude Ash Ratio 10% < 8.67% 7.51% 7.89%
6 Sugar Ratio 8% < 4.12% 7.45% 4.43%
7  Starch Ratio 35%< 14.16% 7.06% 9.73%
8  Ether-extract (EE) Ratio 6% < 3.75% 2.41% 4.02%
9 Roughage Ratio 40% > 45.71% 54.41% 62.66%
10 Neutral Detergent Fiber (NDF) Ratio 25% > 48.04% 45.33% 46.41%
11 Amount of Calcium (Ca) 104.55 g 14441 ¢ 108.54 g 13643 g
12 Amount of Phosphorus (P) 6291 g 174.78 g 96.06 g 8137¢g
Total Price: 134.77 TL 180.23 TL 143.14 TL
Total Feed Weight: 22.02 Kg 24.75Kg 2222 Kg
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OZET

Zaman igerisinde miizik, bilgisayar bilimleri i¢in onemli Slgiide gelisme
gostermigtir. Miizikte analiz teknikleri ve dijital doniisiim miizik
siiflandirmasini kullanigl hale getirmistir. Bu ¢alismada ses sinyalinden elde
edilen sayisal degerler ile siniflandirma islemi gergeklestirilmistir. Miizik
tiirlerini siniflandirmak i¢in oldukca cesitli 6znitelikler igeren GTZAN veri
kiimesi kullanilmigtir. Siniflandirma algoritmalar1 olarak Rastgele Orman
(RF), Destek Vektor Makineleri (SVM) ve Yapay Sinir Aglar1t (YSA)
kullanilmigtir. Miizik siniflandirmada oldukga popiiler olan bu algoritmalarin
literatiirde siklikla kullanilan bir veri kiimesi olan GTZAN ile birlikte nasil
sonuglar verecegi gozlemlenmistir. Bu algoritmalarla elde edilen dogruluk
oranlart RF i¢in %81, SVM igin %72,33 ve YSA i¢in %67,67 olarak elde
edilmistir. Yapilan ¢alismada miizik siniflandirmada, ses sinyallerinden elde
edilen Oznitelikler ile RF algoritmasmin olduk¢a basarili sonuglar
iretebilecegi gosterilmistir.
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1. GIRIS

Miizik, insanlarin duygularini yansitan etkili bir sanattir. Armonik notalar ile anlam kazanan miizik temelde zaman
ve frekans bilgisinin 6n plana ¢iktig1, ¢ok cesitli karmasik bilesenlerden olusan bir ses sinyalidir [1]. Farkli
uluslarin ve topluluklarin kendi miizik kiiltiirlerine sahip olmasi, miizigi kategorize etme zorlugunu ortaya
cikarmigtir. Miizik kategorizasyonu algisal bir eylemdir. Yapay zekd alanindaki teknolojiler, miizikte insan
algisina en yakin performansi gostererek geligmektedir. Miizigin hemen her bireyin hayatinda 6nemli bir yere
sahip oldugu diisiiniildiigiinde, yapay zekanin birgok farkli disiplinde oldugu gibi miizikte de 6nemli bir ¢alisma
alani oldugu agiktir [2].

Yapay zeka ve makine 6grenmesi, miizikte iki temel alanda kullanilmaktadir: miizik sentezi ve miizik analizi.
Miizik sentezi miizik iiretimini ifade ederken, miizik analizi mevcut miizik verilerinin islenerek miizige dair
bilgilerin degerlendirilmesi ve anlamli sonuglar elde edilmesine dayanir. Miizik analizi, duygu analizi, enstriiman
analizi, s0z analizi, tin1 analizi ve melodi analizi gibi ¢aligma alanlarini icerir. Miizik siniflandirmasinda,
smiflandirilacak unsura bagl olarak bir¢cok parametre devreye girebilir. Bu parametreler tini1, melodi, s6z, tempo,
perde, akor gibi 6zellikleri igerebilir. Duygu, enstriiman, tini, sanat¢i ve perde bilgisine gore siniflandirma
calismalar1 giinlimiizde de devam etmektedir. Miizik siniflandirmada gesitli derin 6grenme ve makine dgrenmesi
algoritmalar1 kullanilmaktadir. Bu algoritmalardan 6n plana ¢ikan SVM, ANN, K-NN, RNN ve LSTM gibi
algoritmalar basariyla kullanilmistir. Optimum sonucun elde edilmesi belirlenecek olan siniflandirma
algoritmasima ve segilecek olan parametrelere baglidir. Ses sinyalinden elde edilen ozelliklerin miizik
siniflandirmasinda sik¢a kullanildigi goriilmektedir. Bu 6zellikler miizik ve ses analizinde insan kulaginin algisal
Ozelliklerini basarili bir sekilde yansittiklari i¢in tercih edilir.

Ses sinyalinin kalitesini artirmak ve en yiiksek verimi elde etmek igin gesitli filtreleme ve vurgulama yontemleri
gelistirilmistir. Bu yontemlerden bazilari; algak gegiren filtre, yiiksek geciren filtre, IIR (sonsuz diirtii yaniti)
filtresi, FIR (sonlu diirtii yanit) filtresi ve Mel filtre bankasi olarak goriilmektedir. Bu ydntemler cesitli
matematiksel islemleri icermektedir. Algak geciren filtre, belirli bir Hz (Hertz) degerinin iistiindeki sinyalleri
susturmaktadir. Genlik degerinin azaltilmasi ile bu islem gergeklestirilmektedir. Bu yontem dig ortam seslerinin
yalitilmasinda etkilidir [3]. Yiksek gegiren filtre, diisiik frekanstaki sapmalarin optimize edilmesinde
kullaniimaktadir. IIR ve FIR filtrelerde, filtre mertebesi belirlenip giris sinyaline bagli olarak bir ¢ikis sinyali elde
edilmektedir. IIR filtresinin FIR filtresinden temel farki 6zyinelemeli bir yapida olmasidir. Mel filtre bankasinda
ses, genlik ve frekans bilgileri kullanilarak iglenir. Konusma tanimada etkili bir yontemdir [4].

2. LITERATUR ARASTIRMASI

Miizik siniflandirmasi ve yapay zeka arasindaki iligki, son yillarda giderek artan bir ilgi gérmektedir. Miizik, insan
duygularini ifade eden giiglii bir sanat formu oldugundan, yapay zekad tekniklerinin miizik analizi ve
simiflandirmasinda kullanilmasi, miizik endiistrisinde ve miizik dinleme deneyiminde 6nemli etkiler yaratabilir.
Literatiirdeki ¢aligmalar incelendiginde, miizik siniflandirmasinda yapay zeka ve makine 6grenmesi tekniklerinin
cesitli uygulamalarmin oldugu goriilmektedir. Bu uygulamalar arasinda farkli 6zniteliklerin kullanilmasi, farkli
smiflandirma algoritmalarinin  karsilastirilmast  ve farkli miizik tiirlerinin tanimlanmasi gibi konular
bulunmaktadir.

Ornegin yapilan bir calismada, derin 6grenme yontemlerinin miizikal duygularin siniflandirilmasinda etkili oldugu
gosterilmistir. Bu ¢aligma, miizikal duygularin tanimlanmasi ve analiz edilmesi {izerine odaklanarak miizikal
Ozniteliklerin  derin &grenme algoritmalariyla iliskilendirilmesini incelemistir. Bununla birlikte miizik
siniflandirmasinda kullanilan 6zniteliklerin belirlenmesi ve siniflandirma algoritmalarinin se¢imi gibi konularda
hala bazi zorluklar bulunmaktadir. Bu zorluklarin iistesinden gelmek icin farkli yaklagimlarin ve yontemlerin
gelistirilmesi gerekmektedir.

Genel olarak literatiirdeki calismalarin incelenmesi, miizik smiflandirmas: ve yapay zekd alaninda yapilan
aragtirmalarin mevcut durumunu anlamamiza ve gelecekteki calismalar igin ilham alabilecegimiz fikirler
sunmamiza yardimct olur. Bu nedenle bu alandaki literatiirii dikkatle incelemek, arastirmanin temelini
olustururken 6nemlidir.

Lojistik regresyon, K-NN, SVM, RF, YSA ve Naive Bayes yontemleri ile gerceklestirilen miizik siniflandirma
calismasinda GTZAN veri seti kullanilmigtir. Cesitli egitim zamani1 ve hiper-parametre kombinasyonlart ile elde
edilen en yiiksek dogruluk oranlari sirasiyla lojistik regresyon i¢in %81, K-NN i¢in %92,69, SVM igin %80,80,
RF i¢in %80,28 ve Naive Bayes i¢in %54,50 olarak goriilmiistiir [S]. Veri seti 6n islemeden gegtikten sonra
GTZAN veri setine ilk olarak boyut azaltma teknikleri uygulanmis ardindan lojistik regresyon, RF, K-NN, SVM
ve YSA smiflandirma yontemleri uygulanmistir. En yiiksek dogruluk oranlar sirasiyla lojistik regresyon ile
%67,56, RF ile %77,41, K-NN ile %72,07, SVM ile %74,17 ve YSA ile %75,17 olarak elde edilmistir [6]. GTZAN
veri seti ile verilerin 0n islenmesi gergeklestirilmis ardindan cesitli siniflandirma algoritmalar1 ile miizik tiirii
siiflandirmasi gergeklestirilmistir. Kullanilan siniflandirma algoritmalar1 ve bu algoritmalarin dogruluk oranlar
sirastyla YSA i¢in %70, SVM i¢in %68.90, Cok Katmanli Algilayicilar i¢in %68,70, Karar Agaglari i¢in %74,30
ve CNN i¢in %91 olarak gozlemlenmistir [7]. Spotify’dan elde edilen veri kiimesi ile gerceklestirilen miizik
siniflandirmasinda verilerin 6n islenerek smiflandirmaya hazir hale getirilmistir. Filtreleme yontemleri ile
Oznitelik secimi iglemi gergeklestirilmigtir. K-NN, RF ve lojistik regresyon ile gergeklestirilen siniflandirmada en
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yiiksek dogruluk oranlari sirasiyla K-NN ile %95,5, RF ile %96,3, lojistik regresyon ile %95,5 olarak elde
edilmigtir [8]. Dort farkl kategoride miizik siniflandirma gergeklestirilmistir. MFCCs &zellikleri 6znitelik olarak
secilmistir. 400 ses dosyasinin her birinin 60 saniyelik kisimlar1 kirpilarak DNN algoritmast ile basarili bir sonug
elde edilmigtir. Veri seti olarak 6zgiin bir veri seti kullanilmis olup %98,8 dogruluk orani elde edilmistir [9]. 16
bar MIDI dosyalar1 elde edilip 3 farkli model uygulanmistir. Modeller: c¢ift yonlii uzun kisa siireli bellek
(BILSTM), ¢arpimsal uzun kisa siireli bellek (mLSTM) ve tekrarlayan kap1 birimi (GRU) modelleridir. Modellerin
performanslar1 birbirine yakin seviyede goriilmiistiir. Veri seti Wikifonia’dan elde edilen melodili miiziklerle
olusturulmustur. 1,0 AUC degeri yakalanmistir [10]. Uygulanan Co-MRMR algoritmasi; MRMR ve Rasco
algoritmalarmin tiimlestirilmesi ile elde edilmis olup O6znitelikler Databionic Music Miner ve MARYSAS
yazilimlar1 kullanilarak elde edilmistir. Veri seti olarak 6zgiin bir veri seti olusturulup kullanilmistir. %77,8
dogruluk oranina ulasilabilmistir [11]. MFCC’ler ile heat map’ler elde edilip bu map’lerden duyguya gore,
enstriimana gore, cinsiyete gore, tempoya gore, tiire gore ve ¢esitli parametrelere gore siniflandirma yapilmstir.
Veri seti olarak MagnaTagATune ve Million Song Dataset kullanilmistir. Self-attention based deep sequence ve
CNN algoritmalart kullanilmig olup %90,8 AUROC degeri elde edilebilmistir [12]. Boyut indirgeme i¢in PCA
kullanilmis ve bunun yani sira tSNE ve MDS teknikleriyle renklere ayristirma islemi gerceklestirilmistir (mavi,
mor, yesil ve sar1). Daha sonra renkler ile siniflandirma yapilmistir. Ozgiin bir veri seti olusturulup kullanilmistir.
Random forest, C4.5, k-star, naive bayes, simple logistic regression, multilayer perceptron, SVM ve AdaBoost
algoritmalar1 kullanilmis olup %72 dogruluk orani elde edilebilmistir [13]. Dijital ses sinyalinin islenerek ilk
olarak goriintii elde etme daha sonra ise goriintiiyli parcalarina ayirma islemi uygulanmistir. Ses verilerinin
islenmesinde; giiriiltii ekleme, perde kaydirma, ses yiiksekligi degisimi ve zaman uzatma gibi teknikler
uygulanmistir. Yalnizca CNN'ye dayali yaklasimla ve tek tonlu perde kaydirma ile en yiiksek basarim elde
edilmistir. Veri seti olarak LMD (Latin Miizik Veritabani) kullanilmistir. %89,45 dogruluk orani elde
edilebilmistir [14]. GTZAN veri seti ile miiziklerden veri 6n isleme ile gesitli renkli goriintiiler elde edilmistir.
Ardindan bu goriintiiler ile CNN kullanilarak siniflandirma islemi gerceklestirilmistir. %60 dogruluk orani elde
edilebilmistir [15]. Ozgiin bir veri seti olusturulup 6znitelik olarak MFCCs kullanilmistir. Pop, rock ve klasik
olmak tizere 3 farkl tiire miizik siniflandirmasi yapilmistir. SVM algoritmasi ile yapilan ¢aliymada farkl ¢ekirdek
fonksiyonlarinin basarimlari incelenerek kiyaslanmistir. %91 dogruluk elde edilebilmistir [16]. MIDI tiiriinde
veriler ile duyguya gore miizik smiflandirmasi yapilmistir. Duygu belirleme hususundaki deneyler lisans
diizeyindeki Ogrencilerle yapilmistir. 3 farkli algoritmanin sonuglart bulunarak karsilastirmali analizi
gerceklestirilmigtir. Youtube’dan elde edilen veriler ile RNN, FNN, Gelistirilmis FNN ile gerceklestirilen
calismada %75,4 dogruluk orani elde edilebilmistir [17]. GTZAN veri seti ile MFCCs 6zniteligi kullanilarak 10
farkli tiire miizik siiflandirmasi gergeklestirilmistir. CNN algorimasi ile gerceklestirilen ¢aligmada %76 dogruluk
orani elde edilmistir [18].

3. MATERYAL VE METOTLAR
3.1. Knime Araci

Acik kaynak kodlu bir yazilim olan KNIME veri biliminde yaygin olarak kullanilan bir platformdur. Bu program
ile bircok veri isleme teknigi uygulanabilmektedir. Regresyon analizi, siniflandirma, istatiksel degerlendirme gibi
islemler diigiimler vasitasiyla gerceklestirilmektedir. KNIME bir¢ok algoritma icin algoritmanin en yalin hali ile
kullanilmasina olanak saglayan bir arayiizdiir. Kullaniciy1 kod karmasasindan uzaklagtirmak gibi bir imkan sunar.
KNIME’da bircok dosya tiirli okunabilmektedir. Bunun i¢in ¢esitli modiiller mevcuttur. Veri analizinde ¢esitli
modiiller yardimryla detayl bir sekilde hem veriler 6n iglenebilmekte hem de iiretilen sonuglar ¢esitli gorseller ve
grafiklerle analiz edilebilmektedir. Verilerin 6n islenmesi siireci modiiller yardimiyla detayli bir sekilde
gergeklestirilebilmektedir.

3.2. Veri Kiimesi

GTZAN veri kiimesindeki tim pargalar 30 saniyelik kesitlerden olugmaktadir. Veri kiimesi farkli tiirde
miiziklerden olusmaktadir. Bu tiirler sirasiyla blues, classical, country, disco, hiphop, jazz, metal, pop, reggae ve
rock tiirleridir. GTZAN veri kiimesi, miizik tiirlerinin simiflandirilmasi i¢in yaygin olarak kullanilan bir veri
kiimesidir, ancak bazi kisitlamalar1 vardir. Ornegin, veri kiimesi yalnizca 10 miizik tiirlinii igermekte, her tiirden
100 parga bulunmakta ve her parca 30 saniyelik bir kesittir. Bu nedenle, daha fazla miizik tiirii, daha fazla parga
ve daha uzun siireli kesitler iceren farkli veri kiimeleri kullanmak, siniflandirma performansini artirabilecektir.
Miiziklerin sinyallerinden elde edilen bir¢ok &zellik mevcuttur. Bunlardan baglicasi ve en belirleyici olant MFCCs
ozelligidir. Veri kiimesinde bu bilgilere ek olarak miizik sinyallerinden elde edilmis goriintiiler de mevcuttur. Veri
kiimesinin boyutu yaklasik olarak 1,35 gigabyte civarindadir. Veri kiimesindeki 6znitelik sayis1 57°dir. Bu
Oznitelikler sirasiyla chroma_stft, rms, spectral _centroid, spectral bandwidth, rolloff, zero crossing rate, harmony,
perceptr, tempo ve MFCCs (Mel Frekans Kepstral Katsayilari) olarak belirlenmistir. Bu 6zniteliklerden tempo
haricindeki tiim 6znitelikler i¢in hem ortalama hem varyans bilgileri mevcuttur. Tempo igin ise yalnizca 1 sayisal
deger mevcuttur. Ayrica MFCCs 6zniteligi i¢in 20 vektorlii bir hesaplama yapilmistir.

79



Miih.Bil.ve Aras.Dergisi,2024;6(1) 77-87

3.3. Rastgele Orman

Rastgele orman algoritmasi, esnek bir makine 6grenmesi algoritmasidir ve gesitli amaglar i¢in kullanilabilir. Hem
siniflandirma hem de regresyon problemlerine ¢dziimler sunabilir. Rastgele orman, karar agaclarinin gelistirilmis
bir tiiridiir ve boliitleme islemi rastgele olarak gergeklestirilir. Amaci, en uygun dallar1 bulmak ve bu dallara
dayanarak alt dallara gegcmektir [19-20]. Rastgele orman algoritmasi, topluluk 6grenme algoritmalarindan biridir.
Topluluk 6grenme yontemlerinde, modellerin birlestirilmesiyle performansin artirilmasi hedeflenir. Rastgele
orman algoritmasi, siirekli ve siirekli olmayan degiskenlerin bir arada kullanilmasina izin verir. Ayrica biiyiik
boyutlu veri setlerinde etkili bir sekilde kullanilabilir [21]. Rastgele orman algoritmasinin igleyis mantig1 agagidaki
sekilde verilmistir.

Dataset

Random forest-1 Random forest-2 Random forest-N

| |

Final result

Sekil 1. Rastgele Orman Algoritmasinin uygulanmasi [22].

Agac tabanli ve 6zyinelemeli bir algoritma olan Rastgele Orman, dnceden belirlenmis bir durdurma kosulu
karsilanincaya kadar belirli bir kritere dayali olarak verilen veri kiimesini 6zyinelemeli olarak iki gruba ayirmayi
icermektedir [23]. Bir¢ok smiflandirma ve regresyon probleminde basarili sonuglar veren rastgele orman
algoritmasi, miizik alaninda da iyi sonuglar verdigi goriilmektedir.

3.4. Destek Vektor Makineleri

Destek vektor makineleri, siniflandirma i¢in etkili bir yontemdir ve genellikle basarili sonuglar verir. Bu yontem,
bir veya daha fazla 6zellik vektorii kullanarak etiketleri tahmin etmeye yardimer olur. Smiflandirma islemi, siniflar
arasinda bir karar sinir1 olusturarak gerceklestirilir [24]. Radyal tabanli ¢ekirdek, lineer ¢ekirdek ve polinomal
cekirdek olmak iizere ii¢ yaygin olarak kullanilan ¢ekirdek fonksiyonu bulunur. Veri 6n isleme ve benzer islemler,
bagar1 i¢in bilylik 6neme sahiptir ve se¢ilen ¢ekirdek fonksiyonu da biiyiik 6lciide basariy1 etkiler. Genellikle ideal
cekirdek fonksiyonun se¢imi, tiim ¢ekirdek fonksiyonlarini deneyerek belirlenir.

WeX-b=1

[:53 WeX-b=0
@ .' o WeXx—b=-1

Sekil 2. SVM algoritmasinda hiper diizlemler [25].
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Verilerin siiflandirilmasi, hiper diizlemler araciligiyla gerceklestirilir. En iyi ayristiricy, ideal hiper diizlem olarak
kabul edilebilir. Hiper diizlemler arasindaki mesafe, marjin olarak adlandirilir. SVM algoritmasinda, 6grenme
asamasindaki islem sayisinin az olmasi, performansa olumlu etki eder. SVM algoritmast dogrusal SVM ve
dogrusal olmayan SVM olarak ikiye ayrilir [26]. Dogrusal olmayan SVM daha cok, veri kiimelerinin karmagik ve
verilerin ayirt edilmesi zor oldugu durumlarda tercih edilmektedir. Dogrusal olmayan SVM algoritmasinda
cizilecek olan hiper diizlem dogrusal olmayip optimum sonucu elde edebilecek bicimde cesitli sekillerde
olabilmektedir.

3.5. Yapay Sinir Aglar1

Yapay sinir aglari (YSA), insan beyninin isleyis mantigini taklit eden bir algoritmadir. Noronlar arasindaki iletigim
benzer sekilde bu algoritmada uygulanmaktadir. Néronlar girdi, ¢ikt1 ve gizli katman olmak {izere 3 katmandan
olusmaktadir [27]. Bir YSA, yapay noéronlardan olusan bir grup diigiimlerden olugsmaktadir. Sinapslar arasindaki
baglantiya benzer sekilde, noronlar arasi sinyal aktarimi s6z konusudur. Sinyali alan néron, gerek islem yaparken
gerekse iletisime gegerek sinyal ulagtirabilmektedir [28]. Bu algoritma siniflandirmada oldukg¢a basarili sonuglar
vermektedir. YSA’nin igleyis yapisi agagidaki sekilde verilmistir.

Girlg Katman Gizli Katmanlar Gikig Katmany

Sekil 3. YSA katmanlar arasi1 yapisal iligki [29].

Giris katmanindaki veriler gizli katmanlara iletilerek islenilip nihai olarak ¢ikis katmanina aktarilarak sonug elde
edilmektedir. YSA’da egitim i¢in ayrilan veriler ve test i¢cin ayrilan verilerin miktar1 elde edilecek sonuglarin
basarimi acisindan ciddi 6nem arz etmektedir [30]. Daha yiiksek veri hacmi bir¢ok durumda daha olumlu sonuglari
beraberinde getirecektir.

3.6. Basarim Olgiitleri

Gergeklestirilen ¢aligmada 10 farkli sinif i¢in 5 ayri metrik hesaplanmistir. Hesaplanan metrikler accuary
(dogruluk), hassasiyet (recall), kesinlik (precision), 6zgiinliik (specifity), F1 Skor (F1 Score) metrikleridir.
Metriklerin hesaplanmasi, TP (True Positive), TN (True Negative), FP (False Positive) ve FN (False Positive)
degerleri ile gerceklestirilmektedir. Bu metriklerin her biri farkli sekillerde; TP, TN, FP, FN degerlerinin ne kadar
tutarli bir sekilde 61¢iildiigii hakkinda bilgi vermektedir [31]. Bu basarim metriklerinin {iretecegi sonuglar, siniflar
arasindaki iligkiler hakkinda da fikir verici olmaktadir [32-33].

TP+TN

Dogmlukzm )
.o T
Hassasiyet= Y '
Kesinlik=— °
TP+FP
A w11ee1. IN
Ozgiillik= e )
F1 Skor= 2 Hassasiyet"Kesinlik )

Hassasiyet+Kesinlik

4. BULGULAR

Bu calismada, GTZAN veri kiimesi kullanilarak 10 farkli miizik tiiriiniin siniflandirilmasi icin ¢esitli 6znitelik
kombinasyonlar1 deneyerek ii¢ farkli algoritma uygulanmustir. Elde edilen sonuglara gore, RF algoritmasi %81
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dogruluk orant ile en yiliksek basarima ulagmistir. SVM algoritmasi %72,33, YSA algoritmasi ise %67,66 dogruluk
orani ile diger algoritmalardan daha diisiik bir performans gostermistir. Ozniteliklerin sec¢imi, siniflandirma
basarisint 6nemli 6l¢iide etkilemistir. Her bir algoritma i¢in farkli optimum 6znitelik kiimesi belirlenmistir. Miizik
sinyallerinden elde edilen 6zniteliklerin siniflandirmaya olan katkis1 gézlemlenmistir. Klasik miizik tiirii, tim
algoritmalarda en yiiksek siniflandirma basarimina sahip olmustur. Rock miizik tiirii ise tiim algoritmalarda en
diisiik simiflandirma basarimina sahip olmustur.

Oznitelik se¢imi, simiflandirma basarimini etkileyen onemli bir faktordiir. Bu caligmada, ses karakteristik
Ozellikleri arasindan en uygun olanlarmin segilmesi i¢in ¢esitli kombinasyonlar denemistir. Cesitli 6znitelikler
arasinda en belirleyici olaninin MFCC 6zniteligi olarak goriilmiistiir.

Siniflandirilan miizik tiirleri arasinda, klasik miizik tiiriine ait sonuglar diger tiirlere gére daha yiiksek olmustur.
Bu durumun, klasik miizigin diger miizik tiirlerinden daha belirgin ve ayirt edici 6zelliklere sahip olmasindan
kaynaklandig1 diisiiniilmektedir. Rock miizik tiirii ise en diisiik sonuglar elde edilen tiir olmusgtur. Bu durumun ise
rock miizigin diger miizik tiirleriyle karistirllmasina neden olan benzerlikler i¢ermesinden dolayr oldugu
distiniilmektedir. Bu ¢aligma, GTZAN veri kiimesi ile miizik tiirlerini siniflandirmak igin ii¢ farkli makine
6grenmesi algoritmasi (RF, SVM ve YSA) kullanmistir. Bu konularda ¢aligma yapmay1 planlayan arastirmacilara
su konu bagliklarina yonelik ¢aligmalari 6nerilebilir: GTZAN veri kiimesi, miizik tiirlerinin siniflandirilmasi i¢in
yaygin olarak kullanilan bir veri kiimesidir, ancak bazi kisitlamalar1 vardir. Ornegin, veri kiimesi yalnizca 10
miizik tiiriinii igermekte, her tiirden 100 parca bulunmakta ve her parca 30 saniyelik bir kesittir. Bu nedenle, daha
fazla miizik tiirii, daha fazla par¢a ve daha uzun siireli kesitler iceren farkli veri kiimeleri kullanmak, siniflandirma
performansin1 ve genellestirebilme giiciinii artirabilecektir. Bu ¢alismada, miizik sinyallerinden elde edilen 57
Oznitelik kullanilmigtir. Ancak bu Ozniteliklerin hepsi siniflandirma igin esit derecede onemli veya uygun
olmayabilir. Baz1 6znitelikler giiriiltii, aykir1 korelasyon veya ¢ok boyutluluk gibi sorunlara neden olabilmektedir.
Bu nedenle, farkli 6znitelik secim veya ¢ikarma yontemleri kullanmak siniflandirma igin en uygun 6znitelik
kiimesini belirlemeye yardimci olabilmektedir.

Bu calismada kullanilan algoritmalarin her biri farkli parametreler veya hiper-parametreler gerektirir. Bu
parametrelerin degerleri, siniflandirma sonucunu etkileyebilir. Bu nedenle, farkli algoritmalar veya parametreler
denemek, siniflandirma i¢in en uygun modeli bulmaya yardimci olacaktir.

4.1. Rastgele Orman ile Elde Edilen Sonuclar

Siniflandirict olarak Rastgele Orman secildigi durum igin ilk olarak veri kiimesine min-max normalizasyonu
uygulanmistir. Ardindan veri kiimesi, egitim i¢in %70 test i¢in ise %30 olacak sekilde ayrilmigtir. Daha sonra
rastgele orman algoritmast uygulanarak siniflandirmanin iglemi gerceklestirilmigtir. Elde edilen bagarim diger
algoritmalara kiyasla daha yiiksektir. Tiim smiflar icin elde edilen basarim metriklerinin sonuglar1 ve akis
diyagramlar1 agagida detaylariyla verilmistir.

Random Forest

Learner
»
| . . o >
File Reader  ColumnFilter ~ Normalizer Partitioning Scorer
» » »
» p ity p it p I Random Forest >
k ! - e 2 Node 43 Predictor & | 2
o
Node 59 Node 40 Node 41 Node 42 > Node 38

Node 44

Sekil 4. KNIME ile RF algoritmasinin uygulanmasi.

RF algoritmasi ile gerceklestirilen siniflandirmada, spektral dzniteliklerden yalnizca spectral centroid 6zniteligi
degerlendirilecek 6znitelik kiimesinden ¢ikarildigi durumda en yiiksek basarim elde edilmistir. Elde edilen
dogruluk oran1 %81 olarak goriilmiistiir.

RF ile elde edilen bagarim metrikleri sonuglarina bakildiginda, klasik miizik tiirline ait sonuglar oldukca yiiksektir.
Rock miizik tiiriinde ise en diisiik degerler elde edilmistir.
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Tablo 1. RF ile basarim metriklerinin sonuglart.

Metrikler

Tiirler Recall Precision Sensitivity Specificity F1-Score
blues 0,81 0,71 0,81 0,97 0,76
classical 0,91 0,95 0,91 0,99 0,93
country 0,69 0,78 0,69 0,97 0,74
disco 0,91 0,81 0,91 0,97 0,85
hiphop 0,83 0,79 0,83 0,98 0,81
jazz 0,81 0,83 0,81 0,98 0,82
metal 0,96 0,86 0,96 0,99 0,91
pop 0,88 0,81 0,88 0,97 0,85
reggae 0,75 0,87 0,75 0,98 0,81
Rock 0,64 0,72 0,64 0,97 0,68

4.2. SVM ile Elde Edilen Sonuclar

Siniflandirict olarak SVM se¢ildigi durum igin ilk olarak veri kiimesine min-max normalizasyonu uygulanmistir.
Ardindan veri kiimesi, egitim i¢in %70 test igin ise %30 olacak sekilde ayrilmistir. Daha sonra SVM algoritmasi
uygulanarak siniflandirmanin islemi gergeklestirilmistir. Tiim siniflar i¢in elde edilen bagarim metriklerinin
sonuglar ve akis diyagramlar1 asagida detaylariyla verilmistir.

SVM Learner
. . . o >N
File Reader Column Filter Normalizer Partitioning
» » Scorer
i i ++ o
(3> > iy > >, Node 25 @"
>
SVM Predictor L g
Node 60 Node 30 Node Node 32
Node 28
Node 36

Sekil 5. KNIME ile SVM algoritmasinin uygulanmasi.

SVM ile uygulanan siniflandirma igleminde, rms ve spektral 6znitelikleri 6znitelik kiimesinden ¢ikarildigi
durumda en yiiksek basarim elde edilmistir. Elde edilen dogruluk orani %72.33 olarak goriilmiistiir.

SVM ile elde edilen basarim metrikleri sonuglarina bakildig1 zaman goriilmektedir ki klasik miizik tiiriine ait
sonuglar oldukea yiiksektir. Rock miizik tiiriinde ise en diisiik degerler elde edilmistir.

4.3. YSA ile Elde Edilen Sonuclar

Siniflandirict olarak YSA secildigi durum i¢in ilk olarak veri kiimesine min-max normalizasyonu uygulanmuistir.
Ardindan veri kiimesi, egitim i¢in %70 test i¢in ise %30 olacak sekilde ayrilmistir. Daha sonra yapay sinir aglari
algoritmast uygulanarak smiflandirmanin islemi gergeklestirilmistir. Tiim smiflar i¢in elde edilen basarim
metriklerinin sonuglari ve akis diyagramlar1 asagida detaylariyla verilmistir.

YSA algoritmasi ile gergeklestirilen siniflandirmada, &zniteliklerden yalnizca rms 6zniteligi degerlendirilecek
Oznitelik kiimesinden ¢ikarildigi durumda en yiiksek basarim elde edilmistir. Elde edilen dogruluk oranit %67.67
olarak goriilmiistiir.
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Tablo 2. SVM ile bagarim metriklerinin sonuglari.

Metrikler
Tiirler Recall Precision Sensitivity Specificity F1-Score
blues 0,72 0,61 0,72 0,94 0,66
classical 0,94 0,89 0,94 0,98 0,91
country 0,63 0,74 0,63 0,98 0,68
disco 0,5 0,71 0,5 0,98 0,59
hiphop 0,48 0,83 0,48 0,99 0,61
jazz 0,86 0,82 0,86 0,97 0,84
metal 0,92 0,76 0,92 0,96 0,83
pop 0,88 0,77 0,88 0,97 0,82
reggae 0,83 0,54 0,83 0,94 0,66
rock 0,34 0,53 0,34 0,97 0,42
RProp MLP Learner
rEE
FileReader  ColumnFilter ~ Normalizer Partitioning Scorer
B > > glg » b 4 > % > Node 63 MultiLayerP.erceptrnn [% q
i 4 Predictor >
i
Node 69 Node 65 Node 67 Node 64 » m Node 68
Node 61

Sekil 6. KNIME ile YSA algoritmasinin uygulanmasi.

YSA ile elde edilen basarim metrikleri sonuglarina bakildiginda diger siniflandirma algoritmalarindaki gibi yine
klasik miizik tiiriine ait sonuglar olduk¢a yiiksektir. Rock miizik tiiriinde de yine diger algoritmalardakine benzer
sekilde en diisiik degerler elde edilmistir.

5. SONUC

Bu ¢alismada, GTZAN veri kiimesi kullanilarak miizik tiirlerinin siniflandirilmasi igin farkli 6znitelikler i¢eren bir
yontem gelistirilmistir. Rastgele Orman (RF), Destek Vektdr Makineleri (SVM) ve Yapay Sinir Aglar1 (YSA) gibi
siniflandirma algoritmalar1 kullanilarak elde edilen sonuglar incelenmistir.

3 farkli algoritma ile gergeklestirilen miizik tiirlerini siniflandirma ¢alismasinda cesitli 6znitelik kombinasyonu
deneyleri neticesinde RF ile %81, YSA ile %67,67, SVM ile %72,33 dogruluk orani elde edilmistir. Elde edilen
sonuclar gosteriyor ki RF algoritmasi diger 2 algoritmadan az bir farkla daha yiiksek bir basarima ulagmistir. Bu
calisma, miizik siniflandirmasinda cesitli algoritmalarin ne oranda basarima ulasacagmi incelemistir. Ayrica
Ozniteliklerin etkileri de irdelenmistir. Algoritmalar arasinda kayda deger bir fark oldugu ve miizik sinyallerinden
elde edilen 6zniteliklerin simiflandirmaya olan etkisi gozlemlenmistir. GTZAN veri kiimesindeki oldukga ¢esitli
Ozniteliklerin kullanilarak hangisinin basarima olan etkisinin ne kadar yiiksek oldugunun 6l¢iilebilmesi imkant
elde edilmistir.

Ozniteliklerin segimi, simiflandirma igin en uygun 6znitelik kiimesini belirlemek igin dnemli bir faktdrdiir. Bu
calismada, ses karakteristik 6zellikleri arasindan en uygun olanlarmin segilmesi i¢in ¢esitli kombinasyonlar
denemigtir. Cesitli 6znitelikler arasinda en belirleyici olaninin MFCC &zniteligi olarak goriilmiistiir. Siniflandirilan
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Tablo 3. YSA ile bagarim metriklerinin sonuglari.

Metrikler
Tiirler Recall Precision Sensitivity Specificity F1-Score
blues 0,62 0,55 0,62 0,95 0,58
classical 0,86 0,91 0,86 0,99 0,89
country 0,71 0,57 0,71 0,94 0,63
disco 0,72 0,62 0,72 0,95 0,67
hiphop 0,73 0,76 0,73 0,98 0,75
jazz 0,85 0,65 0,85 0,96 0,73
metal 0,81 0,79 0,81 0,98 0,80
pop 0,74 0,74 0,74 0,97 0,74
reggae 0,54 0,71 0,54 0,97 0,61
rock 0,15 0,27 0,15 0,96 0,20

miizik tiirleri arasinda, klasik miizik tiiriine ait sonuclar diger tiirlere gore daha yiiksek olmustur. Bu durumun,
klasik miizigin diger miizik tiirlerinden daha belirgin ve ayirt edici 6zelliklere sahip olmasimdan kaynaklandig:
distiniilmektedir. Rock miizik tiirii ise en diisiik sonuglar elde edilen tiir olmustur. Bu durumun ise rock miizigin
diger miizik tiirleriyle karistirilmasina neden olan benzerlikler icermesinden dolay1 oldugu diisiiniilmektedir.

RF algoritmasiyla elde edilen basari orani %81 olarak belirlenmistir. Bu sonug, RF'nin miizik tiirlerini
siniflandirmak i¢in oldukga etkili bir yontem oldugunu gdstermektedir. SVM algoritmasiyla elde edilen basari
orant %72,33 olarak belirlenmistir. SVM algoritmasinin da miizik tiirlerini siniflandirmada basarili oldugu ancak
RF kadar etkili olmadig1r goriilmektedir. YSA algoritmasiyla elde edilen basari orani ise %67,67 olarak
belirlenmistir. YSA'nin da miizik tiirlerini siniflandirmada kullanilabilecek ancak diger iki algoritma kadar etkili
olmayabilecegi sonucuna varilmistir.

Bu sonuglar, miizik tiirlerinin siniflandirilmasinda RF ve SVM gibi makine 6grenimi algoritmalarimin etkili bir
sekilde kullanilabilecegini gostermektedir. Ancak, daha kapsamli ve hassas bir smiflandirma igin farkli
Ozniteliklerin ve algoritmalarin da incelenmesi gerektigi unutulmamalidir. Bu ¢alisma, miizik ve bilgisayar
bilimleri arasindaki etkilesimi anlamak ve miizik tiirlerinin analizini gelistirmek ig¢in 6nemli bir adim olarak
degerlendirilebilir.

Literatiirdeki mevcut ¢aligmalarda GTZAN veri kiimesi ile yapilan ¢alismalarda genellikle CNN algoritmast
uygulanmistir. Bu ¢alismada, ses sinyallerinden elde edilen 6znitelikler ile miizik siniflandirmada sik¢a kullanilan
3 farkli makine 6grenmesi algoritmasinin performansi 6lgiilerek basarimlari karsilastirilmistir. Bunun yani sira bu
calisma gerek makine Ogrenmesi algoritmalarinin gerekse derin 6grenme algoritmalarmin g¢alistirilabildigi
KNIME platformunda gerceklestirilmistir.

Bu caligmada, miizik sinyallerinden elde edilen 57 6znitelik kullanilmigtir. Ancak, bu &zniteliklerin hepsi
siniflandirma igin esit derecede dnemli veya uygun olmayabilir. Bazi dznitelikler giirtiltii, aykir1 korelasyon gibi
sorunlara neden olabilmektedir. Bu nedenle, farkli &znitelik se¢im veya ¢ikarma yontemleri kullanmak
siiflandirma i¢in en uygun 6znitelik kiimesini belirlemeye yardimci olabilmektedir. Bu ¢alismada kullanilan
algoritmalarin her biri farkli parametreler veya hiper-parametreler gerektirir. Bu parametrelerin degerleri,
siiflandirma sonucunu etkileyebilir. Bu nedenle farkli algoritmalar veya parametreler denemek, siniflandirma icin
en uygun modeli bulmaya yardimci olacaktir.

6. TARTISMA

Miizik siiflandirmada belirli tiirler arasinda ciddi benzerlikler bulunmaktadir. Ornegin rock miizik tiirii ve metal
miizik tiiri arasinda ciddi benzerlikler bulunmaktadir. Bu calismada da bu 2 tiir arasinda ciddi benzerlikler
gozlemlenmistir. Bu durumun asilmasi ve daha isabetli sonuglarin iiretilebilmesi i¢in arastirmacilar hibrit tiirler
iizerinde calismalara yonelebilir. Bu durumda belirli oranlarda ortiigen tiirlere ait parcalarm hibrit kabul edilerek
tir etiketlerinin giincellenmesi ve bu sayede siniflandirma calismalarmin daha belirleyici olabilecegi
ongoriilmektedir.

Gergeklestirilen siniflandirma ¢aligmast ile makine &grenmesi yontemlerinden One g¢ikan ydntemlerin
basarimlarinin karsilagtirilmasit hedeflenmistir. Bu yontemlerden en basarili sonucu veren yontem Rastgele Orman
olarak tespit edilmistir. Bu yontemin miizik siniflandirma g¢alismalarinda oldukga etkili bir yontem oldugu ve
dikkate deger bir algoritma olacagi diisiiniilmektedir. Bunun yani sira farkli algoritmalarin uygulanmasi ile
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ozellikle derin 6grenme algoritmalart ve gesitli hiper-parametre kombinasyonlari ile basarili sonuglar elde
edilebilecegi de g6z ardi edilmemelidir. Kullanilan veri kiimesi olduk¢a genis bir 6znitelik havuzuna sahiptir. Bu
durumun ileriye doniikk calismalarda benzer bir veri kiimesi olusturulmasinda ilham verici olabilecegi
unutulmamalidir.

Bu makine 6grenme yontemlerinin yani sira ¢esitli derin 6grenme yontemleri de eklenerek ¢aligmanin kapsami
genigletilebilir. Bunun i¢in KNIME platformu arastirmacilara gerek verinin 6n islenmesi asamasinda gerekse
simiflandirma agamasinda cesitli imkanlar sunmaktadir.
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amplitude and the distance between the array elements are optimized. The
total amplitude of the 4-element E-Shape and H-Shape microstrip antenna
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array is minimized to 2.45885 V and 2.14929 V, respectively, after
optimization, while it is 4V for both before optimization.
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Makale Tarihleri Bu calismada, anten sentezi i¢in vekil model destekli diferansiyel evrim

metodu (SADEA) kullanilarak yiiksek verimlilige ve yonelticilige sahip H-
tipi ve E-tipi mikroserit anten dizileri tasarlanmigtir. Nesnelerin interneti (IoT)
teknolojisinin artan kablosuz haberlesme gereksinimlerini karsilamak
amaciyla, elektromanyetik dalgalarin anten elemanlar1 arasinda en verimli
sekilde iletilmesi i¢in yapay zeka teknikleri ile yeni anten tasarimlarinin
yaptlmasi olduk¢a Onemli hale gelmistir. Kablosuz haberlesme
teknolojilerinde yaygin olarak kullanilan 2.5 GHz bandinda ¢aligmak iizere 2
farkli durum ele almmuistir. 2x2 yapiya sahip H-tipi ve E-tipi mikroserit anten
Anahtar Kelimeler: dizisi analiz edilmis ve karsilastirilmigtir. SADEA yontemi kullanilarak,
genlik ve elemanlar arasindaki mesafe optimize edilmistir. Dort elemanl E-
tipi ve H-tipi mikroserit anten dizisinin toplam genligi, optimizasyondan 6nce
her ikisi i¢cin de 4V iken, optimizasyondan sonra sirastyla 2.45885 V ve
2.14929 V'a indirgenmistir.
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1. INTRODUCTION

Today, Internet of Things (IoT) systems are predicted to support a wider user base, offer higher data rates, faster
latency, and higher energy efficiency [1-2]. For these reasons, there is a need for an antenna with higher gain and
a more directional radiation pattern. Since the antenna used for this purpose alone could not achieve high efficiency
and the desired directivity, antenna arrays are formed by combining multiple antennas with different geometries
[3]. Thus, the communication speed of [oT systems can be increased with optimum antenna array design. In the
design of antenna arrays, parameters such as amplitude, position, and phase are optimized [4]. Since this
optimization process is a complex nonlinear problem, it is very difficult to solve it with classical methods. Antenna
design has become very important with artificial intelligence methods used in many different fields in recent years
instead of classical methods [5]. Searching in the search space with a single search agent using classical methods
is insufficient to find suitable solutions for difficult problems such as antenna array design. Artificial intelligence
methods that can distinguish global and local minimum points, which have more search agents, overcome difficult
problems such as antenna array design [6].
The production of distinct radiation patterns for a consistent antenna configuration necessitates iterative rerunning
of algorithms for every distinct model, culminating in a notable extension of computational duration. In recent
times, widely used artificial intelligence methodologies have been employed across diverse realms of scholarly
investigation and practical implementation, encompassing domains such as electromagnetic (EM) computation
problems. Artificial intelligence optimization techniques have also been used to design and synthesize various
antenna types. When designing the antenna structure, artificial intelligence techniques can be used to reduce
simulation time and obtain the optimum radiation pattern. Increasing the antenna array gain by using new artificial
intelligence techniques, such as machine learning methods, is quite common in the literature [3-12].
Antenna arrays are used to increase signal strength, have good directivity and reduce electromagnetic noise. In this
study, two different type microstrip antenna arrays with 4 elements are designed using MATLAB Antenna Array
Designer tool and their performances are presented comparatively. The antenna types compared in this study are
H-Shape and E-Shape antennas. The 4-element antenna array is chosen because it is generally easier to design and
is more frequently used in medium-scale applications. This antenna array is capable of transmitting and receiving
signals at different frequencies and in different directions. They also cost less and consume less power than larger
antenna arrays. Therefore, they are highly efficient, cost-effective, and energy-efficient options that provide
adequate performance for many applications.
Surrogate model assisted differential evolution for antenna synthesis (SADEA) methods are machine learning
based SAEAs that use metaheuristic algorithms to support antenna synthesis. To help optimize the process,
SADEA generates a surrogate model using statistical learning methods. SADEA's advantages of good
convergence, efficiency, fast solving, and accurate computation make it an appropriate choice for this study. The
literature contains several studies on the design of E-Shape and H-Shape antennas.
A 1x3 microstrip antenna array for automotive radar applications is designed by Sumit S. at 24 GHz [7]. A new
microstrip antenna element operating operating in a millimeter wave band is designed by Jia-Fu [8]. The H-Shaped
coupling slot feeding is used to extend the bandwidth and reduce the back radiation, and the parasitic patching
methods are added [8]. The H-Shaped compact microstrip antennas designed by Ahmet using the Weed algorithm
made it possible to determine the resonance frequencies depending on the size of the antenna in the 1-3 GHz
frequency band [9]. A study by Amit A. using H-, C- and W-shaped ground plane profiles increased the bandwidth
and gain of a compact broadband proximity-fed rectangular and circular microstrip antenna [10]. Arijindinav E.
obtained the design of the microstrip antenna with an H-Shaped patch in the 2.4 GHz frequency band for WLAN
applications, using Advanced Design Software (ADS); With this design simulation results, advanced antenna
parameters such as gain, directivity, bandwidth, return loss, VSWR and impedance matching are presented [11].
In a study by Alireza Jafarieh et al. using the Kriging technique model generator, the optimal array for high gain
and wide BW in the designed Yagi-Uda array is designed [12]. Ahmed M. Montaser used a hybrid MGSA-PSO
approach and a DNN trained with the backpropagation technique to design a compact and low-cost 20-element
SIW-guided microstrip patch antenna array for 120 GHz ISM band applications [13]. Dumbbell shaped 4 and 8
element microstrip patch antenna arrays suitable for 5G are fabricated in five different frequency bands (4.4 GHz,
5.9 GHz, 5.9 GHz, 6.05 GHz and 7.3 GHz) with a maximum gain of 6.74 dB and a bandwidth of 1383 MHz in the
study by Rovin Tiwari et al. [14]. The 30 GHz band antenna designed by Mohammad B.A. et al. using the CST
application has a compact structure of 10x10x0.245 mm? and a reflection coefficient below -14 dB [15]. The
microstrip patch antenna operating at 2.4 GHz is designed by Sohel Rana et al. using the CST program to have a
lower return loss, a higher gain, and lower VSWR values. The values obtained from the simulation are -13.89 dB,
6.66 dB and 1.50 of return loss, gain, and VSWR respectively [16]. The 1x8 antenna array proposed by Al-Gburi
et al. is designed using the CST application to be fed by the microstrip enterprise feed line and provides directional
radiation useful for the base station to provide high quality and high-capacity network connectivity, and 6.938 at
5 GHz [17]. Hasan Biddut et al. designed an ultra-wide, multi-slot microstrip patch antenna that operates in the V-
band. The slots are placed at random intervals on the microstrip patches to increase the bandwidth and a microstrip
patch antenna array is operated at a frequency of 54.504 GHz [18]. Jae H.K. and Sang W.C. designed a 4x1 patch
antenna using DNN trained with 6.859 pattern samples by determining the amplitude and phase of antenna
elements according to radiation patterns. The E-Shaped microstrip patch antenna array (MSPAA) designed in this
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study by K.P Nadar et al. is compared with other antennas in the literature, and a more efficient MSPAA is designed
[19]. A tiny, inexpensive E-Shape antenna array is created for WLAN applications in research by R.M. Gonzalez
et al. [20]. In the study by S. Gupta et al., Shape of E-H, and U antennas are designed and analyzed comparatively
[21]. This study, which shows how the DOE method will increase the effect of the optimization efficiency by using
antenna simulation software, is carried out by J. H. Chen et al. by designing an E-Shape antenna [22].

In this study, E-Shape and H-Shape microstrip antenna arrays, which are known to have high gain, are selected
for comparison. Antenna gains can vary depending on antenna parameters like orientation and inter-element
distance. They also offer high bandwidth and can be used for a wide range of applications. These microstrip array
antennas have a simple structure and are thus easy to manufacture, making them ideal for large-scale production.
As a result, they are less expensive than other antenna types, making them ideal for low-cost communication
systems. They advantageous and useful compared to other antennas in terms of compact design, high directivity,
high gain, wide bandwidth, easy manufacturing, and cost effectiveness. E-Shape and H-Shape microstrip antennas
are widely used in applications due to these features. In this paper, we consider the design of E-Shape and H-Shape
4-elements microstrip antenna arrays.

Additionally, a comparative presentation of the simulation results and the evaluation criteria for the antenna array
design performance is provided.

The 5G NR (New Radio) technology of 5G networks uses a frequency range of 2.5 GHz, between the 2.4 GHz
and 5 GHz bands. The advantages of 5G networks, including increased bandwidth, faster data rates, and reduced
latency, are enhanced by this frequency. Furthermore, it enables higher data rates and bandwidths due to its higher
frequency than lower frequencies like 2.4 GHz. For applications that need high-speed data transmission, the 2.5
GHz frequency is therefore recommended.

In this study, an optimization method called SADEA is used in E-Shape and H-Shape microstrip 4 element antenna
array design. SADEA is an evolutionary algorithm that optimizes the amplitude and phase values of the elements
specially developed by MATLAB to direct the radiation patterns of the antenna arrays in the desired direction,
zero the side beams and increase the gain. How the SADEA method is applied in antenna array design, which
parameters are used and how they are adjusted are explained in detail in this article. Additionally, a comparative
presentation of the simulation results and the evaluation criteria for the antenna array design performance is
provided.

The 5G NR (New Radio) technology of 5G networks uses frequencies in the 2.4 GHz and 5 GHz bands. The
advantages of 5G networks, such as increased bandwidth, higher data rates and lower latency in networks with
previous technology, are enhanced with this frequency. Furthermore, it enables higher data rates and bandwidths
due to its higher frequency in comparison to lower frequencies like 2.4 GHz. For applications that need high-speed
data transmission, the 2.5 GHz frequency is therefore recommended.

Section 2 describes the optimization method. Section 3 explains the problem formulation of the H-Shape and E-
Shape microstrip antenna array. Section 4 descriptions the numerical results. Section 5 discusses the conclusions.

2. SADEA OPTIMIZER

Antenna design is a discipline that plays an important role in modern communication systems. Traditional methods
for antenna design are based on mathematical models and the design process is quite time consuming. Machine
learning methods allow rapid and intelligent optimization in the antenna design process and automate the design
process to a large extent. Machine learning is a method that enables computer systems to improve through data-
based experience. This method integrates statistical and mathematical techniques to analyze data, identify pattern
and make predictions to solve complex problems. Machine learning techniques can be inspired by optimizing
algorithms and using surrogate modeling to tackle challenging problems. In this way, it can search more
effectively. It can also effectively process large datasets and develop automated decision-making systems. All of
this offers the potential for innovation and progress in a wide range of areas, from industrial applications to medical
research and beyond. Surrogate Model Aided Evolutionary Algorithms (SAEAs) have recently received much
interest due to the increasing demand for optimizing many computationally real-world problems [23]. Surrogate
model assisted differential evolution for antenna synthesis (SADEA) is an artificial intelligence-driven antenna
design technique that stands for surrogate model assisted differential evolution for antenna design. SADEA
method, which is an SAE, is supported by the Differential Evolution Algorithm (DEA) and Gaussian Process (GP)
for the design of the antenna [24]. SADEA uses machine learning and evolutionary computing techniques with the
advantages of good convergence, efficiency, fast solving, and accurate computation [25, 26]. Due to the
aforementioned characteristics of SADEA, E-Shape and H-Shape antenna array designs using SADEA are
considered appropriate for this study. The way SADEA works is explained in the following equations:

X = (Xq, Xy, X3, .. Xp) (1
Yy =0uY2 Y3 Yn) )
Using the GP model for the function value of y(x*) at a new point x* is determined as Eq. 3.

yx ) =p+r"R7(y —In) ©)
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Corf(x;,x;) =Ry jandi,j=12,..n @)
r= [Corf(xi,x]-), Corf(x*,xy,...,Corf(x*,x;)] (5)
u=U"RIDTITR 1y 6)

Eq. 3 below provides an illustration of this correlation function:
Corf(x;,x;) = exp (Zle 0, |xf - le|pl); 6;>0,1<2 (7)

where 0, is the correlation parameter, and d is the dimension of x. p/ is the function's smoothness with relation to
x'. The GP will maximize the likelihood function in order to calculate the correlation parameter and the
smoothness function:

1

h=——5— ®)
(2m)2 (0%)2 |R|2
G- R (vl
exp(— =) ©)

where /is nx1 vector of ones. Assuming that 6, and p! are known, the value of 62 will be and the value of u will
be obtained by setting the derivatives of the probability function to 0.

o?=@ - R (- (10)

The prediction uncertainty s, which is obtained by substituting u and o2 into Eq. 9, is used to evaluate the
accuracy model as

s2x) =2 [I—=7r"TRYr+ (U —7rTRIr)2(rTRI D] (11)
Yien(¥) =y — ws,w € [0,3] (12)

Figure 1 shows the flow chart of the antenna array design with SADEA mentioned in the above formulas.
The range of values for which optimization is to be performed is selected.
e The first step is to generate the population by selecting "A-best" solutions. A is one of the solutions in the
population. A-best is the best solution. At each iteration, the population is formed by updating the values.
e If a predefined condition for the termination criterion is met, the best answer is removed from the
database. Otherwise, it continues.
e The number of stopping iterations is set to 10 due to the fast processing time and since no significant
increase is observed after the tenth iteration.
The population standard deviation (PSD) is calculated and must be below threshold (T).
It performs the EM simulation for the best sub-solution at each iteration and records the results.
When the finishing requirement is reached, the iteration is completed and the best results are determined.
The results obtained are given in Section 4 through tables and figures.

3. PROBLEM FORMULATION

Antenna design is an important issue that directly affects the performance of modern communication systems. The
aim of antenna design is to obtain high-gain, low sidelobe, and wideband antennas with the desired radiation
characteristics. Antenna arrays are often used for this purpose. Antenna arrays are antenna systems created by
placing and feeding more than one antenna element according to a certain geometry. The radiation characteristics
of antenna arrays depend on parameters such as the number, shape, position, orientation, and amplitude of the
elements. Various methods have been developed to optimize these parameters. In this article, SADEA method,
which is specially developed by MATLAB for antenna optimization, is used to optimize the distance and amplitude
values between elements in antenna arrays. The SADEA method is an artificial intelligence supported method for
antenna design. Based on machine learning and evolutionary computing techniques, this method has advantages
such as optimization generality, efficiency, quality, and robustness. The SADEA method performs global
optimization and uses a compensatory model created with statistical learning techniques. In the adaptive model-
assisted optimization methods, it is critical that the performer modelling and optimization work in harmony. The
SADEA method borrows some ideas from the fulfilling pattern-aware evolutionary search framework. The
SADEA methodology employs differential evolution (DE) as its underlying search mechanism, coupled with
Gaussian process (GP) machine learning serving as an adjunctive compensatory modelling approach. For the
application of the microstrip antenna array, FR4 substrate, which is easily available in the market, is preferred,
loss tangent of the FR4 material (5 = 0.020), relative dielectric constant (&= 4.40), insulator plate height (h =
1.5750 mm) and conductor thickness (t = 0.0350) are planned to be produced in mm. While calculating the physical
parameters of the classical microstrip patch antenna modelled to be used for LoRa WAN at operating frequencies
of 433 MHz and 868 MHz, the transmission line model is taken as a reference and an element of the E-Shape and
H-Shape antennas geometry shown as Figure 2.
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Figure 1. Flowchart of optimization process.

Figure 2. Structure of E-Shape and H-Shape microstrip antenna.

The part shown in green in Figure 2 represents the substrate consisting of FR4 material. The part shown in orange
represents the conductive PEC material. As it is widely known, the frequency of resonance is provided in the Eq.
13:

_ 2
ﬁ“ - 2LVET (13)

The radiation properties are determined by the shape and size of the patch, as described in the Eq.14 and Eq. 15.

-1

2 12
W = ; Er + T (14)
c
Legr = 2fr/Er—24A1 (15)

where ¢, f, &, Al and L are the free space velocity of the light, resonant frequency of the antenna, the effective
dielectric constant of the substrate, the length of equivalent radiation gap and the actual length of the current,
respectively. The structure of the E-Shape and H-Shape slot antenna are illustrated in Figure 2. A substrate
characterized by a low dielectric constant has been designated to achieve a compact radiating structure conforming
to stringent bandwidth requirements. Increasing antenna efficiency is one of the most important factors in
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improving wireless communication quality and saving energy. As a result, designing an antenna array with more
efficient antennas that meet next-generation wireless applications is a difficult task, particularly when it comes to
maintaining stable radiation patterns across the operating frequency band.

4. NUMERICAL RESULTS

The radiation properties are determined by the size and shape of the patch. The performance of the antenna arrays
is analyzed by simulations. In this study, the important parameters of antenna arrays such as gain, radiation pattern
and inter-element distance are analyzed. While designing these antenna arrays, first the model design is carried
out and then the optimization process is carried out on this model. In our literature review, the most common
iteration numbers vary between 20 and 50. Therefore, we did preliminary studies with iterations between 20 and
50. In our studies, when we exceeded 20, no significant performance increase and no significant change in the data
in the comparisons are detected. In the light of this information, we set the number of iterations as 20, which is our
completion criterion. CPU time are taken for E and H shape microstrip antennas. 120 s and 150 s are the times
taken for the optimization of E-Shape and H-Shape microstrip antennas, respectively. For the simulation of the
microstrip antenna array, ideal materials where the losses are assumed to be 0 are used. The default value for the
material is a PEC. For the design problem, FR4 substrate, which is easily available in the market, is preferred, the
loss tangent of FR4 material (5 = 0.020), relative dielectric constant (e~ 4.40), insulator plate height (h = 1.5750
mm) and conductor thickness (t = 0.0350 mm) have been planned. The operating frequency is set at 2.5 GHz. E-
Shape and H-Shape 4-element microstrip antenna arrays are analyzed in separate cases.

4.1. Case 1: 4-Element Microstrip H-Shape Antenna Array

The results show that microstrip antenna arrays are a high performance and efficient technology. The 3D radiation
pattern of the 4-element H-Shape microstrip antenna array is illustrated in Figure 3. Before the optimization
process, each element has an amplitude value of 1 V. The distance between the elements in both rows and columns
is 0.059958 mm. After optimization, these values are 0.069192 mm for row spacing and 0.095527 mm for column
spacing.

Qutput : Directivity
Frequency : 25 GHz
Wax value : 11.1 dBi
Min value : -25 dBi
Azimuth © [-180°, 1807
Elevation : [-90°, 30°] 10

dBi

-25
Figure 3. 3D Radiation pattern of a 4-element H-Shape microstrip antenna array.

A total of 20 iterations are run. The total amplitude of the elements before optimization is 4 V. The amplitude
values obtained for the elements after optimization are given in Table 1.

Table 1. Amplitude values in a 4-element microstrip antenna array after optimization.

Antenna Element Amplitude(V)
1 0.49020 V
2 0.46000 V
3 0.83866 V
4 0.36043 V

While it had a total amplitude value of 4V before the optimization, it had an amplitude value of 2.14929 V after
the optimization, and a gain of about 42% is obtained. S11 parameter shows the reflectance value of the antenna.
As the reflection decreases, the losses in the antenna will decrease and it will be more efficient. The value of the
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S11 parameter is considered good when it is below 10 dB in the literature. Because 10 dB represents a 10% power
loss. Antennas with power loss up to 10% are the antennas with the desired reflection coefficient in the literature.

Values of S-Parameter for 4 element H-Shape antenna are given in the Table 2.

Table 2. 4-Element H-Shape microstrip antenna array S-Parameter values.

Magnitude (dB)
S11 -2.99899
S21 -28.4212

The S21 parameter, on the other hand, is known as the transmission parameter, and it means that the transmission
decreases the more you minimize, the better transmission is maximized. The transmission coefficient of the 4-
element H-Shape microstrip antenna array designed by SADEA is -28.421 dB, showing high transmission
performance. Correlation coefficient in microstrip antenna is a parameter that measures the communication
performance of the antenna and expresses the compatibility and signal transmission between antennas. A high
correlation coefficient is considered value because it means that the transmitted signal is correctly detected by the
receiving antenna. However, a desired value depends on specific application requirements and standards and must
therefore be above a certain threshold. In a study by Cohen J., this threshold value is accepted as good values
above 0.5 [1]. The Figure 4 shows the correlation coefficient between each element.

Cormiston coefficent (Eemers’, Eiemenil) s Comiation copftsinm (lomertt, Eemaniz) Camsnon caamiam (Damant). Dement

Corraltion couffelant Slemantl, Bamenit) Carretation caetice s [Elementt, Eamancsy

Figure 4. Correlation coefficient between antenna elements for 4 elements H-Shape microstript antenna.

The reflectance values of each element against each other are different. However, when examined in general, it is
seen that they have better reflectance values in the 2.3-2.55 GHz range. Since it is desired to operate the microstrip
antenna array with 4 elements, which are calculated to be operated in Wi-Fi applications, at 2.5 GHz, it has been
analyzed that it will be a suitable antenna for the application.

4.2. Case 2: 4-Element Microstrip E-Shape Antenna Array

Microstrip antennas are known for their high performance, low cost and easy installation. E-Shape microstrip
antennas have shown better performance than normal microstrip antenna arrays in different studies. In this section,
a 4 element E-Shape microstrip antenna array is designed and its performance parameters are analyzed. The inter-
element distance values before optimization are 0.059958 mm for both rows and columns. After optimization,
these values are 0.069192 mm for row spacing and 0.095527 mm for column spacing. The Figure 5 shows the 3D
radiation pattern of this array.

A total of twenty iterations are performed. In addition, the amplitude value given to each element is optimized by
giving it in V. Before optimization, each element is built with a total amplitude of 1 V. The amplitude values for
the elements after optimization are shown Table 3.

While it had a total amplitude value of 4 V before the optimization, it had an amplitude value of 2.45885 V after
the optimization, and a gain of about 38.5% is obtained. The values of the S-Parameter are given in the Table 4.

Table 3. Amplitude values in a 4-element E-Shape microstrip antenna array after optimization

Antenna Element Amplitude(V)
1 0.45884 V
2 0.62346 V
3 0.43362 V
4 0.94293 V
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Figure 5. 3D Radiation pattern of a 4-element E-Shape microstrip antenna array.

Table 4. 4-element E-Shape microstrip antenna array S-Parameter values

Magnitude (dB)
S11 -14.9429
S21 -31.9391

SADEA's 4-element E-Shape microstrip antenna array has a transmission coefficient of -31.9391 dB, indicating
transmission performance. The correlation coefficient in a microstrip antenna is a parameter that measures the
communication performance of the antenna and expresses the compatibility and signal transmission between
antennas. However, the desirable value depends on specific application requirements and standards and therefore
must be above a certain threshold. Figure 6 indicates the correlation coefficient between each element.

n . L) D R T 0 o
g o

Pyt

Figure 6. Correlation coefficient between antenna elements for 4 elements E-Shape microstript antenna.

The reflectance values of each element against each other are different. However, when examined in general, it is
seen that they have better reflectance values in the 2.4-2.55 GHz range. Since it is desired to operate the microstrip
antenna array with 4 elements, which are calculated to be operated in Wi-Fi applications, at 2.5 GHz, it has been
analyzed that it will be a suitable antenna for the application.

5. CONLUSION

In this study, 4-element E-Shape and H-Shape microstrip antenna arrays are optimized using artificial intelligence
techniques. The antenna array designed in the MATLAB antenna array designer tool is constructed using SADEA.
The default value for the material is PEC. For the design problem, the FR4 substrate, which is readily available on
the market, is preferred. The loss tangent (6=0.020), relative dielectric constant (e,=4.40), insulator plate height
(h=1.5750 mm) and conductor thickness (t=0.0350 mm) of FR4 material are planned. The total amplitude of the
4-element E-Shape and H-Shape microstrip antenna array is reduced from 4V before optimization to 2.45885 V
and 2.14929 V after optimization, respectively. The distance values between the elements before optimization are
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0.059958 mm for both rows and columns. After optimization, these values are 0.069192 mm for row spacing and
0.095527 mm for column spacing. After optimization, these values are 0.60001 mm and 0.069192 mm for E-Shape
and H-Shape respectively, 0.24911 mm and 0.095527 mm for row spacing values and 0.24911 mm and 0.095527
mm for column spacing. There is a 68% minimization for the former and a 92% growth for the H-Shape. The gain
for the four-element E-Shape and H-Shape antenna arrays is -20.9 dB and -36.9 dB. The results show that the size
of the E-shape antenna is minimized compared to the H-Shape antenna and higher gain is achieved with smaller
dimensions. In addition, the E-Shape antenna occupies about one fourth of the area compared to the H-shape,
consumes 15% more V and provides more than 50% more gain. Considering these data, the E-Shape antenna is
generally more efficient than the H-shape antenna and can be produced at cheaper costs in the production phase
since it will occupy less area in the production phase. Therefore, it is concluded that E-Shape antenna is more
efficient than H-Shape antenna. The results of the E-Shape antenna array design study will ensure that microstrip
antenna arrays will continue to be an important design element for communication systems and will shed light on
future work.
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ABSTRACT

A low-profile monopole patch antenna is proposed for wireless
communication purposes, covering PCS1900, UMTS, LTE2300, LTE2500,
ISM, and WLAN bands. The antenna features a novel double-crescent-
shaped (D-Crescent-Shaped) patch with a partial ground plane to enhance
bandwidth. Resonating at 2.4 GHz for ISM applications, the antenna,
constructed on FR-4 dielectric, exhibits a proportional bandwidth of 38%,
covering 1.91 GHz to 2.81 GHz. The design achieves a low-profile
configuration with dimensions of 36.88x44.85 mm?, featuring a thickness of
1.6 mm. The proposed antenna has a return loss of -56.1 dB and a directivity
gain of 2.21 dBi. The proposed antenna, with its low-profile design, ease of
manufacturing, and improved bandwidth and return loss, is well-suited for
wireless communication applications across widely-used frequency ranges
like PCS, UMTS, LTE2300, LTE2500, ISM, Wi-Fi, Bluetooth, and 4G LTE.
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OZET

Bu c¢aligmada, ¢ok yonlii kablosuz iletisim uygulamalari i¢in PCS1900,
UMTS, LTE2300, LTE2500, ISM ve WLAN bantlarint kapsayan diisiik
profilli bir mikroserit yama anten Onerilmektedir. Anten, bant genisligini
artirmakamactyla kismi bir toprak diizlemine sahip yeni bir ¢ift hilal sekilli
(D-Hilal Sekilli) yamaya sahip olacak bi¢imde tasarlanmistir. ISM
uygulamalart i¢in 2,4 GHz'de rezonansa giren ve FR-4 dielektrik malzeme
iizerine insa edilen anten, 1,91 GHz ila 2,81 GHZz'i kapsayan %38'lik oransal
bant genisligi sergilemektedir. Tasarim, 36,88%x44,85 mm? boyutlar1 ve 1,6
mm kalmhig ile diisiik profile sahip bir konfigiirasyondan olusmaktadir.
Antenin geri doniis kaybr -56,1 dB ve yonliiliik kazanci 2,21 dBi'dir.
Onerilen anten, diisiik profilli tasarimi, iiretim kolaylig1 ve geligmis bant
genigligi ve geri doniis kayb1 ile PCS, UMTS, LTE2300, LTE2500, ISM, Wi-
Fi, Bluetooth ve 4G LTE gibi yaygin olarak kullanilan frekans araliklarinda
kablosuz iletisim uygulamalar igin ¢ok uygundur.
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1. INTRODUCTION

Wireless communication systems have become indispensable in various areas, aiming to facilitate our lives in
recent years. Particularly in domains such as smart home systems, autonomous vehicles, and healthcare
applications, they play a significant role due to their ability to be easily integrated into mobile devices, providing
extensive coverage, ensuring communication security, and enhancing efficiency. Communication systems have
various frequency bands to optimize communication performance and improve user experience. Among these
bands, Personal Communications Service (PCS), Universal Mobile Communication System (UMTS), LTE2300,
LTE2500, Industrial, Scientific and Medical (ISM), Wi-Fi, Bluetooth, and 4G LTE are the most used frequency
bands [1,3]. Considering the wide frequency bands used for wireless communication, it is crucial for adequately
designed antennas to operate effectively and optimize signal quality. Antennas perform essential functions such
as transmitting, receiving, and directing signals, thereby influencing the performance of wireless devices [4].
Different types of antennas can be found in the literature when wide frequency bands are used for wireless
communication. This variety includes antenna designs specifically created to fulfill different application needs.
Examples of these antenna types include Yagi antennas [5,6], dipole antennas [7,8], spiral antennas [9,10], helical
antennas [11], horn antennas [12,14], and microstrip patch antennas [15,17]. Microstrip patch antennas are favored
in antenna design due to their advantageous characteristics such as cost-effectiveness, lightweight construction,
ease of integration, and energy efficiency. Nonetheless, they are also subject to certain limitations [18]. For
instance, limitations exist regarding limited bandwidth and directivity gain. Under certain circumstances, these
drawbacks may limit the performance of communication and result in physical limitations such antenna size. To
improve directivity gain, expand bandwidth, and boost patch antenna efficiency, research and development are
therefore continuing. Among various techniques employed to improve patch antenna bandwidth, increasing the
thickness of the dielectric layer or reducing the dielectric constant is a common approach. However, these methods
yield only a modest 10% increase in bandwidth, necessitating alternative techniques [19-20]. Additionally, feeding
techniques also impact the bandwidth of microstrip patch antennas. A study found that the aperture-coupled
feeding method resulted in the highest bandwidth, followed by proximity feeding, microstrip feeding, and finally,
coaxial feeding [21]. Because of its ease of feeding compatibility and suitability for low-profile designs, microstrip
feeding is chosen in this investigation. Using a shorting pin is an additional technique for expanding bandwidth.
When a 50x50 mm? circular microstrip patch antenna with a shorting pin was used, the bandwidth was increased
by an astounding 135%. As a result, the bandwidth was attained at 171.4 MHz with a -27.96 dB return loss.
Furthermore, the antenna design produced a 0.6502 dBi directivity gain [22]. However, using a shorting pin
introduces additional production challenges and costs. Another method involves using a Near Zero Index
Metamaterial, which increased the bandwidth by 90 MHz in a study conducted in 2022 [23]. However, the use of
metamaterials introduces frequency dependence and manufacturing difficulties. A rectangular microstrip patch
antenna, which operates at a resonance frequency of 2.39 GHz inside the S-band, is another antenna that has been
discussed in the literature. With measurements of 75.85x7.23x1.6 mm?, it is made of FR-4 material. A bandwidth
of 58 MHz and a return loss of -38.86 dB were achieved by this design [24]. Another study presented a rectangular
microstrip patch antenna on an FR-4 material with 76x59x1.6 mm® dimensions. With a frequency centering at 2.4
GHz, the antenna displayed a proportional bandwidth of 2.91%. The antenna used a partial ground plane with a
directivity gain of 4.7 dBi to obtain a return loss of -44.78 dB [25]. In 2023, a study was carried out to build a
circular microstrip patch antenna with dimensions of 80x80x1.6 mm?® with FR-4 material. The antenna was
specifically developed to operate at a resonance frequency of 2.36 GHz. Through extensive testing and analysis,
the antenna demonstrated impressive performance characteristics. The antenna demonstrated a return loss of -
25.72 dB, suggesting effective power transmission between the feed line and the antenna. Moreover, it attained a
commendable bandwidth of 48 MHz, enabling the transmission and reception of a broad spectrum of frequencies
[26]. For S-band applications, a planar inverted F antenna (PIFA) was presented in another study. With a
bandwidth of 301 MHz between 2.202 GHz and 2.504 GHz, the suggested antenna obtained a return loss of -21
dB. The antenna was 140x70x1.365 mm? and had a directivity gain of 5.62 dBi [27]. In a study conducted in 2023,
a triangular microstrip patch antenna design composed of a 49x45 mm? patch on an RT/Duroid 5880 substrate was
presented. The antenna exhibited electrical characteristics such as a bandwidth of 64.5 MHz, a return loss of 1.39
VSWR, and an antenna gain of 4.77 dB [28]. Partial ground plane usage for microstrip patch antennas enables
increased bandwidth, improved efficiency, and easy integration with integrated circuits [29-30].

This paper introduces a microstrip-fed planar single-polarized antenna with a low-profile structure that can
effectively support multiple mobile wireless standards, providing good return loss below -56.1 dB at a central
resonance frequency of 2.4 GHz and seamless communication capability between 1.91 GHz and 2.81 GHz. A
partial ground plane is preferred as a bandwidth enhancement method. The antenna design is subjected to
simulation, fabrication, and testing to assess its performance against simulated outcomes. Both numerical analysis
and practical experimentation are employed to evaluate the efficacy of the antenna design.

2. ANTENNA DESIGN

The proposed antenna operates at a frequency of 2.4 GHz, adhering to IEEE 802.11 b/g/n standards, and covers
various frequency bands including PCS, between 1.85-1.99 GHz, UMTS ranging from 1.92-2.17 GHz, LTE2300
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from 2300-2400MHz, LTE2500 spanning 2500-2690MHz, ISM covering 2.40-2.485 GHz, as well as Wi-Fi,
Bluetooth, and 4G LTE. The proposed antenna is fabricated using FR-4 material, characterized by a relative
dielectric constant (er) of 4.3 and a loss tangent (tan 3) of 0.02. The antenna dimensions are 36.88x44.85 mm? with
a thickness of 1.6 mm. Choosing FR-4 dielectric material ensures cost-effectiveness and extensive industrial
applicability. The antenna configuration comprises a microstrip feed line, a patch formed by the intersection of
two mirror-image replacement structures on the front face, and a partial ground plane. The patch and front face
are shown in detail in Figure 1 (Figure la), and the length of the partial ground plane on the back is shown in
Figure 1b.

>

IE

b)
Figure 1. Proposed antenna length parameter values a) Top view, b) Bottom view.

In this study, the crescent shape is derived through the geometric intersection of two circles, each centered at
distinct coordinates, denoted as (x;,y;) and (x,,y,). The crescent shape emerges as the outcome of the
overlapping area shared by these two circles as shown in Figure 1a. Subsequently, a mirror-image transformation
is applied to this initial crescent shape, followed by an overlapping procedure, resulting in the creation of the D-
Crescent-Shape patch geometry. The microstrip antenna's upper face is made up of a feeding line and a patch that
are intended to match an impedance of 50 ohms. The lengths of the radiating patch optimization graphs for the
designed antenna are presented in Figure 2. The optimization of the radius () of the circles centered at (x;,y,)
and (x,, y,) forming the crescent patch shape, is illustrated in Figure 2a to enable radiation at 2.4 GHz. A partial
ground plane is utilized in the antenna design. Figure 2b demonstrates the optimization of the ground surface
height (g;), conducted to enhance the microstrip patch antenna's performance within the 2.4 GHz ISM band. This
optimization process focused on improving impedance matching, radiation pattern, and overall antenna efficiency
by carefully adjusting the ground plane's height. To satisfy the demands of wireless communication applications
across the industrial, scientific, and medical domains, it was necessary to optimize the antenna's performance and
ensure effective operation within the designated frequency band. The antenna's transmission line and the partially
ground plane are soldered with a SMA connector to enable measurement.
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Figure 2. Optimization of the designed antenna a) radius (), b) ground plane height (gy,).
The antenna's length measurements are shown in Table 1.

3. RESULT AND DISCUSSION

This section includes both computational and experimental analysis of the proposed d-crescent-shaped monopole
patch antenna. The CST Microwave Studio program yielded the antenna's performance parameters, which are
given. The measurements of the Si; reflection coefficients of the fabricated patch antenna are conducted by using
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E5063A Vector Network Analyzer. The S;; parameter is a crucial statistic that verifies the antenna's efficient
operation. Figure 3 shows the results of the proposed antenna simulation and measurements.

Table 1. Proposed antenna physical dimensions

Parameters Size(mm) Parameters Size(mm)
D, 44.85 r 18
Dy 36.88 (x1,71) (8,1.42)
Fy 7.47 (x2,52) (21.3,1.42)
gh 5

The antenna reaches 900 MHz in bandwidth. The measurement of an antenna's efficiency in transmitting an RF
signal to its intended recipient is called return loss or reflection coefficient. The antenna being studied demonstrates
areturn loss of -56.1 dB. With only slight discrepancies likely stemming from manufacturing imperfections in the
prototype, the experimental data closely align with the expected outcomes.

0

-10 4

220 4
~~
m
Z 304
s

40 4

5094 - - - Measured 7

—— Simulated
-60 T T T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 22 24 2.6 2.8 3.0

Frequency (GHz)
Figure 3. Reflection coefficient of the antenna.

A metric called "directivity" is used to measure how much energy an antenna emits in a certain direction. The ratio
of the intensity in the direction of highest radiation to the average intensity distributed over all directions is what
it represents. Based on simulation results, the directivity gain graph of the antenna constructed in this work is
shown in Figure 4, which is shown in three dimensions at the central frequency. According to the collected results,
the suggested antenna at 2.4 GHz achieves a directivity gain of 2.21 dBi.

Figure 4. 3D directivity gain graph at center frequency of the proposed antenna.

A radiation model is a graphical representation of the way electromagnetic radiation propagates through space.
This model shows the varying signal strength of the antenna in different directions. Figure 5 shows the simulated
radiation characteristic of the D-crescent shaped antenna for ¢=0° and @=90°. In case of phi=0, half power
beamwidth (HPBW) is determined as 68.4°, while in case of phi=90, it is determined as 86.5°.

At the 2.4 GHz resonance frequency, the maximum surface current amplitude of the planned antenna, as indicated
in Figure 6, is 32.7 dB (A/m). Concentrations of surface currents are seen along the patch's borders and where it
meets the feed line. These results show that the antenna's surface current distribution satisfies the design goals and
performs well at the targeted frequency.

The proposed antenna's gain variation with respect to frequency is depicted in Figure 7. At the 2.4 GHz resonance
frequency, the design produces 2.21 dBi gain. The directionality gain value fluctuates between 2.17 dBi and 2.69
dBi in the region between Si; < -10dB and 1.91 GHz to 2.81 GHz, as shown in Figure 7. The data indicates that
the antenna performs well in terms of directivity at the center frequency and has potential uses in wireless
communication.
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Figure 6. Surface current distribution of the proposed antenna.
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Figure 7. Directivity-gain of the antenna.

The efficiency of the proposed antenna in transmitting radio frequency signals is evaluated through the Voltage
Standing Wave Ratio (VSWR), depicting the impedance mismatch between the antenna and the transmission line.
Figure 8 illustrates the frequency-dependent VSWR graph, revealing a value of 1.008 within the 2.4 GHz center
frequency band. This result indicates the performance of the antenna at the central frequency, underlines its
suitability for efficient deployment in wireless communication applications.

Table 2 presents a comparison of the antenna with the literature from the studies conducted at the 2.4 GHz band.
The table shows that the suggested reference antenna provides better values than research in the following areas
found in published literature. Alternatively, the study that is being offered shows an antenna that is much smaller,
measuring only 36.88x44.85x1.6 mm?®. It achieves an impressive 56.1 dB return loss, 900 MHz bandwidth at 2.4
GHz, and 2.21 dBi gain. This significant reduction in size and frequency operation demonstrates the potential for
compact and efficient antenna design in high-frequency applications. Its small size and efficiency make it suitable
for integration into wireless sensor networks (WSNs) for environmental monitoring and industrial automation, as
well as Internet of Things (IoT) devices for smart homes and industrial applications. Furthermore, its potential
integration into smartphones, tablets, and portable devices could enhance wireless connectivity for everyday
communication and location-based services.

102



(1]

(2]

(3]

Miih.Bil.ve Aras.Dergisi,2024;,6(1) 98-104

0 T T
1.8 2.0

22 24 2.6
Frequency (GHz)
Figure 8. VSWR graph showing the standing wave ratio of the antenna.

Table 2. Analyzing the proposed antenna in relation to previous research

Ref. Res. Freq  Antenna dim. (mm?) Bandwidth Return loss (dB) Dlr(e;i}(;am
[24] 2.4 75.85%57.23%1.6 58 MHz -38.86 6.8 dBi
[25] 24 76x59x1.6 70 MHz -44.78 4.702 dBi
[26] 2.36 80x80x1.6 48 MHz -25.72 2.97 dBi
[27] 2.35 140x70%1.365 301 MHz -21.875 5.62 dBi
[28] 2.4 49x45%1.575 64.5 MHz -15.7 4.77 dB
This Work 2.4 36.88%x44.85%1.6 900 MHz -56.1 2.21 dBi

4. CONCLUSION

The growing need for next-generation antennas with high bandwidth, low profile, and affordability has resulted in
substantial advancements in wireless and mobile communication, as this study demonstrates. This increase in
demand extends to commonly utilized frequency ranges including 4G LTE, Wi-Fi, Bluetooth, ISM, PCS, UMTS,
LTE2300, and LTE2500. Improving the bandwidth and return loss of a low-profile antenna is the primary goal of
this research project. To do this, a novel patch geometry with a partial ground plane is introduced. The proposed
antenna, which is made with a 1.6 mm FR-4 dielectric substrate, shows a center frequency of 2.4 GHz and a broad
bandwidth of 38%. It can operate between 1.91 GHz and 2.81 GHz. The antenna also exhibits a gain of 2.21 dBi
and a reflection coefficient of -56.1 dB. Our suggested design is a good choice for a range of wireless
communication system applications because of its noteworthy qualities, which include high bandwidth, simplicity,
and ease of manufacture. The antenna's compact size and efficiency enable its seamless integration into wireless
sensor networks (WSNs) designed for environmental monitoring and industrial automation tasks. Similarly, it
finds utility in Internet of Things (IoT) devices tailored for smart homes and industrial settings, offering reliable
connectivity across various frequency bands. Moreover, its potential inclusion in smartphones, tablets, and
portable devices presents opportunities to support wireless connectivity for daily communication needs and
location-based services, ensuring across multiple frequency bands.
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ABSTRACT

In this study, square patch antenna designs with 1 THz resonance frequency
have been designed for 6G communication systems. Increases in antenna
bandwidth have been achieved with rectangular slots etched on the antenna.
Thanks to different dielectrics such as arlon, silicone, polyamide and
polyimide used in the antenna structure, the responses of the proposed model
for different materials at THz frequencies have also been investigated. As a
result of the parametric analyses, a decrease in return loss has been observed
at certain values of the rectangular slots for the antenna designed using Arlon
material, while multi-frequency radiation has been obtained for some values
of the rectangular slots in the patch antenna designed using silicone material.
The antennas designed with polyamide and polyimide materials are the
designs that showed the least variation in bandwidth for the proposed structure.
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OZET

Bu calismada 6G haberlesme sistemleri i¢in 1 THz rezonans frekansina sahip
kare yama anten tasarimlart yapilmistir. Anten {izerine kazinan dikdoértgen
sekilli yariklar ile anten bant genisliginde artiglar saglanmistir. Anten
yapisinda kullanilan arlon, silikon, poliyamit ve poliyimit gibi farkli
dielektrikler sayesinde onerilen modelin THz frekanslarinda farkli malzemeler
icin tepkileri de arastirilmigtir. Yapilan parametrik analizler sonucunda arlon
malzemesi kullanilarak tasarlanan anten icin dikdortgen sekilli yariklarin
belirli degerlerinde geri doniis kayb1 azalmasi goriiliirken silikon malzemesi
kullanilarak tasarlanan yama antende dikdortgen yariklarin bazi degerleri igin
¢oklu frekans 1s1malari elde edilmistir. Poliyamit ve poliyimit malzemeleri ile
tasarlanan antenler ise Onerilen yap1 i¢in bant genisliginde en az degisiklik
gosteren tasarimlar olmustur.
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1. GIRIS

Giin gegtikge artan biiyiikliikkte kablosuz veri transferi ihtiyaci, aragtirmacilari yeni haberlesme bantlarini
kullanmaya zorlamaktadir. Giiniimiizde besinci nesil (5G) haberlesme sistemleri ile milimetre dalga bandi
kullanilirken 2030°lu yillarda altinci nesil (6G) haberlesme sistemleri THz bandinin kullanima girmesini
saglayacaktir [1]. Gelismis endiistriyel otomasyon, duyularimn iletimi, saglik teknolojileri ve dijital ikiz gibi cesitli
uygulamalar gigabit seviyesinde veri hizina ihtiya¢ duyacak ve bu da THz band1 ile miimkiin olacaktir [2]. THz
band1 300 GHz ile 10 THz frekanslar1 araligini kapsamaktadir [3]. Ayrica alt THz bandi olarak isimlendirilen 100
GHz ile 300 GHz aras1 da bu bant igerisine girer [4]. Ek olarak 6G haberlesme bantlar1 5G haberlesme bantlarindan
keskin sinirlarla ayrilmayacaktir ve bu frekans bolgelerinin ihtiyaglari igin anten tasarimlar1 yine odak noktasinda
olacaktir. 6G orta band frekanslar i¢in 6nerilen 2.69 GHz ile 20.05 GHz araliginda UWB ¢alisma gdsteren bir
yama antene 1styan kisminda bardak sekli verilmis ve iist kenarin ortasinda bir dairesel yarik agilmigtir [5]. Bu
sayede %152,8’lik bir kesirli bant genisligi elde edilmistir. 5G ve 6G haberlesme sistemleri i¢in UWB &zellikli bir
bagka anten ise 23-150 GHz arasinda %147,2°1ik bir kesirli bant genigligi sergilemistir [6]. 6G aglarin1 kullanan
otonom araglar i¢in yapilan ¢aligmada ise 77 GHz frekansinda yeni ve yiiksek kazangli dis seklinde bir yama anten
tasarlanmigtir [7]. 6G icin yama antenlerin tasarlanmasinda esnek baskili devreler de kullanilabilir. Boyle bir drnek
WRO8 band1 olarak da adlandirilan 90-140 GHz band: i¢in dnerilmistir [8]. THz band1 asir1 yiiksek bir frekans
bolgesi oldugundan bu aralikta malzeme davranislari mikrodalga frekans bolgesinden farkli olacaktir. Bu sebeple
farkli malzemelerin antenlerde kullanimi da arastirilmistir. D bandi (110-170 GHz) igin bir anten cam aralayict
tizerine ve bir anten dizisi ise yine ayni band i¢in cam aralayici i¢ine bir gémiili kap ile 6G kablosuz haberlesme
uygulamalar1 igin dnerilmistir. Boylece antenlerin entegre paketler iginde kullanimi i¢in bir ¢6ziim sunulmustur
[9-10]. 0.7 THz i¢in Onerilen anten yapisinda 1siyan kisimda bakir yerine grafen kullanilarak hem geri doniis
kaybinda iki katina varan bir diisiis elde edilmis hem de grafenin farkli degerdeki harici elektrik alan degerlerine
verdigi tepkiler frekansa bagimli olarak aragtirilmistir [11]. Ek olarak 2x2 dairesel bir dizi anten yapisinda da
grafen kullanilarak THz kisa mesafeli haberlesme igin yeni bir yap1 sunulmustur [12].

Bu c¢alismada 6G haberlesme sistemleri i¢in 1 THz bandinda yeni bir kare yama anten yapist aragtirtlmistir.
Antenin 151yan kisminin iist kenar1 lizerinde dikdortgen yariklar kazinarak antenin karakteristiklerinde iyilestirme
elde edilmistir. Farklt malzemelerin ayni tasarim prosediiriine tepkisini anlayabilmek i¢in dielektrik malzeme
olarak arlon, silikon, poliyamit ve poliyimit malzemeleri se¢ilmistir. Anten {izerinde agilan yariklarin en ve boylari
degistirilerek parametrik analizler gerceklestirilmistir. Beklendigi sekilde performans artis1 gozlenmistir fakat bu
iyilesmeler secilen malzemeler i¢in ayni oranda olmamistir. Arlon malzemesi kullanilarak tasarlanan yama
antende geri doniis kayb1 seviyelerinde iyilesme elde edilirken, silikon malzemesi kullanilarak tasarlanan antende
yariklarin bazi degerlerinde ¢ift frekansta 1s1ma gdzlenmistir. Poliyamit malzemesi kullanilarak tasarlanan antende
ise geri doniis kaybi iyilesmesi ve bant genisligi artisi elde edilirken, poliyimit malzemesi kullanilarak tasarlanan
antende sadece bant genisligi artis1 olmustur.

2. TASARIM

Calisma i¢in tasarlanan antenler Computer Simulation Technology Microwave Studio (CST MWS) yazilimi
kullanilarak analiz edilmislerdir [13]. Antenler i¢in kullanilan dielektrik malzemeler arlon, silikon, poliyamit ve
poliyimit olarak secilmistir. Bu malzemelerin seciminde 6G haberlesme icin literatiire sunulmus ¢calismalar drnek
almmustir [14-17]. Mikroserit antenlerde verimli isimanin olmast i¢in dielektrik taban kalinlig1i h<<j, ve kullanilan
iletken kalinlig1 t<< Ao olmalidir [18]. Dielektrik tabanlarin yiikseklikleri mikroserit antenlerin yayilim kosullar
dikkate alinarak arlon, poliyamit ve poliyimit igin 6 um, silikon i¢in 6.5 pm almmuistir. Ek olarak 1s1may1 yapan
bakir kisimin kalinlig1 ise yine yayilim kosullarina gore ayarlanarak 1pm alinmstir.

Wyama

Lyama

1 Joa

Fi

Lbesleme v

3

Whesleme

Sekil 1. Referans anten tasarim parametreleri.

106



Miih.Bil.ve Aras.Dergisi,2024;6(1) 105-112

Bu ¢aligmada onerilen anten modeli i¢in tasarim ili¢ asamada gerceklestilmistir. Birinci asamada referans anten
modeli boyutlari tasarim denklemlerine (1-4) gore belirlenmigtir. Daha sonra (5) ile kare yama anten igin anten
genisligi, anten uzunluguna esit alinmigtir. Bu tasarim Anten#1 olarak isimlendirilmistir. Sekil 1 referans anten
yapisini ve tasarim parametrelerini gostermektedir. Anten besleme yOntemi olarak mikrogerit hat ile igeriden
besleme teknigi kullanilmistir. Burada Lpesieme mikroserit hattin boyunu, Whesieme hattin enini, F; iceriden besleme
hattinin boyunu ve g ise iceriden besleme hattinin enini gostermektedir. Bu parametreler 50Q luk girig empedansi
icin optimize edilmislerdir. Tasarim parametreleri ve asamalar1 1 THz rezonans frekansli her ii¢ dielektrik
malzeme ile tasarlanan antenler i¢in aynidir.

C 2
Wyama = Z_fr e O
1
_grtl + er—1 1412 h 2 ,
Eeff = 2 2 Wyama ( )
ALyama (Seff+0-3)(%+0.264)
Blyama _ 417 T N
h (Seff—0-258)(T+0.8)
c
Lyama = m - ZALyama (4)
c
Wyama = Lyama =0 )
2fy rz

Sekil 2a-d her dort anten i¢in referans modeli gostermektedir.Her dort anten i¢in kullanilan parametre degerleri
ise Tablo 1-4’te goriilmektedir.

(a)

il

(c) (d)
Sekil 2. Dort farkli dielektrik malzeme i¢in tasarlanan referans antenler, Anten#1, a) Arlon tabani kullanilarak
tasarlanan anten, b) Silikon taban1 kullanilarak tasarlanan anten, c)Poliyamit tabani kullanilarak tasarlanan anten,
d)Poliyimit tabani1 kullanilarak tasarlanan anten.

Tablo 1. Arlon tabani kullanilarak tasarlanan anten boyutlart (pm).
Wyama Lyama Wtaban Ltaban g
79,7 79,7 130 130 2,7
Fi Wbesleme Lbesleme t h
29 11 16 1 6

Tablo 2. Silikon tabani kullanilarak tasarlanan anten boyutlari (um).
Wyama Lyama Wtaban Ltaban g

42,5 42,5 86 86 4
Fi Wbesleme Lbesleme t h
17 4 14 1 6,5
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Tablo 3. Poliyamit tabani kullanilarak tasarlanan anten boyutlart (um).
Wyama Lyama Wtaban Ltaban g

72 72 130 130 6
Fi Wbesleme Lbesleme t h
24 11 16 1 6

Tablo 4. Poliyimit tabani kullanilarak tasarlanan anten boyutlari (um).
Wyama Lyama Wtaban Ltaban g
79,7 79,7 130 130 2,86
Fi Whesteme  Lbesteme t H
29 11 16 1 6

Ikinci asamada antenin iist kenarinda boyutlar1 biribirine esit bes adet dikdértgen sekilli yarik -y yéniine dogru
acilmistir. Bu yariklarin en ve boyu parametrik analizler ile belirlenmistir. Parametrik analizler, 1x1 pm’ den
baslayip en ve boy yoniinde artirilmistir. Daha sonra anten geri doniis kayb1 en az veya anten bant genisligi en
fazla olan degerler i¢in bitirilmistir. Bu yap1 Anten#2 olarak isimlendirilmistir. Sekil 3a-d’de dort farkli dielektrik
malzeme i¢in Anten#2 goriilmektedir. Anten iizerine acilan yariklarin eni @ parametresi ile boyu ise b parametresi
ile gosterilmektedir.

bLJ_\—'_I—I_‘—
tow
@ (b)
> y
5 Ap
© (d)

Sekil 3. Dikdortgen yariklar kazinmis anten yapilari, Anten#2, a) Arlon tabani kullanilarak tasarlanan anten, b)
Silikon tabani1 kullanilarak tasarlanan anten, c) Poliyamit taban1 kullanilarak tasarlanan anten, d) Poliyimit taban1
kullanilarak tasarlanan anten.

3. SONUCLAR

1 THz rezonans frekansina sahip referans antenler ve Onerilen antenlerin frekans cevaplar1 Sekil 4a-d’de
verilmistir. Frekans analizleri 0,4-1,4 THz araliginda gerceklestirilmistir. Cizimlerde Anten#1 referans anteni,
Anten#2 ise Onerilen anten modelini gostermektedir. Sonuglar incelendiginde arlon tabani i¢in yapilan tasarimda
referans anten geri doniis kaybi -38,68 dB iken 6nerilen tasarimla beraber, dikdortgen yarik boyutlari a=1,5 pm ve
b=1 pm degerlerini aldiginda, -43,17 dB’e azalmistir. Bant genisligindeki artis ise 39 GHz’den 39,54 GHz’e olup
0,54 GHz’lik biri iyilesme saglanmigtir. Silikon tabani igin yapilan tasarimda dikdortgen yariklarmn geri doniis
kaybi1 azalmasi ile ilgili ¢cok 6dnemli bir kazan¢ olmamistir fakat bant genigligi artis1 olarak olumlu yonde etki
etmistir. Yarik boyutlari a=0,05 pm ve b=25 pum igin bant genisligi artis1 44 GHz’den 45,22 GHz’e 1,22 GHz
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olmustur. Ek olarak poliyamit tabani i¢in yapilan tasarimda yarik boyutlar1 a=0,9 pm ve b=2 pm igin geri doniis
kaybr seviyesi -40,47 dB’den -43,41 dB’e azalmis, bant genisligindeki artis ise 0,505 GHz olmustur. Poliyimit
taban1 icin yapilan tasarimda ise yarik boyutlar1 a=2,02 pm ve b=1,64 um icin sadece bant genisligi artis
saglanmis, referans antende 38,184 GHz olan bant genisligi, 6nerilen tasarim i¢in 38,578 GHz olmus ve 0,394
GHz’lik bir artig elde edilmistir.

dB
dB
&

40 = Antenifl 351 =— Antent{1
Anten#2 = =Anten#2

-40

45 . . . N . .
0.4 0.6 0.8 1 1.2 1.4 0.4 0.6 0.8 1 2 1.4
Frekans / THz Frekans / THz
(a) (b)
0 0 : T
3 5
-10
-10 ¢
-15
20 -5 1
% 2
25 g 20
-30 25
-35 30t
-40 I Anten#l 351
= = = Anten#2 - Antent
45 nten#l
0.4 0.6 0.8 1 1.2 1.4 40 ) ) . = = = Anten#2
Frekans / THz 0.4 0.6 0.8 1 1.2 1.4
(C) Frekans / THz
(d)

Sekil 4. Anten#1 ve Anten#2 frekans cevabi, a) Arlon tabani kullanilarak tasarlanan anten, b) Silikon tabant
kullanilarak tasarlanan anten, c) Poliyamit tabani kullanilarak tasarlanan anten, c) Poliyimit tabani kullanilarak

tasarlanan anten.

Dikdoértgen yariklarin her bir malzeme i¢in boyut degisimlerinin etkileri parametrik analizlerle belirlenmistir. En
iyi sonucun alindig1 degerlerden belirli adimlarla yariklarin boyutlar artirilip azaltilarak sonuclar incelenmistir.
Bu sonuglar arlon tabani i¢in Sekil 5a-b’de goriilmektedir. Dikdortgen yariklarin boyutlarinin -y ekseni boyunca
degisimi antenin frekans tepkisinde 6nemli degisikliklere yol agmistir. Bu degerin artirilmasi geri doniis

3 3
25 =25
30 =30
-35 -351
— lum — . Sum
-40 —  =25um -40 ==== 3um
m—==3gum| | e 6um
45 . . L . 45 . . .
0.4 0.6 0.8 1 1.2 1.4 0.4 0.6 0.8 1 1.2 1.4
Frckans / THz Frekans / THz
(a) (b)

Sekil 5. Arlon tabani i¢in dikdértgen yariklarin parametrik analizi, a) a=1,5 pm i¢in b=1 pm, 25 pm ve 38 pum, b)
b=1 pm i¢in a=1,5 um, 3 pm ve 6 pum.
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kayiplarinda artisa yol agarken, 38 um i¢in ikinci bir rezonans olusumu dikkat ¢ekmistir. Fakat bu rezonans geri
doniis kaybi1 minimum degeri -10 dB’yi asamadigindan anten icin ¢oklu frekans yayilimi yapar sonucuna
varilamamistir. Parametrik analizlerde dikdortgen yariklarin boyu sabit tutulup, eni +x yoniinde degistirildiginde
ise sadece geri doniis kaybinda degisimler gozlenmistir. Yarik eni boyutu arttik¢a geri doniis kaybinda artiglar
olmustur.

Sekil 6a-b silikon taban malzemesi ile tasarlanan yama anten igin yarik parametrik analiz sonuglarini
gostermektedir. Silikon icin yariklarin eni sabit, boyu -y ekseni yoniinde artirildiginda rezonans frekansinda
herhangi bir degisme yasanmazken, geri doniis kayiplarinda gok kiigiik degisimler goriilmiistiir. Yariklarin boyu
25 pm’de sabit tutulup enleri £x yoniinde degistirildiginde rezonans frekansinda kaymalar olmus ve a=1 pm degeri
i¢in 0.982 THz ve 1.082 THz frekanslarinda ¢oklu 1s1ma elde edilmistir.

-10
-15 15
B 20 220
25 25
-30 -30
N s (). OS UM
-35 -35 =—==lum
= =195um
-40 -40
0.4 0.6 0.8 1 1.2 1.4 0.4 0.6 0.8 1 1.2 1.4
Frekans / THz Frekans / THz
(a) (b)

Sekil 6. Silikon tabani i¢in dikdortgen yariklarin parametrik analizi, a) a=0,05 pm i¢in b=10 pm, 20 pm ve 25 pm,
b) b=25 pum i¢in a=0,05 pm, 1 um ve 1,95 pm.

Sekil 7a-b poliyamit taban malzemesi ile tasarlanan yama anten ig¢in yarik parametrik analiz sonuglarini
gostermektedir. Poliyamit i¢in hem yarik eni sabit tutulup boyu artirildiginda hem de yarik boyu sabit tutulup eni
artirildiginda geri doniis kayb1 seviyesi olumsuz etkilenmigtir. En iyi sonuglar a=0,9 pm ve b=2 um degerleri i¢in
elde edilmistir.

0 0
-5 -5
10 -10
15 15
20 220
[sa) jaa)
-l -l
25 25
30 -30
35 35
— um — 0.9 um
-0 == =12um 40 == =68 um
----- 22 um s [L9 um
45 45
0.4 0.6 0.8 1 1.2 1.4 0.4 0.6 0.8 1 1.2 1.4
Frekans / THz Frekans / THz
(a) (b)

Sekil 7. Poliyamit tabani i¢in dikdortgen yariklarin parametrik analizi, a) a=0,9 um i¢in b=2 pm, 12 pm ve 22 pm,
b) b=2 um igin a=0,9 um, 6,8 um ve 10,9 pm.

Sekil 8a-b poliyimit taban malzemesi ile tasarlanan yama anten igin yarik parametrik analiz sonuglarini
gostermektedir. Poliyimit i¢in hem yarik eni sabit tutulup boyu artirildiginda hem de yarik boyu sabit tutulup eni
artirildiginda geri doniis kaybi seviyesi olumsuz etkilenmistir. En iyi sonuglar a=1,64 um ve b=2,02 um degerleri
icin elde edilmigtir.

Sekil 9a-d Onerilen antenler i¢in uzak alan 1s1ma diyagramlarimi gostermektedir. Arlon ve poliyimit taban
malzemesi ile tasarlanan antenlerin ana kulak yoniindeki 1s1ma siddeti 5,82 dBi olurken poliyamit malzemesi
kullanilarak tasarlanan antenin ana kulak yoniindeki 1g1ma giicli 5,67 dBi olmustur. Ek olarak silikon malzemesi
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Sekil 8. Poliyimit tabani i¢in dikdortgen yariklarin parametrik analizi, a) a= 1,64 pm i¢in b= 2,02 um, 7,02 pm ve
12,02 pm, b) b=2,02 pm i¢in a= 1,64um, 11,64 um ve 21,64 pm.

ile tasarlanan antenin ana kulak yoniindeki 1gimasi 4,37 dBi olmustur. Yan kulak seviyesinde ise silikon ile
tasarlanan anten daha iyi bir performans gostermistir. Arlon ve poliyimit ile tasarlanan antenlerin yan kulak
degerleri -12,4 dB ve poliyamit mazlemesi ile tasarlanan antenin yan kulak seviyesi -11,4 dB olurken, silikon ile
tasarlanan antenin yan kulak degeri -5,8 dB olmustur.

Phi= 90 30 30

Phi=270

60 60

120 120
150 150
180 180
(@) (b)
Farfield Directivity Abs (Phi=90) Farfield Directivity Abs (Phi=90)

Theta / Degree vs. dBi

Theta / Degree vs. dBi

(c) (d)

Sekil 9. Onerilen antenlerin rezonans frekansindaki uzak alan 1s1ma diyagramlari, a) Arlon tabami kullanilarak
tasarlanan anten, b) Silikon taban1 kullanilarak tasarlanan anten, c) Poliyamit tabani kullanilarak tasarlanan anten,
c) Poliyimit tabani1 kullanilarak tasarlanan anten.

4. SONUC

Bu caligmada 6G haberlesme sistemleri icin bir kare yama antenin farkli dielektrik malzemelere ve dikdortgen
yariklara tepkisi karsilastirmali 0.!arak arastirtlmistir. Anten st kenar1 lizerinde dikdortgen yariklar agilarak
frekans tepkisi analiz edilmistir. Onerilen yap1 arlon, silikon, poliyamit ve poliyimit gibi dort farkli dielektrik
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malzeme igin ayni tasarim yolu izlenerek parametrik analizler yapilmis ve THz bolgesindeki sonuglar
karsilastirmali olarak verilmistir. Her dort malzeme ile tasarlanan antenlerde ayn1 tasarim ydntemi izlendigi halde
antenlerin frekans tepkileri farkli olmustur. Silikon ile tasarlanan antende yariklarin belli degerlerinde ¢coklu 1s1ma
elde edilirken geri doniis kayb1 seviyesinde ¢ok fazla degisim gdzlenmemistir. Arlon ile yapilan tasarimda ise
rezonans frekansinda degisim olmazken geri doniis kayb1 seviyelerinde énemli farklar olugmustur. Poliyamit ve
poliyimit malzemelerinde ise yapilan modifikasyonlar ile hem bant genisligi hem de geri doniis kayb1 seviyeleri
icin ¢ok biiytik degisiklikler gézlenmemistir. Sonug olarak bu ¢calisma 6G frekanslarinda tasarlanacak antenler i¢in
yapilan modifikasyonlarin farkli malzemelerdeki tepkileri i¢in aragtirmacilara fikir verecektir.
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ABSTRACT

This paper proposes a compression method based on an original version of deep
convolutional autoencoders, frequently used in the literature, and the
compression rate is increased using residual vector quantization instead of
constant step quantization. In the proposed method, the first encoder part of an
autoencoder is utilized to map the input speech signal to a lower dimensional
(code) space, and then the code is further compressed via residual vector
quantization. The compression method offers different ratios due to two
different decoder structures operating in parallel and the two codebooks. The
method's performance is evaluated on the TIMIT dataset using the Perceptual
Evaluation of Speech Quality metric. The proposed speech compression
method achieved perceptual evaluation of speech quality scores of 1.665 and
1.985 for 1.25 and 2.5 kilobits per second transmission rates, respectively. The
obtained compression rates are above the deep learning-based compression
methods in the literature and at the same level as the traditional methods. At the
same time, speech quality is better than the methods that provide the same
compression levels.
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OZET

Bu calismada, konusma igaretlerini sikistirmak i¢in literatiirde ¢okca kullanilan
derin 6grenme tabanli otokodlayici yapisinin 6zgiin bir 6rnegi gelistirilmis ve
sabit basamakli nicemleme yerine artik vektdor nicemlemesi kullanilarak
sikigtirma orani gelistirilmistir. Onerilen sikistirma yonteminde, dncelikle giris
konusma isaretini daha diisiik boyutlu bir uzaya atayan otokodlayici
kullanilmakta ve ardindan otokodlayici ¢ikisi, artik vektor nicemlemesi ile daha
da sikistirilmaktadir. Sikigtirma yontemi, birbirine paralel ¢alisan iki farkli kod
¢oOziicli yapist ve iki kod kitapgigi sayesinde farkli sikigtirma oranlari
sunmaktadir. Yontemin basarimi konusma kalitesini algisal degerlendirme
metrigi kullanilarak TIMIT veri kiimesi ile degerlendirilmistir. Onerilen
konugma sikigtirma yontemi, saniye basina 1,25 ve 2,5 kilo bit iletim hizlar1 igin
strastyla 1,665 ve 1,985 konusma kalitesini algisal degerlendirme skoru elde
etmistir. Elde edilen sikistirma oranlar literatiirde yer alan derin 6grenme
tabanli yontemlerin iizerinde ve geleneksel yontemlerle ayni seviyededir.
Konusma kalitesi ise benzer sikigtirma orant sunan yontemlere gore daha iyidir.
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1. GIRIS

Konusma isaretleri insan viicudu icerisinde gerceklesen bir dizi fizyolojik olay sonucunda meydana gelmektedir.
Bu isaretlerin iiretimi esnasinda akciger, ses telleri, girtlak, dil, ¢cene, dudak gibi organlar rol oynamaktadir. Ses
tellerinin hava ile titresmesi sonucu olusan ses dalgalari, agiz ve burun gibi anatomik yapilar tarafindan
sekillendirilerek konugma isaretlerine doniismektedir [1-2].

Konusma, telekomiinikasyon, multimedya uygulamalari, dijital ses yaymciligi ve sanal asistanlar gibi ¢esitli
alanlarda yaygin bir sekilde kullanilmaktadir. Gelisen teknoloji ile giinliik hayatta kullanilan ses ve konusma
verilerinin hacmi de giderek artmaktadir. Biiyilk miktarlardaki sikigtirilmamis konusma verisinin depolanmasi
onemli miktarda hafiza gerektirmekte ve depolama maliyetlerinin artmasina neden olmaktadir. Bunlarin yani sira,
sikistirilmamis konusma isaretlerinin iletilmesi, yliksek veri hizlar1 gerektirdiginden ag bant genisligini
zorlamaktadir. Yiiksek veri hizlar ayrica ag gecikmesine neden olarak iletisim sistemlerinin yanit verebilirligini
etkilemekte ve boylece gercek zamanli etkilesimleri de bozmaktadir. Bu gibi 6énemli problemlerin iistesinden
gelebilmek i¢in konugma isaretlerinin temel algisal kaliteyi bozmadan etkin bir sekilde sikistirilmasi
gerekmektedir. Bu konuda gelistirilen konusma sikigtirma yontemleri, konusma isaretlerinin uygun maliyetli
olarak daha kii¢iik alanlarda depolanmasini saglamakta ve iletim esnasinda gereken veri hizini azaltmay1
amaclamaktadir.

En genel anlamda sikistirma yontemleri kayipli ve kayipsiz sikistirma olmak iizere iki bashik altinda
toplanmaktadir. Kayipsiz sikistirma yontemlerinde bilgi kaybinin sifir olmasi hedeflendigi igin sikistirma oranlari
cok kiigiik seviyelerde kalmakta ve bu yiizden kullanim alanlari da ¢ok dar olmaktadir. Kayipsiz sikistirma
yontemleri veri kaybmin ¢ok hassas oldugu uygulamalarda tercih edilmektedir. Bu yontemlere 6rnek olarak
aritmetik kodlama ve huffman kodlama 6rnek olarak verilebilir [3].

Kayipl sikistirma yontemlerinde ise sikistirilmak istenen ses isaretinde sikistirma oranina bagl olarak veri kaybi
meydana gelmektedir. Buradaki asil amag kaybedilecek olan verinin 6nemsiz olan kisimlardan olusmasi ve diisiik
bilgi kaybr ile yiiksek sikistirma saglanmasidir. Kayipl sikistirma yontemleri dalga bicimi kodlama (waveform
coders), parametrik kodlama (parametric coders) ve hibrit kodlayicilar olmak {izere kendi arasinda ii¢ gruba
ayrilmaktadir. Dalga bi¢imi kodlayicilar, konusma isaretlerinin dalga bi¢iminin dogrudan temsiline
dayanmaktadir. Parametrik kodlayici yontemleri, konusma isaretlerini daha az sayida parametre ile temsil etmek
iizerine odaklanmaktadir. Hibrit konusma sikistirma yontemlerinde ise dalga bigimi kodlayic1 ve parametrik
kodlayicilarin 6zelliklerini birlestiren farkli bir yaklagim kullanilmaktadir [4-5].

Dogrusal tahmine dayali kodlama (Linear Predictive Coding-LPC), kod uyarimli dogrusal tahmin (Code-Excited
Linear Prediction-CELP) ve karistk uyarimli dogrusal tahmin (Mixed Excitation Linear Prediction-MELP),
konusma sikistirmada ii¢ 6nemli yontemdir ve her biri telekomiinikasyon sistemlerinin gelisiminde 6nemli bir rol
oynamistir [6-8]. LPC yontemi, gelecekteki ornekleri tahmin etmek i¢in gegmis O6rnekleri kullanarak konusma
isaretlerini modelleyen temel bir yaklagimdir. LPC-10 yontemi saniye basina 2,4 kilo bit (kilobits per second-
kbps) gibi ¢ok diisiik iletim hizlarinda sikistirma yapmasina karsilik robotik bir ses iiretmektedir. LPC'yi temel
alan CELP yontemi ise sentez yoluyla analiz yaklasimi (analysis-by-synthesis) sunmakta ve orijinal ile
sentezlenmis konusma arasindaki uyusmazligi en aza indirmek igin vektor niceleme kullanmaktadir. Bu yontem
onceden tanimlanmis bir dizi kod arasindan en uygun eslesmeyi se¢mektedir. MELP yontemindeyse, uyarim
sinyaline hem periyodik (perdeli) hem de periyodik olmayan (giiriiltii benzeri) bilesenleri dahil ederek hibrit bir
yaklagim sunmaktadir. Bu hibrit yaklagim, 6zellikle giiriiltiilii ortamlarda sentezlenen konusmanin dogalligini ve
anlagilabilirligini artirmaktadir. Bir baska konusma sikigtirma yontemi olan SYMPES yonteminde ise konusma
isaretleri konusmacidan ve dilden bagimsiz dnceden tanimli temel tanim ve zarf vektorleri ile bir kazang katsayist
kullanilarak diigiik bit oranlarinda sikigtirilmigtir. [9-10].

Son yillarda goriintii isleme birimi (Graphics processing unit-GPU) teknolojilerinde artarak devam eden
gelismeler, derin 6grenme tabanli konusma sikigtirma yontemlerinin yeteneklerini 6nemli dl¢lide artirmistir. Bu
sayede gelistirilen derin dgrenme tabanli yontemler karmasik sinir ag1 mimarilerini daha etkin bir sekilde
kullanarak veri boyutunu azaltirken, sikistirilan verileri yiiksek kaliteli bir sekilde yeniden elde edilebilmektedir.
GPU'lar tarafindan saglanan hizlandirma, daha karmasik modellerin egitimini kolaylastirarak sikistirma orani ve
ses kalitesi agisindan istiin performans elde eden son teknoloji konusma sikistirma yontemlerinin gelistirilmesine
olanak saglamistir. Literatiirde derin 6grenme tabanli ses sikistirma yontemleri incelendiginde, derin sinir aglar
(DNN), evrisimsel sinir aglari (CNN), derin kalinti aglari (deep residual networks), uzun-kisa siireli hafiza
(LSTM), gecitli tekrarlayan inite (gated recurrent unit-GRU) ve baslangi¢ (inception) mimarisi tabanli modellerin
kullanildig1 goriilmektedir.

Derin 6grenme tabanli konusma sikigtirma yontemlerine temel olan konusma sekli sentezi igin liretken model olan
WaveNET, ses iiretirken bir sonraki ses Orneginin olasilik dagilimini tahmin ederek, onceki tiim zaman
adimlarindaki 6rnekler tizerine kosullandirilmig bir yontem kullanmaktadir [11].

Derin 6grenme tabanli yapilan ugtan uca sikistirma yonteminde kalinti (residual) sinir aglart ve otokodlayici
yapilar1 (SC-DNN) beraber kullanilan model 6nerilmistir [12]. Otokodlayict sikistirma mimarisi kodlayici ve kod
¢oziicii yapilarinda 4 farkli kalinti blogu icermektedir. Derin 6grenme modelinin egitimi i¢in tek bir kayip
fonksiyonu kullanilmasinin yerine, farkli fonksiyon toplamlarindan olusan maliyet fonksiyonu (objective
functions) kullanilmistir.
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Bir diger ¢aligmada derin evrisimsel sinir aglari tabanli mimari ile ugtan uca bir sikistirma yontemi kullanilmistir.
Sunulan modelde, baslangi¢ ag yapist kullanilarak bir boyutlu katmanlardan olusan kodlayici ve kod ¢oziici
yapilar1 kullanilmigtir. Model girisine verilen farkli 6rnek sayilarma gore farkli miktarda sikigtirma orami
sunmaktadir. Fakat modelin farkl girisler icin tekrar egitilmesi gerekmektedir [13].
Budanmig (Pruned) CELP konusma sikistirma yontemine dayali gelistirilen yontemde giiriiltiisiz otokodlayici
yapist kullanilarak basarim arttirilmaya caligtlmistir [14]. Yontemin kodlayict kisminda ilk m tane CELP
katsayilar1 secilerek budama islemi gergeklestirilmis ve iletim icin gerekli bit sayisi azaltilmistir. CELP
katsayilarindan gelen giiriiltiiyii gidermek i¢in kod ¢oziicii ¢ikisinda giiriiltiisiiz otokodlayict yapist ile kalite
artirim1 hedeflenmistir. Bu modelde her bir isaretin sikigtirma orani sabittir ve bunun yani sira diigiik bit hizinda
sikistirma yapilamamaktadir.
Kalint1 aglarina dayali yapilan baska bir sikistirma yonteminde kaskad kalint1 ag yapisi ile ugtan uca sikistirma
modeli gergeklestirilmistir [15]. Modelde derin 6grenme yapisinin haricinde sikistirma oranini arttirmak igin
Huffman kodlama yontemi uygulanmistir. Model ¢ikisinda minimum 8,85 kbps olacak sekilde farkli degerlerde
sikigtirma degerleri elde edilmistir. Fakat diisiik bit hizlar1 elde edilememistir.
Yapilan bagka bir caligmada degisimsel otokodlayici (variational autoencoders-V AEs) ve tekrarlayan sinir aglarina
(Recurrent Neural Networks-RNN) dayali uctan uca gelistirilen sikistirma modeli dnerilmistir. Yapilan ¢aligmada
elde edilen sonuglar sinyal bozulma orani (Signal to Distortion Ratio-SDR) metrigi kullanilarak verilmistir [16].
Gergeklestirilen diger bir ¢alismada, derin sinir ag1 tabanli konusma kodlayicisinin ¢ok zaman 6lgekli algisal kayip
(multi-time-scale perceptual loss) fonksiyonlar1 kullanilarak Resnet tipi gecitli dogrusal birim (Resnet-type gated
linear units-ResGLUs) yigimlarindan olusan model ile optimizasyonu yapilmistir. Giris gergevesi alt cercevelere
boliinerek, nicemleme giiriiltiisii ve maskeleme esikleri hem genel hem de yerel olarak hesaplanip birlestirilmistir.
Resnet tipi birimlerle olusturulan kodlayici, minimum 9 kbps seviyelerinde iletim hizini kaliteli bir sekilde
sunmaktadir [17].
Derin 6grenmeye dayali kaynaga duyarla konusma kodlama modeli (SANAC) gelistirilerek yapilan caligmada,
giirtiltiili konugma isaretleri kaynak ayirma ve sinir kodlama tekniklerinin karmagsik bir kombinasyonu yoluyla
sikistirllmaktadir. Konusma isaretinden arka plan giiriiltiisiinii ayirma iglemi bir otokodlayici yapist ile
gergeklestirilmigtir. Sikigtirma islemi sonrasinda konugma isareti ile arka plan giiriiltiisii ayr1 ayr1 kod ¢oziicii
katmanindan gegirilerek ¢ikista tekrar birlestirilmekte ve girise verilen ses sinyali minimum hata ile
olusturulmaktadir. Bu yontemin ¢ikisinda elde edilen konusma isaretlerinde, diger modellerin aksine arka plan
giiriiltiisii giderilmis olmamaktadir. Giiriiltii bileseni de ayrica kodlandigindan dolayi, model ¢ikiginda yeniden
elde edilmektedir [18].
Diisiik sinyal-giiriiltii oran1 (SNR) ortamlarinda konusma sikigtirma ve iyilestirme amaciyla yapilan diger
calismada, goriintii sikistirmada basarili olan OPINE-Net+ (OPtimization-INspired Explicable deep Network)
agin1 [19], konusma isaretlerini sikistiracak sekilde uyarlanmistir. Bu yontem, konusma dizilerinden bir 6rnekleme
matrisinin uyarlanabilir 6grenimini, ardindan bir baslatma ag1 ve yeniden olusturma ag1 araciligryla yeniden
yapilandirmay1 icermektedir [20].
Yapilan bir diger ¢alismada, konusma sikigtirma icin dl¢eklenebilir ve verimli bir sinirsel dalga formu kodlama
sistemi gergeklestirilmigtir. Olusturulmus olan bu sistemde kodlayici ve kod ¢6ziicii kisimlarinda evrigimsel sinir
ag1 temelli bir sinirsel dalga formu kodeki (neural waveform codec-NWC) kullanilmaktadir. Olusturulan konusma
sikistirma sistemi 12-20-32 kbps iletim hizlarinda sikigtirma sonucu verebiliyorken, yiiksek kbps iletim hizlarinda
daha iyi sonug vermektedir [21].
Sinir aglarina dayali gelistirilen bir diger konugma sikistirma yonteminde, evrigimsel katmanlarla birlikte GRU
(Gated Recurrent Units) yapisini iceren kodlayici ve GAN (Generative Adversarial Networks) tabanli cok asamalt
kod c¢oziiciiden olusan mimari yapi kullanilmigtir. Bu sikistirma yontemi o6zellikle uzun siireli konusma
Ozniteliklerini etkili bir sekilde yakalama noktasinda basarilidir. Sikistirma yontemi 8kbps iletim hizini
desteklemektedir. Mimarinin kodlayict kismi 9,8M, kod ¢oziicii kismi i¢in 6,3M gibi ¢ok yiiksek miktarda
parametre kullantlmigtir [22].
Derin 6grenme tabanli konugma sikistirma yontemleri geleneksel yontemlere gore algisal olarak daha kaliteli
sikistirma sunmaktadir. Ancak elde edilen sikigtirma oranlar1 genellikle LPC-CELP gibi geleneksel yontemlerin
¢ok gerisinde kalmaktadir. Derin 6grenme tabanli yontemlerde konusma isaretleri ¢ergevelere ayrilmakta, bu
cerceveler derin sinir aglart ile daha kiigiik boyutlu bir uzaya (kod bélgesine) aktarilmaktadir. Elde edilen
kodlardaki her bir say1 sabit adimlarla nicemlenmektedir. Bu nedenle nicemleme dolayisiyla elde edilen sikistirma
orani kisith kalmakta asil sikigtirma derin sinir ag1 tarafindan saglanmaktadir. Bu ¢aligmada konusma sikistirma
i¢in literatiirde Onerilen kaliteli sikistirma saglayan evrisimsel otokodlayici yapilarindan esinlenilerek nedensel
evrisimsel katmanlar ve baslangi¢ katmanlari igeren 6zgiin bir hibrit derin otokodlayici mimarisi olugturulmustur.
Dahasi konugmanin otokodlayicinin kodlayict kismi ile sikistirilmasi ile elde edilen isaretler klasik nicemleme
yerine artik vektor nicemlemesi (residual vector quantization-RVQ) ile sikistirilarak sikistirma orani artirilmistr.
Bu sayede geleneksel yontemlere gore daha kaliteli, derin 6grenme tabanli yontemlere gore ise daha yiliksek
sikistirma oranlt sikistirma elde edilmistir.
Onerilen yéntemin yapisi geregi iki farkli oranda sikistirlmis isaret elde edilmektedir. Modelin kodlayic1 yapisinda
birbirine paralel ¢aligan evrisimsel sinir aglar1 ve baslangi¢ aglart modelleri bulunmaktadir. Kodlayici yapisi, girise
verilen isaretleri 4:1 oraninda ve 8:1 oraninda sikistiracak sekilde tasarlanmistir. Bu yapist sayesinde sikigtirma
miktarini arttirmak icin kodlayici ¢ikisindan elde edilen isaretlere artik vektor niceleme islemi uygulanmakta ve
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cok diisiik bit iletim hizlarmda kodlanmus isaretler elde edilmektedir. Onerilen sikistirma yontemi tekrar egitime
ihtiya¢ duymadan farkli hizlarda sikistirma yapabilmektedir. Yontemin basarimini test etmek i¢in PESQ metrigi
kullanilmis ve sikistirma orani metriklerine gore farkli yontemler ile karsilastirmali olarak sunulmustur.

2. MATERYAL VE METOT

Calismanin bu boliimii, 6n igsleme adimlar1 ve onerilen sikistirma modeli hakkinda detaylar1 igermektedir.

2.1. On isleme Siireci

Derin 6grenme tabanli modellerin egitimi ve test asamasinda kullanilacak veriler i¢in 6n isleme adimlar1 olduk¢a
onemlidir. Onerilen konusma sikistirma yonteminde kullanilacak olan veriler icin 6n isleme iki kisimdan
olusmaktadir. On isleme adimlarmin ilk kisminda konusma verileri -1/+1 arasina normalize edilirken sonraki
adimda her bir konusma isareti 256 6rnek icerecek sekilde cercevelere ayrilmaktadir. Sekil 1°de on isleme
adimlarindan gegirilerek elde edilmis olan gerceve 6rnekleri rastgele secilerek gosterilmistir.
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Sekil 1. On isleme adimindan gegirilmis 6rnekler.

2.2. Nedensel Evrisimsel Sinir Aglar1 ve Baslangi¢ (Inception) Aglari

Evrisimsel sinir aglar1 (Convolutional Neural Network-CNN), goriintii siniflandirma, nesne algilama ve goriintii
boliitleme gibi gorsel verileri igeren uygulamalar i¢in yaygin olarak kullanilan derin sinir ag1 katmanlaridir.
Evrisimsel katmanlar, etkili bir sekilde verideki uzamsal desenleri yakalayarak 6znitelik haritalar1 ¢ikarmaktadir.
Geleneksel CNN mimarilerinde, evrisimsel katmanlar giris verileri {izerinde konvoliisyon islemi yapmak igin
siizgecler (kernel) kullanmaktadir. Burada gergeklestirilen konvoliisyon islemi sonrasinda 6znitelik haritalart
olusmaktadir. Havuzlama (pooling) katmanlar ile elde edilen 6znitelik haritalarini agagi ornekleyerek onemli
bilgiler korunmakta ve uzamsal boyutlar1 azaltilmaktadir. Bu 6znitelik ¢ikarma islemi, CNN'lerin girdi verilerinin
giderek daha soyut temsillerini 6grenmesini saglamakta siiflandirma, sikistirma ve tahmin gorevleri icin etkili rol
oynamaktadir.

Zaman serisi verileri, her biri belirli bir zaman adimina karsilik gelen bir dizi veri noktasindan olusmaktadir.
Geleneksel CNN'ler tiim girdi verisini ayn1 anda islemekte ve gelecekteki bilgilere erismelerini saglamaktadir.
Ancak zaman serisi verileri ig¢in bu yaklasim yanlistir. Bu haliyle model, gelecekteki verilere erigerek gelecegi
tahmin etmeye calisabileceginden istenmeyen sonuglara yol agmaktadir. Bu problemi ¢ézmek i¢in nedensel
evrigsimsel katmanlar ortaya atilmistir [11].

Nedensel CNN aglar1 zaman serisi verilerini igslemek i¢in tasarlanmis 6zel bir CNN tiiriidiir ve ¢aligma yapisi
olarak normal CNN aglar1 ile ayni sekilde galismaktadir. Nedensel ifadesi, mevcut zaman adiminda, yalnizca
geemis zamandan gelen bilgilerin kullanildigini ifade etmektedir. Bir baska deyisle bu aglar, zaman serisi verilerini
islerken gelecekteki bilgiyi kullanmadan evrigim islemini gergeklestirmektedir.

Baslangi¢ (inception) mimarileri olarak da bilinen baslangi¢ sinir aglar ise goriintii siniflandirma gorevleri igin
tasarlanmig derin evrisimsel sinir aglaridir. Baslangi¢ aglarinin temel 6zelligi, ayni katman iginde farkli 6l¢eklerde
coklu paralel evrigimsel islemler kullanmalaridir.
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Baslangig aglarinin temel yapi tagini olusturan baslangi¢c modiilii, ¢oklu paralel evrisimsel islemlerden ve ardindan
birlestirme isleminden olusmaktadir. Baslangi¢ aglari ayni katman i¢inde farkli siizge¢ boyutlarina (1x1, 3x3 ve
5x5) sahip yapilarin bir kombinasyonunu kullanmaktadir. Bu, agin ¢esitli 6l¢ek ve ¢coziintirliiklerdeki 6znitelikleri
ayni anda yakalamasini saglamaktadir. Tek boyutlu baglangic modelleri ise tek boyutlu veri yapilarini veya
tensorlerini girdi olarak almakta ve bir boyutlu evrigimsel islemlere tabi tutmaktadir. Sinir aglar1 baglaminda, tek
boyutlu gosterimler genellikle zaman serisi verileri, konusma isaretleri veya metin gibi siral1 verileri temsil etmek
icin kullanilmaktadir [23]. Sekil 2°de nedensel evrisim sinir ag1 yapist ve 6rnek bir boyutlu baslangic mimarisi
gosterilmektedir. Onerilen yontem icerisinde kullanilan baglangic aglarinda da nedensel evrisimsel katmanlar
kullanilmistir.

'

'

" QOO0® |

i

Gizli Katman O Q O :
Gizli Katman O O

Gizli Katman O '
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Birlestirme Katmam
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filtre boyutu = 5

Nedensel Evtisimsel
filtre boyutu = |
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(a) ' (b)
Sekil 2. (a) Nedensel evrigimsel katman yapisi, (b) Baglangi¢ ag yapisi.

filtre boyutu = 1 filtre boyutu = 3

Giris '

2.3. Artik Vektor Nicemlemesi

Vektor nicemleme (vector quantization — VQ), kayiplt sikistirma yontemlerinde kullanilan bir boyut azaltma
yontemidir. VQ, biiyiik bir veri noktast kiimesini (vektorler), kod vektorleri (code vectors) veya merkezler
(centroids) olarak bilinen daha kiiciik temsili vektor kiimesiyle ifade etmek icin kullanilmaktadir. Nicemleme
stireci, verilerin kiimelere ayrilmasi ve her bir 6zgiin veri noktasinin en yakin oldugu kiimenin merkez noktasi ile
temsilini igermektedir. Tek katmanl nicemleyici kullanmak, veriyi dogru bir sekilde temsil etmek igin pratik bir
¢Oziim olmamakla birlikte bu ¢dziimde biiyiik bir kod kitabina ihtiya¢ duyulmaktadir. Bu sorunu ¢6zmek i¢in artik
vektor nicemleme (Residual vector quantization — RVQ) yontemi kullanilmaktadir.

Geleneksel vektor niceleme yonteminin bir uzantisi olan artik vektoér nicemleme yontemi, kodlanmis verilerin
sikistirma verimliligini ve yeniden elde edilme dogrulugunu artirmayi amaglamaktadir. Giris vektorlerini
dogrudan kod kitabindaki en yakin kod kelimelerine nicemleyen geleneksel nicemleme yonteminin aksine, RVQ
girig vektorleri ile en yakin kod vektdrleri arasindaki artiklar: (farklar1) da kodlamaktadir. Bu yaklagim, RVQ’nun
daha ince ayrintilar1 yakalamasini ve ozellikle yiiksek korelasyonlu veya yapilandirilmis veriler i¢in daha iyi
yeniden yapilandirma kalitesi elde edilmesini saglamaktadir [24]. Sekil 3’te artik vektor nicemleme yapisi
gosterilmektedir.
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1 H
_|“”| : |””|_‘“”‘ E Segilen kod vektorleri ve
- ' H . artiklarin olusmasi

Sekil 3. Artik vektor nicelemesi kod kitapligi yapisi.

Birincil kod kitabi, girig vektorlerini en yakin kod vektoriine nicelemektedir. Girdi verisinin birincil kod kitab1
icerisindeki en yakin temsili ile arasindaki fark ise ikinci kod kitabini olusturmaktadir. Bu artik kod kitabi
olusturma islemi belirlenen miktarda kod kitab1 sayisina ulagincaya kadar devam etmektedir. RVQ'da her bir
sonraki kod kitabi, artiklar iizerinde islem yapmakta ve 6nceki kod kitaplar tarafindan tespit edilemeyen veri
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yapisint daha da irdeleyerek olusturmaktadir. Bu sayede her bir kod kitabi, veri kiimesinin farkli yonlerini ve
detaylarini yakalayabilen katmanli bir yaklagim olusturmaktadir. Bu asamali artik kod kitab1 yaklasimi, RVQ'nun
verimli sikistirmay siirdiiriirken yiiksek boyutlu vektorlerin giderek daha dogru yaklagimlarini saglamasina olanak
tanimaktadir.

2.4. Derin Ogrenme Tabanh Otokodlayict Modeli

Onerilen konusma sikistirma yontemi, derin égrenme tabanli bir boyutlu otokodlayict modeli ve artik vektor
nicemleme yontemlerinin birlikte kullanilmasiyla olusturulmustur. Otokodlayici yapisi, kodlayict ve kod ¢oziicii
olmak tizere iki kisimdan meydana gelmektedir. Model icerisinde tek bir kodlayict yapisi mevcutken, kod ¢oziicii
tarafinda birbirine paralel ¢alisan iki farkli yapi mevcuttur. Modelin kodlayici yapisi igerisinde de hem bir boyutlu
baslangic aglarindan olusan hem de bir boyutlu evrisimsel katmanlardan olusan yapilar mevcuttur. Bu yapilarin
bir araya gelerek olusturdugu kodlayici yapisi 2 farkli sikistirma (sikistirma oranlar sirasiyla, 4:1 ve 8:1) orani
sunacak sekilde ¢iktilar verebilmektedir. Sikistirilmis verilerin elde edildigi katmanlarda siizgeg sayisi 1 olacak
sekilde ayarlanmis ve bu sekilde bir boyutlu vektorler elde edilmistir. Sekil 4’te onerilen yontemin kodlayict yapisi
gosterilmektedir.

Artik Vektor Nicemlemesi

e
r N

(1. Kod Coziict Ciktisi)
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Katmanlar
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g R (2. Kod Coziicii
Sikistirma Orant = 4:1 Sikistirma Orant = 8:1 Cikuist)

Sekil 4. Onerilen konusma sikistirma ydnteminin kodlayic1 yapist.

Baslangi¢ ag modiilleri, evrigsimsel katmanlarin paraleline eklenerek, modelin birden fazla 6l¢ekte ve ¢oziiniirliikte
cesitli ozellikleri yakalayabilmesi ve karmasik girdi verilerini etkili bir sekilde sikistirarak temsil edebilmesini
saglamistir. Genel olarak, otokodlayici modelinde bir boyutlu baslangi¢ aglarinin ve evrisimsel katmanlarin
kullanilmas sikigtirma kaybini en aza indirirken, girdi verilerinin dogal yapisinin etkili bir sekilde yakalamasini
saglamistir. Onerilen modelin kodlayict kismina ait katman detaylar1 Sekil 5°te gosterilmektedir.
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Sekil 5. Kodlayici yapist katman detaylari.
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Konusma sikistirma modelinin kod ¢6ziicii yapisinda ise 2 farkli kod ¢oziicii modeli bulunmaktadir. Bunun amaci
kodlayic1 kismindan gelen 2 farkl sikistirma orani ile sikistirilmis verileri tekrar 6zgiin boyutuna getirilebilmektir.
Kod ¢oziicli yapilarinda boyut artirma islemlerinin yapildigi katmanlarda genelde kullanilan iist drnekleme
(upsampling) katmanlarinin aksine adim sayisi (stride) 2 olan devrik evrisimsel katmanlar tercih edilmistir.
Onerilen yonteme ait kod ¢dziicii yapist Sekil 6°da gosterilmektedir.

=~
’ \\‘
%  Kod Cozicii-1 |——

' (256.1) boyutlu
o S

! > veniden elde
| edilen isaretler

Kod ozicti -2 ————

v,

2.5 ve 5 kbps oranlarinda
sikistirllnug isaretler

Sekil 6. Onerilen modelin kod ¢éziicii yapisi.

Ik kod ¢oziicii (Kod Céziicii-1) yapis1 6 adet devrik evrisimsel katmandan olusmaktadir. Bu katmanlarin 2
tanesinde adim sayis1 2 olarak ayarlanmig ve boyut artirma islemi uygulanmistir. Son katmanda aktivasyon
fonksiyonu olarak lineer tercih edilirken diger katmanlarda tanh kullanilmustir. Tkinci kod ¢éziicii yapisinda ise 9
adet devrik evrigsimsel katman kullanilirken, boyut arttirma iglemi 3 katmanda yapilmistir. Kod ¢oziicii I ve 11
yapilarina ait detaylar sirasiyla Tablo 1 ve Tablo 2’de gosterilmektedir.

Tablo 1. Onerilen yontemin kod ¢oziicii-I yapisina ait detaylar

Siizgec
Katman Ad1 Boyutu / Kat];?)a?lt(ilktl
Akt. Fonk. y

1B-Devrik Evrigimsel

Adim Sayisi = 1 8 / tanh (1x64), 16
1B-Devrik Evrigimsel

Adim Sayisi = 2 4 / tanh (1x128), 64
1B-Devrik Evrigimsel

Adim Sayisi = 1 8 / tanh (1x128), 16
1B-Devrik Evrigimsel

Adim Sayist = 2 4/ tanh (1x256), 16
1B-Devrik Evrigimsel

Adim Sayist = 1 8 / tanh (1x256), 32
1B-Devrik Evrigimsel 1/ lineer (1x256), 1

Adim Sayis1 = 1

Tablo 2. Onerilen yontemin kod ¢oziicii-II yapisina ait detaylar

Katman Adi Bsol;zl;gtelf / Kat];I(l)z;rlll t(l;llktl
Akt. Fonk.
IB;\?ifgigairsTinl]sel 8 / tanh (1x32), 32
lBﬁi\;r ié(ai:/srlis:inllsel 7 / tanh (1x32), 64
IB;\?ifgigairsTingsel 4 / tanh (1x64), 32
IBXZEI: ié(airsrliinfsel 7/ tanh (1x64), 32
lBﬁi\;r ié(ai:/srlis:ilgsel 4/ tanh (1x128), 64
IB;\?ifgigairsTinl]sel 8 / tanh (1x128), 16
lBﬁii‘;rigaiYsrliiirgsel 4/ tanh (1x256), 16
IB;\%?;I ié‘;;’srlis:iTsel 8 / tanh (1x256), 32
1B-Devrik Evrisimsel |/ lineer (1x256), 1

Adim Sayis1 =1

119



Miih.Bil.ve Aras.Dergisi,2024;,6(1) 113-124

Onerilen konugma sikistirma ydnteminin egitimi 350 egitim dongiisii (epochs) boyunca gergeklestirilmistir. Egitim
paket boyutu (1024) olarak belirlenmistir. Egitim esnasinda asirt uymanin 6niine ge¢mek igin erken durdurma
(early stopping) yontemi kullanilmistir. Kay1p fonksiyonu olarak fonksiyonu olarak ortalama karesel hata (MSE)
tercih edilirken, en iyileme i¢cin Adam yontemi kullanilmistir [25]. Konusma sikistirma yonteminin egitilebilir
toplam parametre sayist 649 524’tiir.

Ozet olarak &nerilen modelin girisine verilen 256 boyutlu cerceveler kodlayict kisminda 2 farkli oranda (4:1 ve
8:1) sikistirtlmaktadir. Sikistirilan isaretler RVQ ile nicemlenerek 2,5 ve 1,25 kbps hizlarinda iletilmektedir. 4:1
oraninda sikistirilmis igaret icin 4 tane 10 bitlik kod kitaplig1 kullanilirken, 8:1 oraninda sikistirma i¢in 2 tane 10
bitlik kod kitaplig1 tercih edilmistir. Farkli oranlarda sikistirilip iletilen isaretler kod ¢6ziicii kisminda sikigtirma
oranlarma gore 2 farkli modelden gegirilerek iist 6rnekleme islemi yapilmakta ve kod ¢6ziicii ¢ikiginda 256 boyutlu
yeniden olusturulan isaretler elde edilmektedir.

3. BENZETIM SONUCLARI
3.1. TIMIT Veri Kiimesi

Bu calismada Onerilen konusma sikistirma ydnteminin egitim ve test asamalari icin TIMIT veri kiimesi
kullanilmistir. TIMIT veri kiimesi, 438 erkek ve 192 kadin olmak iizere toplam 630 konusmacinin kayitlarin
icermektedir. Veri kiimesi, 630 konusmacinin her biri tarafindan Amerikan Ingilizcesinin sekiz ana lehgesini
temsil eden on ciimlelik kayitlarindan olugmaktadir. Veri kiimesi igerisinde toplam 6300 veri 6rnegi bulunmaktadir
[26]. TIMIT veri kiimesinin ayirt edici bir 6zelligi temiz, yiiksek kaliteli kayitlar icermesidir. Barindirdigi konusma
isaretleri agirlikli olarak arka plan giirtiltiisiinden arindirilmistir. Veri kiimesindeki her konugma kaydi 16-bit, 16
kHz dalga bigimlerinden olugsmaktadir. Bu veri kiimesi igerisindeki ham konusma kayitlari i¢in gereken iletim bit
hiz1 256 kbps olarak hesaplanmaktadir.

Egitim ve test asamalarinda, her bir konusma kaydi [-1, +1] araligina normalize edilmis ve 256 drnekten olusan
cergevelere bolinmiigtiir. Yeni olusturulan veri kiimesi daha sonra %10'u test igin, %80'i egitim i¢in ve kalan
%10'u da egitim siirecinde dogrulama icin kullanilmak tizere alt kiimelere ayrilmistir. Bu boliitleme, sikistirma
yonteminin ¢ok cesitli konusma oOrnekleri {izerinde egitilmesini ve goriilmeyen verilere etkili bir sekilde
genellestirilebilmesini saglamistir.

3.2. Basarim Degerlendirme Metrikleri

Sikistirma yontemlerinin basarimlari, cesitli degerlendirme metrikleri kullanilarak degerlendirilebilmektedir.
Bagarim metrikleri arasinda en yaygin olarak ortalama goriis skoru (MOS- Mean Opinion Score) kullanilmaktadir.
MOS yontemi, konugma sikigtirma algoritmalarinin etkinligini degerlendirirken insan algisina dayali 6znel bir
bakis acis1 saglamaktadir [27].

Oznel degerlendirme metrigi olan algisal goriis skorunun haricinde son yapilan ¢alismalarda konusma kalitesinin
belirlenmesi i¢in algisal degerlendirme metrigi (Perceptual Evaluation of Speech Quality-PESQ) kullanilmaya
baglanmigtir [28]. Bu yontem, dnceden egitilmis dinleyiciler kullanilarak ger¢ek dinleme testlerinin bilgisayar
ortaminda degerlendirilmesini saglamaktadir. Bu degerlendirme metrigi, farkli sikistirma tekniklerinin
performansini insan algisina dayali olarak degerlendirir. PESQ skorlart -0,5 (¢ok kétii) ile 4,5 (¢ok iyi) arasinda
degismektedir.

Sikigtirma oran1 (Compression rate - CR) ise 6zgiin konusma verisinin boyutu ile sikigtirilmig konugma verisinin
boyutu arasindaki orani ifade etmektedir. Bu metrik, sikigtirma yontemleri tarafindan elde edilen sikistirma
derecesini 6lgmektedir. Bunun yani sira bps (bit per second), genellikle ses ve konugma dosyalarimin iletilmesi
sirasinda bir veri iletim hizt birimi (bit per second-bps) olarak kullanilmaktadir. Konugma sikistirma
uygulamalarinda bps, bir saniyede islenen veya iletilen bit miktarini ifade etmektedir. Matematiksel olarak,
sikistirma miktarini ve iletim hizim1 gosteren ifadeler denklem (1) ve (2)’de sirastyla gosterilmektedir.

b.
CR = >4 (1)
bydo
F, F
bps = # )

Denklem 1°de bg,g4 ve by, ile sirastyla 6zgiin isaretin ve yeniden elde edilen isaretin bit sayisin1 gdstermektedir.
Denklem 2’de ise bps, F;, @ ve T ifadeleri ile sirasiyla iletim hizi, drnekleme frekansi, nicemleme degeri ve siire
belirtilmektedir.

3.3. Basarim Sonuclarmin Degerlendirilmesi

Onerilen yontemin calisma zamanimi degerlendirmek iizere Intel i9 islemci (2.30 GHz), NVIDIA T2000 GPU ve
64 GB RAM bilesenlerden olusan diziistii bilgisayar kullanilmistir. Elde edilen sonuglara gore 2,5 kbps bit hiz1
sikistirma i¢in gereken hesaplama siiresi 3,72 milisaniye iken 1,25 kbps i¢in gereken siire 2,94 milisaniyedir.
Onerilen yontemin basarimi PESQ, CR ve bps metrikleri ile iki farkli durum igin incelenmistir.
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3.4. RVQ Olmadan Derin Ogrenme Tabanh Sikistirma

Konusma sikigtirma ydnteminin sadece derin 6grenme tabanli kodlayici ve kod ¢dziicii yapist kullanilarak (RVQ
kullanilmadan) egitilmesi ve test edilmesi sonucu 4:1 oraninda sikistirilip yeniden elde edilen isarete ait grafikler
Sekil 7°de gosterilmektedir. Sekilde gosterilen isarete ait PESQ degeri 3,11 olarak elde edilmistir.

Yeniden elde edilen isaret (CR=4:1)

Ozgiin Isaret

Genlik degeri
Genlik degeri

T T T T T T T T T T
[ 10000 20000 30000 40000 0 10000 20000 30000 40000
Orek sayist Omek sayist
Ozgiin isaret ve yeniden elde edilen isaret 38250:39250 araligina ait yakin gosterim
04
034
] g 024
£ k)
- 2
= =
= <z 0l
g g
] S
0.0 4
-0.1 4
T T T T T T T T T T
o 10000 20000 30000 40000 o 200 400 600 800 1000
Ornek sayist Omek sayis1

Sekil 7. Derin otokodlayici yapisi ile 4:1 oraninda sikistirilip yeniden elde edilen isaret.

Sekil 8’de ise ayni isaretin 8:1 oraninda sikistirilmasi ile elde edilen sonuglar gosterilmektedir. Sikigtirma oranimnin
artmasi ile ses kalitesinde azalma meydana gelmis ve PESQ degeri 2,95 olarak elde edilmistir.

Ozgiin isaret Yeniden elde edilen isaret (CR=8:1)

Genlik degeri
Genlik degeri
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T T
10000 20000 30000 40000
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Sekil 8. Derin otokodlayici yapisi ile 4:1 oraninda sikistirilip yeniden elde edilen isaret.

Artik vektor nicemleme yapisi olmadan elde edilen sikistirma sonuglar incelendiginde Tablo 2’de yer alan degeler
elde edilmistir.
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Tablo 3. 4:1 ve 8:1 sikistirma oranina sahip derin otokodlayict modelinin PESQ sonuglari

fiiid Min. PESQ Degeri Mak. PESQ Degeri Ort. PESQ Degeri Standard Sapma
CR=4:1 2,336 3,897 3,134 0,272
CR=8:1 1,726 3,384 2,570 0,274

Onerilen derin otokodlayict modeline iliskin test sonuglar incelendiginde model girisine verilen 6zgiin konusma
isaretlerinin, minimum 1,726 ve maksimum 3,897 PESQ degerleri ile yeniden elde edildigi gozlemlenmistir. Tablo
3’te verilen sonuglar incelendiginde 6nerilen derin otokodlayict modelinin CR = 4:1 i¢in 3,314 ve CR = 8:1 i¢in
2,57 ortalama PESQ degerleri sagladigi ve her iki sikigtirma orani i¢in standart sapmanin yaklasik 0,27 oldugu
goriilmektedir.

3.5. Derin Otokodlayic1 ve RVQ Tabanh Sikistirma

Onerilen sikistirma modelinin sikistirma oranin1 arttirmak igin kodlayici ¢ikislarinda degisken sayida kod kitapgig
kullanilarak artik vektdr nicemleme yontemi kullanilmistir. Kodlayici-1 ¢ikisindan gelen (64:1) boyutlu
sikistirilmis vektorler, 4 tane 10 bitlik kod kitapgigi ile nicemlenirken, kodlayici-2 ¢ikigindan gelen (32:1) boyutlu
sikistirilmis isaretler 2 tane 10 bitlik kod kitapgigi ile nicemlenmistir. Bu sayede sikistirma orani 4:1 olan
isaretlerin iletim hiz1 2,5 kbps olurken, 8:1 olan isaretler 1,25 kbps hizlarinda iletilebilmislerdir. Bu iletim hizlarina
kargilik gelen PESQ degerleri Tablo 4’te verilmistir.

Tablo 4. 1,25 ve 2,5 kbps iletim hizina sahip sikistirma modelinin PESQ sonuglari

fiiid Min. PESQ Degeri Mak. PESQ Degeri Ort. PESQ Degeri Standard Sapma
1,25 kbps 1,273 2,307 1,665 0,184
2,5 kbps 1,382 2,724 1,985 0,206

1,25 kbps iletim hiz1 ile sikistirtlmis 1,692 PESQ degerine sahip isarete ait konusma isareti Sekil 9’da
gosterilmektedir.

Ozgiin Isaret Yeniden elde edilen isaret (1.25 kbps)
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Sekil 9. 1.25 kbps hizinda iletilen konugma isareti.

Onerilen konusma sikistirma yonteminin 630 TIMIT test verisi i¢in farkli stkistirma oranlarinda elde etmis oldugu
sonucglar Tablo 5°te karsilastirmali olarak sunulmustur. Elde edilen sonuglara gére SC-DNN en iyi PESQ
basarimini elde etmigtir, yontem 9,02 bit hizin1 ancak yakalayabilmistir. Makalede onerilen yontem 2,5 kbps bit
hizinda kendisinden ¢ok daha fazla bit hiz1 gerektiren P-CELP metoduna yakin bir PESQ degeri elde etmistir.
Ayrica Deep-Vocoder ve SANAC gibi derin dgrenme tabanli yontemlere gore daha iyi konusma kalitesinde
yaklagik {igte bir oraninda bit hizinda sikigtirma gergeklestirebilmistir. Yazarlarin bilgisine gore literatiirde
Onerilen yontemin sagladigi bit hizina yaklasabilen sadece LPC-10 yontemi bulunmaktadir. Bu yontem ise dnerilen
yontemin c¢ok altinda PESQ skoru saglamaktadir. Ayrica 1,25 kbps gibi diisiik bir bit hizina kabul edilebilir
konugma kalitesinde hicbir yontem ulasamamuistir.
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Tablo 5. Yontemlerin sikistirma basarimlari

Sikistirma Yontemi Veri Kiimesi Bit Hiza PlgSr g l;;:;ri
SC-DNN [12] TIMIT 9,02 kbps 3,629
SANAC [18] TIMIT 9 kbps 1.66
P-CELP [14] MHINT 7,5 kbps 2,18

Deep-Vocoder [13] VoxForge 6,25 kbps 1,977

LPC-10[6] TIMIT 2,4 kbps 1,1316
Onerilen Yéntem TIMIT 2,5 kbps 1,985
Onerilen Yontem TIMIT 1,25 kbps 1,665

4. SONUC

Bu calismada derin otokodlayic1 ve artik vektdr nicemlemenin birlikte kullanildigi konusma sikistirma yontemi
onerilmis ve kapsamli deneylerle degerlendirilmistir. Onerilen model, TIMIT veri seti kullanilarak farkli bit
hizlarinda test edilmistir. Bagarim sonuglari hem nicemleme islemi olmadan sadece ugtan uca derin 6grenme
tabanli olacak sekilde incelenmis, hem de artik vektér nicemleme ile sikistirma orant artirtlarak incelenmistir.
Onerilen yontemin diisiik bit hizlarinda iletim yapabilecegi ortaya konmustur. Konusma sikistirma yonteminde
minimum sayida egitilebilir parametre kullanmaya ¢alisilarak hesaplama maliyeti diisiiriilmiistiir. Ayrica 6nerilen
derin 6grenme tabanli sikistirma yontemi farkli oranlarda sikistirma miktari sunarken bunun igin tekrar egitilme
gerek duymayacak sekilde uctan uca tasarlanmistir. Bu sonuglar, dnerilen yontemin gergek diinya uygulamalarinda
kullanilma potansiyelini gostermektedir.

Elde edilen sonuglara gore oOnerilen yontem literatiirde yer alan derin 6grenme tabanli konusma sikistirma
¢alismalarinin ¢ok iizerinde bir bit hiz1 sunmaktadir. Ayrica bunu yaparken elde edilen konugma kalitesi de bu
sikistirma yontemleri ile yarisabilecek diizeydedir. Ancak ¢ok daha diisiik sikistirma orani sunan yontemlerin
bazilart ¢ok yiikksek PESQ skorlari sunmaktadir. Daha eski ¢aligmalarda yer alan ve sikigtirma orani Onerilen
yonteme yakin olan LPC-10 gibi yontemler incelendiginde ise 6nerilen yontemin sagladigi konusma kalitesinin
daha yiiksek oldugu gozlemlenmistir. Ozetle onerilen ydntem klasik konusma sikistirma algoritmalarinmn
sikigtirma oranini yeni olan derin 6grenme modellerinin sikistirma kalitesiyle saglayarak gelecekteki galigmalara
farkl: bir bakis agis1 saglayacaktir. Ayrica yazarlarin giincel bilgisine gore literatiirde 1,25 kbps gibi diisiik bir bit
hizina kabul edilebilir konugma kalitesinde hi¢bir yontem ulasamamustir.

Onerilen yontemin sagladig1 bit hiz1 ve konusma kalitesi yontemi konusma depolama ve iletisim uygulamalar igin
uygun bir aday yapmaktadir. Ancak klasik konugma sikistirma yontemleri ile kiyaslandiginda hesaplama siiresi
¢ok uzundur. Bu nedenle telsiz, cep telefonu gibi diisiikk hesaplama imkanlarina sahip cihazlarda algoritmanin
gercek zamanli ¢alismasi miimkiin goriinmemektedir. Onerilen yontemin belirli bir islemci giiciiyle
kullanilabilecek olmasi bu yontemle ilgili en kisitlayici dzelliktir. Dahasi dnerilen yontem otokodlayict ve RVQ
tabanli oldugu i¢in konusma isareti tizerine bu iki islemden kaynakli giiriiltii binmektedir. Bu da elde edilen
konusma kalitesi skorunun diisiitk olmasina sebebiyet vermektedir.

Ileride yapilacak olan calismalarda literatiirde daha diisiik sikistirma orammna sahip derin 6grenme tabanlh
yontemlerin sagladig1 yiikksek PESQ skorlarina sikigstirma oranmi korunarak ulasilmaya calisilacaktir. Bunun i¢in
RVQ ve otokodlayici sebebiyle konusma isareti iizerine binen giiriiltiiyli giderecek yontemler kullanilacaktir.
Ayrica Onerilen yontem konusma isaretini bir zaman serisi gibi degerlendirmektedir. Halbuki LPC-10 gibi
geleneksel yontemler dalga formunun yakalanmasina dayanmakta ve dalgalarin tam konumlariin ¢ok &nemli
olmadigimi gostermektedir. Yeni caligmalarda birebir zaman serisini kodlamak yerine dalga formunu
yakalayabilecek evrigsimsel aglar denenecektir. Boyle bir yontem sikistirma oranini artirirken isaretin algisal
kalitesini koruyacaktir.

Yazar Katkilan

Yazarlar esit oranda katki saglamistir.

Cikar Catismasi

Makale yazarlar1 aralarinda herhangi bir ¢ikar catismasi olmadigini beyan ederler.

Destek ve Tesekkiir Beyani

Bu ¢alisma Bursa Teknik Universitesi Bilimsel Arastirma Projeleri birimi tarafindan desteklenmistir. Proje no:
230D005

KAYNAKCA
P.K. Mongia, and R.K. Sharma, “Estimation and to determine the vocal tract transfer function of an
statistical analysis of human voice parameters to individual,” Journal of Computer Networks and
investigate the influence of psychological stress and Communications, vol. 2014, no. 17, pp. 1-17, 2014.

123



(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

Miih.Bil.ve Aras.Dergisi,2024;,6(1) 113-124

T.F. Quatieri, “Discrete-time speech
processing: principles and practice,”
Education India, 2002.

signal
Pearson

P. Warkade, and A. Mishra, “Lossless Speech
Compression Techniques: A Literature Review,”
International Journal of Innovative Research in
Computer Science & Technology, vol. 3, pp. 25-32,
2015.

T. Ogunfunmi, and M. Narasimha, “Principles of
speech coding.” CRC Press, 2010.

L. Rabiner, and R. Schafer, “Theory and applications
of digital speech processing.” Prentice Hall Press,
USA, 2010.

D. O'Shaughnessy, “Linear predictive coding”, IEEE
potentials, vol. 7, pp. 29-32, 1988

M. Schroeder, and B. Atal, “Code-excited linear
prediction (CELP): High-quality speech at very low
bit rates”, IEEE International Conference on
Acoustics, Speech, and Signal Processing. vol. 10,
pp- 937-940, 1985.

T. Unno, T.P. Barnwell, and K. Truong, “An
improved mixed excitation linear prediction (MELP)
coder,” IEEE International Conference on Acoustics,
Speech, and Signal Processing. Proceedings., vol. 1,
pp. 245-248, 1999.

U. Giiz, H. Giirkan, and B.S. Yarman, “A new
method to represent speech signals via predefined
signature and envelope sequences,” EURASIP
Journal on Advances in Signal Processing, vol. 2007,
pp. 1-17, 2006.

B.S. Yarman, U. Giiz, and H. Giirkan, “On the
comparative results of ‘sympes: A new method of
speech modeling’,” AEU-International Journal of
Electronics and Communications, vol. 60, no. 6, pp.

421-427, 2006.

A. van den Oord et al.,, “WaveNet: A Generative
Model for Raw Audio,” arXiv, Sep. 19, 2016.

S. Kankanahalli, “End-to-end optimized speech
coding with deep neural networks,” IEEE
International Conference on Acoustics, Speech and
Signal Processing, pp. 2521-2525, 2018.

H.Y. Keles, J. Rozhon, H.G. Ilk, and Voznak, M.,
“DeepVoCoder: A CNN model for compression and
coding of narrow band speech,” IEEE Access, vol. 7,
pp. 75081-75089, 2019.

Y.T. Lo, S.S. Wang, Y. Tsao, and S.Y.A. Peng,
“Pruned-CELP Speech Codec Using Denoising
Autoencoder with Spectral Compensation for Quality
and Intelligibility Enhancement,” IEEE International
Conference on Artificial Intelligence Circuits and
Systems, pp. 150-151, 2019.

K. Zhen, J. Sung, M.S. Lee, S. Beack, and M. Kim,
“Cascaded cross-module residual learning towards
lightweight end-to-end speech coding,”
arXiv:1906.07769, 2019.

[16]

[17]

[18]

[19]

[21]

[25]

[26]

D.N. Rim, I. Jang, and H. Choi, "Deep neural
networks and end-to-end learning for audio
compression," arXiv:2105.11681, 2021.

J. Byun, S. Shin, Y. Park, J. Sung, and S. Beack,
“Optimization of deep neural network (DNN) speech
coder using a multi time scale perceptual loss
function,” in Proceedings of the Annual Conference
of the International Speech Communication
Association, pp. 4411-4415, 2022.

H. Yang, K. Zhen, S. Beack, and M. Kim, “Source-
aware neural speech coding for noisy speech
compression,” IEEE International Conference on
Acoustics, Speech and Signal Processing, pp. 706-10,
2021.

J. Zhang, C. Zhao, and W. Gao, “Optimization-
inspired compact deep compressive sensing,” IEEE
Journal of Selected Topics in Signal Processing, vol.
14, no. 4, pp. 765-774, 2020.

M. Zhang, S. Liu, and Y. Wu, “Compression and
Enhancement of Speech with Low SNR based on
Deep Learning,” IEEE International Conference on
Machine Learning, Big Data and Business
Intelligence, pp. 242-248, 2022.

K. Zhen, J. Sung, M. S. Lee, S. Beack, and M. Kim,
“Scalable and efficient neural speech coding: A
hybrid design,” IEEE/ACM Transactions on Audio,
Speech, and Language Processing, vol. 30, pp. 12-25,
2022.

R. Lotfidereshgi, and P. Gournay, “Practical
cognitive speech compression,” IEEE Data Science
and Learning Workshop, pp. 1-6, 2022.

C. Szegedy, W. Liu, Y. Jia, P. Sermanet, S. Reed, D.
Anguelov, and Rabinovich, “A. Going deeper with
convolutions,” IEEE conference on computer vision
and pattern recognition, pp. 1-9, 2015.

N. Zeghidour, A. Luebs, A. Omran, J. Skoglund, and
M. Tagliasacchi, “Soundstream: An end-to-end
neural audio codec,” IEEE/ACM Transactions on
Audio, Speech, and Language Processing, vol. 30,
pp. 495-507, 2021.

D.P. Kingma, and J. Ba, “Adam: A method for
stochastic optimization,”, arXiv:1412.6980, 2014

J.S. Garofolo, “TIMIT acoustic-phonetic continuous
speech corpus LDC93S1,” Linguistic Data
Consortium, 1993. [Online]. Available:
https://catalog.ldc.upenn.edu/LDC93S1

R.F. Kubichek, “Standards and technology issues in
objective voice quality assessment,” Digital Signal
Processing, vol. 1, no. 2, pp. 38-44, 1991.

A.W. Rix, J.G. Beerends, M.P. Hollier, and A.P.
Hekstra, “Perceptual evaluation of speech quality
(PESQ)-a new method for speech quality assessment
of telephone networks and codecs,” IEEE
international conference on acoustics, speech, and
signal processing, vol. 2, pp. 749-752, 2001.

124



Miih.Bil.ve Aras.Dergisi,2024;6(1) 125-132

BMBAD

Miihendislik Bilimleri ve Arastirmalan Dergisi
Journal of Engineering Sciences and Researches

Forecasting of the Dental Workforce with Machine Learning Models
Dis Hekimligi isgiiciiniin Makine Ogrenmesi Modelleri ile Tahmin Edilmesi

!Abdulkadir ATALAN

, 2Hasan SAHIN

!Canakkale Onsekiz Mart Universitesi, Miihendislik Fakiiltesi, Canakkale, Tiirkiye
2Bursa Teknik Universitesi, Miihendislik ve Doga Bilimleri Fakiiltesi, Yildirim/Bursa, Tiirkiye

labdulkadiratalan@gmail.com, *hasansahindr@gmail.com

Arastirma Makalesi/Research Article

ARTICLE INFO

Article history

Received : 19 March 2024
Accepted : 16 April 2024

Keywords:

Dental Workforce, Machine
Learning, Forecasting,
Healthcare Management

ABSTRACT

This study aimed to predict dentists employed in Turkey with ML (ML)
models. The predicted results were obtained by applying ML methods;
namely, generalized linear model (GLM), deep learning (DL), decision tree
(DT), random forest (RF), gradient boosted trees (GBT), and support vector
machine (SVM) were compared. The RF model, which has a high correlation
value (R2=0.998) with the lowest error rate (RMSE=656.6, AE=393.1,
RE=0.025, SE=496115.7), provided the best estimation result. The SVM
model provided the worst estimate data based on the values of the performance
measurement criteria. This study is the most comprehensive in terms of the
dental workforce, which is among the health resources such as physicians,
nurses, medical technicians, etc. Finally, we present an example of future
applications for ML models that will significantly impact dental healthcare
management.
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OZET

Bu calisma, Tiirkiye'de calisan dis hekimlerinin makine dgrenmesi (ML)
modelleri ile tahmin edilmesini amaglamigtir. ML yontemleri olan
genellestirilmis lineer model (GLM), derin 6grenme (DL), karar agac1 (DT),
rastgele orman (RF), gradyan artirllmis agaclar (GBT) ve destek vektor
makinesi (SVM) uygulanarak tahmin edilen sonuglar karsilastirildi. En
yiksek korelasyon degerine (R2=0.998) ve en disik hata oranma
(RMSE=656.6, AE=393.1, RE=0.025, SE=496115.7) sahip olan RF modeli,
en iyl tahmin sonucunu saglamistir. SVM modeli, performans o&l¢iim
kriterlerinin degerlerine gore en kotii tahmin verilerini saglamistir. Bu ¢alisma
hekim, hemsire, tip teknisyeni vb. saglik kaynaklar1 arasinda yer alan dis
hekimligi isgiicii agisindan en kapsamli galismadir. Son olarak dis sagligi
yonetimini 6nemli Olciide etkileyecek ML modelleri icin gelecekteki
uygulamalara bir 6rnek sunuyoruz.
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1. INTRODUCTION

Machnine Learning (ML) models, are types of artificial intelligence (Al) that discover patterns specific to the data
and query multiple datasets to determine the relationships of parameters [1]. ML is an Al method that focuses on
building systems that learn or improve performance based on observed data. ML models are known as the process
of training and predicting a certain amount of data by learning a data set in detail [2]. In particular, ML models
play a significant role in estimating complex data sets by analyzing them quickly and efficiently [3]. Researchers
prefer the ML method to overcome the complex structure created by the data of healthcare systems [4]-[7].
However, machine learning, which is preferred in the field of health, is used in the detection, diagnosis, and
prevention, and monitoring of disease progression [8]—-[10].

The most important feature that distinguishes this study from other studies is that ML models are not directly
related to a medical issue but are related to health management and informatics [11]. The paper proposes that the
ML perspective should be used to contribute to the development of data analysis in healthcare management [12].
Measurement criteria values were calculated to compare the performance of the results of the artificial intelligence
models used [13]. For this reason, it is possible to compare the forecast data by using multiple forecasting models,
and the results of the model with the best performance are preferred [14]. In this study, six different ML models
named GLM, DT, DL, RF, GBT, and SVM were run to estimate the number of dentists employed. The
performance measurement criteria values of these models were compared for the present paper. This study is
motivated to demonstrate the need to use ML models to predict the number of dentists employed in terms of
healthcare management in Turkey.

2. LITERATURE REVIEW

ML, has been widely used in the field of health, generally in studies related to disease diagnosis, prevention, and
treatment process [15], [16]. Researchers emphasize the importance of using a ML approach for rapid and accurate

medical diagnosis and successful treatment of diseases [17], [18].

Table 1. Studies on the dental workforce

Purpose of the Study Factors Methods Ref.
Compare the frequency and duration of career breaks Age, the proportion of Questionnaire [25]
taken by the dental surgeons and evaluate the impact of hygienists, the duration of survey, statistical
these and changes in working hours on human resource career breaks, GDPs of dental analysis
planning surgeons
Forecasting the supply and demand of dental operations  Staff type, staff cost, treatment Operational [26]
in the UK hours, treatment type, research (OR)
techniques-linear
programming
Establishing a forecasting model of demand and supply The age structure of the Forecasting [27]
for dentists for workforce planning in dentistry population, the dentate and models, statistical
edentulous subpopulations of analysis
adults,
Literature review on factors influencing oral health Lack of data, the restorative and  Literature review [28]
workforce planning and management in developing preventive care, the number of
countries (DCs) dental schools, the dentistry
students, privatization of dental
care services, skill mix, the
scope of practice, workforce
management
Identifying data sources from countries concerned with ~ Children oral health care, A cross-sectional [29]
the selection of oral health indicators in a sample of FDI ~ Behaviors and coverage, Oral survey- Mann—
member countries; health economics, Oral health Whitney U-tests,
equality of life statistical analysis
Develop and operationalize a workforce planning Gender, age, number of natural ~ Simulation models  [30]
simulation tool based on oral health needs teeth, the problem with
food/pain, level of service, type
of service, frequency of service
Identify trends in the dental workforce in Oman from Dentist workforce, dentist-to- Basic integrated [31]
1990 to the present and compare the dental workforce population ratios model, statistical
with medical counterparts in Oman and other countries, analysis
and assess the future dental workforce in Oman
estimating patient and service ratios for oral health Age, sector of practice, practice  self-report [32]
therapists (OHTs), dental hygienists (DHs), and dental type, length of service, number questionnaire,
therapists (DTs) of dentists, % of child patients, statistical analysis
locations,
Identifying factors affecting the dental workforce and Economic, population, literacy ML Models, This Study

predicting the optimum dentist

rate, the life of expectancy,
dentist workforce

SVM, RF, GLM,
GB

FDI: World Dental Federation
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ML, which is widely used in general medical issues, has also been used in the field of dental treatment in recent
years. The prediction data was obtained using ML for a national health database of data from the National Health
and Nutrition Examination Survey to develop recommendations for dental treatment [19]. Another study used ML
models to predict the clinical effects of dental diseases, periodontal diseases, trauma and neuralgias, cysts and
tumors, glandular, and dental and orofacial diseases, and compared the results [20]. The bayesian algorithm from
ML models was used for genomic analysis of head and neck squamous cell carcinomas of oral oncology [21]. Data
from a total of 125 patients were compared using ML models to predict the occurrence of BRONJ associated with
dental extractions [22]. Using Medicaid data from 24233 pediatric patients over nine years, ML methods were
used to group and estimate patients' early childhood by cumulative dental cost curves [23]. Detection and
diagnostic predictions of dental caries on periapical radiographs were performed using 3000 periapical
radiographic image datasets utilizing the Deep convolutional neural networks (CNNs) algorithm, one of the ML
models [24]. Studies conducted within the scope of dental employment are discussed in Table 1.

Some studies reveal predictive data using ML models individually or using multiple algorithms [33], [34]. In this
study, we have used six models of machine learning, namely GLM, DL, DT, RF, GBT, and SVM, that are most
suitable for the dataset. These models include a wide range of ML techniques that are suitable for capturing the
complexity of various features and relationships. The complexity and structural features of the dataset support the
use of various models such as GLM, DL, DT, RF, GBT and SVM.This research is a pioneering study since there
is no direct study covering the field of health management with a ML approach, and there are very few studies
indirectly. However, some studies suggest a ML approach to overcome the extreme complexity and variability of
healthcare processes to provide high service quality and cost-effectiveness in health systems [35]. We can assume
that ML algorithms have an important role in decision-making in the light of the data obtained in health
management, just like in medical issues.

3. METHODOLOGY
3.1. Data Preparation

In this study, data on dependent and independent variables were obtained and run in ML algorithms. For the
training and testing phases of ML algorithms, data was shared at 80% and 20% rates. Prediction data was obtained
without normalization operations for the data in the data sets. The data of this study was obtained from open access
data by Turkish Statistical Institute (TUIK) [36]. The dependent variable was defined as the number of dentists
employed in Turkey between 1960 and 2018 in this study. Fig. 1 shows the number of dentists employed during
the selected period. The number of dentists considered includes only those employed in government institutions.
The average of the 59-year data was calculated as 11373, while the number of dentists employed in 2018 was
30615. The number of dentists per 1000 people was computed as 0.429 for 2018.
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Fig. 1. The dentists employed between 1960-2018.

Country population, gross domestic product per capita (GDP PC), life expectancy, and literacy rate (considered as
education factor) that affected the dependent variable were defined as independent or input variables. The changes
in the input factors during the considered period were shown in Fig. 2. These factors were preferred to establish
the link between the increase in the rate of patients applying to dental clinics and the number of employed dentists.
In addition to being directly related to the increase in the country's population and the dental workforce, the desire
of people to live for a long time also plays an important role in this relationship. Due to little or no government
support for dental treatment in most countries, people have to pay for these treatments out of pocket. In this case,
we have taken this factor into account in this study to question the link between people's income rate and dental
treatment. With the last input parameter of the study, people's literacy rate data were taken to analyze the
importance that educated people attach to dental treatment. There are two cases in the data used for this factor.
The data used belong to the literacy rates of people aged 15 and over. The other case consists of annual data
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between 2004-2018 and five-year data between 1960 and 2004. The data for the years in which literacy rates could
not be reached were formed by taking the average values of the differences between the two years.
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Fig. 2. The input parameters between 1960-2018.

3.2. ML Algorithms

The number of dentists employed annually was estimated using ML models in the second stage of the study.
Among the ML models, generalized linear model (GLM), deep learning (DL), decision tree (DT), random forest
(RF), gradient boosted trees (GBT), and support vector machine (SVM), which are the most used by researchers,
were preferred in this study. Each model tries to predict the response function with different algorithms. The GLM
model works with the logic of regression analysis. The DL approach is an algorithm that uses representative data
from the previous layer to explore complex systems and predict expected data at each layer of a machine. The DT
model minimizes errors by classifying them as decision trees to increase the prediction accuracy of complex
structures. The RF prediction model predicts data by classifying test data such as DT and working with a culture
of regression analysis similar to the GLM model. GBT model is a ML technique based on the gradient-assisted
tree algorithm. The SVM model has an algorithm developed by classifying (at least two classifications) the data
in the data set for the prediction data. In creating a subset of the clusters created in the ML models dataset, some
newly created feature selection is required. A feature set has a different number of complexities, achieving an error
rate. For this reason, as in Table 2, each model selects features to provide the most consistent results for itself.

Table 2. The feature selection information of ML models

Model Selected Population Life GDP PC Literacy  Evaluated  Generated
Feature Numbers Expectancy Rate Feature Future

GLM 3.00 N4 NG N4 1376.0 111.0
DL 2.00 v v 460.00 63.00
DT 1.00 v 3628.0 166.0
RF 3.00 v v v 2589.0 178.0
GBT 3.00 v v v 143.00 21.00
SVM 2.00 v v 1817.0 95.00

Nearly 59 data of all data (80 %) were used for the training phase, while the remaining data (20 %) were used for
the testing phase [24]. Rapid Miner 9.1 software was used to obtain predicted results of ML models in this study.
Estimating the number of dentists employed was provided using six different ML models in the present study. In
order to make a comparison between these models, some performance criteria need to be calculated. These criteria
are included in ML as Relative error (RE), root mean square error (RMSE), mean absolute error (MAE), mean
squared error (MSE), and the coefficient of correlation (R?), respectively. The equations used for performance
measurement are given below:
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where y;, y;, and ¥; represent the actual value in the data set, the average value of the data set in the data, and the
predictive values generated by ML models, respectively. n is the number of samples in a dataset. The margin of
error € value computes between the actual data and the forecast data. MSE, MAE, RE, and MAPE are the
performance measurement tools that minimize empirical predictive values in ML models. The value of R? takes
a number between 0.00-1.00. In ML models, the option of determining the variables that will give the best result
for which model by applying feature selection is widely used.

4. RESULTS OF THE STUDY

In most studies, the results are compared using one or more of the ML models. In this study, a comparison was
made using six models of the ML method. Interpretations of the results are provided by considering many
parameters for the comparison of the models. This error rate is considered the training error rate. The test error
verified in the data set is higher than the training error. When creating feature sets, it is desirable to have low
complexity and low error rates. Especially in small-scale data, prediction data with low error in predictive data is
derived by feature selection. However, it is not possible to both reduce the error rate and minimize the complexity.
However, using fewer features allows ML models to train faster and have fewer errors than predictive values.
The statistical results of the performance measurement criteria of ML models were discussed in Tables 3-7 in
detail. The software used to ensure that the estimated results are ready provides more than 1000 points per second
for the real-time scoring method, making it balanced in the estimated data. For models whose input parameters
correspond to uncontrollable parameters, results are provided quickly. The time used for the estimation data
obtained for the solution in these tables is based on seconds. The correlation values, one of the performance criteria,
express the connection between the estimated results obtained by the models and the actual results. The RF model
showed the best performance with a correlation value of 0.998. As a result of comparing the models with RMSE,
AE, RE, and SE data, RF has a low margin of errors with values of 656.6, 393.1, 0.025, and 496115.7, respectively.
The RF ML model has the best prediction results compared to other models in terms of all these results.

Table 3. The statistical results of the performance measurement criteria of ML models
Training Time Scoring Time (1,000 Rows)

Model Correlation Standard Deviation Total Time

(1,000 Rows)
GLM 0.996 0.0005 101548.0 127.1 0.0
DL 0.996 0.0012 103729.0 711.9 0.0
DT 0.991 0.0054 35598.0 0.0 0.0
RF 0.998 0.0019 94435.0 84.7 106.4
GBT 0.989 0.0077 113857.0 1745.8 42.6
SVM 0.975 0.0215 21122.0 59.3 21.3

Table 4. The RMSE values of the models
Model RMSE Standard Deviation Total Time Training Time (1,000 Rows) Scoring Time (1,000 Rows)

GLM 763.2 103.20 101548.0 127.1 0.0
DL 809.8 68.700 103729.0 711.9 0.0
DT 1403.6 529.00 35598.0 0.0 0.0
RF 656.6 285.00 94435.0 84.7 106.4
GBT 1437.1 751.20 113857.0 1745.8 42.6
SVM 3012.3 1623.0 21122.0 59.3 21.3

As a result of statistical data of other models, GLM, DL, DT, GBT, and SVM correlation values were calculated
as 0.996, 0.996, 0.991, 0.989, and 0.975, respectively. GLM and DT models have data of consistent estimation
results with high correlation values among the five models. The RSME values of GLM, DL, DT, GBT, and SVM

129



Miih.Bil.ve Aras.Dergisi,2024;6(1) 125-132

Table 5. The AE values of the models
Model AE Standard Deviation  Total Time Training Time (1,000 Rows) Scoring Time (1,000 Rows)

GLM 571.7 59.80 101548.0 127.1 0.0
DL 563.0 40.00 103729.0 711.9 0.0
DT 732.5 211.8 35598.0 0.0 0.0
RF 393.1 144.1 94435.0 84.7 106.4
GBT 721.1 339.1 113857.0 1745.8 42.6
SVM 1847.5 947.8 21122.0 59.3 21.3

Table 6. The RE values of the models
Model RE Standard Deviation Total Time Training Time (1,000 Rows)  Scoring Time (1,000 Rows)

GLM 0.049 0.0058 101548.0 127.1 0.0
DL 0.045 0.0050 103729.0 711.9 0.0
DT 0.041 0.0084 35598.0 0.0 0.0
RF 0.025 0.0069 94435.0 84.7 106.4
GBT 0.043 0.0155 113857.0 1745.8 42.6
SVM 0.097 0.0299 21122.0 59.3 21.3

Table 7. The SE values of the models

Model SE Standard Total Training Time (1,000 Scoring Time (1,000
Deviation Time Rows) Rows)
GLM 591024.7 157469.400 101548.0 127.1 0.0
DL 659570.6 108376.400 103729.0 711.9 0.0
DT 2193889.0 1192405.30 35598.0 0.0 0.0
RF 496115.7 337975.200 94435.0 84.7 106.4
GBT 2516592.0 2038691.30 113857.0 1745.8 42.6
SVM 11180992.9 10754187.8 21122.0 59.3 21.3

were calculated as 763.2, 809.8, 1403.6, 1437.1, and 3012.3, respectively. Likewise, GLM and DT have low errors
compared to the RMSE values of the models. The AE values of GLM, DL, DT, GBT, and SVM were computed
as 571.7, 563.0, 732.5, 721.1, and 1847.5, respectively. The RE values of GLM, DL, DT, GBT, and SVM were
estimated as 0.049, 0.045, 0.041, 0.043, and 0.097, respectively. DT and GBT models have data of consistent
estimation results with low RE values. The SE values of GLM, DL, DT, GBT, and SVM were computed as
591024.7, 659570.6, 2193889.0, 2516592.0, and 11180992.9, respectively. GLM and DT models have lower SE
values than other models in this performance criterion and the values of RMSE and AE. According to the values
of the performance measurement criteria, RF provides the best estimate of the most response variable, while SVM
provides the worst estimate data.

The comparison between the estimated the dental workforce and the actual number according to the RF algorithm
that exhibits the best performance from the ML models was shown in Fig.3. Approximately 12 data were estimated
since about 80% of all data was used for the training (or education) phase and the remaining 20% for the testing
phase. It is understood that there is considerable consistency between the forecast data and the actual data. We
observed that only the 7 (-1164), 9™ (2015), and 12% (2135) testing data differ from the estimated data and the
actual data. The most negligible difference value between the actual data and the prediction data was obtained in
the 4™ test data (38). The RF model has shown that early estimation of dental workforce is key to the possibility
of advance planning in healthcare management for Turkey.
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Fig. 3. Estimated and actual values of the number of dentists employed by the RF model.

3.

=

This study has some limitations. The analysis is limited to four input factors, eliminating factors that cannot
accommodate long-term data. Therefore, the effects of variables with other demographic characteristics on the
dental workforce could not be analyzed. A second limitation is the literacy rate data selected among the
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independent parameters to reflect the education level in the country. Otherwise, this study does not directly include
the education level factor when there is no long-term data on education level. We have wanted to underline that
the data obtained in this study were taken into account by four independent factors. Another limitation is that the
dental workforce is limited only to those working in government-supported institutions. Since there is no official
data on the dental workforce in private dental clinics, they were not included in the study.

Health expenditure rates in countries are increasing day by day [37]. One of the biggest shares in health
expenditures is health resources. Using alternative resource allocation techniques in dental health care, more
information about the economic impact can be provided to decision-makers, namely policymakers [38]. Inefficient
resource management negatively affects health systems in terms of cost and time [19]. For this reason, it is
inevitable to use the ML method, which is one of the most up-to-date methods of today. This study offers a solution
to the resource management problem in health management with the machine learning.

5. CONCLUSIONS AND PERSPECTIVE

By running ML models, namely, GLM, DT, DL, RF, GBT, and SVM, performance measurement criteria values
were compared to show the consistency of the estimated data on the dental workforce. Among the ML models, the
model with the best performance was defined as RF, while the model with the worst prediction data was determined
as SVM. To conclude, ML models provide the opportunity to know the problems that may occur by obtaining
predictive data and sensitivity analyses in many areas. The potential of ML in overcoming the complexity of
various data and the difficulties encountered in healthcare management has been revealed in this study. The most
crucial reason for consistent data in healthcare management is the human factor. In order to minimize the cost of
human resources in healthcare, ML models must be needed to overcome the data of this complex system. ML
models are generally used in medical diagnosis in the field of healthcare. This paper showed using algorithms that
allow ML to be developed for predictive data to enable more data-driven health informatics and management
solutions. We have emphasized that ML models should be used in healthcare and non-medical issues and issues
related to healthcare management. The implications for health management research are that there is no doubt that
health system management will become more dependent on ML models of complex data such as health resources,
health economics, patient rights, patient's and health professional's satisfaction, and so on. Finally, we present an
example of future applications for ML models that will significantly impact healthcare system management.
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ABSTRACT

Imbalance between power generation and load demand causes unwanted
undulations in frequency and tie-line power responses. These undulations
closely affect the reliability/security of the power system, quality of the energy
generated and the end user. In accomplishing generation suitable for
consumption, secondary frequency regulation (SFR) is an inevitable control
technique. In this brief, an exponential PI (EXP-PI) controller is proposed to
enhance the performance of SFR in an interconnected power system. Snake
optimizer (SO), one of the computational intelligence techniques, is benefitted
for adjusting the controller parameters optimally. This way, without the
requirement of an expert knowledge, controller parameters are searched
optimally by minimizing the value of integral of time-multiplied absolute error
(ITAE). To confirm the contribution of SO tuned EXP-PI controller,
comparisons with the works in literature are established. It is deduced from the
obtained results that the system performance with our proposal has enhanced
in terms of oscillation, settling time, maximum overshoot/undershoot and
ITAE value of the frequency and tie-line power responses.
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OZET

Giig tiretimi ve yiik talebi arasinda yasanan bir uyumsuzluk frekans ve baglanti
hatt1 gii¢ tepkilerinde arzu edilmeyen salinimlara neden olur. Bu salinimlar
gii¢ sisteminin giivenirligini/giivenligini, iiretilen enerjinin kalitesini ve son
kullanicilart  yakindan etkilemektedirler. Tiiketime uygun {iretimin
gerceklestirilmesinde sekonder frekans regiilasyonu (SFR) kaginilmaz bir
kontrol teknigidir. Bu g¢alismada enterkonnekte bir gii¢ sisteminde SFR
performansinin artirilmasi icin iistel PI denetleyicisi dnerilmistir. Denetleyici
parametrelerinin optimum ayari i¢in islemsel zeka tekniklerinden yilan arama
algoritmasimdan (YAA) faydalanilmistir. Boylece denetleyici parametreleri
zaman agirlikli mutlak hatanin integral (ITAE) degeri en az yapilacak sekilde
uzman bilgisine gerek duyulmadan optimum sekilde aragtirilmistir. YAA
tabanli iistel PI denetleyicinin alana katkisini dogrulamak amaciyla
literatiirdeki calismalarla karsilastirmalar gerceklestirilmistir. Elden edilen
sonuglardan Onerilen yontem ile sistem performansinin frekans ve baglanti
hatt1 gii¢ tepkilerindeki osilasyon, oturma siiresi, maksimum pozitif/negatif
asim ve ITAE degerleri bakimindan iyilestigi anlasilmistir.
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1. GIRIS
Teknolojik ilerlemeler, endiistriyel alanlardaki genis 6l¢ekli bitylimeler ile hizli niifus artis1 elektrik enerjisine olan
talebi oldukga artirmaktadir. Ayrica enerji kaynaklarmin smirli olusu, toplumlarin ¢evre kirliligi konusunda daha
fazla bilinglenmeleri ve elektrik enerjisinin kayda deger oranlarda depolanamayist elektrik enerjisinin anlik
ihtiyaclara cevap verecek biiytikliiklerde verimli bir sekilde tiretilerek tiiketicilere daha az kayiplarla iletilmesi gibi
temel miihendislik problemlerini olusturmaktadirlar.
Frekans, gii¢ sistemlerinin kararligin1 etkileyen en 6nemli parametrelerin basinda gelir. Uretilen ve tiiketilen giic
dengesiyle sabit tutulan frekans degeri bazi Avrupa ve Amerika iilkelerinde 60 Hz iken iilkemizde 50 Hz
degerindedir. 10/11/2004 tarihli ve 25639 sayili Resmi Gazete’de yayimlanan Elektrik fletim Sistemi Arz
Giivenilirligi ve Kalitesi Yonetmeliginde belirtildigi iizere sistemin nominal frekanst TEIAS tarafindan 50 Hertz
(Hz) etrafinda 49.8-50.2 Hz araliginda, 200 mHz’lik frekans sapmasi ile hedeflenen isletme kosullarinda kontrol
edilir. Sapmanin belirlenen araligin disina ¢ikmasi sistem kararlilif1 ve emniyeti agisindan tehlike arz eder. En
kotii senaryoda sistemde kesintiler/sebeke ¢cokmesi yasanir. Gegmiste bazi sebeke ¢cokmeleri 1999 yili Mart ayinda
Brezilya’da, 2001 ve 2002 yillarinin bahar dénemlerinde Iran’da, 2003 yili Agustos ayinda kuzey Amerika’da,
2014 yili Kasim ayinda Banglades’te, 2019 yil1 Mart ayinda Venezuela’da (diinyadaki en uzun kesinti) yasanmistir
[1]. 31 Mart 2015 tarihinde Tiirkiye’de de 9 saatlik bir elektrik gii¢ kesintisi yasanmis ve {ilkemiz bu durumdan
etkilenmistir.
Elektrik sebekelerinde frekansi etkileyen en 6nemli degisken aktif giigtiir. Frekansin sabit kalabilmesi iiretilen ve
tiikketilen gii¢c dengesi ile miimkiindiir [2]. Oyle ki iiretilen toplam aktif giic, iletim hatt1 kayiplar1 ile alic1 giigleri
toplamina esit olmalidir. Uretilen enerji talep edilenden fazla olursa frekans artacak, talep edilen enerji iiretilen
enerjiden fazla olursa bu kez frekans diisecektir. Frekansin degisimi enterkonnekte gii¢ sistemlerinde gegici
baglant1 hatlar arasi gii¢ alisverisine neden olacaktir. Iste elektrik sebekelerinde kararliligin iyilestirilmesi,
sistemin giivenli ¢alisabilmesi i¢in enerji iiretim tesislerinin aktif gii¢ ¢ikigini talebe uygun sekilde artirarak veya
azaltarak sistem frekansini miimkiin oldugunca hizli sekilde nominal degerine getirme isine sekonder frekans
regiilasyonu (SFR) denilmektedir. Bu sayede komsu elektrik sebekeleriyle olan toplam giic aligverisi
programlanan degerine getirilmis olur [3, 4]. Tiiketilen enerjinin bir hayli karmasik ve siirekli degistigi gliniimiiz
diinyasinda iiretilen ve talep edilen gii¢ arasindaki uyumu saglamak ve boylece frekans sapmalart ile bolgeler arasi
salmimlar1 séniimleyebilmek igin etkin ve hizli cevap verebilecek bir denetim organina gereksinim vardir. lyi
tasarlanmis bir denetleyicinin tesisi ile istemin giivenli, giivenilir ve kararli isletimine katki saglanir, ayn1 zamanda
uluslararasi elektrik enerjisi ticaret hacmi artirilir.
Literatiirde degisik gii¢ sistemlerinde SFR ile ilgili ¢ok cesitli arastirma makaleleri bulunmaktadir. Tki bélgeli bir
gii¢ sisteminde SFR icin PI ve PID denetleyicileri 6nerilmistir [1]. Denetleyici parametreleri klasik Ziegler-Nichols
tablolar1 ile tespit edilip modele uygulanmistir. Yiik degisimi sonrast SFR sayesinde her iki denetleyicide kalici
frekans hatas1 sifir yapilip frekans anma degerinde tutulmustur. PID denetleyicinin gerek oturma siiresi gerekse
osilasyon agisindan PI denetleyiciye gore ¢ok daha iyi sonug verdigi anlasilsa da arzu edilen tepkileri elde etmede
her iki denetleyici zayif kalmistir. Ayrica Ziegler-Nichols yontemi ile verilen kurallar optimum denetleyici
parametrelerinin tespitinde basarisizdirlar. Bu kurallarin yerini artik etkin bigimde meta-sezgisel algoritmalar
almistir. Meta-sezgisel algoritmalarla bilinmeyen denetleyici parametreleri etkili sekilde, makul bir siirede
arastirtlabilmektedir.
Hibrit bakteriyel besin arama algoritmasi-pargacik siiriisii optimizasyonu (hBBAA-PSO) [5], diferansiyel gelisim
algoritmast (DGA) [6], genetik algoritma (GA) [7] ve ates bocegi algoritmasi (ABA) [7] ile klasik PI denetleyici
parametreleri elde edilmistir. Hibrit stokastik fraktal arama algoritmasi-desen arama teknigi (hRSFAA-DA) [8],
simbiyotik organizmalar arama (SOA) algoritmasi [9] ve DGA [10] ile PID denetleyici parametreleri elde
edilmistir. [9] numarali kaynakta SOA teknigi ile PID denetleyici parametrelerinin tespiti yeni bir amag fonksiyonu
ile gerceklestirilmis ve etkili sonuglar elde edilmistir. Bir bagka basarili caligmada iyilestirilmis stokastik fraktal
arama algoritmasi PID denetleyici parametrelerinin en uygun degerlerinin bulunmasinda kullanilmustir [11]. ilgili
caligmada standart amag fonksiyonlarindan farkli olarak daha makul yeni bir amag fonksiyonu énerilmistir. [12]
ve [13] numarali ¢aligmalarda gretme-dgrenmeye dayali optimizasyon algoritmasi (OOOA) ile PID ve iki
serbestlik dereceli PID (2SD PID) denetleyici parametreleri elde edilmistir. [14]°de hibrit pargacik siirii
optimizasyonu-desen arama (hPSO-DA) teknigi ile bulanik PI denetleyici parametreleri elde edilmistir. [15]’de
ise iyilestirilmis gri kurt optimizasyon (GGKO) algoritmasi kullanilarak PI, PID ve eklemeli PI-PD denetleyici
parametrelerinin en uygun degerleri bulunmustur. Daha yeni bir ¢alismada son zamanda ortaya konulan aritmetik
optimizasyon algoritmasi (AOA) iki bolgeli termik ve fotovoltaik gii¢ sisteminde SFR performansinin artirilmast
amactyla PI denetleyici parametrelerinin elde edilmesinde kullanilmistir [16]. Elde edilen sonuglar [7]’de verilen
sonuclarla benzer sartlarda karsilastirilmis ve AOA’nin GA ile ABA algoritmasindan daha iistiin cevap egrileri
sundugu gorilmiistiir.
Mevcut denetim tekniklerine alternatif olarak iistel PI denetleyici ilk defa [17]’de dnerilmis ve sabit miknatislt DA
servo motorun kapali gevrim hiz denetimine basarili sekilde uygulanmistir. Onerilen yontemde kontrol hatasi PI
denetleyiciye uygulanmadan dnce iistel bir fonksiyona verilmektedir. Ustel fonksiyon dogrusal olmadigindan giris
sinyali dogrusal olmayan sekilde islenmis olmaktadir. Elde edilen bu sinyal daha sonra PI denetleyiciye giris olarak
verilmektedir. Bu arada iistel fonksiyon karakteristigi sabit olmay1p, iki skaler sabite ile degistirilebilmektedir. Bu
manada fonksiyonun egimi/keskinligi ile maksimum/minimum degerleri kullanici tarafindan ayarlanabilmektedir.
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Bu ¢aligmada termik gii¢ santrali ve fotovoltaik giines enerji sisteminden olusan iki bdlgeli bir gii¢ sisteminde SFR
performansinin artirilmasi i¢in iistel PI denetleyicisi tasarlanmis ve dnerilmistir. Denetleyici parametrelerinin etkili
bicimde elde edilisinde yeni bir algoritma olan yilan arama algoritmas: (YAA) kullanilmistir. Bu manada
denetleyici tasarim asamasinda insan faktorii ortadan kalkmis, yanlis parametre ayarindan dolayr istenmeyen
performans ile karsi karsiya kalma riski de 6nlenmistir. Benzetimi gerceklestirilen gii¢ sistemi MATLAB/Simulink
ortaminda modellenmis, optimizasyon algoritmasi ise MATLAB/M-file ortaminda yazilmigtir. YAA’da bireylerin
uygunlugunu degerlendirmek i¢in Simulink modeli ile M-file birbirlerine baglanmislardir. YAA tabanl tistel PI
denetleyici performansmin ispati i¢in literatiirdeki [7] ve [16] numarali kaynaklarla karsilastirmalar
gerceklestirilmistir. Karsilastirmalarda frekans sapmasi ve baglant1 hatti giic dalgalanmalarina ait cevap egrileri
analiz edilmistir.

2. GUC SISTEMI TRANSFER FONKSIYONU MODELI

Bu bolimde iki bolgeli termik santral ve PV giines enerji sisteminden olusan gii¢ sisteminin benzetim
calismalarinda kullanilan dinamik modeli verilmistir. Sekil 1°te bu modelin SFR tasarimi ve analizi i¢in
olusturulan transfer fonksiyonu modeli goriilmektedir. Bu sistem iki farkli santralin birbirlerine enterkonnekte
baglant1 hatti ile baglanmasiyla olusur. 1. bolgede ara 1sitmali buhar tiirbinine sahip termik santral gorev yaparken
2. bolgede PV giines enerji sistemi bulunmaktadir. Sekil 1°de R generatoriin giic-frekans karakteristik egrisinden
elde edilen governdr regiilasyon faktorii, B frekans biasidir. Ayrica APy ve APy, yiik degisimlerini, APy, ve APy,
giic iretimindeki degisimleri, Af; ve Af, bolge frekans sapmalarini, AP,;, komsu bolgeler arasindaki baglanti hatt1
glic dalgalanmalarini, AP,.r; ve AP..f, denetleyici ¢ikis sinyallerindeki degisimi ve AKH alan kontrol hatasimi
gostermektedir.

PV giines enerji APp;
.. sistemi
Denetleyici-2 /l\
. AP, _ AP, = Afa
» Ustel PI e > — :8150;_ 9:_)(;0 £ >+
s s -
| 2. Bolge
B L , APtie | T, +
Enterkonnekte baglant1 hattr —
S —_—
Ara 1sitmal1 I
v Denetleyici-1 Governdr buhar tiirbini Giig sistemi |
+\ AKH Ustel PI APy O 1 N SK.T, +1 APg Kps Afi
_ ste STy +1 1 GT, + DGT, + 1) sTps +1

.. 1. Bolge
A A APp; A [

Sekil 1. Calismadaki gii¢ sistemi transfer fonksiyonu modeli.

Bu gii¢ sisteminde AKH su sekilde hesaplanir;
AKH = —BAf; + AP, (D

SFR ile bolgeler arasindaki gii¢ akisini kontrol edilir ve sistemde var olan kalic1 frekans hatasi giderilerek sistem
frekans: belirlenen nominal degerine getirilir. Baglant1 hatlarindaki aktif giic akist yiik tevzi merkezlerinde
bilgisayar destekli denetleyiciler vasitasiyla kontrol edilir. Bu denetleyiciler baglanti hattinda var olan AKH
degerini kontrol ederler.

Calismada kullanilan sistem parametreleri su sekilde ayarlanmustir [7]: T, = 20 s, K3 = 120 Hz/puMW, T, =
0.08s,T, = 0.3s,K, = 0.33,T, = 105, T;, = 0.545 puMW/Hz, B = 0.8 puMW/Hz, R = 0.4 Hz/puMW, F°
60 Hz

3. USTEL PI DENETLEYICI YAPISI VE TASARIMI

Ustel PI denetim blok diyagrami Sekil 2°de gosterilmistir. Goriildiigii lizere iistel blok PI denetim blogunun &niine
konulmus, birbirlerine eklemeli (kaskad bagli) sekilde ¢alismaktadirlar. Burada iistel blok degisken bir kazang
gorevi gormektedir. Oyle ki bu kazang, 6rn. k, hata sinyali e(t) nin iistel fonksiyon ile tanimli dogrusal olmayan
bir fonksiyonudur. Bu durumda k = 1 iken iistel PI denetleyici klasik bir PI denetleyiciye doniislir. k # 1
oldugunda e(t) sinyali iistel fonksiyon ile dogrusal olmayan sekilde islenerek y(t) sinyali hesaplanir. y(t) daha
sonra PI denetim bloguna girerek nihai ¢ikis sinyali wysze; p; (t) elde edilir.
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Ustel blogu PI denetim blogu

z(t); o (2©) v(t ‘ Iy, y(t)_

H
H
i Uistel pi(t)

e(t)

SR

Sekil 2. Ustel PI denetim konsepti.

k kazancinin matematiksel ifadesi Denklem 2’de verilmistir.

= {A(l —exp(=e(t)/7) e(t) >0
~—A(1 - exple®)/D) e® <O

Denklem 1°den anlasilacagi iizere iistel blokta iki bilinmeyen vardir. Bunlar iistel fonksiyonu karakterize eden t
ve A parametreleridir. Fonksiyonunun egimini T parametresi ile ayarlanirken A ile fonksiyonun smirlar
belirlenmektedir. Olayin daha iyi anlasilabilmesi i¢in k degeri e(t)’nin bir fonksiyonu olarak Sekil 3’te
cizdirilmigtir. Goriildigii gibi A bir ¢arpan goérevi goriir ve e(t) giris hata sinyalini biyltip kiiglltir. T ise
fonksiyonun egimini ayarlamaktan sorumludur. Degeri kiigiildiikce egim biiyiir.

@

Sekil 3. Farkli T ve A parametre degerlerinde k kazancinin e(t) nin bir fonksiyonu olarak iistel sekilde degigimi.

Sonug olarak iistel PI denetim kurali Denklem 3’de gibi verilebilir.
Uiistel PI (t) = pr(t) + Ki f)’(t)dt (3)

Denklem 3’te y(t) = k - e(t)’dir. Ustel PI denetleyicinin tasariminda K, ve K; parametrelerine ek olarak 7 ile A
parametrelerinin en uygun sekilde belirlenmesi gerekir. Aksi halde denetleyiciden beklenen performans elde
edilemez. Bu is i¢in uygulanabilecek en etkili yontem meta-sezgisel bir algoritma ile denetleyici parametrelerinin
optimizasyonudur. Segilen algoritma ile dnceden tanimli hata tabanli amag fonksiyonu degeri kiigiiltiilerek en iyi
denetleyici parametreleri tespit edilir. Giiglii yapist ve yeni bir yontem olmasi hasebiyle bu ¢aliymada yilan arama
algoritmasi (YAA) tercih edilmistir.

4. YILAN ARAMA ALGORITMASI

Yilan arama algoritmasi optimizasyon problemlerine ¢6ziim iiretmek igin alternatif olarak gelistirilen bir
algoritmadir [18]. Algoritma 2022 yilinda ortaya konmustur. ilham kaynagi yilanlarin yiyecek arama ve ozel
ciftlesme mekanizmalarindan gelir. Yilanlarin ¢iftlesmesi belirli gartlar altinda gerceklesir. En dogru zaman
sicakligi yeterince diisiik oldugu baharin sonu ve yazin baglangicidir. Sicakliktan bagka yiyecegin varligi da
ciftlesmeyi etkilemektedir. Sartlar saglandiginda rakip erkekler giiglii olmak ve disiyi etkilemek i¢in kars1 karsiya
gelirler. Disi ¢iftlesmeye karar verirse ¢iftlesme meydana gelir ve disi yilan yumurtalarini bir yuvanin igine birakir.
Yumurta disar ¢iktig1 vakit disi yuvadan ayrilir. Yilanlarin karsi karsiya gelmesi, ¢iftlesmesi ve yumurta birakmasi
Sekil 1’de goriilmektedir.

@ ' (b) ©
Sekil 1. Dogadaki yilanlar (a) kavgalari (b) giftlesmeleri (c) yumurta birakma.
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Yilanlarm tespit edilen bu i¢giidiileri matematiksel olarak asagida verilmistir.

4.1. Popiilasyonun Olusturulmasi

YAA arama islemine rastgele popiilasyonla baslar. Popiilasyon Denklem 4 ile rastgele iiretilir.

Si = Smin t rand * (Spax — Smin) 4
Burada S; i. yilanin pozisyonu, rand 0-1 arasinda rastgele say1 iiretici, Sy, V€ Smax problemdeki karar
degiskenlerin alt ve {ist sinirlarini gosterir.

4.2. Popiilasyonun iki Esit Gruba Ayrilmasi: Erkekler ve Disiler

Algoritmada popiilasyonun esit olarak iki gruba ayrildig: kabul edilir. Erkek yilanlarla disi yilanlardan olusan iki
grup matematiksel olarak su sekilde elde edilir.

N, ~ N/2 (5)
Ny =N — N, (©)

Burada N toplam yilanlardan olusan ¢ziim sayisini, Ny, ile Ny sirasiyla erkekler ve disilerin sayisini vermektedir.

4.3. Gruplarin Degerlendirilmesi

Her gruptaki en iyi birey degerlendirilir ve uygunluk degerleri erkek birey i¢in f,eg m, disi birey igin de fpese f
degiskenlerinde saklanir. Yiyecek igin fr,o4 degiskeni kullanilacaktir.

Daha once ifade edildigi gibi yilanlarin bir araya gelmesi ve ¢iftlesmesi igin sicaklik ve yiyecek miktari gibi
ciftlesmeyi etkileyen bazi faktdrler bulunmaktadir. Iterasyon sayisi ¢, maksimum iterasyon sayist T olmak iizere
algoritmada sicaklik agagidaki formiil kullanilarak {istel sekilde diistiriiliir.

Temp = exp (_?t) @)
Yiyecek miktari ise her iterasyonda Denklem 8 ile hesaplanir:

-T
Q=c;-exp(F) ()

Burada ¢; = 0.5°dir.

4.4. Kesif Faz

Bu faz yiyecegin olmadigi fazdir. Eger Q belli bir esik degerin (6rnegin 0.25) altindaysa algoritma ¢6zliim uzayin
kesfeder. Bu siiregte yilanlar yiyecegin kaynagimni ararlar. Bunun i¢in popiilasyondan rastgele bireyler segilir ve bu
bireylere gore yeni pozisyonlar Denklem 9 kullanilarak hesaplanir.

Si,m(t +1) = Srand,m(t) T Ame (Smin + rand - (Smax - Smin)) 9

Burada S; ,,, i. erkek bireyin pozisyonu, S,qnq m Secilen rastgele erkek bireyin pozisyonu, ¢, = 0.05 ve 4, erkek
bireyin yiyecek bulma yetenegidir. A, nin hesaplanmasi i¢in Denklem 10 onerilmistir.

A, = exp (%) (10)

Denklem 10°da frqnam> Sranam nin uygunluk degeri, f; ,, ise S; ,, 'nin uygunluk degeridir. Denklemler 9 ve 10
benzer sekilde disi yi1lanlarin bulundugu gruba da uygulanir.
4.5. Somiirii Faz

Bu fazda yiyecek bulunur. Eger Q belli bir esik degeri astiysa ve sicakligi gosteren Temp degiskeni 0.6’y1 astiysa
bu durumda yilanlar Denklem 11°deki gibi kendilerini yiyecege dogru hareket ettirirler.

Si,j(t +1) = Sfood +c;-Temp -rand - (Sfood - Si,j(t)) an

Denklem 11°de S; ; i. erkek ya da disi yilanin j. boyuttaki konumu, S¢,,4 €n iyi bireyin pozisyonu ve ¢; degeri 2
olarak ayarlanan bir sabittir.

Eger Temp degeri 0.6’nin altina diiserse bu durumda yilanlar ya kars1 karsiya gelirler ya da giftlesirler. Kars1
karstya geldikleri durumda Denklem 12 kullanilarak yilanlar pozisyon degistirir.

Sim(t +1) = Sym(6) + 5 - FM -rand - (Q  Spestr = Sim(t) ) (12)
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Denklem 12°de S; ,, i. erkegin pozisyonu, Sy s disi gruptaki en iyi pozisyon ve FM erkek bireyin miicadele
kabiliyetidir. Benzer bir karsi karsiya gelis ayn1 sekilde disi yilanlar arasinda da gerceklestigi diisiiniilmiis ve
algoritmada Denklem 13 ile verilmistir.

Sip(t+1) =5;,(6) + ¢ FF - rand - (Q - Spesem — Sif (1)) (13)

Burada S; f i. disinin pozisyonu, Sy m €rkek gruptaki en iyi pozisyon ve FF disi bireyin miicadele kabiliyetidir.
FM ile FF Denklemler 14 ve 15 ile hesaplanir.

FM = exp (_fbf—el“f) (14)
FF = exp (Ftetm) (15)

Burada fyest f 1l€ fpest,m Sirastyla Spesr r V€ Spese,m bireylerinin uygunluk degerleridir.
Yilanlarn giftlestigi durumda ise asagidaki denklemler ile bireyler pozisyonlarini giincellerler.

Sim(t +1) = Sy () + €3 My -rand - (Q - Sy(6) = S;m()) (16)

Sip(t+1) =5,,(6) + ¢5 - My -rand - (Q - Sym(8) = 5;(6)) (17)

Burada S; ,,, erkegin pozisyonunu, S; ¢ disinin pozisyonunu, M,, ve M ise erkek ve disinin ¢iftlesme kabiliyetlerini
gostermektedir. Bu parametreler su sekilde hesaplanir:

M,, = exp (#) (18)
M _ _fi,m
f_exp(fif) (19)

Eger yumurta ¢ikarsa, bu durumda en kotii erkek ile en kotli disi bireyin pozisyonu Denklemler 20 ve 21 ile
hesaplanur.

Sworst,m = Spin +rand - (Smax - S‘min) (20)
Sworst,f = Spmin t rand - (Smax - Smin) @21

Burada Sy orstm V€ Sworst,s €rkek gruptaki ve disi gruptaki en kotii bireylerdir. Algoritmanin sézde kod tasarimi
Algoritma 1°de gosterilmistir.

Algoritma 1. YAA s6zde kodu
1 Yilanlardan meydana gelen popiilasyonu kisitlar dahilinde rastgele olustur, S
2 Popiilasyonu iki esit par¢aya bol
3 while t<T
4 Her bir grubun (N, and Ny) uygunluk degerlerini hesapla
5 fvestm < en iyi erkek ¢oziim
6
7
8

fpest,r < en iyi disi ¢oziim
Temp ve Q degiskenlerini Denklemler 7 ve 8 ile glincelle
if Q<0.25 % kesif faz1

9 Denklem 9 ile kesif gerceklestir
10 else % sOmiirii faz1
11 if Temp > 0.6
12 Bireyleri Denklem 11°i kullanarak giincelle
13 else
14 if rand > 0.6
15 Yilanlarin kars: karsiya geldigi mod: Denklem 12 ve Denklem 13’1 kullan
16 else
17 Yilanlarin ¢iftlestigi mod: Denklem 16 ve Denklem 171 kullan
18 En koétii erkek ve disinin pozisyonlarint Denklemler 20 ve 21 ile degistir
19 endif
20 endif
21 endif

22 endwhile
23 Eniyi ¢6ziimii goriintiile

Sekil 2°de gosterilen onerilen denetleyici yapisinda K, K;, T ve A olmak lizere toplamda dort parametre vardir.
Denetleyiciden maksimum performansi elde edebilmek igin bu parametrelerin en iyi sekilde ayarlanmasi gerekir.
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Bu calismada bu parametreler deneme ve yanilma yoluyla degil, YAA ile optimal sekilde ayarlanmaya
calistimustir.

Optimizasyon iglemlerinde probleme 6zgii ¢aligan tek kisim amag fonksiyonudur ve bu fonksiyonun tanimi elde
edilen sonuc¢larin amaca uygunlugunu 6nemli derece etkiler. Kontrol sistemlerinde dort tiir amag¢ fonksiyonu
kullanilmaktadir. Bunlar IAE, ISE, ITSE ve ITAE performans kriterleridir. Bu fonksiyonlar matematiksel olarak
Denklem 22, Denklem 23, Denklem 24 ve Denklem 25°de tanimlanmislardir. Bu Denklemlerde; t zamani, T
benzetim siiresini, Af; ve Af, frekans degisimlerini ve AP,;, iki bolgeyi birbirine baglayan iletim hattindaki gii¢
degisimini gostermektedir. SFR ¢aligmalarinda ITAE’nin diger integral tabanli hata kriterlerine gore daha iyi
sonuglar {irettigi goriilmiistiir [19].

IAE=[ (IAfi] + 1Af,] + APy |). dt (22)
ISE=[, [(Af)? + (Af,)% + (APye)?.dt (23)
ITSE=[ [(Af)? + (Af)? + (APy)?). t.dt 24)
ITAE=[, (IAfy] + |Af] + |APy]). t. dt (25)

Yiriitiilen algoritmada ITAE degerinin minimizasyonu ile salinim/sapma miktar1 kiigiik, O pu referans degere en
az oturma zamani ile ¢cabucak yerlesen cevap egrilerinin elde edilmesi amaglanmistir. Sonug olarak iistel PI
denetleyici tasarim problemi kisitli optimizasyon problemi olarak modellenerek c¢oziilmeye calisiimistir.
Optimizasyon problemindeki kisitlar denetleyici parametrelerinin minimum ve maksimum sinirlaridir.
Optimizasyon problemi basit¢ge Denklem 26°daki gibi tanimlanabilir.

Asagidaki esitsizlik kisitlarini dikkate alarak ITAE degerini minimum yap

Esitsizlik kisitlari:

min * max
KM < Ky < K

min * max
K™" < K < K]
T‘min < 1* < gmax
Amin < A* < gMax

(26)

Denklem 26’da min ve max iist indisleri denetleyici parametrelerinin sirasiyla minimum ve maksimum sinirlarini
gostermektedirler. Bu calismada K, ve K; parametreleri literatiir galismalarma uyumlu olarak —2 ve 2 araliginda
aranmistir. T ve A parametrelerinin alt ve {ist sinirlar1 ise 0 ve 2 olarak belirlenmistir. Optimizasyon sonrasinda en
kiigiik ITAE degerini veren K, K;*, t* ve A" degerleri denetleyici parametrelerinin en uygun degerleri olarak
diistiniilmiis ve benzetim ¢alismalarinda kullanilmislardir.

5. BENZETIM SONUCLARI

Transfer fonksiyonu Sekil 1’de gosterilen sistemde iki bolge farkli iiretim tesislerine sahip oldugu icin bu
bolgelerde kullanilan denetleyicilerin de farkli parametrelere sahip olmalar1 gerekir. Bu manada toplam 8
parametrenin belli kosullar altinda en iyi degerleri bulunacaktir. 1. bdlgede basamak yiik degisiminin %10
(APp1=0.1 pu), diger bdlgede yiik degisiminin sifir oldugu (APp,=0 pu) kabul edilerek YAA ile elde edilen iistel
PI denetleyici parametreleri Tablo 1°de verilmistir. Bu parametreler kullanilarak Af;, Af, ve APy, sinyallerine ait
hesaplanan ITAE degeri de bu tablonun en alt satirinda gosterilmistir. Elde edilen sonuglarin literatiire katkisini
gostermek icin daha dnce yayimlanmis ¢aligmalardan elde edilen sonuglar da Tablo 1°de goriilmektedir.

Tablo 1. Denetleyici parametreleri ve ITAE degerleri

Denetleyici GA-PI[7] ABA-PI[7] AOA-PI [16] YAA-istel PI

parametreleri [onerilen]
Ky 0.5663 0.8811 0.7395 0.2609
Ky 0.4024 0.5765 0.4080 0.2333
Kp2 0.5127 0.7626 1.8960 19252
Ky 0.7256 0.8307 0.9796 0.2404
7, - - - 1.6027
A - - - 17034
7 - - - 12630
A, - - - 19780
ITAE 12.44 7.4259 3.9028 2.3511

Tablo 1’de verilen ITAE degerleri incelendiginde Y A A-iistel PI denetleyicinin diger yaklasimlara gore daha diisiik
ITAE degeri sundugu goriiliir ITAE = 2.3511). Bu sonug cevap egrilerinin iyilestigi anlamma gelir. Onerilen
yaklasimdan sonra en iyi ikinci denetleyicinin AOA-PI denetleyicisi oldugu sdylenebilir. ITAE kriteri bakimmdan
en kotii sonu¢ GA-PI yonteminde hesaplanmustir (ITAE = 12.1224).
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Algoritmada popiilasyon boyutu 30 ve maksimum iterasyon sayist 100 olarak ayarlandiginda elde edilen
yakinsama grafigi Sekil 4’de verilmistir. Ilk iterasyon baslangic popiilasyonunu gostermektedir. Goriildiigii gibi
en iyi ITAE degeri 27.68’den baglayarak 100 iterasyon sonunda 2.351 degerine kadar diismiistiir. ITAE degeri ne
kadar diiserse Af;, Af, ve AP, tepkilerindeki salinim o derece azalmis olur. Buradan YAA’nin bu ¢aligmadaki
probleme iyi bir yanit iirettigi sonucu ¢ikarilabilir.

X1
Y:27.68

_

en iyi ITAE degeri

40 60 80
Iterasyon

100

Sekil 4. Optimizasyon siirecinde YAA nin yakinsama grafigi.

Tablo 1’de verilen denetleyici parametreleri kullanilarak benzetim ¢alismalar1 gerceklestirilmis ve elde edilen Af;,
Af, ve APy, tepkileri [0, 30]s igin Sekil 5°de verilmistir. Sekilden agikca anlasilacagi tizere 1. bolgede 0.1 pu’lik
yiik degisimiyle onerilen yaklasimda frekans egrileri negatif yonde sapma gostermis, akabinde hizlica toparlanarak
referans degere oturmuslardir. Baska bir deyisle; artan yiik miktarina karsi 6nce frekans diigmiis, sonrasinda enerji
iiretim tesisleri ¢ikiglarindaki aktif giicii SFR iinitesinden gelen sinyallerle artirarak frekans degerini nominal
degere geri getirmislerdir. YAA-iistel PI denetleyici ile elde edilen tepkiler incelendiginde digerlerine gore daha

hizli toparlandiklari, daha az bir agim ve osilasyon ile referans 0 pu degere ¢abucak yerlestikleri goriiliir.

0.3

0.2

0.1

Af . (Hz)
o

-0.1

-0.2

-0.3

0.1

-0.1

—__GAPI[T
____ABA-PI[7]
—AOA-PI [16]
= YAA-iistel PI [6nerilen]
+200 mHz
=200 mHz

Af, (H2)

02 R

—__GAPIT
____ABA-PI[7]
—AOA-PI [16]

= YAA-iistel PI [6nerilen]
+200 mHz

-200 mHz

20

Zaman (s)

(a)

0.06

30 0

10 20
Zaman (s)

(b)

0.04 |

0.02

APtie (pu)

-0.02 |

-0.04 |

-0.06

—__GAPI[T
—_ABA-PI[7]
—_AOA-PI [16]

e YAA-(istel Pl [Gnerilen]

10 20

(©)

30

30

Sekil 5. 1. bolgede 0.1 pu’lik basamak yiik degisimi sonrasi elde edilen cevap egrilerinin karsilastirilmasi (a) Af;

(b) Afz (¢) APye.
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Ikinci durumda iki bolgede %10’ luk (APp,=APp,=0.1 pu) bir yiik artis1 saglanmis ve elde edilen cevap egrileri
Sekil 6°da verilmistir. {lk senaryodaki duruma benzer olarak YAA-iistel PI denetleyici daha iyi performans
sergilemis, bu manada Af;, Af, ve AP,;, sinyalleri daha az osilasyonla ¢abucak referans 0 pu degere oturmuslardir.

0.3 . . 02 B
0.2 0.1
0.1 0
N N
z 0 < 01
- ~
. .
< —__GAPI[T < —__GAPI[T]
0.1 ____ABA-PI[7] 0.2 ____ABA-PI[7]
—___AOA-PI[16] —___AOA-PI[16]
02 —— YAA-Ustel PI [6nerilen] 03 — YAA-Ustel Pl [6nerilen]
’ +200 mHz ’ +200 mHz
-200 mHz -200 mHz
0.3 . n 04 . ;
0 10 20 30 0 10 20 30
Zaman (s) Zaman (s)
(a) (b)

006 _

APtie (pu)

—__GAPI[T
____ABA-PI[7]
—___AOA-PI[16]

= YAA-lstel PI [6nerilen]

-0.04 | |

-0.06

0 16 26 30
Zaman (s)
(©)
Sekil 6. 1. bolgede ve 2. bolgede 0.1 pu’lik basamak yiik degisimi sonrasi elde edilen cevap egrilerinin
karsilastirilmasi (a) Af; (b) Af; (c) APe.

Sekiller 5 ve 6 dikkatli sekilde incelendiginde literatiir calismalarinin Elektrik iletim Sistemi Arz Giivenilirligi ve
Kalitesi Yonetmeliginde belirtilen +200 mHz’lik toleransi ihlal ettikleri, onerilen YAA tabanli istel PI
denetleyicisinde ise sapmalarin ve degisimlerin istenen aralikta tutuldugu gériilmiistiir.

6. SONUC

Gig sistemlerinde yiikler siirekli devreye girip ¢ikarak frekansta ciddi degisimlere neden olur. Frekans regiilasyon
problemi olabildigince hizli ¢oziilmelidir, aksi takdirde gii¢ sisteminin giivenligi, glivenirligi ve tUretilen giiclin
kalitesi diiser. Bu ise SFR i¢in tasarlanan denetleyiciye ve denetleyici parametrelerin en iyi sekilde belirlenmesiyle
miimkiindiir. Parametre belirleme iglemi calismada optimizasyon problemi olarak diigiiniilmiis ve ITAE amag
fonksiyonu kullanilarak ¢6ziilmeye ¢alisilmistir.

Calismada SFR tesisi i¢in iistel PI denetleyicisi tasarlanmistir. Denetleyici parametreleri deneme ve yanilma
yontemine bagvurmadan YAA yaklasimi ile elde edilmistir. Ortaya konulan ydntemin performansi iki bolgeden
meydana gelen termik ve fotovoltaik gii¢ sistemi lizerinde test edilmistir. Elde edilen sonuglar literatiirde
yayimmlananmis sonuglarla ayni sartlarda kargilagtiritlmigtir. Karsilastirma sonuglarina goére onerilen yaklagimin
diger yontemlere kiyasla sistem tepkilerinden hesaplanan oturma zamani/maksimum pozitif/negatif asim ve ITAE
degerleri gibi zaman alan1 performans kriterleri acisindan daha iyi sonuglar sundugu goriilmiistiir. Onerilen
yaklagimla elde edilen egriler £200 mHz’lik toleransi asmadan hizli toparlanarak arzu edilen kararli durum
degerine ¢abucak oturmuslardir.

Yazar Katkilan

Bu eserin ortaya ¢ikmasindaki biitiin iglemler yazar tarafindan gergeklestirilmistir.

Cikar Catismasi

Yazar tarafindan herhangi bir ¢ikar ¢atigmasi beyan edilmemistir.
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