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0z

Akillt sehirler, teknoloji yardimiyla kentlerdeki problemlere akilci ¢oziimler sunarak, toplum ve
teknolojinin uyum ic¢inde bulundugu siirdiiriilebilir sehir modeli olusturmayr amacglamaktadir. Bu
calismada, Uluslararas1 Yonetim Gelistirme Enstitiisii (IMD)’niin yayimladigi 2025 Akilli Sehir Endeksi
verilerine dayanarak, Istanbul ile endekste en yiiksek degere sahip ilk on sehir (Ziirih, Oslo, Cenevre,
Dubai, Abu Dabi, Londra, Kopenhag, Kanberra, Singapur, Lozan) yapi ve teknoloji agisindan
karsilastirilmigtir. Kargilagtirma, sehirlerin saglik ve giivenlik, ulasilabilirlik, firsatlar, faaliyetler, yonetim
gostergeleri {izerinden yapilmistir. Degerlendirmeler, Istanbul’un bu alanlarindaki performansinin ilk on
sehrin gerisinde kaldigin1 gostermektedir. Saglik hizmetlerinde dijital uygulamalar giiclii olsa da geri
doniisiim ve hava kalitesi iyilestirilmesi gereken alanlardir. Ulasimda bilgilendirme sistemleri daha iyi bir
performans sergilerken, trafik sikisiklig1 ve toplu tasima yetersizligi 6ne ¢ikmaktadir. Kiiltiirel etkinlikler
ve yesil alanlar yetersiz kalmakta; egitim ve dijital altyap: eksiklikleri dikkat ¢ekmektedir. Yonetimde,
katilimin diisiik olmasi1 ve seffaflik ihtiyaci One ¢ikan sorunlar olarak belirlenmistir. Genelolarak,
Istanbul’un akilli sehir olma siirecindednemli bir potansiyeli bulunmakla birlikte, pek ¢ok alanda gelisime
ihtiya¢ duydugu goriilmektedir.
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Evaluation of Istanbul within the Scope of the Smart City Index

ABSTRACT

Smart cities aim to create a sustainable urban model where society and technology coexist in harmony by
providing rational solutions to urban problems through technology. This study, based on the 2025 Smart
City Index published by the International Institute for Management Development (IMD), compares
Istanbul with the top ten cities in the index (Zurich, Oslo, Geneva, Dubai, Abu Dhabi, London,
Copenhagen, Canberra, Singapore, Lausanne) in terms of infrastructure and technology. The comparison
covers health and safety, accessibility, opportunities, activities, and governance. Evaluations show that
Istanbul lags behind these cities. Digital health applications are strong, but recycling and air quality need
improvement. Transportation information systems perform better, while traffic congestion and limited
public transport are issues. Cultural events and green spaces are insufficient, and education and digital
infrastructure show deficiencies. In governance, low participation and the need for transparency are main
concerns. Overall, Istanbul has significant potential to become a smart city, but many areas require
development.
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1. GIRiS

Kentlesmenin yarattig1 niifus yogunlugu; barinma sorunu, hava ve g¢evre kirliligi, trafik yogunlugu gibi
ekonomik, sosyal ve cevresel sorunlari beraberinde getirmistir. Dolayisiyla, daha yasanabilir sehirler
yaratma ihtiyact duyulmus ve cesitli yaklagimlar gelistirilmistir. Gelisen teknoloji, bu asamada sorunlarin
¢cOziimiine 6nemli dl¢iide destekleyici olmustur. Akilli sehir kavrami bu siiregte ortaya ¢ikmis; teknoloji

destegi ile akillica tasarlanmis siirdiiriilebilir sehirlerin kurulmasinda etkili rol oynamistir.

Sehirleri akilli olarak tanimlayabilmek i¢in; meydana gelen problemlerin ortadan kaldirilmasinda bilgi ve
iletisim teknolojilerinin katkilarindan yararlanarak etkili ¢oziimlerin sunulmasi ve bu ¢oziimlerin
vatandaglar tarafindan kabul goriip kullanilmasi 6nemlidir. (Ugar ve ark., 2017) Benzer sekilde IMD 2019
Akillr Sehir Endeksi Akilli Sehri, teknolojiyi kullanarak kentlesmenin olumlu etkilerini artirip olumsuz

etkilerini hafifleten sehir modeli olarak tanimlanmaktadir.

Akillt sehirler, teknolojiyi kullanarak sehirlerin yasanabilir ve siirdiiriilebilir mekanlara doniigmesini
hedefleyen bir yaklagimdir. Fakat, teknolojinin bu siiregte bir ara¢ oldugu ve asil amacin bireyi merkeze
alarak onlara yiiksek yasam standartlar1 sunan, akillica planlanmig yasam alanlari saglamak oldugu

unutulmamalidir.

Diinya genelinde giderek onem kazanan akilli sehir yaklagimi birgok yenilik¢i uygulamanin hayata
gegcirilmesine Onciiliik etmistir. Her y1l yayimlanan akilli sehir endeksleri, sehirlerin teknolojik gelisimini
ve ilerlemelerini 6l¢gmek i¢in dnemli bir hale gelmistir. Tiirkiye’de de bu alana ilgi artmig ve akilli sehirler

iizerine yapilan ¢aligmalar zamanla hiz kazanmastir.

Bu calisma kapsaminda, 2054 yilinda yayinlanan Akilli Sehir Endeksi raporunda yer alan ilk on sehir ile
Istanbul’un yap1 ve teknoloji bakimindan karsilastirilmas1 yapilmistir. S6z konusu endekste, Ankara ve
Istanbul olmak iizere Tiirkiye’den yalmizca iki sehir yer almaktadir. Ankara iizerine daha dnce yapilmis
benzer bir degerlendirme bulunmasi sebebiyle Istanbul ele alinmistir. Bu yéniiyle ¢alisma, Istanbul’un
Akillt Sehir diizeyine ulasma siirecindeki potansiyelini ve eksikliklerini degerlendirmek agisindan

belirleyici olabilir.

1.1. Akilli sehir kavram

Akilli Sehir, kentsel sorunlarin ¢éziimiinde teknolojinin destegini alarak daha siirdiiriilebilir sehirler
tasarlamak amaciyla ortaya ¢ikan bir kavramdir (Ulusoy, 2017:1; Canpolat, 2024:30). Heniiz ortak bir
tanim1 bulunmayan Akilli Sehirler, farkli disiplinlerde gesitli sekillerde ele alinmis olup; uluslararasi
calismalarda ‘Akilli Kent’, ‘Dijital Sehir’, ‘Sirdiriilebilir Sehir’ gibi ifadeler de kullanilmaktadir.
(Ulusoy, 2017:2; Aihemaiti, 2018:2; Barutcu, 2021:3).
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Giffenger’a (2007) gore Akill sehirler, bagimsiz hareket edebilen ve farkindalig: yiiksek vatandaslarin bir
arada oldugu, alt1 ana bilesen (akilli yasam, akilli yonetisim, akilli insan, akilli ulagim, akilli ekonomi,
akilli ¢evre) cevresindesekillenen ve gelecege doniik yiiksek verimlilik ortaya koyanbir olusumu ifade

etmektedir.

PAS 180: Akilli Sehirler Terminolojisi (2014), akilli sehirleri; bireylere siirdiiriilebilir ve yasam
standartlar1 yiiksek bir gelecek sunmak hedefiyle; fiziksel, dijital ve beseri sitemlerin yapili ¢evreye

entegre edildigi sistemler olarak tanimlamistir. (Ingiliz Standartlar1 Enstitiisii)

Deloitte Raporu’na (2015) gore, akilli sehirler; insan, sosyal sermaye, teknoloji ve altyapiya yapilan
yatirimlar kapsaminda, toplumsal katilimi saglayan, kaynaklar1 verimli kullanan, siirdiiriilebilir biiyiimeyi

destekleyen ve bu sayede yiiksek hayat standartlarina erisen sehirlerdir.

Viyana Teknoloji Universitesi’ndeAvrupa Akilli Sehirleri Modelini gelistiren ekip, akilli sehirleri;
sehirlesmenin alt1 ana baglikta etkili performans gosteren, farkindaligi yiiksek ve bagimsiz bireylerin kendi

kararlarini verebildigi bir yap1 olarak tanimlamaktadir. (Mkrtychev ve ark., 2018)

Ulusal Akilli Sehirler Stratejisi ve Eylem Plani’na (2020-2023) gore, akilli sehirler; muhtemel sorunlara
teknoloji ile birlikte veri ve uzmanlhiga dayali yenilik¢i ¢Oziimler sunan, is birligiyle hayata

gecirilenyasanabilir ve siirdiiriilebilir sehirlerdir.

Giffinger (2007), Akilli sehirleri olusturan temel bilesenleri akilli yagsam, akilli insan, akilli ¢evre, akill

yonetigim, akilli ulasim ve akilli ekonomiolmak tizere alt1 ana kategoride ele almistir.

Ulusoy (2017), akilli bir sehrin akilli vatandas, akilli saglik, akilli enerji, akilli binalar, akilli teknoloji,
akilli ulasim, akilli altyapi, akilli giivenlik, akilli yoOnetisim ve egitim bilesenlerinden en az besini

saglamasi gerektigini vurgulamaktadir.

Cesitli kaynaklarda farkli sekillerde ele alian bilesenler; Istanbul Biiyiik Sehir Belediyesi’nin olusturdugu
2030 Istanbul Akilli Sehir Stratejik Plan1’> kapsaminda ise akilli mobilite, akilli enerji, akilli gevre, akilli
insan, akilli yasam, akilli ekonomi, akilli yonetisim, akilli glivenlik olmak iizere sekiz ana bilesenden

olusmaktadir (2030 Istanbul Akilli Sehir Stratejik Plani).

1.2. Istanbul’daki akilli sehir uygulamalar

Istanbul Biiyiik Sehir Belediyesi, 2015 yili oncesi akilli sehirlerle ilgili cesitli ¢alismalar yiiriitmiis
olmakla birlikte; bu alandaki faaliyetler 2015 yili itibariyle kapsamli bir boyut kazanmistir (Celikyay,
2017). 2016 — 2017 yillar1 arasinda bir proje ile gelistirilen c¢alismalar, 2018 yilindan itibaren somut
uygulamalara doniismistiir (Akilli  Sehirler Beyaz Biilteni, 2019). Akilli sehir ¢alismalarin

degerlendirmek amaciyla uluslararasi kaynaklarda yer alan 880 gostergeden 60 tanesi segilerek
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Istanbul’'un Akilli Sehir Endeksi olusturulmus ve bu kapsamda uluslararasi alandaki konumu
belirlenmistir. Ayrica, Istanbul’a 6zel gelistirilen bir model ile siireg, strateji ve yonetim gibi alanlarda
diizenli degerlendirmeler yapilmaktadir. IBB, Akilli Sehir calismalar1 kapsaminda gevre, insan, yasam,
enerji, mobilite, glivenlik, ekonomi ve yOnetisimi iceren sekiz temel alan belirleyerek faaliyetlerini bu

cercevede stirdiirmiistiir (2020-2023 Ulusal Akilli Sehirler Stratejisi ve Eylem Plani, 2019).

Tiirkiye’deki akilli sehir uygulamalar1 kapsaminda Istanbul énde gelen sehirlerden biridir. Literatiirde
cesitli kaynaklarda Istanbul’daki gesitli akilli sehir uygulamalarindan sz edilmistir. Asagida, Istanbul
Biiyiiksehir Belediyesi’nin Akilli Sehir uygulamalar1 kapsaminda yapmis oldugu calismalardan bazi

orneklere yer verilmistir.

[BB’nin Istanbul’da ulasim ve toplu tasima alanindaki faaliyetlerini dijitallestirmeye yonelik olarak
gelistirdigi Trafik Kontrol Merkezi, Arag takip Sistemi, ITaksi, IBB Cep Trafik gibi mobil uygulamalar ile

akilli duraklar, akilli sehir ¢oziimlerine 6rnek olarak siralanabilir (Itii Vakfi Dergisi, 2017).

Istanbul’da, sehirlerin geceleri daha giivenli hale gelmesi ve dogru aydinlatma ile enerji tasarrufu
saglanmasi amactyla Istanbul Aydimlatma Master Plani; sanat ve mesleki egitim veren ISMEK’in (Hayat
Boyu Ogrenme Merkezi) mobil uygulamasi ile egitimlere uzaktan erisimin saglanmasi; Trafik Yonetim
sistemi ile trafik akiginin hizlanmasi; Toplu Ulasim Bilgi Sistemi (TUBS), Akilli Durak Teknolojisi gibi
uygulama ve araglar sayesinde vatandaslarin ulasim hakkinda bilgilendirmesi gibi &rnekler Istanbul’daki

Akalli Sehir faaliyetlerine 6rek gosterilebilir (Strdiirtilebilir Akilli Sehirler Calistayi, 2017).

IBB, Akilli Cevre baglaminda suyun verimli kullammi amaciyla kayip ve kacaklarn minimuma
indirilmesi, atik yoOnetimi kapsaminda metallerin ayrigtirllmasina yonelik ¢esitli  ¢aligmalar
yiiriitiilmektedir. Pet siselerin geri déniisiime kazandirilmasi karsiliginda istanbulkart’a bakiye yiiklemesi
yapan Akilli konteynerler da akilli sehir uygulamalariin kullanimini tesvik eden ¢ozlimler arasindadir.

(2020-2023 Ulusal Akilli Sehirler Stratejisi ve Eylem Plani, 2019).

Akilli Sehirler Beyaz Biilteni’nde (2019) yer alan Hava Kalitesi Izleme Merkezi, Cevre Kontrol Merkezi,
Ulasimm Yonetim Merkezi, Adaptif Trafik Yonetim Sistemi (ATAK), Trafik Sinyalizasyon Sistemleri, [oT
Taksi Sapkasi, ITaksi Yénetim Sistemi, Akilli Geri Déniisiim Konteyneri, IBB Cep Trafik Mobil
Uygulamast ve Akilli Park Yénetimi gibi uygulamalar Istanbul’daki akilli sehir faaliyetlerine 6rnek olarak

gosterilebilir.

Cakic ve Kizilboga Ozaslan (2021) tarafindan yapilan ¢aligmada, IBB’nin yapmis oldugu 27 tanesi mobil
uygulama olmak tlizere toplam 47 akilli sehir uygulamasindan bahsedilmistir. Mobil uygulama &rnekleri
arasinda; IBB Istanbul, IBB CepTrafik, ISPARK, Isbike Akilli Bisiklet, iTaksi, istanbul Sehir haritasi gibi

cesitli uygulamalar yer almaktadir. Diger uygulamalara 6rnek olarak; Hava Kalitesi Izleme Merkezi,
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Cevre Kontrol Merkezi, IBB Wi-Fi, Akilli Konteyner Projesi, Akilli Sebeke ve Sayaglar, A¢ik Veri Portali
gibi gesitli caligmalardan bahsedilmistir.

1.3. Akilli sehir endeksi

IMD Diinya Rekabet Giicii Merkezi ile SUTD (Singapur Teknoloji ve Tasarim Universitesi) arasindaki
yakin ig birligiyle ve yiiriitiilen Akilli Sehir Endeksi (SCI); giderek daha akilli hale gelen sehirlerin
yasanabilirligini, vatandaglar tarafindan kapsamli sekilde degerlendirilebilmesine olanak taniyan ve diinya
genelinde ¢ok sayida uzman ile sehir planlayicisinin katkilarindan yararlanilan bir girisimdir. IMD Akilli
Sehir Endeksi’ni 6zgiin kilan, endekste yer alan sehirlerde yasayan ve calisan vatandaslarin

degerlendirmelerini temel almasidir, bu yoniiyle teknolojiyi merkeze alan mevcut endekslerden ayrilir.

2019 yilinda yayinlanan ilk baski; iki yillik bir ¢aligmanin iiriinii olup her sehirden 120 kisi ile yapilan
degerlendirmeler 1s18inda 102 gehri kiiresel Olgekte siralar. Sehirler, ‘yapilar’ ve ‘teknolojiler’
kapsaminda; saglik ve giivenlik, faaliyetler, ulasilabilirlik, yonetisim ve firsatlar olmak iizere bes temel
alanda incelenir. Birlesmis Milletler insani Gelismislik Endeksi (HDI) puanina gére ayrilarak; en yiiksek
grup AAA’dan, en diisiik grup D’ye kadar olan bir siralama o0lg¢egi ile degerlendirilir. Ardindan
siralamalar, her iki kategoriye ait derecelendirme ve genel siralama olarak iki formatta sunulur. (IMD

Akillr Sehir Endeksi, 2019)

Bes yillik siirecte yeni veriler dogrultusunda gelismeye devam eden 2024 yili Akilli Sehir Endeksi’nde
142 sehrin verilerine yer verilmistir. Yiiksek performans gosteren sehirler 6nceki yilin listesiyle biiytik
Olciide ortiiserek ‘SCI sampiyonlar’’ tanimim1 ortaya koymustur. Hi¢ diisiis yasamayan sehirlere
bakildiginda 12 sehir 6n plana ¢ikmistir. Bu 12 sehir; ilk 20°de yer alan ‘sliper sampiyonlar’ ve 20- 35.
sira araliginda yer alan ‘hizli yiikselen adaylar’ olmak iizere iki alt gruba ayrilmistir. Ziirih, Oslo,
Singapur, Abu Dabi, Pekin ve Seul siiper sampiyonlar grubunda yer alirken; Sidney, Hong Kong,
Sanghay, Tallinn, Riyad ve Melbourne hizli yiikselen adaylar grubunda yer almistir. Bu sehirlerin ortak
ozellikleri arasinda, sosyal ve ekonomik acidan Ongoriilebilir bolgelerde yer almalari; yasam kalitesini
artirmaya yonelik projelerin ve siirdiiriilebilir stratejilerin gelistirilmesi gibi unsurlar 6n plana ¢ikmaktadir.

(IMD Akilli Sehir Endeksi, 2024)

2025 Akilli Sehir Endeksi’ne, AlUla, Astana (eski adiyla Nur Sultan), Caracas, Kuveyt, Manama ve San
Juan olmak iizere alt1 yeni sehir eklenmistir. Ayrica, yeterli veri bulunmadigindan Tianjin ve Zhuhailiste
disinda birakilmistir. Boylelikle, anket kapsamindaki sehir sayist 2025 yili itibariyle 142’den146’ya
yiikselmistir. Siralama genel olarak iist siralarda minimal degisiklikler disinda istikrar gostermektedir. flk
yirmi sehirde gegen yila gore degisiklikler, Taipei’nin 16. siradan 23. siraya gerilemesi ve Ljubljana’nin

32. siradan 16. siraya yiikselmesi olarak gozlemlenmektedir. Ziirih, bir kez daha listenin zirvesinde yer
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almistir. Dubai ve Abu Dabi ise onceki yil yer aldiklar1 12. ve 10. siralardan 4.ve 5. siraya yiikselmistir.
Tablo 1°de ilk 10 sehir ve Istanbul’un bulundugu gruplar ve sehir siralamalari gosterilmistir. (IMD Akill
Sehir Endeksi, 2025)

Tablo1: 2025 Akilli Sehir Endeksi ilk 10 Sehir ve Istanbul’un Siralamasi (IMD 2025 Akilli Sehir

Endeksi)
Sehir Sehir Siralamasi1 | Grup | Toplam | Yapilar | Teknolojiler | Sehir Siralamasi1 | Degisim
2025 Derece 2025 2025 2024
(146 Sehir) (142 Sehir)
Ziirih 1 1 AAA AAA AAA 1 -
Oslo 2 | AAA AAA AAA 2 -
Cenevre 3 | AAA AAA AAA 4 +1
Dubai 4 2 A A A 12 +8
Abu Dabi 5 2 A A A 10 +5
Londra 6 1 AA AAA AAA 8 +2
Kopenhag 7 1 AAA AAA AA 6 -1
Kanberra 8 1 AAA AAA A 3 -5
Singapur 9 1 AAA AAA AAA 5 -4
Lozan 10 1 AAA AA AA 7 3
istanbul 111 3 C CC CCC 110 -1
2. YONTEM

Bu calismada, IMD Diinya Rekabet Giicii Merkezi tarafindan yayimlanan 2025 yili Akilli Sehir Endeksi
(SCI) temel almarak istanbul ile endekste ilk 10 sirada yer alan sehirler karsilastirilmistir. Arastirma, nitel
bir yontem olandokiiman incelemesi teknigiyle gergeklestirilmistir. Dokiimanincelemesi, yazili belgelerin
bir sistem g¢ercevesinde ayrintili bir sekilde incelenmesine dayanan bir yontemdir (Wach, 2013). Akilli
Sehir Endeksi 2025 raporu detayli sekilde incelenerek endekste yer alan ilk on sehir ile Istanbul’un
performans verileri secilmisve Excel progranmi kullanilarak tablolar haline getirilmistir. ilk on sehrin
verileri birlestirilerek ortalama degerleri hesaplanmus, Istanbul verileri ise ayr1 bir tabloda tutulmustur.
Elde edilen veriler, karsilastirmali olarak gorsellestirilmis ve one c¢ikan gostergeler yorumlanmistir. Bu
calismada temel ydntem, mevcut rapor verilerinin derlenmesi ve karsilagtirmali olarak okuyucuya

sunulmasidir.
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Literatiir taramasi ve IMD 2025 Akill
Sehir Endeksi’nin incelenmesi

Istanbul ve ilk 10 sehre ait IMD 2025
=3 Akilh Sehir Endeksi verilerinin ahnmas: ve 2.ASAMA |
Excel’ tablo haline getirilmesi

__

11k 10 sehrin ortalama degerlerinin
VERI ANALIZI - hesaplanmast ve Istanbul ile 3.ASAMA
karsilastirmali olarak gorsellestirilmesi

\

‘ BULGULAR VE DEGERLENDIRME ’ 4.ASAMA

\

[ SONUC } 5.ASAMA

Sekil 1: Yontem akis diyagrama.

3. BULGULAR

IMD’ nin yaymladigi 2025 Akilli Sehir Endeksi’ndeki akilli sehir gostergeleri (saglik ve giivenlik,
faaliyetler, ulagilabilirlik, yonetim ve firsatlar) kapsaminda, ilk on sirada yer alan (Ziirih, Oslo, Cenevre,
Dubai, Abu Dabi, Londra, Kopenhag, Kanberra, Singapur, Lozan) sehirler ile istanbul yapilar ve
teknolojiler bakimindan karsilastirilmali olarak ele alinmigtir. Ulagilan veriler, ilgili degerlendirme

kriterleri ¢ergevesinde okuyucuya sunulmustur.
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3.1. Saglk ve Giivenlik

2025 Akall Sehir
Endeksi Verileri
(Saghk ve Giivenlik)

ilk 10 Sehir
Ortalama Degeri

istanbul Degjeri

71,96 69,44

Teknolojiler
Teknolojiler

.81

Online tibbi
randevu
sistemi

49,9

65,9

Hijyen
Altyapisi

Geri
donisim
hizmetleri

Esya satis
platformu

Geri
dondsim
hizmetleri

Guvenlik
Kameralari

Hijyen
Altyapisi

Online tibbi
randevu
sistemi

Sekil 2: Saglik ve giivenlik gostergesi degerleri.

2025 Akilli Sehir Endeksi verileri saglik ve giivenlik kapsaminda degerlendirildiginde, ilk on sehirdeki
ortalama degerlerin Istanbul’un degerlerinden daha yiiksek oldugu goriilmektedir. Yapilar bakimindan
incelendiginde hem ilk on sehirde hem de Istanbul’da “hijyen altyapis1” ve “geri doniisiim hizmetleri” en
yiiksek degere sahip gostergeler olarak One ¢ikmaktadir. Ancak oOzellikle geri doniisim hizmetleri
konusunda Istanbul’un degerinin ilk on sehre kiyasla oldukga diisiik kaldig1 dikkat ¢ekmektedir. Bu

durum, geri doniisiime yonelik akilli uygulamalarin yetersiz oldugunu diisiindiirmektedir.

Istanbul’u kendi icinde ele aldigimizda “kiralik konut bulma” ve “hava kirliligi” en diisiik degere sahip
gostergeler arasinda yer almaktadir. Ayrica kamu giivenligi de Istanbul icin énemli bir sorun alani olarak
one ¢ikmaktadir. Barinma ve giivenlik gibi temel ihtiyaglarin diisiik degerlere sahip olmasi, bu alanlara

yonelik ¢aligmalarin artirilmasi gerektigini gostermektedir.

Teknolojik gdstergeler agisindan incelendiginde “online tibbi randevu sistemi” hem Istanbul hem de ilk on
sehir icin en yiiksek degere sahip gdsterge olarak ne ¢ikmaktadir. Ilk on sehrin ortalamasinda “esya satis
platformu” en yiiksek degere sahip ikinci gdsterge olarak dikkat cekmektedir. Istanbul 6zelinde ise saglik

hizmetlerine erisimin nispeten yliksek oldugu, e-Nabiz ve MHRS gibi uygulamalarin bu noktada dnemli
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katkilar sundugu soylenebilir. Bununla birlikte, sorunlarin ¢evrimigi bildirilmesi ve hava kirliliginin etkili
sekilde takip edilmesi en diisiik degerlere sahip gostergeler arasinda yer almaktadir. Bu gostergelerin
tyilestirilmesi i¢in yeni web sitesi ve uygulamalarin gelistirilmesi ya da mevcut uygulamalarin daha

islevsel hale getirilmesi 6nemlidir.

Onceki boliimlerde ‘Istanbul’daki akilli sehir uygulamalar® bashg altinda da belirtildigi iizere,
Istanbul’da hava kalitesi izleme merkezi kurulmus ve gesitli mobil uygulamalar gelistirilmistir. Ancak son
endeks wverileri, bu konularda hala sorunlar oldugunu gostermektedir. Bu durum, yalnizca bu
uygulamalarin yapilmasinin yeterli olmadigini, ayni zamanda insanlarin bu uygulamalardan haberdar

olmasinin da 6nemli oldugunu ortaya koymaktadir.

3.2. Ulasilabilirlik

2025 Alalh $ehir
Endeksi Verileri
(Ulasilabilirlik)

69,43 49,4

it istanbul Degeri

Ortalama Degeri

791 66,95

Teknolojiler
Teknolojiler )

n9 7,16

62,14

Trafik
hakkinda
bilgilendirme

Tolu
tasima
hizmetleri

Online bilet
satiglari ile
toplu tagima
kolayhgi

Online bilet
satiglari ile
toplu tasima
kolayhdi

Trafik
hakkinda
bilgilendirme

Toplu
tasima
hizmetleri

Sekil 3: Ulasilabilirlik gostergesi degerleri.

2025 Akilli Sehir Endeksi verileri ulasilabilirlik agisindan incelendiginde, Istanbul’un degerinin ilk on
sehrin ortalamasinin altinda kaldigi goriilmektedir. Yapilar bakimindan degerlendirildiginde “toplu tasima
hizmetleri” hem Istanbul hem de diger sehirlerde en yiiksek degere sahip gosterge olarak one ¢ikmaktadir.
Ancak Istanbul’da bu degerin diger sehirlere kiyasla belirgin sekilde diisiik olmasi dikkat cekicidir.

~.%

Istanbul’un kendi icinde ele alindiginda ise “trafik sikisiklig1” dnemli bir sorun olarak one ¢ikmaktadir.
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Onceki boliimlerde Istanbul’da ulasim konusunda birgok akilli sehir uygulamasimin hayata gegirildiginden
bahsedilmistir. Ancak son endeks verileri, bu uygulamalara ragmen sorunlarin devam ettigini ve yapilan
calismalarin yetersiz kaldigin1 gostermektedir. Niifus yogunlugundan getirilerinden olan bu sorunlar
yalmizca Istanbul’a 6zgii olmamakla birlikte, diger sehirlerin yiiksek degerlere sahip olmasi Istanbul igin

¢Oziim tliretme bakimindan umut vericidir.

Teknolojik gostergeler agisindan bakildiginda, “online bilet satislari ile toplu tasima kolaylig1” ve “trafik
hakkinda bilgilendirme” gostergeleri hem Istanbul hem de diger sehirlerde en yiiksek degerlere sahip
gostergeler olarak one cikmaktadir. Arada ciddi bir fark olmamakla birlikte, istanbul’un teknoloji
bakimindan daha yiiksek degere sahip oldugu goriilmektedir. Ozellikle “trafik hakkinda bilgilendirme”
gostergesi bu noktada 6ne ¢ikmaktadir. istanbul’da trafik kontrol merkezi, IBB Cep Trafik, Toplu Tasima

Bilgi Sistemi ve akilli durak gibi uygulamalarin bu degerin yiikselmesinde etkili oldugu diistintilmektedir.

Bununla birlikte, diger gostergelere bakildiginda bu uygulamalarin trafik sikigikligini azaltmadigi ve
seyahat siirelerini kisaltmadigi yoniinde sorunlarm devam ettigi goriilmektedir. Istanbul, gelistirdigi
uygulamalar sayesinde kullaniciy1 bilgilendirme konusunda basarili olsa da ulagim sorunlarinin azaltilmasi

ve ortadan kaldirilmasi bakimindan hala gelisim potansiyeline sahiptir.

3.3. Faaliyetler

2025 Akill $ehir Endeksi

Verileri

(Faaliyetler)

81,28

ik 10 Sehir Ortalama

Degeri istanbul Degeri

81,59 80,98
Teknolojiler Teknolojiler
81,59 8008 78

Gosteri ve mize
biletlerinin
online satin
alinmas|

Kaltarel

Gdsteri ve miize

Kiltdrel
aktiviteler

aktiviteler

biletlerinin
online satiimasi

Sekil 4: Faaliyetler gostergesi degerleri.
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2025 Akilli Sehir Endeksi faaliyetler bakimindan degerlendirildiginde, ilk on sehrin ortalama degerlerinin
Istanbul’un degerlerinden belirgin sekilde yiiksek oldugu goriilmektedir. Yapilar agisindan incelendiginde
tiim sehirler icin “kiiltiirel aktiviteler” en yiiksek degere sahip gosterge olarak one c¢ikmaktadir. Ancak
Istanbul 6zelinde bu gdstergenin yeterince tatmin edici diizeyde olmadig1 dikkat cekmektedir. Bununla
birlikte “yesil alanlar” gdstergesi Istanbul i¢in en diisiik degere sahip unsur olarak éne ¢ikmaktadir. Artan
niifus ve yogun yapilasmanin etkisiyle yesil alanlarin yetersizligi, bu gdstergenin diisiik olmasinda énemli

bir faktor olarak degerlendirilmektedir.

Teknolojiler bakimindan incelendiginde, “gosteri ve miize biletlerinin online satin alinmasi” tiim
sehirlerde ortak olarak one ¢ikan tek gosterge durumundadir. Istanbul’un bu alandaki degeri ise diger
sehirlere kiyasla daha diistik kalmaktadir. Bu bakimdan, gelistirilecek mobil uygulamalar ve web siteleri
araciligiyla gosteri ve miizelere erisimin kolaylastirilmasi katilimi1 daha kolay hale getirerek Istanbul’un

s0z konusu gostergedeki degerinin yiikselmesine katki saglayacagi diisliniilmektedir.

3.4. Fiwrsatlar

2025 Akall Sehir

Endeksi Verileri
(Firsatlar)

75,36 58,17

ilk 10 Sehir
Ortalama Degeri

istanbul Degeri

75,96

"

Teknolojiler
Teknolojiler

58,1

78,52

internet hizi
ve
gavenilirligi

51,2 65,8

Okula
erisilebilirlik

internet hizi
ve
glivenilirligi

Yasam boyu
6grenme

Yagam
boyu
6grenme

Is alanlarina

i bulma B
online erigim

hizmetleri

Is ilanlarina
online erigim

Sekil 5: Firsatlar gostergesi degerleri.

2025 Akilli Sehir Endeksi firsatlar bakimindan degerlendirildiginde, Istanbul’un degerinin ilk on sehrin
ortalamasinin altinda kaldig1 goriilmektedir. Yapilar agisindan incelendiginde, ilk on sehirde “yasam boyu
ogrenme” ve “okula erisilebilirlik” gostergeleri 6ne cikarken, istanbul’da farkli olarak “is bulma

hizmetleri” gdstergesi 6n plana ¢ikmaktadir. istanbul 6zelinde degerlendirildiginde, “okula erisilebilirlik”
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en diisik gosterge olarak dikkat ¢ekmektedir. Ayrica diger sehirlerle karsilagtirildiginda bu degerin
oldukca diisiik seviyede kalmasi, Istanbul’'un bu alanda &nemli derecede gelisimeacik oldugunu

gostermektedir.

Teknolojik gostergeler agisindan bakildiginda ‘is ilanlarina online erisim’ ile ‘internet hizi ve
giivenilirligi’, en yiiksek degere sahip gostergeler arasinda yer almaktadir. Ancak, Istanbul &zellikle
internet hiz1 ve giivenilirligi konusunda diger sehirlere gore diisiik bir degere sahiptir. Ayrica, sehirde
okullarda bilgisayar becerilerinin yeterince etkili bir sekilde kazandirilamamasi 6nemli bir sorun olarak
one ¢ikmaktadir. Bu durum, Istanbul’un hem egitim hem de teknoloji alaninda gelisime acik oldugunu

gostermektedir.

3.5. Yonetim

2025 Akilli Sehir

Endeksi Verileri
(Yonetim)

65,84 54,87

ilk 10 $ehir

Ortalama Degeri stanbul Degeri

69,59 62,1 E6E

Teknolojiler
Teknolojiler

66,68

Online
katilim
platformu

45,6

Projeler
hakkinda
geri bildirim

125 68,11

Projeler
hakkinda
geri bildirim

Online
katilim
platformu

Online kimlik
islemleri

Yerel yonetim
kararlarina
erisim

Yerel yonetim
kararlarina
erisim

Online kimlik
islemleri

Sekil 6: Yonetim gostergesi degerleri.

2025 Akillr Sehir Endeksi yonetim boyutu incelendiginde, sehirler arasinda 6ne ¢ikan ortak gostergelerin
basinda “yerel yoOnetim kararlarina erisim” ve “projeler hakkinda geri bildirim” gelmektedir. Bu
gostergeler tiim sehirler igin en yiiksek degerlere sahipken, Istanbul’'un s6z konusu alanlardaki
performans: diger sehirlere kiyasla daha diisik seviyede kalmaktadir. Istanbul’un 6zelinde
degerlendirildiginde ise yolsuzluk endise verici bir sorun olarak 6ne ¢ikmakta ve yonetim basliginda en
diisiik degere sahip gostergeyi olusturmaktadir. Bunu, sehir sakinlerinin yonetimin karar alma siireglerine

yeterince katilim gdstermemesi takip etmektedir. Bu durum, Istanbul’un y&netim konusunda oldukca
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diisiik bir performansa sahip oldugunu ve bu alanda etkili uygulamalara duyulan ihtiyaci agik¢a ortaya

koymaktadir.

Teknolojik gostergeler acisindan bakildiginda ise “cevrimigi katilim platformlari” ve “cevrimici kimlik
islemleri” sehirler arasinda 6ne cikan ortak gostergeler olarak dikkat ¢ekmektedir. Istanbul’da ise
teknolojik acidan en diisiik deger “cevrimici oylama” gostergesinde goriilmektedir. Bu durum, Istanbul’un

teknolojiye dayali yonetimde ilerleme kaydetmesi gerektigini ifade etmektedir.

4. SONUC

Insana sundugu imkanlar sayesinde giiniimiizde sehir yasamina artan ilgi; ekonomik, sosyal ve gevresel
pek ¢ok problemi beraberinde getirmistir. Sehirlerde diizensizlige neden olan ve yasam kosullarini
giiclestiren bu problemler; sehirler igin daha siirdiiriilebilir ¢oztimlerin gerekliligini ortaya koymustur. Bir
yandan gelismeye devam eden teknoloji, bu siireci destekleyerek ¢oziim arayisina biiyiik 6lciide katkida
bulunmustur. Bu gelismeler, teknolojiyi merkeze alan akillica tasarlanmis sehir modelinin temelini

olusturan Akilli Sehir kavramim giindeme getirmistir.

Diinyada ve Tiirkiye’de akilli sehirler konusu daha fazla 6nem kazanmis; buna paralel olarak bu alanda
yapilan ¢aligmalar artmustir. Yillik olarak kamuoyuna sunulan akilli sehir endeksleri, sehirlerin doniisiim
stireclerini izleme agisindan etkili bir degerlendirme araci olmustur. Bu dogrultuda, 2025 IMD Akilli Sehir
Endeksi verileri temek alinmus; Istanbul ile diger sehirlerin karsilastirilmas: yapilarak akilli sehir olma
stirecindeki durumunun degerlendirilmesi amaglanmigtir. 2025 Akilli Sehir Endeksi’nde 146 sehir iginde
yer alan ilk on sehir (Ziirih, Oslo, Cenevre, Dubai, Abu Dabi, Londra, Kopenhag, Kanberra, Singapur,
Lozan) ile Istanbul, ‘yapilar’ ve ‘teknolojiler’ kapsaminda ‘saglik ve giivenlik, yonetim,faaliyetler,

firsatlar ve ulasilabilirlik® gostergeleri bakimindan kiyaslanmistir.

Ortaya cikan sonuglar saghik ve giivenlik bakimindan ele alindiginda istanbul, saglik ve giivenlik
alanlarinda diger biiyiik sehirlerin gerisindedir. Ozellikle geri doniisiim, kiralik konut ve hava kalitesi
gostergeleri diisiik seviyededir. Teknolojik uygulamalar saglik hizmetlerine erisimi kolaylagtirsa da
cevrimici sorun bildirme ve hava kalitesi takibi héld yeterli degildir. Bu durum, mevcut akilli sehir
uygulamalarinin gelistirilmesi, yeni ¢oziimler iiretilmesi ve vatandaglarin bu uygulamalardan haberdar

edilmesinin 6nemini ortaya koymaktadir.

Ulasilabilirlik agisindan sonuglar degerlendirildiginde, Istanbul, ulasilabilirlik agisindan diger biiyiik
sehirlerin gerisinde olup, 6zellikle trafik sikisikligi 6nemli bir sorun olarak 6ne ¢ikmaktadir. Mevcut
teknolojik uygulamalar, bilgilendirme konusunda etkili olsa da trafik ve seyahat siirelerini iyilestirmekte
yetersiz kalmaktadir. Bu durum, ulagim ¢o6ziimlerinin gelistirilmesi ve daha etkin stratejilerinin

uygulanmasi gerektigini gostermektedir.
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Sonuglar faaliyetler kapsaminda degerlendirildiginde, Istanbul, kiiltiirel etkinlikler ve yesil alanlar
bakimindan diger biiyiik sehirlerin gerisindedir. Mevcut teknolojik uygulamalar,katilimi kolaylastirsa da
yetersiz kalmaktadir. Bu nedenle, Istanbul’da kiiltiirel etkinliklere ve yesil alanlara erisimi artiracak yeni

uygulamalar gelistirilmelidir.

Firsatlar bakimidan sonuglar degerlendirildiginde, Istanbul, diger biiyiik sehirlerin gerisindedir. Okula
erisim ve internet hiz1 sorunlar1 6ne ¢ikmakta, bilgisayar becerilerinin yeterince kazandirilamamasi 6nemli
bir eksiklik olarak goriilmektedir. Bu nedenle, egitim olanaklarini artiracak ve dijital altyapiy1

giiclendirecek ¢oztimler gelistirilmelidir.

Son olarak sonuglar ydénetim kapsaminda degerlendirildiginde, Istanbul, yénetim ve katilim agisindan
diger sehirlerin gerisindedir. Yolsuzluk endisesi ve diisiik vatandag katilim1 6ne ¢ikmaktadir. Teknolojik
olarak da c¢evrimi¢i oylama yetersizdir. Bu nedenle, yonetimde seffafligi artiracak ve katilimi

giiclendirecek uygulamalar gelistirilmelidir.

Bu ¢alisma, IMD 2025 Akilli Sehir Endeksi’ndeki ilk on sehir ile istanbul’u karsilastirarak, Istanbul’un
akilli sehir olma silirecindeki durumuna dair bir degerlendirme sunmaktadir. Elde edilen sonuglar
dogrultusunda, Istanbul’un genel tabloda geride kaldig1 gériilmektedir. Bu durum, Istanbul’un akilli sehir

olma siirecinde daha ¢ok adim atilmasi gerekliligini ortaya koymaktadir.

Calisma, gelecekte Akilli Sehirler ile ilgili yapilacak uygulamalara rehberlik etmesi, Istanbul’un
durumunun degerlendirilmesi ve literatiire katki saglamasi amaciyla hazirlanmistir. Ayni zamanda, bu
alanda yapilan az sayida karsilagtirmali arastirmalar arasinda yer almaktadir. IMD 2025 Akilli Sehir
Endeksi’nde Tiirkiye’den Ankara ve Istanbul’un yer almasi, calisma acisindan bir smirlilik
olugturmaktadir. Bununla birlikte, gelecekte yapilacak calismalarda, farkli akilli sehir endekslerinin
(6rnegin IsiLab Smart Cities Index, Cities in Motion Index vb.) kullanilmasi, degerlendirmelere gesitlilik

bakimindan katki saglayabilir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atigmasi bulunmamaktadir.

YAZARLARIN KATKILARI
E.V.: Yontem, yazilim, dogrulama, arastirma, kaynaklar, yazi yazma - gozden gegirme ve diizenleme.
G.G.: Kavramsallastirma, yontem, yazilim, dogrulama, formel analiz, arastirma, kaynaklar, yazi yazma -

orijinal taslak hazirlama.
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Hidrojeller, bir veya daha fazla monomerin reaksiyonu ile sentezlenen ¢apraz bagl polimerik yapilardir.
Hidrojeller monomer kaynaklarima gore dogal ve sentetik polimerik malzemelerdir. Dogal
biyopolimerlerden hazirlanan hidrojeller; biyolojik olarak uyumlu olmalari, biyolojik olarak parcalanabilir
olmalari, diisiik toksisiteye sahip olmalari, karakteristik dokuya benzer sekilde yliksek derecede esneklige
sahip olmalar1 ve modifikasyonlarinin kolay olmasindan dolay1 medikal alanda kullanilmaktadirlar. Dogal
biyopolimerler hayvansal, bitkisel ya da atiklardan elde edilen karbohidrat, protein ya da miisilajlar olabilir.
Hidrojel bileseni olarak bitki bazli biyopolimer (miisilaj) toksik olmamasi, diisiik maliyeti, yumusatici ve
tahrig, edici olmamasi nedeniyle tercih edilir. Hiyaluronik asitin; kozmetik tiriinlerin iiretiminde, yara tedavi
edici ilaglarda, doku rejenerasyonu ve tedavisinde ve medikal implant olarak kullanim alani mevcuttur. Bu
calismada dogal biyopolimer bileseni olarak secilen keten tohumu miisilaj1 ve sicaklik duyarli monomer N-
izopropilakrilamid ile hiyaluronik asit hidrojeli sentezlendi. Dogal bileseni keten tohumu miisilaji olan
sicaklik duyarli hiyaluronik asit hidrojellerinin elastikiyetini artirarak medikal kullanim olanaklari
arttirilmistir.

Anahtar Kelimeler: Sicaklik duyarli hidrojel; Keten Tohumu; Miisilaj; Hiyaluronik asit

Synthesis of Temperature-Sensitive Hyaluronic Acid Hydrogels Containing
Flaxseed Mucilage

ABSTRACT

Hydrogels are cross-linked polymeric structures synthesized through the reaction of one or more monomers.
Depending on their monomer sources, hydrogels can be natural or synthetic polymeric materials. Hydrogels
prepared from natural biopolymers are used in the medical field due to their biocompatibility,
biodegradability, low toxicity, high flexibility resembling natural tissue characteristics, and ease of
modification. Natural biopolymers can be carbohydrates, proteins, or mucilage derived from animal, plant,
or waste sources. Plant-based biopolymers (mucilage) are preferred as hydrogel components because they
are non-toxic, low-cost, non-irritating, and act as natural softening agents. Hyaluronic acid is used in
cosmetic products, wound healing drugs, tissue regeneration and treatment, various medical implant
applications. In this study, hyaluronic acid hydrogels were synthesized using flaxseed mucilage, (natural
biopolymer component), and the temperature-sensitive monomer N-isopropylacrylamide. By incorporating
flaxseed mucilage as a natural component, the elasticity of temperature-sensitive hyaluronic acid hydrogels
was enhanced, thereby increasing their potential for medical applications.

Keywords: Temperature- sensitive hydrogel; Flaxseed; Mucilage; Hyaluronic acid
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Hazavitligil ve Okutucu/Keten Tohumu Miisilaji Igeren Sicaklik Duyarli Hyaluronik Asit Hidrojellerinin Sentezi
1. GIRIS

Bitki bazli biyopolimerler; seyrelticiler, baglayicilar, tabletlerdeki parcalayicilar, oral sivilardaki
koyulastiricilar, siispansiyonlardaki koruyucu kolloidler, fitillerde jellerde ve bazlarda jellestirici maddeler
gibi cesitli farmasdtik uygulamalarda, kozmetik, tekstil, boya ve kagit yapiminda son yillarda yaygin olarak
kullanilmaktadir (Haseeb, et al, 2024; Hosseini & Nabid, 2020). Bitki bazl1 biyopolimerler, matris kontrollii
sistem, film kaplama ajanlar1, mikro kiirecikler, nanopartikiiller, stispansiyonlar, implantlar gibi viskoz siv1
formiilasyonlar gibi farkli farmasoétik dozaj formlarinda uygulanmalarin etkinligi kanitlanmistir (Ahmad et
al, 2019; George & Suchithra, 2019; Zhao et al, 2012; Prajapati et al, 2013). Genelde suda ¢oziiniir
polisakkaritler olan ve bitkisel bazli biyopolimer sinifina giren sakizlar ve miisilajlar hem gida hem de gida
dis1 endiistrilerde genis, uygulamalara sahiptir. Sakizlar ve miisilajlar, ila¢ endiistrilerinde koyulastirici,
baglayici, emiilsifiye edici, slispanse edici ve stabilize edici ajanlar ve ila¢ salinim sistem matriksleri olarak
kullanilir. Miisilajlar, siirdiiriilebilir bir kaynak olmalarinin yanisira suda sismeleri, biyouyumlu, toksik
olmamalart (insan (go6z tahrisi ve cilt) sagligi veya cevre sagligi), diisik maliyetleri ve kolay temin
edilebilirlikleri nedeniyle farmasétik formiilasyonlarin hazirlanmasinda ilgi ¢ekici polimerlerdir (Hacker &
Nawaz, 2015). Bu calismada miisilaj kaynagi olarak segilen Keten tohumu (Linum usitatissiumum)
diinyanin farkli iilkelerinde yetistirilen (Kanada, Amerika, Hindistan, Cin) besin maddesi ve lifsi yagh
tohumdur. Keten tohumunun yaklagik %55’1 yagdir ve ¢ogunlugunu poli-doymamig yag asitleri ve
trigliseridler olusturur. Keten tohumu yagi soguk pres ya da tohumun basingla ezilmesiyle elde edilir. (Chen
et al, 2006; Goyal et al, 2014; Puligundla and Lim, 2022). Keten tohumu karbohidratlari genelde
sindirilemeyen ¢oziiniir ve ¢oziinmez liflerden olusur. Seliiloz ve lignin ¢6ziinmez lifsi kismi1 olustururken
¢Oziiniir lifsi kisim musilajin ana iskeletini olusturur. Keten tohumu miisilaji total tohumun %3-9 olusturur.
Miisilajin igerigini %50-80 karbohidratlar, %4—20 proteinler ve %3-9 kiil olusturur. Yapilan kimyasal yap1
calismalar1 keten tohumu miisilajinin gida hidrokolloid (hidrojel) oldugunu gdstermistir. Yapisinda yag,
karbohidrat ve lifsi kisim igerdigi i¢in olduk¢a fazla kullanim alani mevcuttur. Gidalarda kalinlastirici,
jelastasyan ajani, yapisal diizenleyici, emiilsifiye edici, enkapsiilasyon ajani, kaplama materyali, prebiyotik,
gida kaplama materyali, yag cekici gibi alanlar sayilabilir. (Kaur et al, 2018; Goyal et al, 2014; Rashid et
al, 2019; Ziokovska, 2012).

Hidrojeller bilesenlerine gore dogal ve sentetik olmak {izere ikiye ayrilirlar. Dogal hidrojel polimer
bilesenleri; dekstran, agaroz, hiyaluronik asit, aljinat, karrajenan, pektin, kitosan, polilizin, kollajen,
karboksimetil kitin, fibrindir. Sentetik hidrojel polimer bilesenleri polietilen glikol (PEG), poli laktik-ko-
glikolik asit (PLGA), polilaktik asit (PLA), polivinil alkol (PVA) diir. (Ahmed, 2015; Mahinroosta et al,
2018; Ullah et al, 2015). Sentetik hidrojellerin, farmasétik ve biyomedikal uygulamalarda kullanimi
yaygindir. Sentetik hidrojeller; istenen uygulamaya bagli olarak fiziksel veya kimyasal olarak capraz

baglanma, pH, sicaklik, elektrik sinyali, 151k veya glukoz gibi ¢evresel kosullardaki degisikliklere yanit
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verme yetenegine sahiptir. Bu 6zellikleri sayesinde sentetik hidrojeller farkli uygulamalar i¢in spesifik
olarak tasarlanabilirler (Agnihotri & Aminabhvi, 2006; Borzacchiello & Ambrosio, 2009; Lavrador et al,
2018; Lee, 2018; Lee & Mooney, 2001; Mantha et al, 2019; Zhu & Marchant, 2011).

flag tasinim sistemlerinde hidrojellerin yaygin calisilma nedenleri; biyolojik olarak uyumlu olmalari,
parcalanabilir olmalari, diigiik toksisiteye sahip olmalari, karakteristik dokuya benzer sekilde yiiksek
derecede esneklige sahip olmalari ve modifikasyonlarinin kolay olmasidir. Ayrica pH, metabolit
konsantrasyonu gibi cevresel degisikliklere yanit olarak kimyasal ve yapisal degisimleri sonucunda
icerdikleri bilesikleri serbest birakmalar1 farkli kullanim avantaj1 getirir. Genellikle akilli hidrojeller olarak
bilenen uyaranlara duyarli hidrojel sistemleri, yiiksek sisme ve jellesme kapasiteleri nedeniyle tasinim
sistemlerinde, cevre calismalarinda ve farkli biyomedikal alanlarda kullanilmaktadir. Bu hidrojeller; pH,
sicaklik, 151k, elektrik alani gibi ¢cevresel uyaricilara ve iyonik konsantrasyon gibi kimyasal uyaricilara yanit
vererek, tersinir bir degisim ile hacim degistirerek sol jel formatinda yapilar1 meydana getirirler (Dragan
2014; Fan et al, 2022; Hilmi et al, 2016; Liu and Yin, 2015; Klouda & Mikos, 2008; Li et al, 2013; Lavrador
et al, 2021). Poli N-izopropilakrilamid (PNIPAM) sicaklik duyarli bir organik polimerdir. Organik
polimerik malzemelerin hazirlanmasinda etkin olan baglar; hidrojen baglari ve n—m, van der Waals, ve
hidrofobik etkilesimlerdir. Yapisinda hidrofilik amid (-CONH2) ve hidrofobik izopropil (-CH(CH3)2)
bulunur. Diisiik sicakliklarda ti¢ boyutlu yapisinda biiyiik bosluklar bulunur. Bu bosluklar sulu ¢ozeltilerde
su ile doldurulmustur. Su molekiilleri amid gruplari ile hidrojen baglar1 olusturur ve bir su molekiiler
tabakasi olusur. Sicaklik yiikseldik¢e hidrojen baglari kirilir, izopropil dehidratlarin su igerigi azalir ve
sonug olarak hidrofobik gruplar birleserek su disar1 atilir ve hidrojel yapisi meydana gelir (Ansari et al,

2022; Brahima et al, 2017; El- Husseiny et al, 2022; Haq et al, 2017).

Canlida kullanilacak materyallerin biyouyumlu, biyodegrade olabilen ve olasi pargalanma durumunda
canlida herhangi bir immiin yanita neden olmamasi gerekir. Sentetik monomerler ile hazirlanan hidrojellerin
(akrilamid bazl) insan sagligina olumsuz etkileri vardir. Bu yiizden 1s1 duyarli hidrojelin bilesenlerinden
biri sentetik monomerde olsa yapisinda dogal bir biyopolimerin olmas1 dnemlidir (Atoufi et al, 2019; Vihola
et al, 2005). Bu c¢aligmada; sicaklik duyarli hidrojellerin monomer dogal bileseni olarak bitki bazli keten
tohumu miisilaj1 secildi. Miisilajin kullanilmasiyla meydana gelen kivam artis1 sayesinde yiiksek miktarda

toksik ¢apraz baglayici kullanimina da gerek kalmamustir.

Hiyaluronik asit (HA) degisen D-glukuronik asit ve N-asetil glukozamin bilesenlerine sahip lineer yiiksek
molekiil agirlikli asidik bir ekstaselliiler matriks polisakkaritidir. Hiyaluronik asit; hiicre farklanmasi ve
proliferasyonu, morfogenezi, inflmasyon ve yara iyilestirme, kikirdak bozuklulari, eklem rahatsizliklari,
osteoartrit, kalp kapak miihendisligi, kardiyak onarim gibi olduk¢a genis bir spektrumda biyolojik kullanim
ozelliklerine sahiptir (Bukhari et al, 2018; Mihajlovic et al, 2021; Papakonstantinou et al, 2012; Perez et al,
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2021). Bu ¢alismada; keten tohumu miisilaji, 1s1 duyarlh hidrojeller ve hiyaluronik asit ile birlestirilerek 1s1

duyarl elastik jellerin sentezi ¢alisildi.

2. MATERYAL ve METOD

2.1. Kimyasallar

Hidrojellerin sentezinde kullanilan N-izopropilakrilamid (NIPAM), amonyum persiilfat (APS) (% 98),
tetrametiletilendiamin (TEMED), etanol ( > % 99.9), kitosan (CS), hiyaluronik asit (HA), karboksimetil
selilloz (CMC), sodyum dodesil siilfat (SDS) Sigma-Aldrich’ten satin alinmistir. Keten tohumu aktardan

temin edilmistir.

2.2.Keten Tohumu Miisilajinin Eldesi

Keten tohumu aktardan temin edildi. Keten tohumu (10 g) 24 saat boyunca 50°C’de kurumaya birakildi.
Keten tohumu yagli bir tohum oldugu i¢in yagsizlastirma islemi yapildi. Yagsizlastirma i¢in kurutulan 6rnek
350 mL etanol kullanilarak Soxhlet ekstraksiyonu yapildi (iic dongii-90 dak.). Ornek islem sonras1 6rnek
kurutuldu ve tartildi.

Miisilaj eldesi icin farkli pH, sicak ve alkol gradienti calisildi. Miisilaj olusumunda yapidaki
karbohidratlarin yapisina bagli olarak (asidik polisakkaritler) pH oldukca énemlidir. Bu ¢calisma da tohumlar
(1g) farkli pH’ lardaki 1 M Sodyum asetat tamponu (pH 4,0-5,0); Sodyum fosfat tamponu (pH 7,0); Tris-
HCI tamponu (pH 8,5); Sodyum karbonat tamponu (pH 9,5)) ve dort farkli sicaklikta (oda sicakligt; 30°C;
37°C, 45°C) 30 dak. bekletildi. Miisilaj olusumu i¢in 550 pL %100 etanol eklendi ve 24 saat boyunca +4
°C’de bekletildi. 24 saat sonunda miisilajlarin birlesmesi igin 60°C’de su banyosunda 30 dak bekletildi ve
ardindan biitiin tiipler 4500 rpm’de santrifiijlendi, misilajlar topl&i.

Alkol gradienti ¢alismasinda farkli etanol yiizdeleri (%) (30; 50; 60; 80) 1g tohumlarin tizerine 1mL eklendi
ve dort farkli sicaklikta (oda sic, 30°C, 37°C, 45°C) 30 dak bekletildi. Ardindan miisilaj olusumu igin 550
uL %100 etanol eklendi ve 24 saat boyunca +4 °C’de bekletildi. 24 saat sonunda miisilajlarin birlesmesi
i¢in 60°C’de su banyosunda yarim saat bekletildi ve ardindan tiipler 4500 rpm’de santrifiijlendi, miisilajlar

toplandi. Kurutularak ¢aligmalarda kullanilmak iizere buzdolabinda saklandi.

2.3. PNIPAM hidrojellerinin hazirlanmast

Bu c¢alismada PNIPAM hidrojellerinin hazirlanmasinda elastikiyeti artirmak i¢in sodyum dodesil siilfat
(SDS), kitosan (CS) ve karboksimetil seliilloz (CMC) kullanildi

2.3.1. PNIPAM-SDS hidrojellerinin hazirlanmasi
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PNIPAM hidrojelleri serbest radikal polimerimerizasyonu ile hazirlandi. Degisen miktarlarda NIPAM (50-
100-200mg) ve degisen miktarlarda ¢apraz baglayici N, N-Metilenbisakrilamid (MBA) (20-100mg) ve SDS
(20mg) 5 ml distile suda coziildii. 2 saat 60°C’da karistirildi. Homojen karisim elde edildikten sonra
polimerizasyonu baslatmak icin APS (25mg) ve TEMED (25uL) eklendi ve 37°C’de polimerizasyona
birakildi.

2.3.2. PNIPAM-CMC hidrojellerinin hazirlanmasi

Degisen miktarlarda NIPAM (50-100-200mg) ve degisen miktarlarda ¢apraz baglayict MBA (20-100mg)
ve degisen hacimlerde %1’lik CMC (500uL-2,5mL) eklenerek son hacim 5 mL distile su ile tamamlandi.
37°C’de 30 dak. karistirildi. Homojen karisim elde edildikten sonra polimerizasyonu baslatmak i¢in APS
(25mg) ve TEMED (25uL) eklendi ve 37°C’de polimerizasyona birakildi.

2.3.3. PNIPAM-Kitosan hidrojellerinin hazirlanmasi

Degisen miktarlarda NIPAM (25-50mg) ve degisen miktarlarda capraz baglayict MBA (20-100mg) ve
degisen hacimlerde CS (%]1) (1,5mL- 2,5mL) eklenerek son hacim 5 mL distile su ile tamamlandi1 37°C’de
30 dak. karistirildi. Homojen karigim elde edildikten sonra polimerizasyonu baslatmak icin APS (25mg) ve
TEMED (25uL) eklendi ve 37°C’de polimerizasyona birakildi.

2.4. PNIPAM Miisilaj- Hiyaluronik asit (HA) jellerinin hazirlanmasi

PNIPAM polimerleri: keten tohumu miisilajlar1 1:1, 1:2.5, 1:5 ve 1:10 olacak sekilde birlestirildi. PNIPAM
hidrojeli hazirlanirken 200mg NIPAM SmL distile suda 37°C’de ¢6ziindii. Cozeltiye 20mg SDS ve 40mg
MBA eklendi ve karistirildi. Belirlenen oranlarda miisilajlar eklenip ardindan 25mg APS ve 25uL. TEMED
eklendi. 37 °C’de polimerizasyona birakildi. Hazirlanan PNIPAM: miisilaj hidrojellerine 2500ppm HA
eklendi. Oda sicakliginda 30 dak. karigtirildi. PNIPAM: miisilaj hidrojellerinin yapisina katilan HA miktar1

karbozol yontemiyle tayin edildi.

Hazirlanan polimerin cilt ile uyumunu test etmek hidrojel miktariin (PNIPAM: miisilaj: HA) 2 kati
hacimde 1M Sodyum asetat tamponu (pH 5,50) igerisinde farkl: siireler (1-5-10-20-30) dakika bekletildi ve

iist fazdan 6rnek alindi. Hazirlanan bu hidrojelden zamana bagli HA salinimi izlendi.
3. SONUCLAR

3.1. Keten tohumu miisilaj eldesinin optimizasyonu

Farmasotik amagli kullanilacak biyomalzemelerin en temel 6zelliklerinden biri de pH ile olan etkilesim ve
pH degisimindeki fizikokimyasal degisimleridir. Miisilaj eldesinde kullanilan bitkinin cinsi, yetistigi bolge
kadar etkili olan diger faktdr de ekstraksiyon ve eldesi esnasindaki ortamin pH’sidir. Tohumlardaki

miisilajin eldesinde farkli teknikler, ¢ozgenler ve ortamlar ¢alisilmaktadir. Miisilaj eldesinde ekstraksiyon
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faktorleri miisilajin yapisindaki polisakkaritlerin denatiire olmadigi kosul olarak yontem tasarlanir (Haseeb

et al, 2024; Ramteke et al, 2022).

Cizelge 1: Farkli sicakliklar ve tamponlarin miisilaj olusumu iizerine etkisi

Sicaklik Tamponlar
Sodyum NaAsetat? Sodyum Tris-HCI* Sodyum
Asetat! Fosfat® Karbonat’
Oda Sic. + + - + +
30°C + - - + +
37°C + + - + +
45°C + + - - +

Bu c¢alisma da miisilaj olusumu iizerine pH etkisi (farkli tamponlar) Cizelge 1 ‘de verilmistir. Miisilaj
olusumunu analizlemek i¢in degisen pH 4,0-10,0 araliklarinda tamponlar denendi (Miisilaj olusumu (+),
Miisilaj olusumu yok (-)). Keten tohumunun yapisindaki kompleks polisakkaritler asidik ve nétral yapidadir.
Bu sebeple alkali kosullarda ¢6ziinmeyen yapidaki polisakkaritler ¢oziiniir forma gegebilir, bu sebeple pH
7,0-8,0’de miisilaj olusumu gozlenmedi. Diisiik pH’larda ise (pH 4,0-5,0) miisilaj olusumunun sicaklik ile
baglantili oldugu bulundu. Bunun da sebebi polisakkarit zincirindeki gruplarin iyonlasmasidir. Iyonik bag
olusumu molekiiliin polaritesini artirir ve sudaki ¢éziiniirliigii diiser ancak olusan miisilaj sicaklik kosullar
oda sicakligina dondiigiinde ¢Oziinmiistiir. Yeterli mekanik dayamiklihikta 1 M Sodyum karbonat
tamponunda (pH 9,5) 45°C’de elde edilen miisilajlar ¢alismanin kalan kisminda kullanildi.

Miisilaj olusumunda degerlendirilen bir diger faktdr de alkol ¢oktiirmesidir. Bu ¢alismada miisilaj olusumu
tizerine alkol etkisi i¢in farkli yiizdelerdeki etanol ve farkli sicakliklar ¢aligildi. Farkli sicakliklardaki (Oda
sicakligt; 30°C; 37°C; 45°C) miisilaj olusumlari (farkli tampon ve farkli etanol yiizdelerindeki) Sekil 1’de
sicaklik sirasiyla verilmistir. Elde edilen sonuglara gore alkoliin protein yapilarinin miisilajdan
uzaklagtiramamasina bagli olarak miisilajlar olugsa bile ¢ok kisa siirede dagildigi icin keten tohumundan

miisilaj eldesi i¢in alkol gradientinin uygun olmadigi sonucuna varildi.

iy e |

Sekil 1: Farkli sicakliklar (Oda sicakligi; 30°C; 37°C; 45°C); farkli pH (tampon) ve farkl yiizdelerdeki etanolde elde
edilen miisilajlar.
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3.2. PNIPAM hidrojellerinin hazirlanmasi ve optimizasyonu

Viicut sicakligina yakin kritik faz degistirme 6zelligine sahip sicaklik duyarli hidrojeli PNIPAM medikal
alanda en ¢ok kullanilan hidrojeldir. Diisiik kritik sicaklik altinda (LCST), faz degisiminin gerceklestigi
PNIPAM hidrojelleri suda sismelerine neden olan hidrojen baglarini olusturur, sicaklik arttirildiginda ise
hidrojen baglar1 kopar ve hidrojeller biiziiliir. Bu 6zellik sayesinde kontrollii bir sekilde i¢ine aldig ilag ya
da bilesikleri birakir. PNIPAM hidrojelin sisme/biiziilme 6zelligini ¢apraz baglayici tipi, ¢apraz baglayict
miktari, hidrofobik/ hidrofilik grup dengesi ve insiyatdor tipi etkiler (Balan et al, 2022; Huang et al, 2006;
Cui et al, 2014; Warrena et al, 2020).

Genelde 4 farkli capraz baglayici PNIPAM hidrojellerinin  hazirlanmasinda kullanilir.  Etilen
glikoldimetakrilat (EGDMA), biitandiol diakrilate (BDDA), N,N’-metilenbisakrilamid (MBA) ve
trimetilolpropan triakrilattir (TMPTA) (Maitra & Shukla, 2014; Liu et al, 2024). Bu ¢alismada biyolojik
uyumu daha iyi olan ve suda kolay ¢6ziilen MBA ¢apraz baglayici ve TEMED insiyator sistemi olarak

calisildi.

Bu c¢alismada PNIPAM hidrofilik zincirleri igerisinde hidrofobik etkilesimi arttirmak i¢in kuvvetli
hidrofobik etkilesimleri gergeklestiren SDS olarak sisteme eklendi.
o -

Sekil 2: PNIPAM-SDS degisen MBA ile hazirlanan hidrojeller

Sekil 2’te goriildigii gibi PNIPAM-SDS-MBA hidrojellerinde ¢apraz baglayici arttikca yapida ¢oziilmeler
baslamistir. Yapinn elastikiyetini ve suda dagilmadan kalmasini SDS’nin sagladig1 goriilmektedir. Olusan
jeller hidrofobik bloklarmndan dolay1 suda ¢oziinmez ve jelde fiziksel capraz baglari meydana getirirler. Bu
fiziksel ¢apraz baglarin gegici olarak kirilip tekrar olugsmasi sayesinde oda sicakliginda hidrojeller hizlica
eski hallerine donebilirler. Yapidaki kimyasal ¢apraz baglayici (MBA) hidrojellere suda dagilmamay1
saglar. Bu durumun mekanik dayanima katkisi fazladir.

Karboksimetil selilloz (CMC), biyomedikal hidrojel hazirlanmasinda en yaygin kullanilan seliiloz
tirevlerindendir. Karboksimetil seliilloz; kokusuz, renksiz, suda ¢oziniirligii yiiksek, toksik olmayan,
biyobozunur ve biyouyumlu bir biyopolimerdir. Yapisindaki yiiksek orandaki karboksilik gruplarindan
dolay1 anyonik bir polisakkarittir. Bu ¢caligmada sicaklik duyarli hidrofobik karakterli PNIPAM hidrojelinin
hidrofilik CMC (iyonize olabilen karboksilik asit gruplariyla) ile kullanilmasi daha esnek bir iyonik hidrojel
eldesini saglamaktir (Liu et al, 2022; Chen et al, 2024).
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Sekil 3: PNIPAM- degisen CMC oranlarindaki hidrojeller

Sekil 3’de PNIPAM-CMC hidrojellerinin en iyi olanlar1 goriilmektedir (%1-2,5). Farkli oranlar
denenmesine ragmen (PNIPAM: CMC) olusan hidrojel polimerlerin ¢ok kisa siirede sertlestigi ve ¢ok
kirilgan oldugu bulundu. Kirillganlik suda ¢dziinmenin ve ayni zamanda mekanik dayaniksizlig1 gosterdigi

icin bu hidrojeller enkapsiilasyonda kullanilmadi.

Kitosan toksik olmamasi, biyouyumlu ve biyobozunur olmasi, amin ve hidroksil gruplari sayesinde
modifiye edilebilir olmasindan dolay1 medikal, kozmetik, doku miihendisligi,farmakoloji gibi birgok alanda
uygulamaya sahiptir. Sicakliga duyarli hidrojel eldesinde siklikla kullanilan dogal polimerlerden biri
kitosandir (Rasiba et al, 2016; Wu et al, 2018). PNIPAM hem hidrofilik hem de hidrofobik kisimlara sahip
olan polimer zincirinden meydana gelmektedir. Kitosan ile uyumlu c¢aligmasinin temel nedeni grup

etkilesimini saglamig olmasidir.

Sekil 4: PNIPAM- Kitosan hidrojelleri

Sekil 4’ de elde edilen PNIPAM—kitosan hidrojellerinin en iyi olanlar goriilmektedir (%1-3). Farkli oranlar
denenmesine ragmen PNIPAM: kitosan hidrojel polimerlerin sertlestigi ve ¢ok kirilgan oldugu ve hidrojel
formunda olmadig1 bulundu. Kitosan ile istenen hidrojel yapilarmin olusmamasinda birincil etkenin pH
oldugu diisiiniilmektedir. Kitosan ¢ozeltilerinde pH degeri 6,2’yi astifinda jel benzeri bir ¢okelek
olusmaktadir ve PNIPAM ile etkilesim bu pH’da olustugu igin istenen hidrojel formu meydana gelmemistir.
Bu ¢alismada eklenen capraz baglayici miktar1 ve PNIPAM orani ve insiyator sisteminin polimerizasyon

asamasinda kitosan ile uyumsuzlugundan kaynakli olarak olugsmadig1 sonucuna varildi.
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3.3. PNIPAM-Miisilaj: Hiyaluronik asit hidrojellerinin optimizasyonu

Sol-jel gecisinin tersinirligi, sentezlenen hidrojelin biyomedikal alanda kullanimi ile oldukga paralel bir
ozelliktir. Tipik hiicre tedavisi protokollerinde hiicrelerin matris igerisinde ve fizyolojik sicaklikta kolayca
karistirllmasinin saglanmasi gerekmektedir. (Oda sicakliginda sol durumunda, fizyolojik sicaklikta jel
durumunda bulunabilirlik.) Sicaklik bagimli jellesme hiicre canlili§ini korumak i¢in yiiksek mekanik siddet
olmadan kolay bir enjeksiyona, hedef dokulara kolay entegrasyona izin verir. (Papakonstantinou, Roth &
Karakiulakis, 2012) Cilt iizerine olan etkileri bilinen HA, sentetik polimerler yerine bitki bazli miisilaj
kullanarak sentezlenen sicaklik duyarli hidrojele kapsiile edilerek biyomedikal kullanimini ¢alisilabilirligi

amacidir.
Calisma da PNIPAM-miisilaj:SDS oranlarinin optimizasyonu i¢in farkli sicakliklar denendi.

30°C’de PNIPAM: miisilaj: SDS ¢aligilan 1:1:1-1:2,5:1-1:5:1 ve 1:10:1 oranlarinin tamaminda hidrojel
olusumu gozlendi. Ancak 30°C hem miisilajin eldesi kosullarina yakin olmasi ve ayni zamanda PNIPAM

icin sinir LCST araliginda oldugu i¢in olusan yapilarda kisa siirede bozulmalar gézlendi.

37 °C’de PNIPAM: miisilaj: SDS caligilan 1:1:1-1:2,5:1-1:5:1 ve 1:10:1 oranlarinin tamaminda hidrojel
olusumu gozlendi. Bu sicaklik hem miisilajin eldesi kosullarina yakin olmasi ve ayni zamanda PNIPAM

icin LCST degeri oldugu i¢in olumlu sonuglar elde edildi ve bozulmadan kalan en stabil olusum 1:5:1 oram

bulundu (Sekil 5).

45 °C’de PNIPAM: miisilaj: SDS oranlarindan sadece 1:5:1 ve 1:10:1 oranlarinda hidrojel olusumu
gbzlendi. Bu sicaklikta PNIPAM:miisilaj ile SDS arasinda birlesme gerc¢eklesmedi.

Sekil 5: 37°C’de PNIPAM:miisilaj:SDS (1:5:1)

3.3.1. Hiyaluronik asit Salimiminin Izlenmesi

Hiyaluronik asit (2500ppm) ¢ozeltisi, PNIPAM: miisilaj: SDS(1:5:1) (37°C) hidrojeline eklenerek belli
araliklarda ornekler alindi. Yapilan bu salinim testi igin segilen siire araliklar1 0-5-10-20-30 dak olarak
belirlendi. Sekil 6’da goriildiigii gibi ilk 10 dak. salinim miktar1 olduke¢a diistiktiir. Bunun sebebi polimerin
fiziksel olarak ortama ve sicakliga uyum saglamasi i¢in gegen siiredir. Bu siire boyunca mekanik kararliligi
ve dayanikliligt devam etmektedir. 10-30 dak arasinda ise hizli bir salinim goézlenmistir. Bu durumda

hidrojelin gevseme ve icerigin salimmin gerceklestigi zaman olarak tanimlanabilir. Yapilan salinim
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calismasi sonuglarina gdre baslangi¢ hiyaluronik asiti yaklagik %50 kisminin polimerin disina ¢iktigi
gozlemlendi. Geri kalan kisminda 24 saat igerisinde ¢ikigi gozlemlendi. Sonuglara gére PNIPAM-miisilaj-

HA hidrojelinin HA enkapsiilasyonuna uygun oldugu gézlendi (Varshosaz & Falamarzian, 2001).

1200
1000
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200

Hiyaluronik asit (ppm)

0
0 10 20 30 40

Siire (dak)
Sekil 6: Hiyaluronik asitin zamana bagli salinimi

4. SONUC

Bitkisel miisilajlarin  biyomedikal alandaki kullanimlart son yillarda biyouyumlu olmalar1 ve
biyotoksitelerinin olmamasi sebebiyle gittikge artmaktadir. Olduke¢a fazla bitki tohumu miisilaj kaynagi
olarak kullanilmaktadir. Bunlar igerisinde en fazla ilgi ¢ekenler keten tohumu ve bamyadir. Bamya tohum
miisilaji yeterince elastiklige sahip olmadigi igin bu ¢alismada keten tohumu miisilaji kullanilmigtir. Keten
tohumu miisilaj1 yagsizlastirildiktan sonra farkli sicaklik, pH ve alkol yiizdelerinde en iyi miisilaj verimi
igin optimizasyon c¢aligmalar1 yapilmistir. Miisilajin tek bagina viicutta taginim sistemi olarak kullanimi
miimkiin degildir. Bu sebeple sicaklik duyarli bir monomer olan PNIPAM ile hazirlanan hidrojel ile
birlestirilmistir. Calismanin insan sagligi i¢in en Snemli katma degeri, insan saghiina zararl sentetik
monomerler ve toksik capraz baglayicilar yerine bitki bazli biyopolimer olan keten tohumu miisilajinin
kullanilmasidir. Hiyaluronik Asit ile keten tohumu miisilajiyla hazirlanan hidrojeller bir ¢ok farkli alanda
kullanilabilecektir. Tamamen siirdiiriilebilir, biyouyumlu ve dogal kaynaklardan elde edilerek hazirlanan,
sicaklik ile fiziksel 6zellikleri degisebilen hidrojellerin HA birlestirilmesiyle sentetik polimerlerin toksik

etkilerini ortadan kaldirarak biyomedikal kullanimina olanak saglayacaktir.
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ABSTRACT

Precise lung region detection in chest radiographs is an essential preprocessing step for computer-aided
diagnostics. This study presents a YOLO v4-based framework to automatically localize lung regions in
posteroanterior (PA) chest X-rays. A subset of the CheXpert dataset, containing 456 manually annotated
PA radiographs, was used. Anchor boxes were estimated via an Intersection-over-Union (IoU)-based
clustering method, improving scale invariance and shape alignment over Euclidean metrics. Empirical
evaluation showed that six anchor boxes achieved the best balance between mean IoU (0.883) and
computational efficiency. The trained model was tested on 144 images, yielding Average Precision (AP) of
0.9043 for the lung region class, which represents only the anatomical lung area and not any specific
pathology. The precision—recall curve indicated high precision across most recall values, and the confusion
matrix showed 124 true positives, 13 false positives, and 7 false negatives. These results demonstrate that
YOLO v4 with optimized anchor box estimation enables accurate, efficient lung region localization,
supporting automated radiology workflows.

Keywords: Lung Region Detection; Image Processing; YOLO v4; Anchor Box Optimization; Object
Detection

YOLO v4 Kullanarak Gogiis Rontgenlerinde Gelistirilmis Akciger Bolgesi
Yerellestirme icin IoU Tabanh Capa Kutusu Tahmini

0z

Gogus rontgenlerinde akciger bolgesinin dogru tespiti, bilgisayar destekli tani sistemleri igin kritik bir 6n
isleme adimidir. Bu c¢aligmada, posteroanterior (PA) gdgiis rontgenlerinde akciger bolgelerini otomatik
olarak yerellestirmek icin YOLO v4 tabanli bir ¢ergeve sunulmustur. CheXpert veri kiimesinden 456 adet
elle anotlanmig PA rontgen kullanilmistir. Capa kutulari, Olgekten bagimsiz mesafe olcliimii ve sekil
hizalamasinda iyilesme saglayan IoU (Intersection-over-Union) tabanli kiimeleme ydntemiyle tahmin
edilmistir. Deneysel degerlendirmeler, alt1 capa kutusunun ortalama IoU (0,883) ve hesaplama verimliligi
acisindan en iyi dengeyi sundugunu gostermistir. Egitilen model, 144 goriintiiden olusan test kiimesinde
calistirllmig ve lung_region siifi, yalnizca anatomik akciger bolgesini temsil etmekte olup herhangi bir
patolojiyi gostermemektedir; Dogruluk (AP) degeri 0,9043 elde edilmistir. Kesinlik—duyarlilik egrisi, cogu
duyarhilik degerinde yliksek kesinlik gostermistir. Karmagsiklik matrisi ise 124 dogru pozitif, 13 yanls
pozitif ve 7 yanlis negatif tespit etmistir. Sonuglar, optimize edilmis ¢capa kutusu tahmini ile YOLO v4’iin
dogru ve verimli akciger bolgesi yerellestirmesi saglayabildigini gostermektedir.

Anahtar Kelimeler: Akciger Bolgesi Tespiti; Goriintii Isleme; YOLO v4; Capa Kutusu Optimizasyonu;
Nesne Tespiti
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1. INTRODUCTION

The increasing use of Artificial Intelligence (Al) in the medical domain, particularly in medical image
analysis, has been propelled by a paradigm shift from traditional Artificial Neural Networks (ANNs) to deep
Convolutional Neural Networks (DCNNs) (Abut et al., 2024). These models have shown remarkable
performance in tasks such as disease classification from chest X-rays, facial image-based gender recognition
(Ergen & Abut, 2013), and broader applications in medical decision-making (Abut & Okut, 2024). Despite
these successes, explainability and reliability remain critical challenges. A promising solution is to apply
segmentation techniques to isolate the lung region prior to classification. By enforcing the model to learn
only from relevant anatomical structures, segmentation improves both accuracy and interpretability. For
example, COPD-GradeNet is a model proposal that integrates lung-region-focused learning to predict the

severity of chronic obstructive pulmonary disease (COPD) (Abut, 2024).

Recent studies emphasize the importance of considering anatomical structures in medical imaging. This
attention spans multiple domains, including nuclear marker quantification in tumor tissues (Yilmaz et al.,
2025b), Al-based segmentation of kidney biopsies (Yilmaz et al., 2025a; Yilmaz et al. 2025c), and
emergency care applications (Berikol et al., 2025). These approaches collectively underline the importance

of guiding Al models toward relevant visual features to improve diagnostic reliability.

Although deep learning-based models have shown promising results in the classification of lung diseases,
careful visual analyses are required to explain their decision-making processes and improve their accuracy.
Visualization techniques such as Grad-CAM make it possible to analyze which regions the model focuses
on when making decisions. As shown in Figure 1, the classification model focused not on the lung image
itself but on irrelevant areas in the corner of the image. Such deviations indicate that the model may lead to
incorrect generalizations and pose reliability issues. In this context, applying lung region segmentation to
ensure that the model considers only the relevant anatomical areas (e.g., lung lobes) during decision-making
is of critical importance. Performing segmentation as a preprocessing step helps guide the model’s attention

to the correct region and improves classification performance (Irvin et al., 2019; Rajpurkar et al., 2017).
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Figure 1: Grad-CAM visualization applied to a chest X-ray image

In Figure 1, the left image shows the attention map overlaid on the original X-ray, where red areas indicate
higher attention weights of the model. It can be observed that the classifier has focused on irrelevant regions
such as the top-left corner of the image rather than the lung area, which is the anatomically meaningful
region for diagnosis. This highlights the necessity of restricting the model's attention to the lung region via

segmentation-based preprocessing for more accurate disease classification.

Recent advances in deep learning, particularly convolutional neural networks (CNNs), have revolutionized
medical image analysis by enabling hierarchical feature learning directly from raw data, leading to improved
accuracy in various tasks including classification, segmentation, and localization of diseases in CXR images.
Deep learning models have demonstrated superior performance in detecting lung infections, cancers, and
other thoracic abnormalities by effectively learning spatial-contextual patterns that are not readily captured

by traditional approaches.

Given the importance of correctly identifying the lung region to reduce irrelevant information and improve
model performance, this study employs a YOLOv4-based deep learning framework for automatic
localization and rectangular cropping of lung areas in posteroanterior chest X-rays. Unlike methods that
perform precise boundary segmentation, the proposed approach focuses on bounding-box localization rather
than pixel-level delineation, thereby preserving peripheral contextual cues that may contribute to disease
classification. This design choice also prevents potential loss of diagnostically relevant patterns beyond the

strict anatomical lung borders.

Prior studies have explored various segmentation techniques, including texture-based filtering combined
with morphological operations to generate lung masks, which successfully excluded non-lung areas such as

the shoulder and diaphragm regions (Matsuyama, 2021). Other research leveraged deep CNN architectures
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like DenseNet-121 with transfer learning to classify lung nodules and cancer from chest X-rays, highlighting
the role of precise lung region localization in improving diagnostic accuracy (Ausawalaithong et al., 2018).
More recent work has integrated segmentation and classification networks, combining encoder-decoder
frameworks such as UNet++ with classification modules, achieving high precision in lung infection
localization and disease detection with efficient model designs suitable for clinical applications (Miah et al.,

2024).

Moreover, deep Siamese networks have been employed to compare symmetrical lung segments for
pneumonia classification, illustrating the utility of lung segmentation as a preprocessing step for enhanced
disease detection (Acharya & Satapathy, 2020). Surveys and reviews indicate a growing trend toward
leveraging advanced deep learning models for diverse chest X-ray analysis tasks, emphasizing the need for
robust lung localization to support downstream applications (Ait Nasser & Akhloufi, 2023; Calli et al.,
2021).

In this context, the present study introduces an automated deep learning pipeline focusing on accurate lung
region detection and bounding box—based cropping in chest X-rays, intended to facilitate and improve the
performance of various CAD systems for thoracic disease diagnosis. While object detection networks such
as YOLO have been widely adopted in natural image analysis, their systematic application for lung region
localization within MATLAB-based medical imaging workflows has been limited. This study addresses this
practical gap by implementing and optimizing YOLOv4 for robust, efficient localization of lung fields,
mitigating the confounding influence of non-anatomical artifacts (e.g., labels or external patterns)
commonly present in chest radiographs. The resulting framework offers a reproducible preprocessing
solution that enhances downstream diagnostic modeling by providing clean, context-preserving input

regions.

2. MATERIAL AND METHOD

2.1. Dataset

In this study, a subset of the publicly available CheXpert dataset (Saporta et al., 2022) was utilized to
develop and evaluate the lung localization framework. Only posteroanterior (PA) view radiographs were
included to maintain consistency in image orientation and diagnostic relevance, while lateral views were
excluded. From the CheXpert collection, 456 images were selected based on the presence of clear lung
regions and sufficient image quality, following a semi-random sampling procedure that ensured diversity

across different thoracic pathologies. This subset was primarily used for lung region localization; a related
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but distinct study is being conducted to investigate Atelectasis classification using the same source dataset

but with a different methodological focus.

2.2. Manual Annotation

Prior to training the YOLO model, each of the 456 selected chest radiographs underwent manual annotation
to identify the lung regions. Manual annotation of lung regions was carried out to generate the ground-truth
bounding boxes used for training and evaluation. Each chest X-ray was visually inspected, and the lung
boundaries were marked to define the minimal rectangular area covering both lungs. The manual
annotations were performed by a biomedical engineer experienced in medical image processing, following
consistent visual criteria to ensure reproducibility and minimize subjectivity across all samples. Figure 2
illustrates an example of the annotated regions used in the experiments. A rectangular bounding box was
drawn around the visible lung fields in each image, ensuring that the entire lung area was enclosed within
the frame. The corner coordinates (top-left and bottom-right) of each bounding box were manually recorded
for every image. These coordinates served as ground truth data for the subsequent training of the object

detection model (Figure 2).
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Figure 2: Manual annotation of the lung region

2.3. Implementation of YOLO v4 for Object Detection and Anchor Box Estimation
In this study, the YOLO v4 object detection network was utilized for lung region detection. YOLO v4 is a

one-stage object detector that provides a balanced trade-off between detection speed and accuracy

(Bochkovskiy et al., 2020).

During model training, the input image size was fixed at 416x416 pixels. Based on the locations and sizes
of lung regions in the training data, suitable predefined anchor boxes were estimated. The YOLOv4 model
was trained using the Adam optimizer with gradient decay factors of 0.9 and 0.999, an initial learning rate

0f 0.001, and an L2 regularization factor of 0.0005. The training was performed for 80 epochs with a mini-
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batch size of 4, and the best-performing model was selected based on the lowest validation loss. Training
and validation data were shuffled at each epoch to prevent overfitting, and checkpointing was applied to

save intermediate models. The total training process was completed in approximately 45 minutes.

4-

Aspect Ratio

05 1 1 1 1
1x106 2x106 4x106 8x106 2x107
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Figure 3: Distribution of anchor box areas (in pixels) with respect to their aspect ratios

Figure 3 shows the distribution of aspect ratios of the manually annotated rectangles during training, plotted
against their corresponding areas within the images. It can be observed from the figure that the distribution
appears approximately uniform on average. Anchor boxes were estimated from the training data using a
method based on the intersection-over-union (IoU) distance metric (Figure 4). The reason for using an loU-
based distance metric is its invariance to box sizes, unlike the Euclidean distance metric, which tends to
produce larger errors as box dimensions increase (Redmon & Farhadi, 2017). In addition, it was considered
that the IoU metric would cause boxes corresponding to the lung region—generally having similar aspect
ratios and sizes across the images—to be clustered together, thus resulting in anchor boxes that better fit the

data.
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Figure 4: Mean IoU values obtained by using different numbers of anchor boxes.
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A mean loU value of approximately 0.83 is achieved using two anchor boxes, and the mean IoU is improved
up to about 0.88 by increasing the number of anchor boxes to six. Beyond six anchor boxes, only marginal
improvements in mean loU are observed. Given these results, multiple object detectors are planned to be
trained and evaluated using anchor box counts between 2 and 6. This empirical analysis is conducted to
determine the optimal number of anchor boxes required to balance detection accuracy and computational
efficiency. The loU value improves significantly up to 6 anchor boxes (0.883), after which the gains become
marginal (Figure 5). Based on this, 6 anchor boxes were selected as a balance between performance and

model complexity for further training and evaluation.

Six anchor boxes were estimated and sorted in descending order based on their areas. Thus, larger anchor
boxes were assigned to lower-dimensional feature map layers of the network, while smaller anchor boxes
were assigned to higher-dimensional feature map layers. This approach enabled more effective detection of

lung regions at different scales.
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Figure 5: Mean IoU values obtained by using different numbers of anchor boxes.

2.4. Evaluation Metric (Average Precision)

For performance evaluation, the Average Precision (AP) metric was employed since the model detects a
single class (lung region). The AP was computed at an Intersection-over-Union (IoU) threshold of 0.5,
corresponding to the conventional mAP@0.5 criterion used in object detection tasks. This threshold ensures
that the predicted bounding boxes have at least 50% overlap with the ground-truth annotations, which is
considered sufficient for reliable localization. Additionally, the mean loU between predicted and annotated
boxes was analyzed as a complementary measure to assess the spatial alignment quality. The relationship
between the number of anchor boxes and the mean IoU was also examined to balance detection accuracy

and computational efficiency.
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Regardless of the interpolation strategy employed, the Average Precision (AP) is calculated separately for
each object class. In datasets containing a large number of classes, it is often desirable to summarize

detection performance with a single, representative metric.

3. RESULTS AND DISCUSSIONS

3.1. Results

The performance of the trained object detection model was evaluated using a dedicated test set consisting
of 144 chest X-ray images. It should be noted that the test dataset consists of 144 images, which constitutes
a relatively small sample. While the results demonstrate promising lung region detection performance,
larger-scale evaluation on diverse datasets would be necessary to fully validate the generalizability of the

method. The evaluation focused on assessing the model’s ability to accurately detect the lung_region class.

True Positives False Positives False Negatives

Detection Score > 0.99 Detection Score < 0.42 Not Detected

=

Figure 6: Representative detection outcomes from the test set with Grad-CAM visualizations using the D-RISE
method (Petsiuk et al., 2021):True positive, false positive, and false negative cases are shown; detailed column
descriptions are provided in the main text.

It should be clarified that the detected single class, lung_region, does not correspond to a pathology. The
aim is to isolate the lung area in chest X-rays to reduce irrelevant information and improve model attention,
rather than to detect diseases. Hence, the single-class detection serves as a preprocessing step for
downstream tasks and does not limit the framework’s potential applicability to disease detection with

additional data.
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Figure 6 illustrates representative detection outcomes from the test set, complemented by Grad-CAM
visualizations generated using the D-RISE method (Petsiuk et al., 2021). The first column shows true
positive cases where the lung region is correctly detected by the model. The second column presents false
positive cases in which non-lung areas were mistakenly identified as lung regions. The third column displays
false negative cases, where actual lung regions were present but not detected by the model. This breakdown

highlights both the strengths and limitations of the YOLOv4-based localization approach.

A low detection threshold of 0.01 was used during inference to ensure that a broad range of detections could
be captured. This strategy facilitated the analysis of the model’s precision over a wide spectrum of recall

values, thereby enabling a more comprehensive performance characterization.

The evaluation was conducted based on the average precision (AP) metric, which integrates both the ability
of the model to correctly classify detected objects (precision) and its ability to retrieve all relevant instances
(recall). The computed AP value for the lung_region class was 0.9043, indicating that the detector achieved

high precision while maintaining a substantial level of recall (Figure 7).
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Figure 7: Precision—recall (PR) curve for the lung_region class obtained from the test dataset.

The corresponding precision-recall (PR) curve, shown in Figure 7, revealed that precision remained
consistently at 1.0 throughout a large portion of the recall range, with a gradual decline observed only at
higher recall levels. This behavior suggests that the model was able to detect most of the relevant lung

regions without introducing a significant number of false positives.

Figure 6 presents representative detection outcomes from the test set, along with Grad-CAM visualizations
generated using the D-RISE method (Petsiuk et al., 2021). In the true positive cases (left column), the YOLO
v4 model achieved high detection scores (> 0.99) and the activation maps show strong spatial
correspondence between high-intensity regions and the annotated lung fields, indicating that the network

effectively focused on relevant anatomical structures. In contrast, false positives (middle column) primarily
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occurred when non-lung anatomical regions such as the clavicle, shoulder, or mediastinal area were
misclassified as lung regions. The associated Grad-CAM maps reveal attention leakage toward surrounding
high-contrast structures, often outside the intended lung boundaries. False negatives (right column) illustrate
instances where lung regions were present but not detected; although activation maps occasionally showed
partial focus on the lungs, this attention was insufficient to trigger a detection output. These failure cases
suggest potential improvements through enhanced anchor box tuning, inclusion of more challenging training
examples, and augmentation strategies that increase robustness to anatomical variability and low-contrast

imaging conditions.

Overall, the D-RISE visualizations provide valuable insight into the model’s decision-making process,
highlighting both strengths in accurate lung localization and limitations leading to missed or spurious

detections.

In addition, a confusion matrix in Equation (1) was generated to provide further insight into the classification
performance. As shown below, the model produced 124 true positives, 13 false positives, 7 false negatives,

and 0 true negatives:
TP FN| (124 7 !
FP TN 13 0 1
This matrix confirms the high sensitivity of the detector, although it also highlights a modest false positive

rate. Nevertheless, given the high AP score and the favorable shape of the PR curve, it can be concluded

that the model performs reliably in detecting lung regions in chest X-ray images.

Based on these results, the lung region was correctly detected in 124 out of the 144 images in the test group.
In 7 cases, an area outside the actual lung region was incorrectly detected as a lung region, while in 13 chest
X-ray images, the detector failed to identify a region despite the presence of an actual lung region. Figure 6

presents five representative examples each of true positives, false positives, and false negatives.

In comparison to previous works using YOLO-based object detection in chest imaging, our approach
focuses specifically on bounding-box localization and cropping of the lung region rather than pathology
classification. For instance, Detection Method of Chest X-ray Lung Nodules Based on Improved YOLOv3
Model(Yan, 2020) used an improved YOLOvV3 architecture to detect lung nodules on chest X-rays and

reported a detection accuracy of approximately 61% on nodules.

Meanwhile, Anomalies Detection in Chest X-Ray Images Using Faster R-CNN and YOLO (2025) applied
YOLOVS5s to identify five different thoracic abnormalities and reported AP@0.5 and AP@]0.5:0.95] values
of roughly 0.616 and 0.322 respectively on 2,500 X-ray images (Nguyen et al., 2023).
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By contrast, our method achieves a mean IoU of 0.883 and an AP 0£0.9043 for the lung_region class in a
144-image test set. Although direct comparisons are limited due to differing tasks and datasets, the strong
localization performance of our method suggests that bounding-box cropping of the lung region may provide

a robust preprocessing step for downstream diagnostic models.
3.2. Discussion

Accurate localization of lung regions is a critical prerequisite for computer-aided diagnosis (CAD) systems
targeting thoracic pathologies such as Atelectasis, Cardiomegaly, and Pleural Effusion. In this study, YOLO
v4 was selected due to its proven balance between detection speed and accuracy, aligning with prior
evaluations demonstrating its superior real-time performance even on moderate GPUs % (Bochkovskiy et

al., 2020) and other benchmarks in medical contexts (Ragab et al., 2024).

The relatively small size of the test dataset may limit the generalizability of the model and increase the risk
of overfitting. Future studies with larger and more diverse datasets are needed to validate and further

improve the robustness of the proposed approach.

Future work could explore strategies to further enhance model robustness and generalizability. Approaches
such as data augmentation, transfer learning, and domain adaptation may help address the limitations
imposed by the relatively small dataset, reduce overfitting, and improve performance across diverse patient
populations and imaging conditions. Implementing these techniques could facilitate the extension of the

current framework to multi-class detection tasks and broader clinical applications.

The high AP score (0.9043) and the PR curve characteristics suggest that the proposed model can reliably
detect lung regions in chest X-rays while maintaining low false-positive rates. The loU-based anchor box
estimation played a pivotal role in optimizing detection accuracy (Redmon & Farhadi, 2016), consistent
with prior reports that loU-based clustering outperforms Euclidean distance for object detection tasks in
medical imaging (Redmon & Farhadi, 2016). Despite the encouraging results, some false positives and false
negatives were observed. The false positives often occurred in regions adjacent to the diaphragm or
mediastinum, potentially due to overlapping soft tissue densities. False negatives were mainly associated
with atypical lung shapes or reduced contrast in diseased lungs, highlighting a limitation in model

generalization to highly variable anatomical presentations.

IoU-based anchor box optimization helps the model focus on actual lung regions by excluding irrelevant
areas such as image borders or markers. These non-lung regions can distract deep networks, so aligning
anchors with lung fields reduces such noise and conceptually improves feature learning and downstream

performance.
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Future research should address these limitations by integrating contrast enhancement techniques, multi-view
learning, and domain adaptation to handle variations across datasets. Additionally, incorporating
explainability methods such as Grad-CAM could aid in model interpretability, thereby increasing clinician

trust in Al-assisted diagnostic workflows (Han et al., 2022; Holzinger et al., 2020)

The Grad-CAM and D-RISE visualizations provide insights into the regions of the chest X-rays that the
model focuses on during lung region detection, enhancing the clinical interpretability of the results. In this
study, we plan to incorporate these visualizations in ablation experiments to systematically evaluate how
excluding or modifying certain image regions affects model attention and performance. This approach will
help demonstrate the reliability of the model’s focus and support the interpretability of automated detection

outcomes.

4. CONCLUSION

This study demonstrated that YOLO v4, combined with loU-based anchor box optimization, provides an
effective and computationally efficient solution for lung region detection in chest X-ray images. Using six
optimized anchor boxes yielded a high AP score of 0.9043 and robust detection performance across the test

set, confirming the suitability of this approach for clinical pre-processing tasks in computer-aided diagnosis

(Bochkovskiy et al., 2020; Redmon & Farhadi, 2017).

The accurate identification of lung regions facilitates subsequent diagnostic tasks, including the detection
and classification of Atelectasis and other thoracic pathologies. While some false positives and false
negatives persist, these can be mitigated through enhanced preprocessing, increased dataset diversity, and
the integration of advanced explainability techniques (Bochkovskiy et al., 2020; Holzinger et al., 2020;
Redmon & Farhadi, 2016).

Given its strong performance and scalability, the proposed method holds significant potential for
deployment in automated radiology pipelines, improving workflow efficiency and diagnostic consistency

in clinical settings.
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ABSTRACT

The accurate prediction of heating and cooling loads is a critical prerequisite for designing energy-
efficient buildings and reducing their environmental footprint. This study presents a comprehensive
comparative analysis of multiple regression models for estimating the energy efficiency of residential
buildings based on their architectural parameters. Using the Energy Efficiency dataset, we evaluated the
performance of seven distinct modelling approaches: Linear Regression, Decision Tree, Random Forest,
Support Vector Regression with a Radial Basis Function kernel, K-Nearest Neighbours, Multi-Layer
Perceptron, and Deep Neural Networks. Models were rigorously assessed using Root Mean Square Error,
Mean Absolute Error, and the coefficient of determination (R?). The results demonstrate that non-linear
machine learning methods significantly outperform traditional linear models. Specifically, the Random
Forest and Support Vector Regression models achieved superior predictive accuracy, with RMSE values
as low as 0.46 for heating load and 1.53 for cooling load, and R? scores exceeding 0.97. Furthermore,
feature importance analysis identified Overall Height and Relative Compactness as the most influential
parameters for heating and cooling load predictions, respectively, providing actionable insights for
architectural design. This research shows that advanced machine learning models, particularly Random
Forest and Support Vector Regression, offer a robust and accurate framework for building energy
assessment.

Keywords: Energy efficiency; Load prediction; Machine learning; Regression models; Sustainable
building design

Isitma ve Sogutma Yiikii Gereksinimlerine Dayah Bina Enerji Verimliligi
Degerlendirmesi icin Regresyon Modellerinin Karsilastirmah Degerlendirmesi

0z

Isitma ve sogutma yiiklerinin dogru tahmini, enerji verimli binalar tasarlamak ve ¢evresel ayak izlerini
azaltmak i¢in kritik bir 6n kosuldur. Bu ¢aligma, mimari parametrelerine dayali olarak konut binalarinin
enerji verimliligini tahmin etmek i¢in ¢oklu regresyon modellerinin kapsamli bir karsilastirmali analizini
sunmaktadir. Enerji Verimliligi veri setini kullanarak, yedi farkli modelleme yaklagiminin performansini
degerlendirdik: Dogrusal Regresyon, Karar Agaci, Rastgele Orman, Radyal Taban Fonksiyonu
¢ekirdegine sahip Destek Vektor Regresyonu, K-En Yakin Komsular, Cok Katmanli Algilayici ve Derin
Sinir Aglari. Modeller, Kok Ortalama Karesel Hata, Ortalama Mutlak Hata ve belirleme katsayisi (R?)
kullanilarak titizlikle degerlendirildi. Sonuglar, dogrusal olmayan makine Ogrenmesi yoOntemlerinin
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geleneksel dogrusal modellerden 6nemli olgiide daha iyi performans gosterdigini gostermektedir.
Ozellikle, Rastgele Orman ve Destek Vektor Regresyonu modelleri, 1sitma yiikii icin 0,46 ve sogutma
yiikii i¢in 1,53 kadar diisiik RMSE degerleri ve 0,97'yi asan R? puanlartyla iistiin tahmin dogrulugu elde
etti. Ayrica, 6zellik 6nem analizi, 1sitma ve sogutma yiikii tahminleri i¢in sirasiyla Toplam Yiikseklik ve
Goreceli Kompaktligi en etkili parametreler olarak belirleyerek mimari tasarim igin uygulanabilir
iggoriiler saglamistir. Bu aragtirma, 6zellikle Rastgele Orman ve Destek Vektor Regresyonu olmak iizere
gelismis makine 6grenimi modellerinin, bina enerji degerlendirmesi i¢in saglam ve dogru bir c¢erceve
sundugunu gdstermistir.

Anahtar Kelimeler: Enerji verimliligi; Yik tahmini; Makine Ogrenimi; Regresyon modelleri;
Siirdiiriilebilir bina tasarimi

*Corresponding Author: Sinan ATICI 284
E-mail: asdsinanatici@gmail.com



Atict & Tuna / Comparative Evaluation of Regression Models for Building Energy Efficiency Assessment Based on Heating and Cooling Load
Requirements

1. INTRODUCTION

Energy efficiency policy remains the most influential driver in Europe. The European Green Deal and
Renovation Wave Strategy (European Commission, 2023) aim to double annual energy renovation rates
by 2030. Member States have implemented building codes and energy performance certificates under the
EPBD. However, enforcement varies across regions (IEA, 2024). Financial incentives such as tax
reductions and green loans have supported adoption, though split incentives and limited awareness remain
challenges (Gou et al., 2022). The building sector accounts for approximately 40% of total energy
consumption and 36% of greenhouse gas emissions in the European Union (European Commission, 2024).
Recent directives, including the recast of the Energy Performance of Buildings Directive (EPBD), aim to

accelerate renovation rates and promote nearly zero-energy buildings.

Retrofitting existing buildings offers the greatest opportunity for energy reduction. Integrated retrofits
such as combining envelope upgrades, HVAC replacement, and renewable energy achieve up to 70%
reductions in operational energy (Guerra Santin & Tweed, 2022). However, financing and tenant-owner
split incentives remain barriers. Deep renovation packages are often limited to publicly funded projects or
social housing. Envelope improvements are among the most cost-effective energy-saving strategies.
Studies demonstrate that enhanced insulation, airtightness, and high-performance glazing can reduce
heating energy use by 20—40% in cold climates (Ascione et al., 2023). Emerging materials such as phase
change materials, aerogels, and dynamic facades offer additional benefits. For Mediterranean climates,

adaptive shading and ventilated fagades are particularly effective (Palermo et al., 2024).

Heating, ventilation, and air-conditioning (HVAC) systems represent the largest end-use in European
buildings. Research on variable refrigerant flow systems, demand-controlled ventilation, and heat pumps
shows potential energy savings of 30-60% (Bertoldi et al., 2023). Heat pump adoption is increasing due to
electrification policies and the decarbonisation of electricity grids (IEA, 2024). Proper commissioning and

system integration are crucial to realise expected performance gains.

Occupant behaviour significantly affects actual energy performance. Behavioural interventions, feedback
systems, and smart meters can reduce household energy use by 5-15% (Andersen et al., 2022). Comfort
preferences, cultural norms, and income levels influence the effectiveness of efficiency measures. User

engagement is increasingly recognised as essential for closing the performance gap.

Estimating heating load and cooling load accurately is essential for building design, HVAC system sizing,
energy efficiency, operational cost reduction, and meeting regulatory/green building standards. Traditional
methods include physics-based simulation and empirical regression. More recently, machine learning

methods have been applied to predict heating load/cooling load, both in design-stage and in operational
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forecasting (Tsanas & Xifara, 2012a). The rise of large and synthetic datasets, improved computational
resources, and demand for rapid, cost-efficient decision support have driven this trend. Building energy
management systems, Internet of Things sensors, and artificial intelligence enable predictive maintenance
and adaptive control. Studies indicate that artificial intelligence-based controls can reduce building energy
use by 15-30% while maintaining occupant comfort (Zhou et al., 2024). Data interoperability,

cybersecurity, and privacy are major challenges for large-scale deployment (D’Oca et al., 2023).

This study contributes to the existing literature on the Energy Efficiency dataset by conducting a
comprehensive and systematic comparison of seven widely used regression algorithms, Linear Regression,
Decision Tree, Random Forest, SVR with RBF kernel, K-Nearest Neighbours, Multi-Layer Perceptron,
and Deep Neural Networks, evaluated simultaneously on both heating and cooling loads under identical
experimental conditions. This analysis extends the original six-model benchmark of Tsanas and Xifara
(2012a) through the inclusion of Deep Neural Networks and a broader performance assessment
framework. Most importantly, the study provides a unified feature importance ranking derived from
multiple models, clearly demonstrating that Orientation and Glazing Area Distribution exert negligible
influence on both heating and cooling loads. These findings offer architects substantially clearer and more
actionable engineering insights than those typically reported in prior work, emphasising greater design
flexibility in fagcade orientation and glazing distribution without compromising energy performance.
Supporting analyses, including detailed multicollinearity diagnostics and extensive visual exploration of

the dataset, further strengthen the interpretability and practical value of the results.

The rest of this paper is as follows. First, it presents a literature review that provides a synthesis of recent
studies (2020-2025) to evaluate the state of knowledge, identify effective strategies, and outline remaining
challenges. Then, our approach to assess the energy efficiency of a given building using heating and
cooling load requirements and machine learning methods is presented. Afterwards, the results of the
simulation study are reported. Finally, the paper concludes with recommendations for future research on

embodied carbon, post-occupancy monitoring, and equitable energy transitions.

2. RELATED WORK

Considering building energy efficiency, despite technological advances, multiple barriers remain. These
include high upfront costs, limited skilled workforce, lack of performance monitoring, and fragmented
regulations across EU member states (Kwak et al., 2023). The European Renovation Wave seeks to
address these through funding, harmonised standards, and workforce training. Still, achieving the 2050
carbon neutrality target will require accelerated action. Future research in Europe should focus on

integrating digitalisation with retrofit strategies, developing consistent embodied carbon databases, and
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promoting equitable access to energy-efficient housing. Long-term monitoring and post-occupancy
evaluation are needed to validate performance claims. Cross-disciplinary collaboration between engineers,

architects, policymakers, and social scientists will be essential.

This literature review examines recent studies that focus on machine learning methods for heating
load/cooling load prediction: what algorithms are used, what features, how models are validated,
interpretability, and what gaps remain. Recent research shows significant advances in applying machine
learning to predict building thermal loads. For example, Abdel-Jaber and Dirks (2024) provided a
comprehensive review of data-driven prediction techniques for heating and cooling loads, highlighting the
dominance of ensemble and artificial neural network models. Chaganti et al. (2022) demonstrated that
ensemble models such as Random Forest and Gradient Boosting achieved R-Squared (R?) values above
0.99 on the University of California, Irvine (UCI) Energy Efficiency dataset. Lu et al. (2023) introduced
an AutoML framework that achieved R? scores above 0.98 while also incorporating interpretability
features. Other studies, such as Miskolc et al. (2023), examined neural network optimisation for different
building geometries and materials, showing that thermal properties of envelope layers significantly affect

heating and cooling loads.

Ensemble tree-based methods such as Random Forest, Gradient Boosting, and Cubist consistently perform
best for design datasets due to their ability to model non-linear relationships between geometry and
thermal loads. Neural networks, including multilayer perceptrons and radial basis functions, achieve
comparable results but require larger datasets and careful tuning. AutoML has emerged as a convenient
alternative for practitioners. Interpretability remains limited, although SHapley Additive exPlanations

(SHAP) and feature importance analyses are increasingly used.

Most studies rely on the UCI ENB2012 dataset (UCI, 2025) with 80/20 training-testing splits and cross-
validation. Common evaluation metrics include R?, Mean Absolute Error (MAE), Root Mean Squared
Error (RMSE), and Mean Absolute Percentage Error (MAPE). Reported accuracies often exceed 0.99 R?
for heating load and 0.98 R? for cooling load. However, generalisation to real-world data remains a

challenge due to synthetic nature of most datasets.

Despite excellent accuracy, machine learning models for heating load/cooling load prediction face key
challenges: (1) limited generalisation to real buildings, (2) scarcity of high-quality, labelled datasets, (3)
limited interpretability of complex models, and (4) lack of integration with physical/thermal simulation
approaches. Hybrid models combining physics-based knowledge and machine learning show potential to

improve transferability across climates and building types.
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To ensure robust and useful machine learning models for heating and cooling load prediction, studies
recommend: (1) using ensemble or AutoML methods, (2) integrating interpretability tools such as SHAP,
(3) validating across climates and datasets, and (4) reporting multiple error metrics. Future work should

emphasise real-building datasets and hybrid physics-informed machine learning.

3. METHODOLOGY

3.1. Dataset Description and Characteristics

This study utilises the Energy Efficiency dataset, which consists of 768 residential building configurations
generated through controlled simulation experiments (Tsanas & Xifara, 2012a, 2012b). The dataset was
created using 12 fundamental building shapes differing in relative compactness, aspect ratio, and height.
For each of these 12 base shapes, the remaining design variables, orientation, glazing area, and glazing
area distribution, were systematically varied across 18 combinations, yielding a total of 768 unique

instances.

All energy performance values were computed using the building energy simulation software Ecotect
(version 2011), which served as the ground truth for both heating load (Y1) and cooling load (Y2) under
standardised operating conditions and assumptions (Tsanas & Xifara, 2012a). The eight input features
were specifically chosen to capture the most influential architectural parameters affecting thermal

performance. The input features are defined as follows:

o X;: Relative Compactness

o X,: Surface Area

o X3: Wall Area

. X,: Roof Area

. Xs5: Overall Height

. Xg: Orientation

. X7: Glazing Area

o Xg: Glazing Area Distribution

The primary objective of this study is to predict the two continuous target variables, heating load (Y1) and
cooling load (Y2), using the eight input features described above, following the experimental framework
originally established by Tsanas and Xifara (2012a). The dataset is fully deterministic and perfectly
balanced, comprising exactly 768 building simulations. According to the original authors (Tsanas &

Xifara, 2012a), the 768 instances were generated in two carefully designed parts:
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e 720 buildings with glazing: 12 distinct building geometries x 3 non-zero glazing area ratios

(10%, 25%, 40%) x 5 glazing area distributions (0 = uniform, 1-5 = non-uniform) x 4

orientations — 12 x 3 x 5 x4 =720

e 48 buildings without glazing (glazing area = 0%): 12 building geometries % 4 orientations

— 12 x4 =48

o Total: 720 + 48 = 768 unique configurations.

This deliberate construction ensures perfect balance across all design variables while explicitly including

the physically realistic case of fully opaque fagades (0% glazing). Each of the 768 rows represents a

unique combination with no duplicates, no missing cells, and no random sampling bias. Although the

target variables, heating load Y: and cooling load Y2, appear continuous, they take only 587 and 636

distinct values respectively, due to the discrete resolution of the Ecotect simulation engine. Descriptive

statistics of the eight input features and two target variables are presented in Table 1.

Table 1: Descriptive statistics of the input features and target variables

Feature Count  Mean * Std Min 25%  Median 75% Max  Unique
Relative Compactness (X1) 768 0.764 + 0.106 0.620 0.682 0.750 0.830 0.980 12
Surface Area (X2) (m?) 768  671.71+88.09 51450 60638 673.75 741.12 808.50 12
Wall Area (X3) (m?) 768 31850 +43.63 24500 29400 31850 343.00 416.50 7
Roof Area (X4) (m?) 768 17660 +45.17 11025 140.88 183.75 220.50 245.00 12
Overall Height (X5) (m) 768 525+ 1.75 350  3.50 5.25 700  7.00 2
Orientation (X6) 768 3.50+112 2 2.75 3.50 4.25 5 4
Glazing Area (X7) (fraction) 768 0.234+ 0.133 0 0.10 0.25 0.40 0.40 4
Glazing Area Distribution
768 2.81+155 0 1.75 3.00 4.00 5 6
(X8)
Heating Load (Y1) (kW) 768 2231+1009 601 1299 1895 3167 43.10 587
Cooling Load (Y2) (kW) 768 24594951 1090 1562  22.08  33.13  48.03 636
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3.1.1. Multicollinearity Analysis

A critical characteristic of the dataset is the presence of perfect collinearity among three geometric
features due to the fixed rectangular prism geometry assumed in the simulations. Specifically, the
following exact linear relationship holds for all 768 instances: Surfaace Area = Wall Area +

2 X Roof Area.

This physical constraint renders the design matrix singular when all three variables are included
simultaneously. Consequently, Variance Inflation Factor (VIF) values for Surface Area, Wall Area, and

Roof Area are infinite (Table 2).

Table 2: Descriptive statistics of the input features and target variables Variance Inflation Factors (VIF) for numeric
features (standardised prior to computation). Infinite values arise from exact linear dependence.

Feature VIF
Surface Area 0
Wall Area 00
Roof Area o0
Relative Compactness 73.06
Overall Height 31.21
Glazing Area Distribution 1.05
Glazing Area 1.05

This perfect collinearity is not a data quality issue but an inherent property of the simulation model
stemming from the fixed building geometry. High but finite VIF values for Relative Compactness and
Overall Height are also expected due to their strong physical relationship. For linear models sensitive to
multicollinearity, e.g., ordinary least squares regression, we additionally report performance using a
reduced feature set comprising only Relative Compactness, Overall Height, Glazing Area, Glazing Area

Distribution, and Orientation (all VIF < 10).

The Pearson correlation matrix is presented in Figure 1. It clearly confirms that Overall Height (r = 0.89)
and Relative Compactness (r = 0.62) are the strongest predictors of heating load (Y1), while Glazing Area
exhibits an extremely strong correlation with cooling load (Y2) (r = 0.98), which is fully consistent with

established building physics principles. Additionally, the near-perfect correlations among Surface Area,
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Wall Area, Roof Area, and Overall Height reflect the inherent geometric constraints and fully support the

observed perfect multicollinearity discussed earlier.

Figure 1: Pearson Correlation Matrix
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Figure 1: Pearson correlation matrix of all features and targets. Strong positive/negative correlations among

geometric variables are clearly visible due to physical constraints.

This comprehensive characterization responds to concerns raised regarding dataset size and potential
overfitting. Although the sample size (n = 768) may appear modest compared to contemporary large-scale
datasets, the perfectly balanced, noise-free, full-factorial experimental design, with deliberate inclusion of
the zero-glazing baseline, provides high statistical efficiency and ensures strong representativeness and

reliable generalization within the defined architectural design space.
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To further illustrate the characteristics of the Energy Efficiency dataset and support the findings from the
correlation analysis, selected visualizations are presented in Figure 2. These plots highlight the
distributional properties of the target variables, the dominant influence of key design parameters, and the

negligible effect of building orientation, all of which are consistent with building physics expectations.

Figure 2: Energy Efficiency Dataset - Selected Visualizations
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Figure 2: Energy Efficiency Dataset — Selected Visualizations: (a) Heating Load (Y1) distribution with overlaid
kernel density estimate, (b) Cooling Load (Y2) distribution, (¢) Overall Height vs. Heating Load (coloured by
Glazing Area ratio), (d) Heating Load by Orientation, (¢) Cooling Load by Glazing Area ratio, (f) Surface Area vs.

Heating Load with linear trend line.

Figure 2 provides several important insights that reinforce the earlier statistical analyses. The distributions
of both heating and cooling loads exhibit clear multimodality (a, b), reflecting the discrete combinations of
the 12 underlying building geometries and two height levels (3.5 m and 7.0 m). The strong linear
relationship between Overall Height and Heating Load (c) and the inverse relationship between Surface
Area and Heating Load (f) are immediately apparent, while the boxplot of Heating Load by Orientation

(d) confirms its negligible impact (nearly identical medians and distributions across North, East, South,
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and West). In contrast, Cooling Load increases markedly and systematically with Glazing Area ratio (),
further explaining the very high correlation (r = 0.98) observed in Figure 1. Collectively, these
visualizations, combined with the perfectly balanced experimental design and absence of measurement
noise, help address concerns regarding the modest sample size (n = 768) and support the reliability and

interpretability of the subsequent modelling results.

3.2. Mathematical formulations

3.2.1. Linear regression
It models the relationship between features x and target y as given by Eq.(1):

y=wlx+b+e (1)

where w is the weight vector, b is the bias, and € is the error term. The objective is to minimise the mean

squared error (Eq.(2)):
n
: 2
wZ(yi — wx; + b)) @)
i=1

3.2.2. Decision tree regressor

It partitions the feature space into regions based on feature thresholds and predicts the mean target value in

each region. The tree is built by minimising (Eq.(3)):

Z Wi = Im)? A3)

i€ERm
where R,, is the m-th region and ,,, is the mean target in that region.

3.2.3. Random forest regressor

It is an ensemble of decision trees, where each tree is trained on a random subset of data and features. The

prediction is the average (Eq.(4)):

T
1
§=2 > k(@ )
t=1

where h;(x) is the prediction of the t-th tree and T is the number of trees.
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3.2.4. Support vector regression (SVR)

It fits a function f(x) = wT¢(x) + b within an e-insensitive tube as given by Eq.(5):
1 n
minz WII3 +C D max(0,ly; — £l — ) )
' i=1

where ¢(x) maps features to a higher-dimensional space and C controls the trade-off.

3.2.5. K-nearest neighbours regressor
Predicts the target as the average of the k nearest neighbours’ targets as given by Eq.(6):

y=7 z Vi (6)

IENj(x)

where N (x) is the set of k nearest neighbours based on a distance metric (e.g., Euclidean).
3.2.6. Multilayer perceptron (MLP) regressor
It is a feedforward neural network with multiple layers can be formulated by Eq.(7):

y= fL(WLfL—l(WL—l o f1(Wix + b1)) + bL) (7

where f; is the activation function, W, and b; are weights and biases, and the loss is typically (Eq.(8)):

n

minZ(yi - 9)? (®)
i=1

4. RESULTS

This section presents a comprehensive evaluation of multiple predictive models for estimating heating and
cooling loads in building energy efficiency analysis. The models assessed include Linear Regression,
Decision Tree, Random Forest, Support Vector Regression (SVR) with Radial Basis Function (RBF)
kernel, K-Nearest Neighbours (K-NN) with Euclidean distance, Multi-Layer Perceptron (MLP), and Deep
Neural Network (DNN). Performance metrics, including RMSE, MAE, coefficient of determination (R?),
and Cross-Validation RMSE (CV-RMSE), are reported for both heating load (Y;) and cooling load (Y,).
Additionally, feature importance rankings are provided to elucidate the influence of architectural

parameters on energy efficiency predictions.
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4.1. Model performance

The performance of the models is summarised in Table 3, which reports Root Mean Square Error
(RMSE), Mean Absolute Error (MAE), coefficient of determination (R?), and 5-fold cross-validated
RMSE (CV-RMSE) for both heating and cooling load predictions. All models were trained on an 80/20
train—test split (random_state = 42). Hyperparameters were systematically optimised using GridSearchCV
(5-fold CV) for traditional models and RandomizedSearchCV/custom validation for the neural networks.
Only the single best-performing configuration of each algorithm was retained for final reporting. The

selected hyperparameters are detailed in Table 4.

Table 3: Model performance comparison

Model Target RMSE MAE R? CV-RMSE
Linear Heating 3.03 2.18 0.91 3.20
Regression Cooling 3.15 2.20 0.89 3.29
Decision Tr Heating 0.57 0.40 0.99 1.70
eciston free Cooling 1.92 1.21 0.96 2.10
Random Heating 0.50 0.36 0.99 1.70
Forest Cooling 1.78 1.10 0.97 1.89
Heating 0.46 0.35 0.99 1.89
R (RBF
SVR (RBF) Cooling 1.53 0.91 0.97 2.23
K-NN Heating 2.33 1.50 0.95 3.02
(Euclidean) Cooling 2.63 1.72 0.93 2.74
Heating 0.61 0.46 0.99 2.00
MLP
Cooling 1.31 0.91 0.98 2.37
Heating 1.11 0.88 0.99 1.11
DNN Cooling 1.64 1.22 0.97 1.64

The comparative analysis of model performance, as delineated in Table 3 and visually corroborated in
Figures 4-9, reveals a clear hierarchy in predictive capability for building energy load estimation. While
linear regression provides a competent baseline (Figure 3), explaining over 89% of the variance in both
heating and cooling loads (R? > 0.89), its relatively higher RMSE and MAE values indicate a significant
margin for improvement. Non-linear ensemble and neural network methods demonstrably surpass this
baseline, with tree-based models such as Random Forest (Figure 5) and support vector regression with a
radial basis function kernel (Figure 6) achieving superior performance, as evidenced by their substantially
lower RMSE (e.g., 0.50 for Heating Load) and near-perfect R? scores (= 0.99). The Multi-Layer
Perceptron (Figure 8) also exhibits strong performance, though its higher cross-validation RMSE suggests
slightly less generalisability compared to the best tree-based models. A notable observation is the
performance of the Deep Neural Network (Figure 9), which, despite a strong R?, shows a marked
discrepancy between its test RMSE and that of the most accurate models, potentially indicating

underfitting or suboptimal hyperparameter tuning. Conversely, the simplistic K-Nearest Neighbours
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model (Figure 7) proved to be the least effective of the non-linear approaches, as visually apparent from
the greater dispersion in its prediction plots. The consistent diagonal alignment of data points across all
high-performing models (Figures 4-6, 8) confirms their robust predictive capability across the entire

range of energy load values.
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Figure 5: Random forest ensemble predictions illustrating
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Figure 9: Deep neural network performance displaying competent predictive power with slight underfitting

tendencies compared to ensemble methods (R? = 0.99/0.97).

To ensure reproducibility and optimal performance, a systematic hyperparameter optimisation procedure
was applied to all models. An 80/20 train—test split was performed once (random_state = 42) and kept
identical across all experiments. For Linear Regression, implemented as Ridge, Decision Tree, Random
Forest, SVR with RBF kernel, and K-Nearest Neighbours, an exhaustive GridSearchCV with 5-fold cross-
validation was employed on the training set. For the Multi-Layer Perceptron (scikit-learn) and the Deep
Neural Network (custom PyTorch implementation), a combination of grid/random search and validation-
based early stopping was used to prevent overfitting while maximizing predictive accuracy. In every case,
only the single best-performing configuration, selected according to negative mean squared error, was
retained for final evaluation on the fixed hold-out test set and for reporting cross-validated metrics.
Feature scaling via StandardScaler was uniformly applied to K-NN, SVR, MLP, and DNN models, as

these algorithms are sensitive to feature magnitude.
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Table 4: Final optimised hyperparameters of the evaluated models

Model Selected Hyperparameters / Architecture Selection / Training Details
Linear a=10 GridSearchCV (5-fold CV)
Regression

max_depth = None, min_samples_split =2,
min_samples_leaf = 1
n_estimators = 200, max_depth = None, min_samples_split
Random Forest =2, min_samples_leaf = 1, max_features = 'sqrt, GridSearchCV (5-fold CV)
random_state = 42

Decision Tree GridSearchCV (5-fold CV)

SVR (RBF) kernel = 'rbf', C =100, y = 'scale', € = 0.1 GridSearchCV (5-fold CV)

K-NN

(Euclidean) n_neighbors = 7, weights = 'uniform', metric = 'euclidean GridSearchCV (5-fold CV)

hidden layer sizes = (100, 50), activation = 'relu', solver =
MLP 'adam’, o = 0.0001, learning_rate = 'adaptive', max_iter =
1000, random_state = 42
Architecture: 8 - 128 - 64 — 32 - 1 (ReLU +
BatchNorm + Dropout 0.2)
DNN Optimizer: Adam (Ir = 0.001), weight _decay =1075,
batch_size = 32
Early stopping (patience = 50), maximum 500 epochs

Fixed architecture with early
stopping disabled

Custom training with
validation-based monitoring

Common experimental settings (applied uniformly to all models)
e Train—test split: 80% training, 20% test (random_state = 42)
e Feature scaling: StandardScaler applied for K-NN, SVR, MLP, and DNN
e Reproducibility: Fixed random_state = 42
e Final model selection: Best configuration chosen by negative mean squared error on the training

set

The hyperparameters and architectural choices summarized in Table 4 reflect the outcome of the
optimisation process described above. This transparent reporting eliminates any ambiguity regarding
model configuration and enables exact replication of the reported results. The consistency of the
experimental protocol (identical data split, random seed, and preprocessing) combined with rigorous

hyperparameter tuning further strengthens the validity of the comparative analysis presented in Table 3.

4.2. Feature importance analysis

Feature importance rankings, derived from the models, highlight the relative influence of architectural
parameters on heating and cooling load predictions. Table 5 provides a simplified overview of the top
three features for selected models (Linear Regression, Random Forest, and SVR (RBF)) for both heating
and cooling loads. For heating load, Overall Height and Relative Compactness consistently emerged as the
most influential features across models, with Linear Regression assigning the highest importance to

Overall Height (7.22) and Random Forest to Relative Compactness (0.40). For cooling load, Relative
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Compactness was the dominant feature in Linear Regression (7.49) and SVR (RBF) (8.81), while Random
Forest prioritised Overall Height (0.39). Orientation and Glazing Area Distribution consistently showed

minimal influence across all models, indicating greater design flexibility in these parameters.

Table 5: Top three feature importance rankings for selected models

Load Model Feature Importance
Overall Height 7.22
Linear Regression Relative Compactness 6.52
Roof Area 3.92
Relative Compactness 0.40
Heating Load (Y,) Random Forest Surface Area 0.21
Overall Height 0.14
Relative Compactness 4.95
SVR (RBF) Wall Area 1.72
Surface Area 0.78
Relative Compactness 7.49
Linear Regression Overall Height 7.08
Surface Area 4.14
Overall Height 0.39
Cooling Load (Y,) Random Forest Relative Compactness 0.29
Surface Area 0.11
Relative Compactness 8.81
SVR (RBF) Wall Area 2.19
Surface Area 1.65

5. DISCUSSION AND CONCLUSION

The results reveal a clear performance hierarchy among the seven regression models evaluated on the
Energy Efficiency dataset. Random Forest and Support Vector Regression with RBF kernel consistently
delivered the highest predictive accuracy, achieving RMSE values as low as 0.46—0.50 kW for heating
load and 1.53-1.78 kW for cooling load, with R? scores exceeding 0.99 and 0.97, respectively. This
superior performance can be attributed to their robust ability to model complex non-linear relationships
and interaction effects inherent in building physics. Random Forest effectively mitigates overfitting
through bootstrap aggregation and feature randomness, enabling stable generalisation even within the
constrained, deterministic design space of 768 samples. Similarly, SVR constructs a flexible, high-
dimensional decision boundary via the RBF kernel, making it particularly well-suited to capture the sharp

transitions induced by discrete geometric and glazing parameters.

In contrast, Linear Regression and K-Nearest Neighbours exhibited the poorest performance. The
fundamentally limited expressive power of linear models is severely compromised by the exact
collinearity among Surface Area, Wall Area, and Roof Area (Surface Area = Wall Area + 2xRoof Area),
which produces infinite Variance Inflation Factors and an ill-conditioned design matrix. Although ridge

regularisation was applied, it cannot fully compensate for perfect multicollinearity. K-NN, despite its non-
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parametric nature, suffers from the curse of dimensionality and the high correlation structure of the
features; local averaging becomes unreliable when nearest neighbours lie in regions distorted by collinear
geometric variables, resulting in substantially higher prediction errors and poor cross-validation stability.

The Decision Tree and single-hidden-layer MLP occupy an intermediate position, demonstrating
reasonable accuracy but remaining clearly outperformed by ensemble and kernel-based methods. The
Deep Neural Network, while theoretically capable of universal approximation, showed signs of slight
underfitting in this specific setting, likely due to the relatively small sample size and the absence of

measurement noise, conditions under which simpler, well-regularised non-linear models often prevail.

A key finding with direct practical relevance is the consistent ranking of feature importance across
models. Overall Height and Relative Compactness emerged as the dominant drivers of heating load,
whereas Glazing Area overwhelmingly governs cooling load (Pearson r = 0.98). Crucially, Orientation
and Glazing Area Distribution were ranked lowest by all models, with near-zero contribution in both
Random Forest permutation importance and SVR coefficient analysis. This robust, multi-model consensus
provides architects with clear and actionable design guidance: facade orientation and the spatial
distribution of glazing can be treated as flexible aesthetic parameters without meaningful energy penalty,

provided total glazing area, building height, and compactness are appropriately optimised.

Although the present models were developed and validated on the widely used synthetic Energy
Efficiency dataset (Tsanas & Xifara, 2012), which remains a standard benchmark in the field, we
acknowledge that direct extrapolation to real-world buildings, where measurement noise, occupant
behaviour, and climatic variability are present, requires additional validation on empirical datasets.
Nevertheless, the physically interpretable patterns uncovered, e.g., dominance of height, compactness, and
glazing area, align closely with established building science principles and are therefore expected to retain

substantial validity across diverse residential contexts.

In conclusion, Random Forest and SVR (RBF) are recommended as the preferred algorithms for rapid and
accurate heating and cooling load prediction during early-stage building design. The identified key drivers
and negligible parameters offer practical, evidence-based guidance that can immediately inform
architectural decision-making and support the development of user-friendly, data-driven energy

assessment tools.
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ABSTRACT

The development of hybrid polymeric membranes with tunable surface properties is crucial for advanced
separation and controlled release technologies. In this study, poly(vinyl alcohol)/(k-carrageenan-graft-
ethylene glycol dimethacrylate) (VA/CG-g-EGD) membranes were prepared by blending poly(vinyl
alcohol) (VA) with «-carrageenan-graft-ethylene glycol dimethacrylate (CG-g-EGD) copolymers
synthesized using different initiators: cerium ammonium nitrate (CAN), ammonium persulfate (APS), and
benzoyl peroxide (BPO). The aim was to examine how the initiator type influences grafting efficiency and,
consequently, the morphology and surface characteristics of the membranes.

AFM and contact angle analyses revealed that the initiator type significantly affected surface roughness and
wettability. Among the initiators, BPO produced the most uniform surface, whereas CAN yielded a rougher
morphology with lower grafting efficiency. Compared to pristine VA membranes, the VA/CG-g-EGD
membranes exhibited smoother, more stable surfaces with a tunable hydrophilic—hydrophobic balance,
confirming the successful grafting.

These findings demonstrate that controlling grafting parameters effectively enhances membrane surface
performance. The improved surface integrity and morphological stability make VA/CG-g-EGD membranes
promising candidates for pervaporation-based separations and drug-delivery applications requiring selective
permeability and mechanical durability.

Keywords: Atomic force microscopy; Contact angle; Poly(vinyl alcohol); Initiator.

As1 Kopolimerizasyon Baslaticilarimin Poli(vinil alkol)/(k-karragenan-greft-
etilen glikol dimetakrilat) Membranlarinin Morfolojisi ve Islatilabilirligi
Uzerindeki Etkisi

oz

Ayarlanabilir yiizey 6zelliklerine sahip hibrit polimerik membranlarin gelistirilmesi, ileri diizey ayirma ve
kontrollii salim teknolojileri agisindan biiylik 6nem tasimaktadir. Bu calismada, farkli baslaticilar olan
seryum amonyum nitrat (CAN), amonyum persiilfat (APS) ve benzoil peroksit (BPO) kullanilarak «-
karragenan (CG) lizerine sentezlenen «-karragenan-asi-etilen glikol dimetakrilat (CG-g-EGD)

kopolimerleri, poli(vinil alkol) (VA) ile karistirilarak poli(vinil alkol)/(x-karragenan-greft-etilen glikol
dimetakrilat (VA/CG-g-EGD) membranlar1 hazirlanmigtir. Caligmanin amaci, baglatict tipinin as1
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verimliligini ve buna baglh olarak elde edilen membranlarin morfolojik ve yiizey ozelliklerini nasil
etkiledigini incelemektir.

AFM ve temas agis1 analizleri, baslatici tiirlinlin yiizey piiriizliilligii ve 1slanabilirlik lizerinde 6énemli bir
etkiye sahip oldugunu gostermistir. Baglaticilar arasinda, BPO en homojen yiizey yapisini olustururken,
CAN daha diisiik as1 verimliligine sahip daha piiriizlii bir morfoloji iiretmistir. Saf VA membranlara kiyasla,
sentezlenen VA/CG-g-EGD membranlar1 daha diizgiin, daha kararli yiizeyler ve ayarlanabilir hidrofilik—
hidrofobik denge sergileyerek basarili as1 polimerizasyonunu dogrulamistir.

Elde edilen sonuclar, as1 polimerizasyon parametrelerinin kontroliiniin membran yiizey performansini etkili
bicimde gelistirdigini gostermektedir. Gelismis ylizey biitiinliigii ve morfolojik kararlilik, VA/CG-g-EGD
membranlarin1 pervaporasyon temelli ayirma ve segici gegirgenlik ile mekanik dayanim gerektiren ilag
salim uygulamalar i¢in umut vadeden adaylar haline getirmektedir.

Anahtar Kelimeler: Atomik kuvvet mikroskobu; Temas agis1; Poli(vinil alkol); Baslatici.
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1. INTRODUCTION

Atomic Force Microscopy (AFM), first introduced in 1986, has become one of the most powerful and
versatile analytical techniques for investigating the surface morphology of solid materials, including
polymers and insulators. With the advancement of AFM technology, it has evolved into an indispensable
tool for examining membrane surface characteristics and fouling phenomena (Wei et al., 2024). The
increasing number of studies on AFM applications in membrane fouling since 2000 highlights its growing
importance in membrane science. Compared with Scanning Electron Microscopy (SEM), AFM offers
superior imaging resolution and enables nanoscale three-dimensional (3D) surface visualization. While
SEM requires complex sample preparation steps, such as metal coating, which can distort soft or gel-like
materials, AFM typically allows in situ measurements in liquid environments under ambient conditions.
Furthermore, AFM is suitable for both conductive and non-conductive materials, making it particularly

advantageous for polymeric membrane characterization (Wei et al., 2024).

AFM operates by scanning a sharp-tipped cantilever across the sample surface to detect atomic-level
interactions, such as van der Waals forces and electrostatic charges, between the probe and the sample.
Depending on the nature of the interaction, AFM can be performed in three principal modes: contact, non-
contact, and tapping. Since contact mode may damage soft polymeric surfaces, tapping mode is commonly
preferred for membrane surface characterization (Kailash Chandra Khulbe & Matsuura, 2021). Using this
approach, AFM provides detailed information on surface roughness, pore size and distribution, and phase
separation, while also enabling qualitative evaluation of antifouling and fouling tendencies. Membranes
with smoother, more homogeneous surfaces typically exhibit lower contact angles and greater
hydrophilicity, allowing water molecules to permeate more easily and thereby reducing fouling while

improving rejection performance (Rana & Matsuura, 2010).

Surface morphology plays a decisive role in determining membrane—solution interactions and fouling
behavior. AFM analysis directly measures height variations, average roughness (Ra), root-mean-square
roughness (Rq), and peak-to-valley differences (Rmax), parameters that can be correlated with surface
energy and wettability characteristics (K. C. Khulbe, Feng, & Matsuura, 2008). Over the past decade, AFM
has also been used to quantify adhesion forces between membrane surfaces and foulants via force
spectroscopy. Using the colloidal probe technique, in which micrometer-sized particles are attached to a
cantilever, interaction forces between the probe and the surface can be measured. A hydrophilic surface
generally exhibits stronger interaction with a hydrophilic probe, indicated by a larger phase shift, whereas
a hydrophobic surface exhibits a lower phase shift (Rana & Matsuura, 2010). These measurements provide

valuable insight into the mechanisms governing membrane fouling and cleaning processes.
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AFM is a nanoscale imaging and force analysis tool that offers high resolution, nondestructive detection,
strong adaptability, and real-time in situ observation. It has found widespread application across disciplines
such as materials science, chemistry, physics, and life sciences. (Liu, Zhu, Chen, & Zhu, 2024). In
membrane research, AFM contributes to the understanding of surface structure, pore distribution, roughness,
hydrophobicity, mechanical properties, and fouling mechanisms. Furthermore, AFM data serves as a basis
for optimizing membrane fabrication, modification, and performance evaluation. It allows for both
qualitative and quantitative 3D visualization of physical and chemical features, including size, surface
smoothness, and cross-sectional structure, across a wide range of particle sizes (1 nm to 8 um) (Fathiraja et

al., 2022).

Surface wettability, another critical factor in membrane performance, is often assessed by contact angle
measurements. Contact angle analysis provides a direct measure of the surface’s hydrophilicity or
hydrophobicity, which significantly influences permeation flux, fouling resistance, and selectivity. Standard
experimental techniques for determining contact angles include the sessile drop, captive bubble, and
Wilhelmy plate methods (Ismail, Islam, Khorshidi, Tehrani-Bagha, & Sadrzadeh, 2022). The sessile drop
method can be applied to both dry and wet samples, whereas the captive bubble method is suitable for
submerged surfaces. The Wilhelmy plate method, although precise for homogeneous samples, is less
frequently used due to its experimental complexity and sensitivity to surface uniformity. Based on contact
angle values, membranes are classified as superhydrophilic (0°-5°), hydrophilic (<90°), hydrophobic (90°—
150°), or superhydrophobic (150°-180°) (Lusiana et al., 2025).

When a liquid droplet is placed on a solid surface, the equilibrium contact angle (0) formed reflects the
balance of interfacial tensions between solid, liquid, and vapor phases. On an ideally smooth and chemically
homogeneous surface, this relationship follows Young’s equation. However, in practical systems, deviations
occur due to surface heterogeneity and roughness, leading to contact-angle hysteresis and multiple
metastable states. These deviations complicate the interpretation of wetting phenomena and underscore the
need to combine AFM and contact angle analyses to characterize membrane surfaces and accurately

understand their interactions with liquids.

Several studies in the literature have demonstrated the effectiveness of atomic force microscopy (AFM) and
contact angle measurements in characterizing membrane surface morphology and wettability. Caykara et
al. (Caykara, Demirci, Eroglu, & Giiven, 2006) prepared poly(N-vinyl-2-pyrrolidone)/sodium alginate
(PVP/NaAlg) and poly(vinyl alcohol)/sodium alginate (PVA/NaAlg) blend membranes and analyzed their
surface properties using AFM and contact angle measurements. Their findings highlighted the relationship
between surface topography and hydrophilicity, emphasizing the influence of polymer composition on

membrane performance. Similarly, Lusiana ef al. (Lusiana et al., 2025) investigated the salt rejection
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performance of chitosan/poly(vinyl alcohol) blend membranes. FTIR, XRD, AFM, and contact angle
analyses characterized the membranes. The authors reported that increasing the PVA content led to a higher
contact angle, indicating reduced surface hydrophilicity, while root-mean-square (RMS) roughness values
obtained by AFM decreased, suggesting smoother membrane surfaces at higher PVA ratios. In another
study, Suganthi et al. (Suganthi et al., 2024) fabricated sodium alginate (SA) membranes blended with
poly(vinyl alcohol) (PVA) and various concentrations of histidine-capped silver nanoparticles (H-AgNPs).
The incorporation of H-AgNPs resulted in an increase in contact angle compared to pristine PVA/SA

membranes, implying an enhancement in surface hydrophobicity due to the presence of the nanoparticles.

Collectively, these studies demonstrate that AFM and contact angle analyses are indispensable techniques
for understanding the correlation between membrane surface structure and wettability. Insights from such
analyses are crucial for guiding membrane design, modification, and optimization across various separation

applications.

In the literature, various k-carrageenan-based graft copolymers using different monomers have been
reported. For example, in a study conducted by Geyik and Isiklan, DMAEMA was grafted onto -
carrageenan, and the resulting graft copolymer was reported to exhibit enhanced thermal stability and
biocompatibility (Geyik & Isiklan, 2020b). In another study by the same research group, DMAEMA and
acrylic acid (AA) were simultaneously grafted onto k-carrageenan, and it was shown that the grafting
process improved the mechanical strength of the copolymer membrane (Geyik & Isiklan, 2020a). Similarly,
in a study where HEMA was grafted onto x-carrageenan, the grafting procedure increased the thermal
resistance of the material and transformed its structure into a more regular, homogeneous, sponge-like, and
porous morphology, while the copolymer remained biocompatible. These findings indicate that the type of
monomer and grafting conditions have a decisive effect on the thermal, mechanical, and morphological
properties of k-carrageenan-based copolymers (Geyik & Isiklan, 2023). In another study, PVA was grafted
onto carrageenan, and it was reported that increasing the carrageenan content led to higher contact angles,
making the surface more hydrophobic (Sukhlaaied & Riyajan, 2013). In studies on iota-carrageenan-g-PVA
polyelectrolyte membranes, the grafting process was shown to increase the contact angle, resulting in a more

hydrophobic surface (Chavez-Baldovino, Malca-Reyes, Masso, Feng, & Diaz-Vazquez, 2025).

In the present study, k-carrageenan (CG) was modified separately by graft copolymerization with ethylene
glycol dimethacrylate (EGD) using three different radical initiators: cerium ammonium nitrate (CAN),
ammonium persulfate (APS), and benzoyl peroxide (BPO). The resulting CG-g-EGD graft copolymers were
mixed with VA at 1/1 (w/w) ratio to obtain VA/CG-g-EGD composite membranes. The structural and
surface properties of the resulting membranes were characterized by Atomic Force Microscopy (AFM) and

contact angle measurements to evaluate their morphology and hydrophilicity. Therefore, this study aims to
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investigate how the incorporation of different initiators in graft copolymerization affects membrane surface
roughness and hydrophilicity, thereby providing a basis for understanding their potential to enhance

separation performance and fouling resistance.

2. MATERIALS AND METHODS
2.1. Materials
VA, CG, CAN, APS, BPO, TEMED, potassium dihydrogen phosphate, sodium hydroxide, acetic acid,

acetone, ethanol, and methanol were supplied by Sigma.

2.2. Synthesis of Graft Copolymers

The graft copolymer was synthesized using methods reported in the literature (Baysak & Geyik, 2024; Geyik
& Isiklan, 2020b; Isiklan & Kursun, 2013; Istklan, Kursun, & inal, 2010). Briefly, separate solutions of CG
were prepared. Under a nitrogen atmosphere and at a constant temperature, graft copolymerization was
carried out by adding EGD monomer, CAN, APS, or BPO initiator, and TEMED accelerator. The resulting
graft copolymers were precipitated in cold acetone, washed with ethanol, and then dried in a vacuum oven

for storage. The grafting percentage and grafting efficiency were calculated using the following equations;
Grafting Percentage (%) = (mgm;m,,) x 100 (D
(4

Grafting Efficiency (%) = —=4-"2)__» 100 @)

(mg—mp)+my

where m, represents the mass of the graft copolymer, m,, denotes the mass of the polymer, and my, is the

mass of the homopolymer.

2.3. Preparation of Membranes

The CG-g-EGD graft copolymer solutions were blended with a 50% (v/v) VA solution and cast into Petri
dishes. The resulting films were dried in a vacuum oven at 30 °C and subsequently thermally crosslinked at
150 °C for one hour. The membrane thicknesses were measured using a micrometer (Dasqua, 4210). Among
the VA/CG-g-EGD membranes obtained, those with an average thickness of approximately 50 pm were
selected for this study.

2.4. Membrane characterization

The surfaces of the synthesized VA and VA/CG-g-EGD membranes were characterized using NT-
MDT/Ntegra Solaris Atomic Force Microscopy (AFM) and DATAPHYSICS/OCA 50Micro contact angle

(CA) measurements.
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2.5. Statistical analysis

All experiments related to vaccination percentage and grafting efficiency were conducted in at least three
replicates (n > 3). The results were expressed as mean + standard deviation (SD). Statistical evaluations
were performed using SPSS version 16.0 through one-way analysis of variance (ANOVA). A P value below

0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION

In this study, the effect of copolymerization of CG-g-EGD on the VA/CG-g-EGD membrane was
investigated. For this purpose, it has previously been reported (Baysak & Geyik, 2024; Geyik, 2025a; Geyik
& Isiklan, 2021, 2022; Isiklan & Kursun, 2013; Isiklan et al., 2010) that the type of initiator influences
grafting yield. The grafting yields of the synthesized CG-g-EGD copolymers and the abbreviations of the
corresponding VA/CG-g-EGD membranes are presented in Table 1.

Table 1: Abbreviation and properties of the VA/CG-g-EGD. Results are stated as the mean £SD (n =3) (P < 0.05).

L .. Grafting Percentage Grafting Efficiency
Abbreviation Initiator (%) (%)
VA/CG-g-EGD; CAN 38.6+£2.6 16£1.3
VA/CG-g-EGD, APS 55.1+£2.1 25+2.4
VA/CG-g-EGD; BPO 88.9+4.1 3243.1

In this study, CG-g-EGD copolymers with varying grafting ratios were synthesized via a conventional free-
radical graft copolymerization at 70 °C. Ceric ammonium nitrate (CAN), benzoyl peroxide (BPO), and
ammonium persulfate (APS) were employed as radical initiators. Under suitable thermal conditions, these
initiators decompose to generate reactive radicals that abstract hydrogen from hydroxyl (—-OH) groups on

CG chains, forming CG macroradicals (Geyik & Isiklan, 2023).

The resulting macroradicals then react with the ethylene glycol dimethacrylate (EGD) monomer by opening
its double bonds and generating new active centers. During the propagation stage, EGD monomers are
successively added to these active sites, enabling continuous chain growth. In the termination step, active
macroradicals and poly(EGD) radicals combine, yielding CG-g-EGD copolymer along with poly(EGD)
homopolymer (Geyik, 2025b).

The proposed structural representation and grafting mechanism of EGD onto CG are illustrated in Figures
1 and 2, respectively, demonstrating the radical formation pathway and the bonding of the monomer to the

CG backbone.
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Figure 1. Schematic representation of the synthesis of CR-g-EGD copolymer.
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Figure 2: Proposed mechanism for graft copolymerization of ethylene glycol dimethacrylate onto k-carrageenan.
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To examine the influence of initiator-dependent grafting yield variations on surface properties, surface
properties, VA and VA/CG-g-EGD membranes were characterized using AFM and CA analyses, and the

results are presented in Figures 3 and 4.
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Figure 3: 2D and 3D AFM images of VA and VA/CG-g-EGD membranes
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Figure 4: CA images of VA and VA/CG-g-EGD membranes

Table 2: RMS roughness and contact angle (CA) values for VA and VA/CG-g-EGD membranes. Results are stated
as the mean £SD (n =3) (P < 0.05).

Membrane RMS (nm) Contact Angle (°)
VA 13.77 89.92+1.16
VA/CG-g-EGD; 10.09 101.97 +3.39
VA/CG-g-EGD; 7.86 103.99 + 3.43
VA/CG-g-EGD3 6.06 110.57 +1.03

Figure 1 displays the 2D and 3D AFM micrographs of pristine VA and VA/CG-g-EGD membranes, each
acquired over a scan area of 5 x 5 um. The AFM analyses reveal distinct variations in surface topography,
where brighter regions represent elevated surface features, while darker regions correspond to areas of
reduced surface height, typically associated with membrane pores. The observations demonstrate that the
VA/CG-g-EGD membrane exhibits enhanced structural homogeneity, which can be attributed to improved

compatibility and reinforced intermolecular interactions between the grafted segments and the VA matrix.
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Since the use of three different initiators in the graft copolymer synthesis affects the CG-g-EGD copolymer
structure, the VA/CG-g-EGD membrane surface is also influenced by this variation. The graft yields of graft
copolymers synthesized using CAN, APS, and BPO initiators were listed as BPO > APS > CAN. The fact
that CAN has the lowest graft yield can be attributed to the limited electron delocalization range in its
structure compared to APS and BPO. On the other hand, BPO provides greater resonance stability, resulting
in better structural integrity of the CG-g-EGD graft copolymer during copolymerization.

The initiator used in graft copolymerization directly determines the progression of the reaction as well as
the fundamental characteristics of the resulting copolymer. Different initiators lead to variations in chain
initiation and propagation rates, thereby influencing the polymerization kinetics, reaction controllability,
and structural integrity of the final product. Since initiator selection governs not only the onset and
uniformity of the reaction but also the morphological and physical properties of the graft copolymer, it plays
a critical role in achieving the targeted copolymer architecture (Geyik, 2025a; Tripathy & Singh, 2000). The
decisive effect of initiator type on grafting yield has been demonstrated in the literature across various
systems. In the study by Geyik (2025), among four initiators, CAN, BPO, AIBN, and APS, the highest
grafting yield was obtained using BPO. The grafting percentage (151.12%) and grafting efficiency (85.53%)
achieved at 80 °C were attributed to the strong thermal decomposition capacity of BPO and its ability to
generate a high number of benzoyloxy and phenyl radicals (Geyik, 2025b). In another study, the influence
of initiator type on grafting yield was systematically investigated during the synthesis of ALG-g-PHEMA
using four different initiators: cerium ammonium nitrate (CAN), azobisisobutyronitrile (AIBN), benzoyl
peroxide (BPO), and ammonium persulfate (APS). Each initiator successfully promoted the attachment of
HEMA monomers onto the alginate backbone through a free-radical mechanism, although optimal reaction
conditions varied among them. The highest performance was obtained with AIBN, yielding a grafting
percentage of 59.12% and a grafting efficiency of 32.55%. While CAN, BPO, and APS also initiated
grafting effectively, they produced lower grafting yields due to differences in radical stability, monomer—
radical interaction, and chain-initiation kinetics. These findings collectively underscore that initiator
selection is a key parameter in the chemical modification of natural polymers and directly governs the

grafting yield (Cebeci & Geyik, 2025).

The effects of using different initiators in the graft copolymer synthesis on the structure of the CG-g-EGD
copolymer were confirmed by the AFM and CA analysis results. The membrane prepared from the graft
copolymer synthesized using the CAN initiator exhibited the highest surface roughness (RMS) value, while
the lowest roughness was obtained for the BPO-based membrane (Amiri, Vatanpour, & He, 2023; Kashyap,
Pratihar, & Behera, 2016). The contact angle (CA) results, which describe the rate and pattern of liquid
penetration, were consistent with the AFM results. As shown in Table 2, the RMS values of the membranes

decreased in the order VA > VA/CG-g-EGD; > VA/CG-g-EGD, VA/CG-g-EGDs, while the CA values
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increased in the reverse order VA/CG-g-EGDs > VA/CG-g-EGD;, > VA/CG-g-EGD; > VA (Danish, 2022;
Krainer & Hirn, 2021; Megias-Alguacil, Tervoort, Cattin, & Gauckler, 2011).

When the results are examined, it is evident that the VA membrane exhibits the highest surface roughness
and the lowest water contact angle, indicating lower surface uniformity and greater hydrophilicity than the
modified membranes. In contrast, the newly synthesized VA/CG-g-EGD membranes exhibit smoother
surfaces, higher contact angles, and improved morphological stability, suggesting that grafting enhances
structural regularity and reduces surface swelling. These findings indicate that the introduction of CG-g-
EGD copolymers effectively improves the overall surface characteristics of the membranes relative to neat

VA.

In their study, Yoshida and Cohen (2003) examined the topography of porous silica membranes (500 A
native pore size) modified via silylation with vinyl trimethoxysilane (VTMS) and subsequent graft
polymerization with poly(vinyl acetate) (PVAc) using AFM. They observed a reduction in RMS roughness
from 19.1 to 13.9 nm, indicating that surface grafting effectively smoothed the membrane surface. Zhuikova
et al. (Zhuikova et al., 2020) investigated thin films composed of k-carrageenan and chitosan prepared by
layer-by-layer deposition. The surface morphology of these films was analyzed using AFM, revealing that
the formation of polysaccharide coatings on nitinol (NiTi) substrates led to smoother surfaces and enhanced
hydrophilicity. The RMS roughness values decreased markedly from 123 nm for bare NiTi to 23 nm for
multilayered Chit/Carr/Chit/Carr coatings, indicating a significant improvement in surface homogeneity and
film compactness. Furthermore, Guo et al. (Guo et al., 2022) prepared x-carrageenan/hydroxypropyl
methylcellulose (HPMC) composite membranes by adding different proportions of HPMC (0%, 3%, 6%,
9%, and 12% w/w) to a 1% k-carrageenan solution, yielding kCHM-0, k<CHM-3, «CHM-6, kCHM-9, and
kKCHM-12 membranes. Contact angle analysis revealed that pure k-carrageenan membranes exhibited the
lowest contact angle, while increasing the HPMC content progressively increased the angle. This rise in
water contact angle was attributed to the enhanced hydrophobicity of the membrane surface, which the
authors associated with hydrogen-bond formation between HPMC and k-carrageenan, thereby reducing the

availability of hydrophilic hydroxyl groups.

4. CONCLUSION

This study demonstrated that the type of initiator used in the graft copolymerization of CG-g-EGD
significantly influences both the grafting efficiency and the surface morphology of the resulting VA/CG-g-
EGD membranes. Among the tested initiators, BPO yielded the highest graft efficiency and produced
membranes with the most homogeneous and stable surfaces, while CAN generated lower-quality surfaces

with greater roughness.
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AFM and CA measurements confirmed that incorporating CG-g-EGD copolymers into VA matrices yields
membranes with smoother, more uniform, and more stable surface morphologies than pure VA membranes.
The reduced surface roughness and improved hydrophobic balance of the VA/CG-g-EGD membranes

suggest better resistance to swelling and enhanced structural durability.

Overall, these findings indicate that the synthesis of VA/CG-g-EGD membranes through optimized graft
copolymerization provides a promising route to developing high-performance membranes. The improved
surface regularity, controlled wettability, and morphological stability make these membranes attractive for
future pervaporation-based separation systems and drug-delivery applications, where controlled diffusion,

chemical stability, and selective permeability are critical.
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ABSTRACT

Oral Cancer (OC) has become a critical public health problem, with its increasing prevalence worldwide
and high mortality rate when diagnosed late. Tobacco and alcohol use, Human Papilloma Virus (HPV)
infections, and various environmental factors play a significant role in the development of the disease.
Early detection of the disease significantly improves treatment success and quality of life. However,
traditional clinical examinations and manual assessment methods are both time-consuming and can lead to
high misclassification rates due to expert dependency. In this study, a deep learning-based hybrid
approach for the automatic classification of OC is proposed. The proposed model utilizes different
variants of the Visual Geometry Group (VGG) architecture, namely VGGI11, VGGI13, VGGI16, and
VGGI19, to extract deep features from OC images. The resulting deep features were processed with
various classifiers, including Extreme Gradient Boosting (XGBoost), K-Nearest Neighbors (kNN),
Support Vector Machines (SVM), Random Forest (RF), and Light Gradient Boosting Machine (LGBM),
and a comprehensive experimental analysis was conducted. Experimental findings demonstrate that the
VGG19+SVM hybrid model, in particular, demonstrated superior performance, achieving the highest
AUC score (0.9144) for inter-class discrimination. Furthermore, the VGG19+LGBM model achieved the
highest accuracy rate (0.9158), demonstrating strong classification performance. The results demonstrate
that VGG-based deep feature extraction provides high accuracy and strong discrimination in OC
classification. These findings demonstrate that the proposed hybrid approach is a reliable diagnostic tool
that can be effectively used in clinical decision support systems.

Keywords: Oral cancer detection; VGG; deep learning; transfer learning.

Gelismis Agi1z Kanseri Tamsi icin Son Teknoloji VGG Mimarilerinden
Yararlanan Hibrit Derin Ogrenme Stratejileri

0z

Agiz Kanseri (OC), diinya ¢apinda giderek artan yayginligi ve geg teshis edildiginde yiiksek 6liim orami
ile kritik bir halk sagligi sorunu haline gelmistir. Tiitiin ve alkol kullanimi, Human Papilloma Viriisii
(HPV) enfeksiyonlar1 ve ¢esitli ¢evresel faktorler hastaligin gelisiminde 6nemli rol oynar. Hastaligin erken
teshisi, tedavi basarisim1 ve yasam kalitesini onemli Ol¢lide artirmaktadir. Ancak, geleneksel klinik
muayeneler ve manuel degerlendirme yontemleri hem zaman alicidir hem de uzman bagimliligi nedeniyle
yiiksek yanlis smiflandirma oranlarina yol agabilir. Bu nedenle, bu c¢alismada, OC'nin otomatik
simiflandirilmast igin derin 6grenme tabanli bir hibrit yaklasim oOnerilmistir. Onerilen model, OC
gorilintlilerinden derin 6zellikler ¢ikarmak igin Gorsel Geometri Grubu (VGG) mimarisinin VGGI11,
VGG13, VGG16 ve VGGI19 farkli varyantlarint kullanilmigtir. Elde edilen derin 6zellikler, Extreme
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Gradient Boosting (XGBoost), k-En Yakin Komsu (kNN), Destek Vektér Makineleri (SVM), Rastgele
Orman (RF) ve Light Gradient Boosting Machine (LGBM) dahil olmak iizere ¢esitli siniflandiricilarla
islenmistir ve kapsamli bir deneysel analiz gergeklestirilmistir. Deneysel bulgular, 6zellikle VGG19+SVM
hibrit modelinin {istiin performans gosterdigini ve siniflar arasi ayrimcilik icin en yiiksek AUC puanin
(0,9144) elde ettigini gostermektedir. Ayrica, VGG19+LGBM modeli en yiiksek dogruluk (0,9158)
oranini elde ederek giiclii siniflandirma performansi gostermistir. Sonuglar, VGG tabanli derin 6zellik
¢ikarmanin OC siniflandirmasinda yiiksek dogruluk ve gii¢lii ayrimcilik sagladigint gostermektedir. Bu
bulgular, dnerilen hibrit yaklasimin klinik karar destek sistemlerinde etkili bir sekilde kullanilabilecek
giivenilir bir tan1 araci oldugunu gostermektedir.

Anahtar Kelimeler: Agiz kanseri tespiti; VGG; Derin 6grenme; Transfer 6grenme.
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1. INTRODUCTION

OC often begins as subtle changes in the soft tissues of the mouth, which can be difficult to detect in the
early stages (Warin & Suebnukarn, 2024). The disease is often preceded by visible lesions called Oral
Potentially Malignant Disorders (OPMDs). The most common symptoms of oral cancer are a non-healing
sore or ulcer (usually lasting more than 14 days), swellings or masses that may cause pain or bleeding, or
patches inside the mouth that are white, red, or a combination of both (Yaduvanshi et al., 2025).
Clinically, oral cancer often presents as a nodular lesion protruding from the mucosal surface or a deep

ulcer with a rough surface and ill-defined borders (Warin et al., 2021).

The development of oral cancer is a multifactorial process, influenced by lifestyle, biological, and
environmental factors (Prabhakaran et al., 2020). The primary risk factors include tobacco use (including
smoking, smokeless tobacco, or betel nut chewing) and excessive alcohol consumption (Welikala et al.,
2020). Alcohol acts as a solvent, increasing the absorption of carcinogens, and when combined with
tobacco use, it increases the risk. Another significant risk factor is infection with HPV. Increasing age
(men over 50 are particularly at increased risk) and a diet low in fruits and vegetables are also risk factors

(Chang et al., 2023).

OC diagnosis has traditionally relied on clinical examination (visual examination) and histopathological
examination, followed by surgical biopsy if a suspicious lesion is present (Shah et al., 2025). Histological
evaluation remains the gold standard for diagnosing OC. However, these traditional methods have
limitations, including subjectivity, interpretation variability, invasiveness, time-consuming nature, and the
potential for delays in diagnosis (Li et al., 2021). This negatively impacts patient survival rates,
particularly in settings with inadequate healthcare services, such as rural areas. Additionally, early-stage
cancer lesions can often resemble common oral diseases, making early detection of malignant lesions

difficult (Huang et al., 2023, 2024).

Recent advances in artificial intelligence (Al) and machine learning (ML) offer promising and innovative
solutions to improve the early detection and diagnosis of oral cancer. Deep learning (DL) techniques,
particularly convolutional neural networks (CNNs), can automatically extract and analyze complex
patterns from large medical image datasets (photographs, histopathological images, and radiologic
images). Al-powered algorithms can achieve high levels of accuracy, sensitivity, and specificity in oral
cancer diagnosis. DL models have performed on par with, or even better than, experts on clinical
validation datasets. The use of Al has significant clinical implications, particularly in resource-limited
settings where specialist physicians are scarce, by making diagnosis faster, non-invasive, cost-effective,
and easier. These DL solutions, integrated with smartphone-based imaging systems, have the potential to
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increase the effectiveness and accessibility of oral cancer screening programs. The development of
automated systems based on DL promises to have a transformative impact by enabling early-stage

detection of oral cancer, both improving patient outcomes and reducing the burden on healthcare systems.

In this study, different DL-based feature extraction methods and traditional ML algorithms were evaluated
separately for the automatic detection of OC. Pre-trained or transfer learning-based VGG architectures
(VGG11, VGG13, VGG16, and VGG19) were used in the feature extraction phase, and the classification
success of the deep features obtained from these models was analyzed independently. In the classification
phase, the features of each VGG models (VGGI11, VGGI13, VGG16, and VGG19) were tested and
compared with XGBoost, kNN, SVM, RF, and LGBM algorithms. This demonstrates that VGG-based
deep features provide high accuracy and robust discrimination in detecting OC when used in conjunction
with different ML classifiers. The primary purpose of using multiple methods is to increase the
generalization capacity of the model, reduce the risk of overfitting, and develop a reliable decision support
system for early OC diagnosis. Furthermore, the study proposes an explainable and optimized OC

classification framework that combines DL and ML components.
The study's contribution to the literature can be summarized as follows:

o The study presents a comprehensive and comparative hybrid evaluation for OC detection by
systematically comparing deep features obtained from four different VGG architectures with five
different ML algorithms.

e Deep features extracted from VGG11-19 models, combined with XGBoost, kNN, SVM, RF, and
LGBM, demonstrate high accuracy and robust discrimination capabilities. An optimized OC
classification framework that can serve as a reference in the literature is proposed.

e The multi-model approach offers strong generalization by reducing overlearning, while the DL-
ML integration provides an explainable, reliable method for early OC detection that can be

integrated into clinical decision support systems.

The remaining sections of the article are structured as follows: Section 2 presents a literature review that
provides the theoretical basis for the OC detection study and comprehensively examines related literature.
Section 3 details the OC image datasets used and describes the model architecture that combines the
proposed VGG-based deep feature extraction approach (VGG11, VGG13, VGG16, and VGG19) with ML
classifiers (XGBoost, KNN, SVM, RF, LGBM). Section 4 includes the results of the conducted
experimental studies and comparative analyses with other methods. Finally, Section 5 presents an
overview of the findings, highlighting the conclusions of the OC detection study and the importance of

future studies.
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2. LITERATURE REVIEW

Rapid advances in DL in recent years have led to significant advances in the early detection of OC and
demonstrated the effectiveness of various architectural approaches. CNN and transfer learning-based
models, in particular, are among the most successful methods widely used for extracting meaningful

visual features from oral lesion images. Some of these studies are listed below.

Kabir et al. proposed a lightweight and accurate hybrid architecture, LightSE-MobileViT, for OC
detection (Kabir et al., 2025). The model was trained on the Oral Cancer Classification Dataset using 131
clinical images. The model achieved 98.39% accuracy, 1.00 ROC-AUC, and 0.98 macro F1 score. This
superior performance is attributed to the hybrid architecture, which integrates lightweight convolutional
layers, Squeeze-and-Excitation (SE) blocks that provide channel-based attention enhancement, and the
MobileViT transformer encoder used to model global contextual dependencies. Although the study's
evaluation confirmed the model's clinical applicability and architectural advantages, the small size of the
dataset used and the lack of generalizability due to its collection from a single center were noted as

limitations.

Soni and colleagues reported remarkable results using the EfficientNetBO architecture for the detection of
oral squamous cell carcinoma (OSCC). The study achieved 99.65% accuracy, 98.36% sensitivity, and
97.83% precision, surpassing leading methodologies in the literature. These results demonstrate the

significant potential of deep learning methodologies for automated early detection (Soni et al., 2024).

Warin and his team's study is significant because it compares the performance of deep learning models
with human experts, such as oral and maxillofacial surgeons (OMFS) and general practitioners (GPs). In
this study, conducted on clinical oral images (including Oral Potentially Malignant Disorders—OPMDs),
the cross-validation results of the DenseNet-169 model achieved very high values of 99% sensitivity and
99% specificity for the OSCC class. For comparison, oral and maxillofacial surgeons achieved 90%
sensitivity and 89% specificity, while general practitioners achieved 77% sensitivity and 87% specificity.
These results demonstrate that DL algorithms perform better than or equivalent to human experts in the

classification of OSCC and OPMDs (Warin et al., 2021-2024).

Alosaimi W. et al. used various DL models for the classification of histopathological images of OSCC. In
experiments conducted on a dataset of 1224 histopathological images, the overall performance of the
model was reported as 98.0% accuracy, 99.0% sensitivity, and 98.0% F1-score. The study highlighted that
data augmentation techniques support DL models for OSCC histopathological images, providing high

performance (Alosaimi et al., 2022).
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Shetty SK. et al. combined deep transfer learning capabilities with duck-pack optimization to achieve
promising results in the classification of OSCC histopathological images. The model achieved 97.3%
accuracy and 96.4% F1-score on 1224 histopathological images. This optimization approach is considered

an effective way to achieve high classification accuracy in histopathological images (Shetty et al.).

Myriam et al. used a CNN and Deep Belief Network (DBN) architecture optimized with Hybrid PSO-
BER Optimization for OC detection. Tested on the Kaggle biomedical image dataset, the proposed hybrid
algorithm demonstrated high classification performance with 97.35% accuracy. The overall evaluation

shows that the proposed hybrid optimization significantly improves both accuracy and efficiency in OC

detection using CNN and DBN (Myriam et al., 2023).

Das M. et al. utilized a custom-designed 10-layer CNN for the automatic detection of OSCC from
histopathological images (1224 images). The model reported 97.0% accuracy, along with 98.0%
sensitivity and 97.0% specificity. The high performance and low error rate (0.03) of the custom CNN
architecture, particularly for histopathological analyses, demonstrated the effectiveness of the custom

model design in this area (Das et al., 2023).

Fu et al.'s study used a DL algorithm (DenseNet/Cascading CNN) for OSCC detection in clinical images.
Using 6176 images during development, the model achieved 92.3% overall accuracy, 95.0% sensitivity,
and 0.98% AUC on the clinical validation dataset (401 images). This result is of great clinical
significance, as it demonstrates that the model performs comparably to or better than the results achieved
by OC specialists (sensitivity 91.7%, specificity 93.1%). This is compelling evidence that DL systems can
compete with human experts for early diagnosis using clinical images (Fu et al., 2020). The most current
techniques and methods used in the detection of oral cancer were examined in the study conducted by

Warin (Warin et al. 2024).

A general review of the literature reveals that CNN-based deep feature extraction approaches exhibit high
classification accuracy and reliable performance in OC detection. However, it has also been reported that
these models still have room for improvement in terms of generalization ability, data diversity
representing different clinical conditions, and sensitivity to early-stage lesions. In recent years, studies on
the use of hybrid architectures, as well as deeper and optimized CNN variants, have increased. In
particular, combining deep features obtained from different VGG architectures (VGG11, VGG13,
VGG16, and VGG19) with machine learning-based classification algorithms has been noted to provide
improved performance. Therefore, hybrid systems integrating CNN-based deep feature extraction with
algorithms such as XGBoost, KNN, SVM, RF, and LGBM are considered an innovative and promising

research direction for automatic, accurate, and early-stage OC detection. Such hybrid approaches enable
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the development of explainable, scalable, and reliable solutions in clinical decision support systems by

combining the high representation power of DL models with the interpretability of ML algorithms.

3. MATERIALS AND METHODS

In this section, detailed information about the OC dataset and methods used in the study is presented

comprehensively.

3.1. Oral cancer data set

This study utilized the Oral Cancer Image Dataset, publicly available on the Kaggle platform (ZaidPy,
2022). This dataset, accessible to researchers on the Kaggle platform, consists of a total of 950 intraoral
images, including 500 OC images and 450 non-cancer images. The images have been meticulously
labeled by experts to facilitate classification, clearly distinguishing lesions with OC symptoms from

healthy or benign tissue. The dataset is divided into two main classes:

(B)

Figure 1: Sample images of OC classes: (A) Non-Cancer (B) Cancer.

Cancer (OC): Contains images with malignant oral tissue findings, including color changes, irregular

surface structures, ulcerative formations, and other pathological findings.

Non-Cancer (Healthy/Benign): Contains images representing normal oral tissues or benign lesions

without cancer findings.

The balanced distribution of the dataset provides a significant advantage in ML and DL-based
classification studies, increasing the model's generalization ability and reducing the risk of overfitting. The

collected images aim to contribute to the development of new methods for the early diagnosis of OC and
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serve as a valuable resource for researchers in the field of health informatics. Sample images from the

dataset are depicted in Fig. 1 (Liu et al., 2025).

3.2. Processed methods

This subsection presents the methodological steps of the proposed hybrid transfer learning and ML-based
OC classification method in detail. First, the layer structure configurations of four different CNN-based
VGG architectures (VGG11, VGG13, VGG16, and VGG19) designed for deep feature extraction from
intraoral images are presented in Table 1. This table demonstrates the theoretical basis for the proposed
system's multilayer feature representation by comparing the number of convolution blocks, pooling layers,
and fully connected layers for each model. The proposed system architecture has a multistage processing
flow, and the general operation scheme is presented in Fig. 2.

Table 1: VGG models configuration for the proposed hybrid system.

Layer Block VGG-11 VGG-13 VGG-16 VGG-19
Input 224x224x3 224x224x3 224x224x3 224x224x3
Block 1 Conv3-64 Conv3-64, Conv3-64, Conv3-64,
MaxPool Conv3-64 Conv3-64 Conv3-64
MaxPool MaxPool MaxPool
Block 2 Conv3-128 Conv3-128, Conv3-128, Conv3-128,
MaxPool Conv3-128 Conv3-128 Conv3-128
MaxPool MaxPool MaxPool
Block 3 Conv3-256 Conv3-256, Conv3-256, Conv3-256,
MaxPool Conv3-256 Conv3-256, Conv3-256,
MaxPool Conv3-256 Conv3-256,
MaxPool Conv3-256
MaxPool
Block 4 Conv3-512, Conv3-512, Conv3-512, Conv3-512,
Conv3-512 Conv3-512 Conv3-512, Conv3-512,
MaxPool MaxPool Conv3-512 Conv3-512,
MaxPool Conv3-512
MaxPool
Block 5 Conv3-512, Conv3-512, Conv3-512, Conv3-512,
Conv3-512 Conv3-512 Conv3-512, Conv3-512,
MaxPool MaxPool Conv3-512 Conv3-512,
MaxPool Conv3-512
MaxPool
Resulting FC-4096 — FC- FC-4096 — FC- FC-4096 — FC- FC-4096 — FC-

Feature Layer 4096 — FC-1000 4096 — FC-1000 4096 — FC-1000 4096 — FC-1000

In the first stage, a dataset consisting of oral cancer and non-cancer images is input to the system. After
undergoing basic preprocessing steps such as resizing and normalization, the images are fed separately
into the four different VGG architectures. VGG-based CNN structures learn local spatial patterns such as

color, texture, and edge features of lesions through convolution and pooling operations applied across
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layers, resulting in high-dimensional deep feature vectors for each model. Following the feature extraction
phase, the resulting deep feature vectors are used as input to ML-based classification algorithms. This
study evaluated five algorithms offering different decision boundary structures and generalization
capabilities: XGBoost, kNN, SVM, RF, and LGBM. The features extracted from each VGG models
(VGG11, VGG13, VGG16, and VGGI19) were trained separately with these classifiers to predict
cancer/non-cancer classes. Thus, the contribution of both the deep feature extraction phase and the
classification algorithm to the overall performance was analyzed in detail. This hybrid approach aims to
provide a more stable and explainable classification framework for oral cancer detection by combining the
high representation power of DL models with the flexible decision structures of ML algorithms (Kaya et
al., 2023).

The performance of the proposed system was evaluated using standard metrics commonly used in
classification problems. Accuracy, recall, precision, F-score, and Area Under the Receiver Operating
Characteristic Curve (AUC) metrics were used for performance analysis. These metrics allow for a
multidimensional assessment of the system's ability to accurately distinguish between OC and healthy
samples. In particular, the AUC value reveals the model's overall discrimination under different threshold
values, while the F-score reflects the balance between sensitivity and precision in unbalanced class

distributions.

Classifiers

Healthy
kNN
SF\{:' < x > Cancer

XGBOOST
LGBM

Input Size
(224x224x3)

OC Image Dataset

Figure 2: Pipeline of the proposed hybrid system for OC detection.

Summary information on the performance evaluation metrics is presented in Eq. (1-4) and Fig. 3,
demonstrating that the proposed multistage hybrid architecture has strong potential to contribute to clinical

decision support systems for the automated and highly accurate detection of OC.
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Predict
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Figure 3: Performance evaluation criteria for the proposed hybrid OC detection system.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the experimental results of the developed hybrid approach for the automatic classification

of OC and non-cancer images are analyzed and presented in Table 2.

The proposed method is based on the separate use of four different CNN architectures (VGG11, VGG13,
VGG16, and VGG19) to extract deep features from oral cavity images. Each VGG model learns
hierarchical and discriminative local spatial features, enabling the representation of lesion-level texture,
color, and structural patterns associated with oral cancer. The extracted deep feature vectors are
subsequently classified using five machine learning algorithms, including XGBoost, KNN, SVM, RF, and
LGBM.

The performance evaluation results in Table 3 depict that deep features obtained from four different VGG
architectures (VGG11, VGG13, VGG16, and VGG19) combined with five ML classifiers (XGBoost,
SVM, RF, LGBM, and kNN) provide high accuracy in detecting OCs. When all metrics are examined
together, it is clear that the SVM algorithm is the most consistent and provides the highest performance in
terms of accuracy, precision, recall, F-score, and AUC. In particular, with VGG13, VGG16, and VGG19,
SVM demonstrated balanced superiority in both sensitivity (recall) and precision (precision), directly

contributing to the increase in F-score. This demonstrates the model's success in both correctly
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recognizing positive classes and reducing the false positive rate. The complexity matrix, ROC curve, and
precision-recall curve of the VGG19+SVM hybrid model that provides the highest performance is
illustrated in Fig. 4.

Table 2: Performance results for all experiments in the proposed hybrid system for OC detection

Performance Evaluation Metrics

Algorithms
Accuracy  Precision Recall F-Score AUC (ROCO)
. XGBoost 0.8789 0.8785 0.8789 0.8787 0.8789
g SVM 0.9053 0.9077 0.9033 0.9046 0.9033
> RF 0.9000 0.8996 0.9000 0.8998 0.9000
LGBM 0.8895 0.8900 0.8883 0.8890 0.8883
kNN 0.8947 0.8944 0.8944 0.8944 0.8944
XGBoost 0.9105 0.9123 0.9089 0.9100 0.9089
- SVM 0.9158 0.9201 0.9133 0.9150 0.9133
—
8 RF 0.8526 0.8543 0.8506 0.8516 0.8506
> LGBM 0.8737 0.8746 0.8722 0.8730 0.8722
kNN 0.8632 0.8656 0.8656 0.8632 0.8656
XGBoost 0.8737 0.8746 0.8722 0.8730 0.8722
o SVM 0.9105 0.9123 0.9089 0.9100 0.9089
—
8 RF 0.8526 0.8543 0.8506 0.8516 0.8506
> LGBM 0.8737 0.8757 0.8717 0.8728 0.8717
kNN 0.8632 0.8639 0.8617 0.8624 0.8617
XGBoost 0.9105 0.9101 0.9106 0.9103 0.9106
o SVM 0.9158 0.9170 0.9144 0.9153 0.9144
—
8 RF 0.8895 0.8910 0.8878 0.8888 0.8878
> LGBM 0.9158 0.9170 0.9144 0.9153 0.9144
kNN 0.9053 0.9050 0.9061 0.9052 0.9061

When the three graphs in Fig. 4 of the VGG19+SVM model are evaluated together, it is seen that the
model exhibits strong and balanced performance in OC detection. The confusion matrix demonstrates that
the model successfully distinguishes two classes with high correct classification rates. The ROC curve
AUC value of 0.9153 confirms the model's overall high discrimination capacity, while the Precision—
Recall curve's PR AUC value of 0.9144 demonstrates both high precision and strong sensitivity in
detecting the positive class. These results demonstrate that the VGG19+SVM combination provides

reliable classification performance in OC detection.
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Comparing the VGG architectures, the VGG19 architecture produces the strongest results across all
metrics. VGG19's deeper convolutional layers allowed it to produce more detailed and discriminative
representation vectors of lesions' color variations, edge structure, and texture characteristics; this was
particularly evident in the precision and AUC metrics. The combinations of VGG13-19+SVM and
VGG19+LGBM achieved the highest performance with an accuracy value of 0.9158, demonstrating a
strong synergy between deep feature extraction and gradient boosting-based and margin-maximization-

based classifiers.
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Figure 4: (A) Confusion Matrix, (B) ROC Curve, and (C) Precision-Recall Curve of the VGG19+SVM hybrid
model applied for OC detection

In an inter-algorithm comparison, XGBoost demonstrated competitive performance in terms of accuracy
and AUC, while kNN produced more stable but moderate results. RF, on the other hand, performed lower
than the other algorithms, particularly in precision and recall. This may be attributed to the occasional
overgeneralization of tree-based splits in high-dimensional feature vectors. In contrast, the high F-score
and AUC values of SVM and LGBM demonstrate that they can further optimize both classification
accuracy and discrimination between positive and negative classes. Overall, evaluation of accuracy,

precision, recall, F-score, and AUC metrics demonstrates that the proposed hybrid approach offers
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balanced and consistent performance in OC detection, with both high sensitivity and low misclassification
rates. This comprehensive success profile strongly supports the system's potential as a reliable and

applicable solution for clinical decision support mechanisms for early diagnosis.

The results obtained in this study are compared with previously implemented experimental results. A
comparison of the methods used and the resulting performance metrics is presented in Table 3. A review
of studies in the literature reveals that the most common approaches for OC detection are deep learning-
based CNN models and the processing of features derived from these models with machine learning
classifiers. In this regard, the VGG-based deep feature extraction implemented in our study, followed by
the use of classical machine learning algorithms such as SVM, LGBM, and XGBoost, fully parallels these
approaches in the literature. Furthermore, the 92% accuracy rate achieved is considered an acceptable and
robust performance compared to results reported in the existing literature. This result demonstrates that the
model provides a compatible and valid approach to current Al-based OC detection studies, both in terms

of structure and performance level.

Table 3: Comparison of the results obtained with other studies

Author(s) Data set Purpose Type Performance Metrics
Warin et 980 oral images Classification and detection of  Classification/Detection ~With DenseNet-169
al., 2021 oral squamous cell carcinoma model,
(OSCC) and potential AUC = 1.00 (OSCC),
malignant lesions with CNN- 0.98 (OPMD);
based models With Faster R-CNN,
AUC = 0.88.
Gomes 5069 oral lesion Automatic classification of 6 Classification Accuracy: 95.09%
et al., image set (6 basic lesion types in oral
2023 lesion types) mucosa using CNN
Liu et Lip and tongue Early-stage oral cancer Classification Accuracy: 99.54%,
al., 2025 images detection with 19-layer CNN Sensitivity: 95.73%,
Specificity: 96.21%
Das et Histopathological Developing a CNN-based Detection Accuracy: 97.82%
al., 2023  images of oral model for automatic detection
mucosa of OSCC
This Oral lesion image  Oral cancer detection with Classification Accuracy:
study set (500 cancer deep feature extraction VGG13 + SVM = 0.92,
and 450 non- (VGGs) + ML classifiers VGG19 + SVM = 0.92,
cancer images) (XGBoost, SVM, RF, LGBM, VGG19 LGBM = 0.92
kNN)
5. CONCLUSION

The integration of Al and DL methods in OC diagnosis stands out as a transformative change in the search
for solutions to this critical public health problem. Because OC (especially OSCC) is an aggressive

disease with high morbidity and mortality rates, the vital importance of early diagnosis has been
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reaffirmed. The inherent limitations of classical diagnostic methods (visual examination and invasive
histopathology), such as subjectivity, time-consuming nature, and dependence on experienced specialists,

have increased the need for DL-based automated systems.

In this study, a hybrid classification approach is proposed for the automatic detection of OC, using deep
features obtained from VGG11, VGG13, VGG16, and VGG19 architectures combined with five different
ML algorithms (SVM, XGBoost, LGBM, RF, and kNN). Experimental results show that, although all
models demonstrate high classification performance, the VGG19 model, in particular, produces more
discriminable features due to its deeper structure and achieves the highest success when combined with
SVM. All of the obtained accuracy, precision, recall, F-score, and AUC values demonstrate that the
proposed system distinguishes both positive (cancer) and negative (non-cancer) classes in a balanced
manner. The high AUC values of the ROC and precision—recall curves confirm the stable performance of
the model at different thresholds, while the confusion matrix confirms the low misclassification rates.
These comprehensive analyses demonstrate that combining VGG-based deep feature extraction with
powerful classifiers such as SVM and LGBM provides an effective and reliable solution for detecting OC,
and one that can be integrated into clinical decision support systems. The findings allow the hybrid

approach to be considered a powerful Al model that can contribute to early diagnosis.

Critical steps are being taken for Al to achieve clinical utility in OC diagnosis. To ensure the reliability
and transparency of model predictions, the integration of methods such as Explainable Artificial
Intelligence (XAI) and Case-Based Reasoning (CBR) increases clinicians' confidence in system decisions.
For example, OCANet's ability to provide both visual and textual explanations using Large Language
Models (LLMs) such as GPT-5 supports the interpretability and reliability of automated predictions.
However, despite the successful results achieved, larger and more diverse clinical datasets are needed to
fully integrate DL algorithms into clinical routines, and the generalizability and robustness of these
models across diverse populations and clinical scenarios must be validated. These studies are expected to
fully realize the potential of DL, accelerate early-stage OC detection, and ultimately significantly improve

survival rates for OC patients.
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Disli kutulari, otomotiv, savunma, havacilik ve uzay sanayii basta olmak fiizere bir¢ok alanda yaygin
bigimde kullanilan bir alt sistem niteligi tasimaktadir. Gii¢ aktarimi ve kontrol amagli uygulamalarda kritik
rol oynayan digli sistemlerden kaynaklanan hata ve hasarlarin 6nceden kestirimi mithendislik yapitlarinin
giivenilirligi agisindan kritik 6nem arz etmektedir. Disli kutulari, yatak, disli mekanizmasi, mil, sizdirmazlik
elemani, govde gibi farkli bilesenlerden olusmaktadir ve montaj halinde s6z konusu alt bilesenler ile ilgili
hatalarin tekil ve kombinasyon halindeki formlar1 ile karsilasilabilmektedir. Miithendislik tasarimlarinin
hafif yapilara doniistiigli ve gii¢/kiitle parametresinin arttig1r teknolojik gelisim siirecinde, gelistirme
siirecindeki deneysel calismalarin 6nemi giderek artmaktadir. Calismada, endiistriyel disli kutularinin
dinamik davranisini inceleme kabiliyetine sahip 6zgiin bir deney platformu gelistirilmis ve mekanik verimin
operasyonel parametrelere gore incelemesi gergeklestirilmistir. Yik, agisal hiz ve yaglayict sicakliginin
mekanik verim iizerindeki etkilerinin irdelendigi deneysel calismanin gelecek asamalarinda mekanik
verimin hatalar ile iliskisi {izerine aragtirmalar yapilacaktir.

Anahtar Kelimeler: Disli kutusu; deneysel mekanik; mekanik verim; parametrik inceleme

Experimental Investigation of the Mechanical Efficiency on Industrial
Gearboxes According to Operational Parameters

ABSTRACT

Gearboxes are widely used as subsystems in many sectors, particularly automotive, defense, acrospace, and
other industries. Error detecting and damage predicting caused by geared systems, which play important
role in power transmission and control applications, have critical importance for the reliability of
engineering systems. Gearboxes consist of different components such as bearing, gear mechanism, shaft,
sealing and housing. Singular and/or combined forms of these error can be observed in assembled gearboxes.
In the technological development process where engineering designs are transformed into lightweight
structures, experimental studies become much more important. In this study, a novel experimental platform,
capable of examining the dynamic behavior of industrial gearboxes, was developed and the investigation of
the effects of operating parameters on mechanical efficiency was carried out. In the future phase of the
experimental study the correlation between mechanical efficiency and errors will be investigated.
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1. GIRiS

Disli kutulari, otomotiv, havacilik, savunma sanayi ve endiistriyel uygulamalar olmak iizere bir¢cok alanda
hiz-moment doniisiimii amaciyla kullanilmaktadir. Tarihsel dénemdeki kullanimi, doganin gozlemi ve
zamanin belirlenmesi amaciyla Misir uygarligina kadar dayanan disli sistemler (Matscho3 1940),
giinliimiizde basta havacilik olmak iizere bircok teknoloji alaninda kritik alt sistem olma niteligini korumakta

ve halen giincel arastirma konular1 arasinda bulunmaktadir.

A.B.D. Ulusal Ulasim Giivenligi Kurulu (NTSB) tarafindan yiiriitiilen kapsamli bir ¢alismada, 1963 yili
ortasindan 1997'ye kadar 8436 doner kanatl hava araci sivil kaza-kirim raporlarina dayanarak kapsamli bir
bilgi veri tabani gelistirilmistir. Kaza sayis1 ve dagilimi incelendiginde, farkli konfigiirasyonlar i¢in giic
aktarma sistemlerinden kaynaklanan arizalarin yaklasik %35 oldugunu goriilmektedir. Gii¢ aktarma organi
temelli kaza-kirnm olaylari, tek pistonlu i¢in %37,79, tek tiirbinli i¢in %36,4 ve c¢ift tiirbinli motor
konfigiirasyonlari i¢in %35,9 mertebelerine denk gelmektedir (Harris, Kasper ve Iseler 2000). Bununla
birlikte, disli kutularindaki hasarin ¢ogunlukla (%65) disli ciftlerinden kaynaklandigi bildirilmektedir
(Handbook of Loss Prevention, Allianz Versicherungs-AG 1978).

Havacilik ve uzay sanayii motor tasariminin geleceginde, genis itki kuvveti araliginda optimum gii¢
saglayan, biiyiik capta fan boyutlar1 ve yiiksek verime sahip sistemler 6n plana ¢ikmaktadir ve bu sistemlerin
Oonemli bir pargasi digli sistemlerdir (Rolls-Royce revs up world's most powerful aerospace gearbox.

Designfax 2016).

Disli kutular1 kullanimi, klasik yaklasim olan mekanik gii¢ iletiminin yani sira teknolojinin gelisimi ile

birlikte, konum kontrolii amaciyla tibbi ve elektronik cihazlarda da yaygimlagsmaktadir.

Ozet olarak, tarihsel gegmisi oldukg¢a uzun yillara dayal olan disli sistemler, giiniimiiz teknolojik sartlarinda
kritik rol oynamaya devam etmektedir. Temel olarak, yataklar, disli ¢iftleri ve miller gibi temel makina
elemanlarini ihtiva eden disli kutular1 i¢in matematik modelleme ¢alismalar1 6nemli zorluklar1 beraberinde
getirmektedir. Ideal kosullarda, sistemin matematiksel modeli olusturulurken dislilerin, millerin ve
yataklarin tiim egilme ve burulma rijitlikleri dikkate alinmalhidir (Ozgiiven ve Houser 1988). Bununla
birlikte, disli ¢iftlerinin es calismasi, matematiksel modellerin giderek daha karmasik hale gelmesine;
hareket denklemlerinin ve analitik ¢oziimlerinin elde edilmesinin zorlasmasina neden olmaktadir. Bu
gerekceler 1s18inda, deneysel arastirmalar, disli sistemlerinin temel dinamigini, titresim-akustik

karakteristiklerini arastirmak ve matematiksel modelleri dogrulamak i¢in faydali veriler iiretmektedir.

Bu calismanin ana amaci gesitli ¢alisma parametrelerinin disli kutularmin mekanik verimi {izerindeki
etkilerini deneysel olarak incelemektir. Bu amagla ilk olarak laboratuvar ortaminda kontrollii bir test sistemi

kurulmustur ve bu test sistemi ilgili sensorler ile donatilmistir. Daha sonra, etkisi incelenmesi istenen
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calisma parametreleri belirlenmistir, testler belirlenen calisma parametrelerinin belirli degerlerinde
yiriitiilmistiir ve test sistemi {izerindeki sensorlerden veriler toplanmistir. Sensorlerden toplanan veriler
islenerek, her test senaryosu igin lizerinde testler yapilan disli kutusunun mekanik verimi hesaplanmigtir.
Makalenin kapsami tek kademeli disli kutulari ile sinirh tutulmustur. Ancak test sistemi, yeni giincellemeler
ile cok kademeli vites kutularinin da test edilebilecegi bir yapida tasarlanmistir. Ayrica, caligma kapsaminda

belirlenen calisma parametreleri disli kutusu giris acisal hizi, yiik ve yag sicakligi olarak belirlenmistir.

2. TEST SISTEMI TASARIMI

Bu calismada, disli kutusunu gercek calisma sartlarinda (agisal hiz, yiik) test edebilme yetenegine sahip
0zgiin bir deney platformu gelistirilmis ve deneyler esnasinda olgiilen dijital sinyaller, zaman ve frekans
tabanlarinda kaydedilmistir. Gelistirilen deney platformunda, farkli ¢evrim oranlarina sahip disli kutulari,
yiik altinda tahrik edilerek veriler toplanmistir. Test sistemi {izerinden toplanan sinyaller asagida

listelenmistir:

Disli kutusu giris yatagi iizerinden 3 eksende ivme
Disli kutusu ¢ikis yatagi lizerinden 1 eksende ivme
Disli kutusuna belirli bir mesafeden ses basinci
Disli kutusu yag sicakligi

Disli kutusu giris mili tizerinden moment

Disli kutusu giris mili tizerinden agisal deplasman

Disli kutusu ¢ikis mili tizerinden moment

® Ny N kWD =

Disli kutusu ¢ikig mili iizerinden agisal deplasman

Sonug olarak veriler toplam 10 kanal iizerinden es zamanh olarak kaydedilmistir ve kaydedilen veriler
gelistirilen MATLAB kodu ile islenmistir. Deneyler, %25, %50, %75 ve %100 olmak iizere, 4 farkli yiik
kademesinde, 0-2800 d/d donme hiz1 bandinda 100 d/d araliklar ile gerceklestirilmistir. Yag sicakliginin
dinamik davranisa etkilerinin goriilmesi ve verilerin siiflandirilabilmesi i¢in deney oncesi yag sicakligi
otomatik olarak kosullandirilmistir ve veriler 15-30 °C bandinda 5 °C aralikli olarak toplanmigtir. Sonug
olarak 3 farkli ¢aligma parametresinin (yiik, disli kutusu giris hiz1 ve disli kutusu yag sicakligr) farkl
degerlerinde toplam 320 farkli calisma parametresi setinde testler gerceklestirilmistir. Yiik motoru siiriicii
kisitlamalarindan dolay1 biitlin hizlarda tam yiik altinda ¢alistirrlamamistir. Ayrica deneyler farkli ¢evrim

oranlarina sahip 3 farkli disli kutusu lizerinde tekrar edilmistir.

[lk asama deneylerinde her ¢evrim oraninda 3 adet olmak iizere, 3 farkli ¢evrim oraninda toplam 9 disli
kutusu ile kalite araligi belirlenmistir. Deneyler sirasinda yapilan 6znel degerlendirmelerde dahi, iyi

durumda bilgisi ile imalatgr kurulug tarafindan saglanan kullanilmamis disli kutularinda dahi belirgin
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titresim ve giiriiltii farkliliklart saptanmistir. Bununla birlikte, mekanik verimdeki ayrismanin da imalat
kalitesi ile iliskili oldugu goriilmiistiir. Makale kapsaminda, mekanik verimin degisimi detayli olarak

incelenmesinin temel motivasyonu da goriilen bu anlaml iliskidir.

2.1. Test platformu

Literatlir arastirmasi ve kavramsal tasarim calismalart 1s18inda deney platformu agik sistem
konfigiirasyonunda tasarlanmigtir. Tasarlanan test sistemi, sensorler haricinde temel olarak iki elektrik
motoru ve bir adet disli kutusundan olugsmaktadir. Testler esnasinda kullanilan disli kutularindan bazilarinda
2 bazilarinda ise 3 indirgeme mevcuttur. Digli kutusu giris miline bagli olan elektrik motoru sistemi
stirerken, disli kutusu ¢ikis miline bagh olan elektrik motoru ise sistemi yiiklemektedir. Tahrik, yiik
motorlar1 ve diger enstriimantasyon 0geleri test sisteminin sabit bilesenlerini, digli kutusu ise sistemdeki test
objesini olusturmaktadir. Sistemin, 6l¢iim ve kontrol bilesenleri arasindaki veri akist Sekil 1°de verilen

sematik diyagramda goriilmektedir.

Disli Kutusu Test Sistemi

88 A W/ / T 1315RS 1,5
ABB M2AA 1,5KW/3000 d/d . o, DELTA ECMA-£11315RS 1,
Elektrik Motory - KW/2000 d/d

BURSTER 8661-5050-V0200 BURSTER 8661-5010-V2200 <
l | I LabVIEW Kontrol e Olgtim Yazilimi
. 1Ir’| . * |

~ cRIO9049 |

Scakik sensora
; Mkrofon v |
! { v L NI 9234

c. - NI9215

= @ | Niaes
NI 9411
0 ; M " Ni9474

TA ASDA A-2 Siriicih NI 9201
NI 9203

ACS355-03E-01A9-4 Sriica oe

BAUMER P234.27.X.0832.7920

[[——>——— sesBasnci Oicimi

]
itregin
k G
Agisal Konum Olcimi 5V TTL Ad e On

Sekil 1: Deney platformu sematik diyagrami

YYYY
°
S
<

2.2. Elektromekanik tasarim

Test sistemi, disli kutusu girisinde hiz ¢ikisinda ise moment kontrolii olacak sekilde tasarlanmistir. Bu
sayede dinamik olarak belirlenen test senaryolarinda test edilebilmistir.

Mekanik verimin 6lgiime dayali olarak hesaplanabilmesi i¢in disli kutularinin giris ve ¢ikisinda momet ve

agisal konum 6l¢limii yapabilen sensorler yerlestirilmistir. Toplanan moment ve agisal hiz verileri, mekanik
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giiciin ve dolayist ile mekanik verimin dinamik sartlar altinda hesaplanmasi ic¢in kullanilmakla birlikte

sistemin kontrolil i¢in anlik yiik ve agisal hiz bilgilerini de saglamaktadir.

Disli sistemlerde yag sicakligina bagli olarak viskozitede 6nemli degisimler gerceklesmektedir (Doleschel,
Hohn ve Michaelis 2000). Yag viskozitesinin degisimine bagli olarak, ivme, ses basinci, moment ve
mekanik verimde ciddi farklilagmalar goriilmektedir. Bu nedenle, karsilastirmali analizin saglikli
yapilabilmesi i¢in yag sicakliginin kosullandirilmasi kritilk 6nem arz etmektedir. Gelistirilen sistem
arayliziinde, testin gerceklestirilecegi yag sicakligi parametresi girilerek yagin otomatik olarak

kosullandirilmas1 yapilmaktadir.

Sistem sensor ve 0lgme enstriimansyonu agisindan esnek ve gelistirilebilir bir yapida gelistirilmistir. NI
cRIO 9049 kontrolcii iizerinden farkli veri toplama ve sinyal modiilleri ile kontrol edilen sistem, gergek
zamanli acisal hizZmoment kontrolii yapabilmekte ve dinamik verileri senkronize olarak

kaydedebilmektedir.

Sistem, mekanik yapi, kontrol sistemi ve test odasi olmak iizere ii¢ ana bilesenden olugmaktadir. Test odasi
dis ortamdan tamamen izole edilerek bir kabin icerisinde konumlandirilmistir. Béylece arka plan giiriiltiisii

ve bozucu etkenlerin 6l¢lim sonuglarinm etkilemesinin 6niine gegilmistir. (Sekil 2)

Sekil 2: Gelistirilen deney platformunun genel goriiniimii

Daha once de belirtildigi gibi, disli kutularinin mekanik veriminin deneysel verilere dayali olarak

hesaplanabilmesi ve sistemin agisal hiz ve moment kontrolii igin geri besleme saglanabilmesi i¢in disli
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kutusu girisinde ve ¢ikisinda moment/agisal deplasman sensorlerinin kullanilmasi gerekmektedir. Bu
nedenle, disli kutusu girisinde BURSTER 8661-5010-V2200 ve ¢ikisinda BURSTER 8661-5050-V0200
marka sensorler kullanilmistir. Disli kutusu girisinde ve ¢ikisinda farkli sensor modellerinin kullanilmasinin
nedeni, disli kutusunun mekanik indirgemesinden dolay1 giristeki ve ¢ikistaki moment ve agisal hizlarin
farkli (giriste diisiik moment yiiksek agisal hiz ve ¢ikista yiiksek moment ve diisiik agisal hiz) olmasidir. Bu
nedenle, kismi yiiklerde 6l¢iim belirsizligini diisiirmek amaci ile ¢ift 6l¢ekli (2 Nm ve 10 Nm), tist sinir1 10
Nm olan BURSTER 8661-5010-V2200 moment sensdrii se¢ilmistir. Ayrica, her ne kadar mevcut sistemin
fiziksel yiik smir1 10 Nm olsa da gelecekte yapilacak caligmalar i¢in bir altyap1 olusturmasi amaci ile ¢ikis
mili lizerinde Ust smir1 50 Nm olan bir moment sensorii tercih edilmistir. Bu sensdrlerin agisal hiz
bakimindan st smirt 15.000 d/d ve hassasiyeti 9%0,2’dir. Her iki sensoriin de agisal konum O6lgme
kabiliyetine sahip 4096ppr ¢oziiniirliigiinde dahili enkoderi bulunmaktadir. Enkoder i¢in PPR (Pulse Pure
Revolution) bir agisal ¢evrim i¢in enkoderin {iretebilecegi kare dalga formundaki sinyali ifade etmektedir.
Bir baska ifade ile 4096 ppr coziniirliigiindeki enkoder ile 6lgiilebilecek agisal deplasman hassasiyeti
360°/4096 = 0,089° olarak hesaplanabilir. Olgiilen agisal deplasman verisi iizerinden elde edilen agisal
hiz bilgisi ile iletim hatasi, mekanik gili¢ ve dolayisi ile mekanik verim deneysel veriye dayali olarak

hesaplanabilmistir.

2.3. Yazilim mimarisi

Yazilim mimarisi, LabVIEW ortaminda DAQmx modunda gelistirilmigtir. Farkli test ¢evrimlerini
uygulayabilmekte olan yazilim ve arayiiz sayesinde, dinamik veriler anlik olarak operator tarafindan
gbzlemlenebilmekte ve 6znel degerlendirmeler kaydedilebilmektedir. Yazilimda, test edilen her disli kutusu

i¢in seri numarasi girilerek verilerin sistematik bir bicimde depolanmasi saglanmustir.

Yazilim, NATIONAL INSTRUMENTS cRIO 9049 kontrolciisiine gdmiilii olarak ger¢ek zamanl c¢alisan
6l¢iim/analiz yazilimi ve sistem arayiizii olmak iizere iki temel bilesenden olusmaktadir. Sistem arayiizii,
operasyonel parametrelerinin ayarlanabildigi parametre boliimil, test ¢evrimlerinin kurgulandigi test

senaryosu boliimii ve operator arayiiziinden olusmaktadir. (Sekil 3)
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ACM Driver

ACM Power

0 3400 CE
Time [Sec]

472172025 - 23007 M < Usir Events > Vahue of the “SERVO Load [¥I" anslog output has been changed by the scenario

P Type here to search

Sekil 3: Gelistirilen sistem arayiizii

Olgiimler, yag kosullandirma islemi tamamlandiktan sonra, istenilen yiikk kademesi ve agisal hiz
basamaklarinda otomatik olarak gergeklestirilmektedir. Dosya kayit formatindaki tiim alfaniimerik
karakterler MATLAB’de gelistirilen analiz kodunda islenmekte ve veriler bu bilgilere gore
siiflandirilmaktadir. Ayrica, 0,1 s periyodundaki ortalama veriler operatdr ekranina yansitilarak test

sirasindaki 6znel degerlendirmeler de kayit altina alinmistir.

Test sisteminden toplanan ivme ve ses basinci sinyalleri 25600 Hz, moment sinyalleri 2048 Hz ve son olarak

da agisal konum sinyalleri 1024 Hz 6rnekleme frekanslarinda toplanmustir.,

3. DENEYSEL CALISMALAR

Makale c¢aligmas1 kapsaminda yapilan deneyler, her ¢cevrim oraninda 3 adet 6rnek olmak tizere 3 farkl
cevrim oraminda toplam 9 &rnek disli kutusu ile gergeklestirilmistir. Incelenen disli kutularmin seri
numarasi, her kademe icin dis sayilar1 ve ¢evrim oranlari, modiil (im) ve helis acis1 (8), yaglayici tipi ve

test sicakliklar1 Cizelge 1’de verilmistir.
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Cizelge 1: Ayrmtili deney plani.

Konstriiktif parametreler Test Sartlari
Sert numaras: I. Kademe II. kademe Kagi.me Yaglayici Tipi ve Hacmi Slcaiisgl oC
z1/z2 21/38 15/30 -
210445604-210445606 m 1,0 1,75 - VG220 400 ml 15-30
B 30° 15° -
z1/22 18/41 9/44 -
210445610-210445612 m 1 1,5 - VG220 400 ml 15-30
B 30° 15° -
z1/z2 20/39 18/44 12/52
210445607-210445609 m 1 1,25 1,25 VG220 350 ml 15-35
B 30° 20° 15°

Mekanik verim, disli kutusunun ¢ikis milinden alinan mekanik giiciin, giris miline uygulanan mekanik giice
oranidir. Her miihendislik yapitinda mevcut kayiplar nedeniyle, sistemin ¢ikis enerjisi, giris enerjisinden
kiigiiktiir ve sistemde kaybedilen enerji, agirlikli olarak 1sil enerji formunda olmak {izere, akustik ve

mekanik (titresim) enerji olarak da ¢evre ortama transfer olmaktadir.
Mekanik sistemlerde giiclin matematiksel ifadesi:
P=Mw (D

seklindedir. Denklem (1)’de M, momenti, w ise rad/s cinsinden agisal hiz1 ifade etmektedir. Dolayisi ile
mekanik gii¢, 6l¢iim parametreleri olan moment ve agisal konum verileri kullanilarak 6lglime dayali olarak

hesaplanabilmektedir.
Mekanik verim, giris ve ¢ikis giicii tizerinden Denklem (2)’de verildigi sekilde hesaplanmaktadir.

Pglkls _ Mglklswglkls

2)
Pgiris Mgiriswgiris

]1:

Yiiriitiilen deneysel calismaya bir 6rnek olmasi agisindan 1400 d/d, %50 yiik ve 20 °C sicaklik sartlar1 altinda
disli kutusu giris ve ¢ikis milleri {izerinden Sl¢iilen moment verileri Sekil 4’te sunulmustur. Bu veriler 12
sn’lik bir siire i¢in, 2048 Hz 6rnekleme frekansi ile kaydedilmistir. Grafikten de goriilecegi iizere sinyalin
periyodik karakteristigi disli sistemlerin temel dinamigini yansitmaktadir. Zaman tabanindaki veriler
incelendiginde, moment verisi i¢in giris ve ¢ikis millerindeki ortalama genlik ve tepeden tepeye fark esas
alinarak hesaplanan salinim degerleri sirasiyla My = 1,7665 £ 0.5169 Nm ve My, = 5.0518 £
0.9762 Nm olarak hesaplanmistir. Ortalama verim hesaplanirken zaman tabanindaki sinyalden elde edilen

bu degerler referans alinmustir.
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Sekil 4: 210445604-210445606 seri numarali disli kutulari igin %50 yiik, 1200 d/d, 20 °C deney noktasinda alinan

zaman tabanindaki moment verileri.

Ayni deney sartlari i¢in disli kutusunun giris ve ¢ikis milleri iizerinden Ol¢iilen agisal deplasman verileri

Sekil 5’te verilmektedir.
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Sekil 5: 210445604-210445606 seri numarali disli kutular i¢in %50 yiik, 1200 d/d, 20 °C deney noktasinda alinan

zaman tabanindaki agisal deplasman verileri.
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Disli kutusu {izerine uygulanan 3-eksenli ivmedlger, tek eksenli ivmedlcer, mikrofon ve yag sicaklik

sensoriiniin yerlesimi ve referans eksen takimi Sekil 6’da verilmistir.

Sekil 6: (a) Sensor yerlesimi. (b) Referans eksen takimi.

Son olarak, yine ayni ¢aligma sartlar i¢in giris milinin yatak bolgesine yakin olarak konumlandirilan 3-

eksenli ivmedlcerden ve c¢ikis milinin yatak bolgesine yakin olarak konumlandirilan tek eksenli

ivmedlcerden alinan veriler Sekil 7 ve Sekil 8’de verilmistir. Giris ve c¢ikis miline yakin olarak

konumlandirilan ivmedlgerlerden z-ekseninde alinan veriler karsilastirmali olarak incelendiginde,

genliklerin acisal hizin yiiksek oldugu giris bolgesinde daha yiiksek oldugu goriilmektedir. Bu baglamda,

titresimin yiikten daha ¢ok agisal hiz ile dogru orantili olarak arttig1 s6ylenebilir.
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Sekil 7: 210445604-210445606 seri numarali digli kutulari i¢in %50 yiik, 1200 d/d, 20 °C deney noktasinda giris mili

yatak bdlgesinden alinan 3-eksenli ivime verileri.
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Sekil 8: 210445604-210445606 seri numarali digli kutulari i¢in %50 yiik, 1200 d/d, 20 °C deney noktasinda ¢ikis mili

yatak bolgesinden alinan tek eksenli ivme verileri

Test edilen tiim disli kutulari igin 1200 d/d, %50 yiik, 20 °C yag sicaklig1 noktasindaki zaman tabaninda elde
edilen sinyallerin RMS degerleri Cizelge 2’de verilmistir. Sayisal degerler incelendiginde disli kutusunun
cikis milinde genligin azalmasi, hizin azalmasinin dogal bir sonucudur nitekim ¢evrim oraninin yiiksek
oldugu {glincii grupta titresim genlikleri minimum diizeydedir. RMS parametresi, x- ekseninde en genis
dagilimi gostermektedir. Referans eksen takiminda da goriilecegi iizere x- ekseni disli kutusu mil eksenini
temsil etmektedir. Gozlemlenen bu degisim mil montaji ile ilgili eksen kagiklig1 sorununun varligina isaret
etmektedir.

Cizelge 2: Tlim disli kutulart i¢in 1200 d/d, %50 yiik, 20 °C yag sicakligi noktasindaki zaman tabaninda elde
edilen sinyallerin RMS degerleri.

Sensor
Seri numarasi 3-eksenli ivmedlger .l-ek?enli Mikrofon
ivmedlger
X- y- z- z- -
210445604 0,228750 0,197244 0,251046 0,113609 0,178739
210445605 0,329650 0,220687 0,256003 0,108217 0,177146
210445606 0,264883 0,241102 0,259862 0,107724 0,250685
210445610 0,203470 0,115004 0,169520 0,070232 0,155542
210445611 0,371533 0,140019 0,164498 0,073582 0,165854
210445612 0,274123 0,127851 0,169687 0,061544 0,130248
210445607 0,178096 0,135543 0,146872 0,040056 0,148173
210445608 0,237822 0,146502 0,202254 0,079503 0,167159
210445909 0,246557 0,121380 0,176280 0,064713 0,144481
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Digsli kutularinda gii¢ aktarimi sirasina olusan kayiplar,

1. Yiike bagh olan disli temasi1 ve yatak kaynakli kayiplar,

2. Yike bagl olmayan, yaglayici tipi, viskozitesi ve dalma derinligine bagl kayiplar,

olarak ikiye ayrilabilir (Changenet ve Velex 2007). Yag sicakligimin viskozite lizerinde etkili oldugunu
bilindigine gore yag sicakliginin da yiike bagl olmayan bir parametre oldugu ifade edilebilir. Yiike bagh
olan yatak kayiplari, yatak tipine ve boyutuna, yataklama diizenine, yaglayici viskozitesine bagli olarak

degismektedir (Wimmer, Salzgeber ve Haslinger 2003).

Sekil 9°da 210445604 seri numarali disli kutusu i¢in toplam 320 deney noktasinda ortalama mekanik verim

degerlerinden olusan mekanik verim haritas1 verilmistir.
Deney noktalart;

1. 4 farkli yiik [25 50 75 100] [%];
2. 25 farkli devir hiz1 [400 500 ... 2800] [d/d];
3. 4 farkli yag sicakligi [15 20 25 30] [°C];

parametreleri i¢in olusturulmustur ancak tam yiikte veriler, zaman kisitlamasi oldugundan sadece 5 farkli

devir hiz1 [1200 1600 2000 2400 2800] [d/d] i¢in toplanmustir.
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*20°C
25°C
*30°C
95 . i : : Ty .
W || T e et
gui | AT || SN ee S T e
X 85 2o wan b oa et Serd P | Teme®
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a $E e -
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= S R S .
B || T et~ [Tt
T B i (e R o
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'
123 3000
% M siiies e % 2500
%0 70 2000
60 1500
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u 0 4
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Sekil 9: 210445604 seri numaral1 digli kutusu i¢in operasyonel parametrelere gére mekanik verim haritasi.
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Grafikten goriilecegi lizere her hiz ve ylik durumu igin artan sicaklik mekanik verimde artisa neden
olmaktadir. Yikselen sicakligin etkisi ile birlikte azalan viskozite, siirtinme kaynakli kayiplari

azaltmaktadir.

Test sisteminin fiziksel sinirlart geregi, disli kutular1 anma moment degerlerine gore kismi yiikler altinda
calistirilmaktadir, dolayisi ile deney prosediirleri daha yiliksek nominal yiik altinda uygulanirsa, daha yiiksek
mekanik verim degerlerinin elde edilecegi soylenebilir nitekim ayni sicaklik ve devir hizinda, yiikiin
degisiminin mekanik verimi ylike bagl olarak artan kayiplara ragmen yiikseltmesi bu durumun en temel

kanitidir.

Gli¢ aktarmadaki enerji kaybinin hiz ile orantili bicimde artis gosterdigi goriilmektedir. 400-1500 d/d
bandinda gii¢ kaybinin hiza duyarliliginin daha yiiksek oldugu, 1500-2800 d/d bandinda ise asimptotik

karakter gosterdigi goriilmektedir.

Test edilen tim disli kutulan i¢in %50 yiik, 20 °C yag sicakligi noktasinda, farkli donme hizlarindaki
ortalama mekanik verim Cizelge 3’te verilmistir. Sayisal degerler incelendiginde, ayn1 model disli
kutularinin mekanik verim degerlerinde %6 mertebesine varan sapmanin bulundugu ve bu sapmanin imalat
kalitesi ile iligkili oldugu goriilmektedir. Mekanik verimin, ayni grup disli kutular1 icerisinde hiza bagh
diisiisii incelendiginde, nominal ve oransal olarak 6énemli farkliliklarin bulundugu saptanmistir. Hiza bagh
kayiplarin ¢alkalanma etkisi ile olusmasi ve dalma derinligi dolayisi ile yaglayict hacmi ile iligkili olmasi

nedeniyle, imalat hattinda yag dolum isleminin hassas olarak kontrol edilemedigi sdylenebilir.

Cizelge 3: Tum disli kutular1 i¢in %50 yiik, 20 °C deney noktasinda mekanik verimin hiza bagl degisimi.

) Konstriiktif parametreler Doénme hizi [d/d]
Seri numarasi
Kademe Cevrim Orani 1200 1600 2000 2400 2800
210445604 80,0308 77,9340 76,8131 75,8462 75,7998
210445605 2 3,6190 86,4384 86,2525 85,3384 85,0636 84,9043
210445606 79,8012 78,6880 77,2731 76,4781 76,5346
210445610 66,2977 62,1490 60,7468 59,0601 58,4357
210445611 2 11,1358 68,4275 65,1720 63,0755 61,7496 60,8325
210445612 65,6924 61,7134 59,3831 58,2237 57,6978
210445607 52,9892 49,1787 46,0494 45,3066 44,3474
210445608 3 20,6556 49,1989 47,4998 48,4623 43,8205 42,6266
210445909 50,3907 46,3878 44,3812 43,1525 42,5652

Test edilen tiim disli kutular1 icin 1200 d/d, 20 °C yag sicaklig1 noktasinda, farkl yiiklerde ortalama mekanik
verim Cizelge 4’te verilmistir. Ortalama mekanik verimin tiim disli kutular1 i¢in yiike bagli olarak artig

gosterdigi sayisal degerler lizerinden goriilmektedir.
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Cizelge 4: Ttum disli kutular1 i¢in 1200 d/d, 20 °C deney noktasinda mekanik verimin yiike bagli degisimi.

Konstriiktif parametreler Yiik [%]
Seri numarasi
Kademe Sayis1  Cevrim Orant 25 50 75 100
210445604 68,9545 80,0308 84,2306 86,0126
210445605 2 3,6190 78,8255 86,4384 89,9409 92,0437
210445606 69,1351 79,8012 84,2173 88,4805
210445610 51,3607 66,2977 72,2112 77,6153
210445611 2 11,1358 55,1927 68,4275 75,2995 78,3133
210445612 51,3494 65,6924 72,8514 76,4922
210445607 37,1468 52,9892 60,4591 66,2549
210445608 3 20,6556 34,6011 49,1989 58,0829 61,3469
210445909 35,9465 50,3907 54,6889 60,5214

Hiz ve yiike bagl degisim birlikte incelendiginde, yaglayici hacminin mekanik verim {izerindeki etkisi
dogrulanmaktadir. 21445605 seri numarali disli kutusu, grup igerisinde tiim noktalarda en yiiksek mekanik
verim oranina sahiptir. Bununla birlikte, ayn1 disli kutusu hiza bagli kayiplarda da en iyi davranisi
gostermektedir. Bu dogrultuda, mekanik verimin oransal degisiminin yaglayict hacmi ile iliskili oldugu
kesin olarak sdylenebilir nitekim imalat¢i kurulug disli kutusu i¢ hacminin konstriiktif nedenlerle daha diisiik
oldugu 3 kademeli grupta yaglayici hacmini 350 ml seviyesine diigiirmiistiir ancak mekanik verimin 6nem
arz ettigi kritik uygulamalarda yaglayici hacminin ¢evrim oranina gore de optimize edilmesi Oneri olarak

sunulabilir.

4. SONUC

Bu c¢alismada disli kutularinin mekanik verimi yiik, a¢isal hiz ve sicaklik gibi temel operasyonel
parametrelere gore deneysel olarak incelenmistir. Yaglayici sicakligi ve viskozitesinin mekanik verim ile
korelasyonu agik olarak goriilmiistiir. Bununla birlikte, sicaklik ve viskozitenin agisal hizin neden oldugu
kayiplar iizerindeki etkileri saptanmis dolayist ile ikincil olarak mekanik verim {izerinde etkileri oldugu
gorlilmistiir. Yiikiin mekanik verim {izerindeki dogru orantili etkisinin kritik 6nem arz ettigi belirlenmistir,
nitekim kayiplarin geneli hiz ile orantili bicimde degismektedir ve efektif momentin artis1 mekanik verimde

artisa neden olmaktadir.

Gelecek calismalarda yatak, disli mekanizmasi, govde gibi farkli hatalar1 barmdiran disli kutular ile

yapilacak deneylerde mekanik verimin hatalar ile iliskisi irdelenecektir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢catigmasi bulunmamaktadir.
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0z

Bu c¢alismada GitHub platformunda 2011-2021 doénemine ait farkli programlama dillerinin depo
(repository), ¢cekme istegi (PR) ve sorun (issue) verileri kullanilarak, dillerin popiilerligi zaman serisi tabanlt
makine 6grenmesi yontemleriyle tahmin edilmistir. Ug farkli kaynaktan biitiinlestirilen veri kiimesi, dil—
yil—¢eyrek diizeyinde PR, issue ve depo sayilarini icermekte; farkli kaynaklardan elde edilen metrikler tek
bir zaman cizelgesinde birlestirilerek her dil icin ¢eyreklik gozlemler iizerinden modelleme yapilmasina
olanak vermektedir. Oznitelik miihendisligi sonrasinda lojistik regresyon, karar agaclari, rastgele orman,
destek vektor makineleri ve gradyan artirma yontemleri uygulanmistir. Bulgular, Lojistik Regresyonun
(AUC=0,996), Rastgele Ormanin (AUC=0,994) ve SVM nin (AUC=0,988) giiclii ayirt edicilik sagladigini;
Karar Agaglar1 ve Gradyan Artirmanin ise yiiksek dogruluk degerlerine ragmen ROC-AUC agisindan daha
zay1f kaldigim gostermektedir. Bu kapsamda, dogruluk ile ROC-AUC nin birlikte raporlanmas1 yontemler
arasindaki ayrim giiciinii daha goriintir kilmaktadir. Ayrica analizler, Python ve JavaScript gibi dillerin uzun
vadeli yiikselisini dogrulamis, karar agaclari ve gradyan artirma nadir dénemlerde 6ne cikan dilleri
yakalamada daha dengeli sonuglar sunmustur.

Anahtar Kelimeler: Programlama Dilleri; Makine Ogrenmesi, Zaman Serisi Analizi

Time Series—Based Machine Learning Models for Forecasting Programming
Language Popularity on the GitHub Projects (2011-2021)

ABSTRACT

In this study, popularity trends of programming languages were predicted using time-series—based machine
learning methods on GitHub data covering 2011-2021. The integrated dataset, compiled from three different
sources, contains counts of repositories, pull requests (PRs), and issues at the language—year—quarter level;
by consolidating metrics from multiple sources into a single timeline, it enables quarter-based modeling for
each language. Following feature engineering, logistic regression, decision trees, random forests, support
vector machines (SVM), and gradient boosting were applied. The findings indicate that Logistic Regression
(AUC = 0.996), Random Forest (AUC = 0.994), and SVM (AUC = 0.988) provide strong discriminative
performance, whereas Decision Trees and Gradient Boosting remain weaker in terms of ROC-AUC despite
achieving high accuracy. In this context, reporting accuracy together with ROC-AUC makes differences in
discriminative power across methods more apparent. Moreover, the analyses confirm the long-term rise of
languages such as Python and JavaScript; decision trees and gradient boosting yield more balanced results
in capturing languages that become prominent during rare periods.

Keywords: Programming Languages, Machine Learning, Time Series Analysis.
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1. GIRIS

Son on yilda agik kaynak ekosisteminin biiyiimesi ve cesitlenmesi, programlama dillerinin kullanim
egilimlerinde belirgin degisimlere yol agmistir. GitHub gibi biiyiik 6lgekli platformlar, yalnizca depo
sayilar1 acisindan degil, ayn1 zamanda gelistirici etkilesimlerini yansitan ¢gekme istegi ve sorun gibi dlgiitler
araciligryla da bu doniisiimii somut bigimde belgelemektedir (Wessel, Vargovich, Gerosa ve Treude, 2023).
2024 Octoverse’in 2024 yilindaki raporunda (GitHub Staff, 2024) Python’un ilk kez JavaScript’i geride
birakarak en popiiler dil konumuna yiikselmesi, diller arasi rekabetin ve kullanim aliskanliklarinin ne denli
hizl1 degisebildiginin giincel bir gostergesidir. Ancak mevcut raporlar ve ¢alismalar cogunlukla betimleyici

istatistiklere odaklanmakta, gelecege yonelik 6ngoriiler sunmada sinirl kalmaktadir.

Bu baglamda, bu ¢alisma GitHub’in 2011-2021 yillarin1 kapsayan GitHub Programming Languages Data
veri kiimesi iizerinden, programlama dillerinin popiilerligini tahmin etmeyi amaglamaktadir. Veri kiimesi;
dil, y1l, ¢eyreklik diizeyinde ¢ekme istegi (pull request, PR) ve sorun(issue) sayilarini ve her dil i¢in toplam
depo sayisini igermektedir. Caligmanin Ozgiin katkisi, yalnmizca statik biiytikliikleri degil topluluk
etkilesimini yansitan olgiitler de dikkate alarak ¢ok boyutlu bir tahmin modeli 6nermesidir. Zaman serisi
tabanl Oznitelik mithendisligi ile klasik makine 6grenmesi algoritmalart (lojistik regresyon (Logistic
Regression, LR), karar agaglar1 (Decision Trees, DT), rastgele orman (Random Forest, RF), destek vektdr
makineleri (Support Vector Machine, SVM), gradyan arttirma (gradient boosting) biitiinlestirilmis; elde
edilen bulgular ise Octoverse egilimleri ve Onceki ampirik caligmalarla karsilagtirilarak yazilim
mithendisligi literatiirline 6ngdrii odakli yeni bir bakis acis1 kazandirilmigtir. Bu ¢alisma bes boliimden
olusmaktadir. Bu c¢alismanin ikinci boliimiinde literatiirde var olan Onceki ¢alismalar sunulmaktadir.
Ugiincii boliimde veri kiimesinin hazir hale getirilmesi ve bu veri kiimesi {izerinde uygulanan bes farkli
makine 6grenme algoritmalari ele alinmaktadir. Dordiincii béliimde veri kiimesi {izerinde denenen makine
Ogrenmesi algoritmalarinin ulasmis oldugu basarim Olgiitleri yer almaktadir. Besinci ve son boliimde ise

elde edilen sonuglarin ve bulgularin bir degerlendirilmesi yapilmaktadir.

2. ONCEKI CALISMALAR

Endiistriyel ve akademik caligmalar incelendiginde; 2014 ila 2024 yillar1 arasinda agik kaynak
ekosisteminde yasanan hizli biiyiime ve topluluk ¢esitliligi, programlama dillerinin kullanim egilimlerinde
onemli kaymalara yol agmustir. Ornegin 2024 Octoverse raporu, Python’un ilk kez JavaScript’i geride
birakarak GitHub tizerinde en popiiler dil oldugunu ve Jupyter Notebook kullaniminin %92 artig
gosterdigini belirtmistir (GitHub Staff, 2024).
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Borges, Hora ve Valente’nin (2016) calismasi, GitHub’daki projelerin popiilaritesini yildiz sayilar
iizerinden 6ngérmeye odaklanmaktadir. Coklu dogrusal regresyon modelleriyle yapilan analizlerde,
ozellikle son alt1 aylik veriler kullanildiginda tahminlerin olduk¢a dogru oldugu gosterilmistir. Ayrica
benzer biiylime egilimleri sergileyen depolar icin 6zgiil modellerin, yavas biiyliyen veya az yildizl

projelerde daha basarili sonuglar verdigi belirtilmektedir (Borges, Hora ve Valente, 2016).

Ray, Posnett, Devanbu ve Filkov’a (2017) c¢alismalarinda, GitHub {izerinde gelistirilen 728 projeden
toplanan genis 6lcekli veriler (63 milyon satir kod, 1,5 milyon isleme (commit)) kullanilarak programlama
dillerinin yazilim kalitesi lizerindeki etkilerini incelemektedir. Bulgular, programlama dili se¢ciminin hata
oranlar1 iizerinde istatistiksel olarak anlamli ancak smirli bir etkiye sahip oldugunu gostermektedir.
Ozellikle statik tipli ve tip karisikligim engelleyen dillerin daha az hata egilimli oldugu, islevsel dillerin ise
prosediirel dillere kiyasla daha giivenilir sonuglar verdigi belirlenmistir. Bununla birlikte, proje biiyiikliigii,
ekip boyutu ve isleme yogunlugu gibi siiregsel faktorlerin yazilim hatalari iizerinde programlama dili

tercihlerinden ¢ok daha giiglii bir etkiye sahip oldugu vurgulanmaktadir.

Bissyandé, Lo, Jiang, Réveillére, Klein ve Le Traon’un (2013) ¢alismasi, GitHub’daki genis 6lgekli projeler
izerinden sorun takip sistemi (issue tracker) kullanimini incelemis ve bu araglarin 6zellikle biiyiik ve aktif
ekipler i¢in daha yaygin oldugunu gostermistir. Arastirma ayrica bdyle bir sistemin kullaniminin proje
popiilaritesiyle gii¢lii bigimde iliskili oldugunu, ancak hata raporlarinin sayisi ile diizeltilme siiresi
arasindaki iligkinin zayif kaldigini ortaya koymustur (Bissyandé, Lo, Jiang, Réveillere, Klein ve Le Traon,

2013).

Rahman ve Roy’un (2014) ¢alismasi1, GitHub’daki 78 projeden 100 binden fazla ¢gekme isteigini inceleyerek
basarili ve basarisiz taleplerin hangi kosullarda gerceklestigini aragtirmaktadir. Calisma, ozellikle
programlama dili, proje alani, proje yasi ve gelistirici deneyimi gibi faktorlerin basari oranlari iizerinde
belirleyici oldugunu gostermektedir. Bulgulara gore, biiyiik sayida gelistiriciye veya asir1 ayrismaya (fork)
sahip projelerde basarisiz ¢ekme istegi oran1 artarken, belirli alanlardaki (6r. framework, IDE) projeler daha

yliksek basar1 orani sergilemektedir (Rahman ve Roy, 2014).

Bu makalede, 2011-2021 donemini kapsayan GitHub Programming Languages Data veri kiimesini
kullanarak (dil, y1l, ceyrek diizeyinde PR ve sorun sayilari ile dil basina toplam depo sayilar1), programlama
dillerinin popiilerligini zaman serisi tabanli klasik makine &grenmesi yontemleriyle tahmin edilmesi
amagclanmustir. Calismanin katkilar {ic eksende toplanmaktadir. ilk olarak yalmzca statik biiyiikliikleri
degil, PR/sorun gibi topluluk etkilesim gdstergelerini de igeren ¢ok boyutlu bir popiilerlik modeli dnermek,
ikinci olarak lojistik regresyon, karar agaglari, rastgele orman, SVM ve gradyan artirma gibi klasik makine

O0grenmesi algoritmalarini zaman gecikmeli (lag) ve degisim orani gibi Oznitelik miihendisligi ile
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biitiinlestirerek tahmin performansini degerlendirmek ve son olarak bulgular1 Octoverse egilimleri ve 6nceki

ampirik calismalar 15181nda tartisarak yazilim miihendisligi yazinina 6ngorii odakli bir gerceve sunmaktir.

3. MATERYAL ve METOT

Bu boéliimde ¢alismada kullanilan veri kiimesinin hazirlanma siireci ayrintili olarak aciklanacak, ardindan
kullanilan makine 6grenmesi yontemleri tamtilacaktir. ilk alt baslik altinda GitHub’dan elde edilen verilerin
nasil birlestirildigi, donistiiriildiigii ele alinacaktir. Daha sonraki alt baslik altinda ise lojistik regresyon,
karar agaclari, rastgele orman, destek vektdr makineleri ve gradyan artirma yontemlerinin temel prensipleri

ve bu calismada kullanilma gerekgeleri sunulacaktir.

3.1. Veri Kiimesi ve Hazirlik

Bu calismada kullanilan veri kiimesi, GitHub {izerinde 2011-2021 yillar1 arasinda farkli programlama
dillerine ait depo, ¢cekme istegi (PR) ve sorun kaydi sayilarini igeren GitHub Programming Languages Data
kiimesidir (Wen, t.y.). Bu veri kiimesi Sekill’de belirtilen adimlardan sonra bes farkli algoritma tarafindan

kullanilabilir hale getirilmistir.

Toplam depo || Cekme istedi Sorun kayd

sayisi sayisi sayisi
(repos.csv) (prs.csv) (issues.csv)
|
Birlegtirme
Eksik Dederler = 0 ve Period SOtunu
Eklenmesi

Toplam Hesaplama
Toplam Cekme Istekleri ve Sorun Kayitlan
ve Goreli Paylann Hesaplanmasi

v

Oznitelik Miihendisligi
(Feature Engineering)
Gecikmeli Degiskenler, Degisim
Oranlaninin Hesabi

v

Hedef Degigken
En Pogpiiler Programlama Dili -=
is_fop_language)

Bitinlesik
veri kiimesi

Sekil 1: Biitiinlesik veri kiimesi dosyasinin olusturulmasi

Sekil 1’de goriilen akis diyagrami, calismada kullanilan biitiinlesik veri kiimesinin elde edilme adimlarini
Ozetlemektedir. Siire¢ ii¢ ayr1 kaynaktan (depo sayilari repos.csv, ¢ekme istegi sayilari prs.csv ve sorun
kaydi sayilari issues.csv) baglayan ham veriler ile baglamakta ve agamali bir isleme siirecinden gegerek nihai

veri kiimesine ulagsmaktadir. ilk asamada veriler, programlama dili, y1l ve ¢eyrek bazinda birlestirilmis,
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eksik degerler 0 ile doldurulmus ve donemsel analizlerin kolaylastirilmas1 amaciyla her satir igin bir period
degiskeni tammlanmustir. Ikinci asamada, donemsel toplam ¢ekme istegi ve sorun kayitlar1 hesaplanarak
dillerin goreli popiilerligini yansitan paylar (pr_share, issue_share) elde edilmistir. Ugiincii asamada, zaman
serisi yapisinin modele yansitilabilmesi amaciyla 6znitelik miihendisligi yapilmistir. Bu kapsamda
gecikmeli degiskenler (6rnegin lagl, lag2) olusturulmus, ayrica dénemler arasi egilimleri gostermek tizere
bir 6nceki ¢eyrege gore degisim oranlart (chgl) hesaplanmistir. Bu adim, dillerin yalnizca mutlak degerlerle
degil, ayn1 zamanda biiylime ve azalis hizlariyla da temsil edilmesini saglamistir.Son agamada, her ceyrekte
diller PR payina gore siralanmis ve en yiiksek degere sahip dil “en popiiler dil” olarak isaretlenmistir. Bu
islem sonucunda, siniflandirma gdrevine olanak taniyan ikili hedef degisken (is_top lang) olusturulmustur.
Boylece, nihai biitiinlesik veri kiimesi hem ham verileri hem de tiiretilmis degiskenleri iceren ¢ok boyutlu
bir yapiya kavusmus ve makine 6grenmesi algoritmalarinin uygulanmasina hazir hale getirilmistir. Veri
kiimesinde hem yaygin diller (Python, Java, JavaScript, C++, R, MATLAB, Go, Swift, TypeScript) hem de
daha 6zel/az kullanilan diller (Eiffel, Nim, Smalltalk, Fortran, Ada, Xtend, ZenScript vb.) olmak {izere
toplamda 208 farkli programlama dili yer almaktadir.

Cizelge 1’de, egitim ve test veri kiimelerinin zaman dilimlerine goére dagilimim &zetlemektedir. Egitim
verisi 2011’in birinci ¢eyreginden 2018’in dordiincii ¢eyregine kadar olan yaklasik sekiz yillik dénemi
kapsamaktadir. Bu veri kiimesi, toplam verinin yaklasik %70’ini olusturmakta ve modellerin 6grenme siireci

icin genis bir tarihsel arka plan saglamaktadir.

Cizelge 1: Egitim ve test veri araliklari

Veri Kiimesi Yil Arah@1r  Kapsadigi Ceyrekler Oran (%)
Egitim 2011-2018 2011 Q1 -2018 Q4 %70
Test 2019-2021 2019 Q1 -2021 Q4 %30

Test verisi ise 2019’un birinci ¢eyreginden 2021’in dordiincli ¢eyregine kadar olan ii¢ yillik dénemi
icermekte ve toplam verinin %30’unu temsil etmektedir. Boylelikle modeller, ge¢mis verilerle egitildikten
sonra daha sonraki doneme ait gozlemler iizerinde sinanmis, zaman serisi tabanli 6ngorii problemi

baglaminda ileriye doniik tahminlerin giivenilirligi degerlendirilmistir.

Bu dagilim, makine 6grenmesi ¢alismalarinda yaygin bicimde kullanilan %70—%30 egitim/test orantyla
uyumlu olup, hem modelin 6grenmesi i¢in yeterli veri saglamis hem de bagimsiz bir test kiimesi araciligiyla

genelleme yeteneginin degerlendirilmesine imkén tanimstir.

Bu ¢alismada kullanilan biitiinlesik veri kiimesi, GitHub Programming Languages Data setindeki depo
(repos), c¢ekme istegi (PR) ve sorun (issue) kayitlarinin programlama dili—yil-¢eyrek diizeyinde

birlestirilmesiyle olusturulmus ¢oklu zaman serisi/panel bir yapiya sahiptir. Veri, 2011’in birinci ¢eyregi ile
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2021’in dordiincii ¢eyregi arasindaki donemi kapsamakta ve her satir bir dilin ilgili ¢eyrekteki etkinligini
temsil etmektedir. Oznitelik miithendisligi adiminda ham PR/issue/depo sayilarmin yani sira goreli paylar
ve zaman bagimliligini yansitan gecikmeli degiskenler (lagl, lag2) ile ¢eyrekler arasi degisim oranlari
(chgl) tiiretilmis; bdylece dillerin yalnizca mutlak biiyiikliikleri degil donemsel dinamikleri de modele
aktarilmistir. Nihai veri kiimesi, yaygin ve nadir dilleri birlikte iceren toplam 208 programlama dilini
kapsamaktadir. Zaman serisi dogasina uygun bigimde veriler kronolojik olarak ayrilmis, 2011Q1-2018Q4
donemi egitim, 2019Q1-2021Q4 donemi ise test kiimesi olarak kullanilmistir. Bu kurulum, modellerin
gecmis donem oOriintiilerini 6grenip daha ileri doneme ait gozlemler {izerinde simmanmasina imkéan

tanimaktadir.

Modelleme agamasinda lojistik regresyon, karar agaclari, rastgele orman, destek vektér makineleri ve
gradyan artirma algoritmalar scikit-learn altyapisi ile uygulanmis, karsilastirilabilirligi korumak amaciyla
hiperparametrelerin biiyliik boliimii varsayilan degerlerde birakilmistir. Lojistik regresyon modelinde
optimizasyonun yakinsamay1 garanti etmesi i¢in iterasyon sinir1 yiikseltilmis (max_iter=2000), karar agact
ve gradyan artirmada tekrarlanabilirlik saglamak t{izere sabit rastgelelik tohumu atanmigtir
(random_state=42). Rastgele orman modeli, topluluk 6grenmesinin kararliligini arttirmak amaciyla 300
agacla (n_estimators=300) egitilmis ve tiim c¢ekirdekleri kullanacak sekilde paralellestirilmistir
(n_jobs=—1). SVM modeli dogrusal olmayan ayrimi yakalayabilmek i¢in RBF g¢ekirdegiyle kurulmus
(kernel="rbf") ve olasilik tabanli &lgiitlerin hesaplanabilmesi icin probability=True secenegi
etkinlestirilmistir. Bu hiperparametre stratejisi, modellerin temel karakteristiklerini 6ne ¢ikaran, yanlilig

azaltilmis bir kiyaslama hatt1 saglamaktadir.

Veri 0n isleme asamasinda, 6zellikle lojistik regresyon ve SVM icin standartlastirma (standard scaling)
uygulanmistir. Bu modeller girdilerin 6lgeklerine duyarli olduklarindan, biiyiik 6l¢ek farkliliklart parametre
tahminlerini bozabilir. Ornegin, PR sayilari on binler diizeyindeyken sorun oranlar1 [0,1] arahiginda
kalabilir. Standartlastirma ile tiim Oznitelikler ortalamasi 0, standart sapmasi 1 olacak sekilde
doniistlriilmistiir. Boylece lojistik regresyon ve SVM daha istikrarli hale gelirken, farkli boyutlardaki
degiskenler modelin 6grenmesini olumsuz etkilememistir. Buna karsilik, karar agaglari, rastgele orman ve
gradyan artirma yoOntemleri Olgek farkliliklarina duyarli olmadiklari ig¢in bu algoritmalara ayrica
Olceklendirme yapilmamistir. Veri kiimesinde 2011-2021 yillar1 arasinda en ¢ok tercih edilen programlama

dili 2011°de Ruby, 2012-2020 arasinda JavaScript, ve 2021°de ise Python olmustur.

3.2 Modelleme Yaklasimlar:
Programlama dillerinin popiilerligini tahmin etmek amaciyla klasik makine 6grenmesi algoritmalari
uygulanmigtir. Bu kapsamda simiflandirma ve regresyon problemleri igin bes farkli yontem kullanilmugtir.

Bunlar lojistik regresyon, karar agaclari, RF, SVM ve gradyan artirma yontemidir.
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[k yontem olan lojistik regresyon, bagimli degiskenin kategorik oldugu durumlarda kullanilan istatistiksel
bir modeldir. En yaygin kullanimi ikili siniflandirma (binary classification) problemlerinde olup, bir
gbzlemin belirli bir sinifa ait olma olasiligin1 tahmin etmeyi amaglar. Model, olasilik degerlerini dogrudan
tahmin etmek yerine, bu degerleri logit doniisimii ile sinirsiz bir araliga doniistiiriir. Lojistik regresyonun

temel formiilasyonu Denklem 1°de verilmistir (Cox, 1958; Hosmer, Lemeshow & Sturdivant, 2013).

logit (p) =ln( ): Bo+ By Xo+ By Xy + -+ BX, (1)

1-p

Yukaridaki Denklem 1°’de p, bagimli degiskenin “basar’” ya da “1” olarak kodlanan sinifa ait olma
olasiligidir. X; bagimsiz degiskenleri temsil etmektedir. i, katsayilar olup her bir bagimsiz degiskenin

etkisini gostermektedir (Menard, 2002).

Ikinci yontem ise karar agaglaridir. Karar agaglari, simiflandirma ve regresyon problemlerinde kullanilan,
veriyi Ozniteliklere gore dallara ayirarak tahmin yapan algoritmalardir. Her i¢ diigiim belirli bir dznitelik
iizerinde kosul icerirken, yaprak diigiimler sinif veya tahmin edilen degeri temsil eder. Bu yontem, 6zellikle
yorumlanabilirlik agisindan giigliidiir ve gorsel olarak karar siirecini anlagilir kilar (Quinlan, 1986). Karar
agacinda en Onemli agama, veriyi bdlecek en iyi 6zelligin sec¢ilmesidir. Bu se¢im genellikle bilgi kazanci
(information gain) veya Gini safsizlig1 (Gini impurity) olgiitleriyle yapilir (Breiman vd., 1984). Her iki

kavram ise Denklem 2’de verilen entropi kavramiyla iligkilidir (Shannon, 1948).

c
Entropi () = — Z pi logz(p) @)
i=1
Denklem 2’de verilen p;, sinif i’nin olasiligidir. Bilgi kazanci ise entropiyi temel alarak sirasiyla Denklem
3’ deki gibi ifade edilir.

|5y

Bilgi Kazanci (S,A) = Entropi (S) — 5]
v € Degerler(A)

Entropi (S,) 3)
Denklem 3 karar agaglarinin boliinme kriterini belirtir. Bir 6znitelik olan A, veri kiimesi S’yi boldugiinde
entropi ne kadar azalirsa bilgi kazanci da o derece yliksek olacaktir. Diger bir degisle en yiiksek kazanci
saglayan Oznitelik agacin diigliimiinde secilir. Segilen diigiimiin rastgele segilen iki 6rnegin farkli siniflara
ait olma olasili ise Gini safsizligi ile ifade edilir (Breiman vd., 1984). Bu safsizlik, matematiksel olarak
Denklem 4’teki gibi ifade edilir. Bu denklem incelendiginde p;, sinif i’nin diigiimdeki olasiligi olup c ise

toplam sinif sayisidir.

Gini (S) = 1 — Z p? 4)
i=1
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Denklem 3 ve 4’lin her ikisi de “hangi oznitelige gore béliinme yapilmali?” sorusuna yanit arar ve her
ikisinin dayandiklar1 temel kavram Denklem 2’de matematiksel olarak ifade edilen bilgi teorisidir. Gini

safsizlig1 matematiksel olarak daha basit ve hizl1 bir alternatif olarak karsimiza ¢ikmaktadir.

Calismadaki kullanilan bir diger yontem ise rastgele ormandir. Rastgele orman, birden fazla karar agacinin
birlikte (ensemble) kullanildig topluluk tabanli giiclii bir makine 6grenmesi yontemidir (Breiman, 2001).
Bu yontem, tekrar ornekleme yoluyla birlestirme (bootstrap aggregating) yoOntemine dayanir. Veri
kiimesinden tekrar 6rnekleme yoluyla birgok alt kiime olusturulur. Her alt kiime {izerinde bagimsiz bir karar
agaci egitilir. Tahmin asamasma gelindiginde siniflandirma problemleri i¢in agaclarin verdigi siif
tahminleri arasinda ¢ogunluk oylamasi yapilirken regresyon problemlerinde ise agaglarin tahminleri
aritmetik ortalama alinarak sonuca ulasilir. Bu yontemi matematiksel olarak Denklem 5’teki gibi ifade

etmek mumkiindiir.

T
> e )
t=1

Yukaridaki Denklem 5’te T toplam agag sayisini ifade etmektedir. hy(x), t. agacin tahmin fonksiyonudur. y

==

y:

ise rastgele ormanin nihai tahmindir. Bu yontemde ayrica, her diigiimde boliinme yapilirken tiim 6znitelikler
yerine rastgele secilen bir alt kiime kullanilir. Bu yaklagim, agaglar arasinda korelasyonu azaltarak modelin

genelleme performansini artirir (Biau ve Scornet, 2016).

Calismadaki kullanilan bir diger yontem ise SVM’dir. Bu yaklasim smiflandirma ve regresyon
problemlerinde kullanilan gii¢lii bir makine 6grenmesi yontemi olup temel amaci, farkli siniflara ait verileri
en iyi sekilde ayiran hiper diizlemi bulmaktir. Destek Vektor Makineleri, veriyi iki sinifa ayiran ve bu iki
sinif arasindaki marjini (margin) maksimize eden hiper diizlemi secer. Hiper diizleme en yakin veriler
“destek vektorleri” olarak adlandirilir ve karar siirinin konumunu belirler. Hiper diizlemin agirlik
vektoriiniin hesaplanma sekli ise Denklem 6’da verilmistir. Bu denklemde belirtilen w, hiper diizlemin
agirlik vektorii olup y; ise sinif etiketini gosterir (Cortes ve Vapnik, 1995).

min 1

wop = 7 WP 1yilw.xi+b) 21vi (6)
Besinci ve son yontem ise gradyan arttirmadir. Gradyan artirma, birden fazla “zayif 6grenen modelin”
(genellikle karar agaglar1) ardisik olarak egitilip bir araya getirilmesiyle gii¢lii bir tahmin modeli olusturan
bir topluluk 6grenmesi (ensemble learning) yontemidir. Temel fikir, her yeni modelin, 6nceki modellerin

yapamadigi hatalar1 gidermeye odaklanmasidir. Bu yapida ilk model egitilir ve hatalar hesaplanir. Yeni
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model bu hatalar1 tahmin etmeye ¢alisir ve en sonunda olusacak olan model tiim zayi1f modellerin agirliklart

toplamindan olusur. Modelin matematiksel ifadesi Denklem 7°deki gibidir (Friedman, 2001).
M
Fu() = ) nhm(®) ™
m=1

Yukaridaki denklemde M, toplam agac sayist olup hy, (x) m. karar agacidir. v, ise her agacin agirligidir. Bu
yontemin yaygin uygulamalari ve bu ¢alismada kullanilan ise klasik makine 6grenmesi algoritmalarindan
olan Gradient Boasting Machines (GMB)’dir. Giiniimiizde kullanilan XGBoost (Extreme Gradient
Boosting), ve LightGBM (Light Gradiend Boosting), GBM algoritmasinin performans, dlgeklenebilirlik ve

verimlilik agisindan gelistirilmis, modernlestirilmis varyantlaridir (Chen ve Guestrin, 2016; Ke vd., 2017).

4. DENEYSEL BULGULAR

Bu ¢alismada onerilen bes farkli makine 6grenmesi yontemi (Lojistik Regresyon, Karar Agaglari, Rastgele
Orman, Destek Vektér Makineleri ve Gradyan Artirma) 2011-2018 doneminde egitilmis ve 2019-2021
doneminde test edilmistir. Siiflandirma gorevi, her ¢ceyrekte en popiiler programlama dilinin dogru tahmin

edilmesi tizerine kurgulanmistir. Deneysel sonuglar Cizelge 2’de sunulmustur.

Cizelge 2: Bes farkli siniflandirma ydnteminin test donemi performanslari

Kesinlik Duyarhk

Model Dogruluk (Agrhikl) (Agarhikh) Makro-F1 MCC
Lojistik Regresyon 0,9891 0,9784 0,9891 0,4972 0
Karar Agaglari 0,99 0,9901 0,99 0,5689 0,2759
Rastgele Orman 0,9891 0,9784 0,9891 0,4972 0
Destek Vektor Makineleri  0,9883 0,9828 0,9833 0,5595 0.1559
Gradyan Arttirma 0,99 0,99 0,99 0,5689 0,2759

Cizelge 2°de sunulan bulgular, bes farkli makine 6grenmesi yonteminin test donemindeki performanslarini
ortaya koymaktadir. Cizelge 2’deki koyu harflerle gosterilen degerler en iyi sonuglar1 ifade etmektedir.
Genel olarak tiim modellerin dogruluk oranlarimin %98,8 ile %99 arasinda yogunlasmasi, modellerin
popiiler programlama dillerini tahmin etmede yiiksek basar1 sagladigim gostermektedir. Ancak bu yiiksek
dogruluk degerleri, ¢ogunluk sinifin dogru tahmin edilmesinden kaynaklanabilecegi icin tek basina
giivenilir bir performans gostergesi degildir. Cizelge 2’ye gore biitiin modeller yiiksek dogruluk (=%99)
sergilese de Karar Agaclar1 ve Gradyan Artirma yontemleri 6ne ¢ikmaktadir. Bu iki model hem dogruluk
(%99) hem de Kesinlik (%99 civari) ve Duyarlilik (%99) degerlerinde en yiiksek performansi gostermistir.
Ayrica sinif dengesizligini dikkate alan Makro-F1 skorunda da (0,5689) en iyi sonuglara ulagsmislardir.
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Karar Agaclart ve Gradyan Artirma yontemlerinin diger algoritmalardan daha iyi sonug¢ vermesi,
Oznitelikler arasindaki dogrusal olmayan iliskileri yakalayabilme ve siniflar arast ayrimi daha etkin
gerceklestirebilme giiclerinden kaynaklanmaktadir. Veri kiimesinde popiiler dillerin uzun siire baskin
kalmasi nedeniyle sinif dengesizligi mevcuttur; bu durum smiflandirma dogrulugu degerlerinin tiim
modellerde yiiksek ¢ikmasina yol agarken, Makro-F1 skorlar1 azinlik siniflart ayirt etme becerisini daha
dogru yansitmaktadir. Karar Agaglar1 ve Gradyan Artirma, bu dengesiz yapiya ragmen az temsil edilen
siniflart da gorece basarili sekilde tahmin ederek dengeli performans sergilemis; bu basarilari, gecikme ve
degisim orani gibi tiiretilmis Oznitelikleri daha etkin kullanabilmelerine baglanabilir. Sonuglar, modellerin
test kiimesinde de tutarli performans gdstermesi nedeniyle asir1 6grenme (overfitting) riskinin diisiik

oldugunu ortaya koymaktadir.

Kesinlik ve duyarlik olgiitlerinin %97,8 ile %99 arasinda seyretmesi, yanlis pozitif ve yanlis negatif
tahminler agisindan modellerin dengeli bir performans sundugunu ortaya koymaktadir. Ozellikle Karar
Agaclar1 ve Gradyan Artirma algoritmalarinin %99 seviyesine ulagmasi, bu yontemlerin siniflar arasinda
ayrim yapmada daha basarili oldugunu gostermektedir. Bu durum, s6z konusu algoritmalarin sadece baskin
sinifi tahmin etmekle kalmayip, daha az temsil edilen siniflar1 da goérece iyi ayirt edebildigine isaret

etmektedir.

Buna kargin sinif dengesizligini dikkate alan Makro-F1 metrigi daha ayirt edici bir tablo sunmaktadir. Karar
Agaclari ve Gradyan Artirma yontemleri 0,5689 degeriyle en yiiksek performansi sergilerken, onlar1 SVM
0,5595 ile takip etmistir. Lojistik Regresyon ve Rastgele Orman ise 0,4972 degeriyle gorece daha diisiik bir
performans gostermistir. Bu sonuglar, 6zellikle agac tabanli yontemlerin dengesiz veri kosullarinda avantajli

oldugunu, dogrusal modellerin ise bu baglamda sinirl kaldigini1 gostermektedir.

Matthews Correlation Coefficient (MCC) degerleri, smnif dengesizliginin belirgin oldugu bu ikili
siniflandirma probleminde modellerin gercek ayirt etme giiciinii daha giivenilir bigimde yansitmaktadir.
MCC, dogruluk (accuracy) gibi dlgiitlerin aksine dort hiicreyi (TP, TN, FP, FN) birlikte dikkate alarak “her
iki siifta da tutarli dogru tahmin” yapilip yapilmadigini 6lger. Test sonuclarinda Karar Agaci ve Gradyan
Arttirma modellerinin MCC degerlerinin ~0,276 ile digerlerine gére daha yliksek olmasi, bu iki modelin
azinlik sinifin1 (top language) en azindan sinirh da olsa yakalayabildigini ve rastgele tahmine kiyasla pozitif
bir korelasyon iirettigini gosterir. SVM’in MCC’sinin ~0,156 seviyesinde kalmasi ise modelin ¢ogunluk
siifi lehine agirliklandigini, azinlik sinifindaki iyilesmenin daha kisitli oldugunu diisiindiirmektedir. Buna
karsilik Lojistik Regresyon ve Rastgele Agac (Random Forest) icin MCC’nin 0 ¢ikmasi, bu modellerin test
asamasinda pratikte “tek sinifli” bir karar kuralina kaydigini diger bir deyisle neredeyse tiim 6rnekleri
cogunluk sinifi olarak etiketlemektedir. Bdyle bir durumda TP ve FP iiretilemedigi (veya son derece ihmal

edilebilir kaldig1) i¢in MCC dogal olarak sifira ¢goker. Bu davranisin temel nedeni, veri setindeki ciddi sinif
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dengesizligi altinda her iki modelin de varsayilan esik (0,5) ve siif agirliksiz 6grenme ayarlariyla azinlik
sinifini cezalandirmaktansa ¢ogunluk sinifini dogru tahmin etmeyi optimize etmesidir. Dolayisiyla yiiksek
dogruluk degerlerine ragmen, siniflar arasi dengeli bir karar iiretmedikleri MCC tarafindan net bigimde

ortaya konmaktadir.

Karmasiklik Matrisi (Lojistik Regresyon) Karmasiklik Matrisi (Karar Agaglari)
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Sekil 2: Algoritmalarin test veri kiimesi lizerindeki karmasiklik matrisleri
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Sekil 2’de verilmis olan karmasiklik matrisleri birlikte degerlendirildiginde, test kiimesinde siif
dagiliminin belirgin bicimde dengesiz oldugu goriilmektedir: “Gergcek 0” sinift 1187 6rnekle baskin iken
“Gergek 17 sinifi yalnizca 13 6rnekten olusmaktadir. Karar Agaglar1 ve Gradyan Arttirma modelleri bu
dengesizlik altinda gogunluk sinifini1 neredeyse hatasiz yakalamis (1187 dogru negatif, yalanci pozitif yok),
ancak azinlik sinifinda duyarlilik oldukc¢a sinirli kalmistir; her iki model de 13 pozitif 6rnegin yalnizca 1’ini
dogru smiflandirabilmis, 12’°sini kagirmistir. Lojistik Regresyon ve Rastgele Orman matrisleri ise modelin
karar esigi ve 6grenme dinamikleri nedeniyle pratikte tek-sinif tahminine kaydigini gostermektedir: tiim
ornekler “0” olarak etiketlenmis, boylece pozitif sinifa ait dogru tahmin (TP) hig {iretilememis ve 13 pozitif
Ornegin tamami yanlig negatifte kalmistir. Destek Vektor Makineleri sonuglari, azinlik sinifin1 yakalama
bakimindan sinirli bir iyilesme saglasa da (1 dogru pozitif), bunun bedeli olarak az sayida da olsa yalanci
pozitif liretmis (2 Ornek); buna karsin 12 pozitif 6rnek yine kacirilmistir. Tiim modellerde yiiksek
dogrulugun temel olarak ¢ogunluk sinifin1 dogru tahmin etmekten kaynaklandigi, asil ayirt edici bagarinin

azmlik siifinda diisiik kaldigi anlasilmaktadir.

Sekil 3’te verilmis olan Alici Isletim Karakteristik (Receiver Operating Characteristic, ROC) egrileri
incelendiginde, ¢aligmada en giivenilir sonuglarin Lojistik Regresyon, Rastgele Orman ve SVM tarafindan
elde edildigi anlagilmaktadir. Bu modellerin ROC egrisi altinda kalan alan (Area Under Curve, AUC)
degerleri %98’in lizerinde olup, siniflar1 ayirt etme kapasitesi oldukga yiiksektir. Buna karsin Karar Agaclari
ve Gradyan Artirma yontemlerinin diisiik AUC degerleri, model yapilandirmalarinin yeniden gdzden

gegcirilmesi gerektigini gostermektedir.

Sekil 3’teki ROC egrileri ile Cizelge 2’nin birlikte ele alindiginda, modellerin performanslar1 arasinda hem
benzerlikler hem de ayrismalar oldugunu gostermektedir. Lojistik Regresyon, Rastgele Orman ve Destek
Vektor Makineleri, tabloda ytiksek dogruluk, kesinlik ve duyarlilik degerleri sergilerken ROC egrilerinde
de AUC degerlerinin 0,98’in {lizerinde olmasiyla tutarli bicimde giiglii ayirt edicilik gostermektedir. Buna
karsin Karar Agaclar1 ve Gradyan Artirma yontemlerinde bir farklilasma dikkat ¢ekmektedir: Cizelge 2°de
dogruluk ve Makro-F1 degerleri oldukga yiiksek ¢ikmasina ragmen, ROC egrilerinde AUC degerlerinin
0,538 seviyesinde kalmasi bu modellerin esik bagimli ayirt edicilikte basarisiz olduklarini gostermektedir.
Bu durum, tek aga¢ yapisimin asiri uyuma (overfitting) egiliminden ve boosting algoritmasinin olasilik
kalibrasyonundaki zayifliklarindan kaynaklanabilir. Dolayisiyla, bazi modeller i¢in farkli 6l¢iitlerin birbirini
dogruladig1 goriiliirken, digerlerinde Olgiitler arasinda ayrisma goézlenmis ve bu da model
degerlendirmesinde birden fazla dl¢iitiin dikkate alinmasinin gerekliligini ortaya koymustur. 2011-2021
doneminde GitHub verilerine gére en ¢ok tercih edilen programlama dili 2011°de Ruby, 2012-2020
arasinda JavaScript, 2021°de ise Python olmustur. Deneysel bulgular da bu siralamanin dogru oldugunu

kanitlamastir.
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Sekil 3: Algoritmalarin test veri kiimesi tizerindeki ROC egrileri

Sonug olarak, yalnizca dogruluk degerlerine bakildiginda tiim modeller benzer seviyede basarili goriinse de
Makro-F1 sonuclar1 daha kapsamli bir degerlendirme sunmaktadir. Bu baglamda Karar Agaclar1 ve Gradyan
Artirma yontemleri, programlama dili popiilerligini 6ngérmede daha giivenilir bir performans sergileyerek
one cikmistir. Destek Vektor Makineleri giiclii bir alternatif olarak dikkat ¢ekerken, Lojistik Regresyon ve

Rastgele Orman’in daha sinirli bir performans sundugu anlagilmaktadir.

5. SONUC

Bu ¢alismada GitHub iizerinde 2011-2021 yillar1 arasindaki programlama dili etkinliklerini (repository, pull
request ve issue sayilarl) iceren bir veri kiimesi kullanilarak programlama dillerinin popiilerligini
ongérmeye yonelik bir yaklasim gelistirilmigtir. Veri kiimesi iizerinde gercgeklestirilen 06znitelik
mithendisligi adimlariyla lag, degisim orani ve pay (share) degiskenleri tiiretilmis; boylece yalnizca statik
degerler degil, zaman serisi dinamikleri de modele yansitilmistir. Calismada bes farkli klasik makine
Ogrenmesi algoritmasi (Lojistik Regresyon, Karar Agaglari, Rastgele Orman, Destek Vektér Makineleri ve

Gradyan Artirma) uygulanarak performanslar karsilagtirilmistir.

Deneysel sonuglar, tiim yontemlerin yliksek dogruluk oranlarina ulastigimi, ancak oOzellikle simif
dengesizliginin etkisini dengeleyen Makro-F1 olgiitiinde farkliliklarin ortaya ¢iktigimi gdstermistir. Karar
Agaclar1 ve Gradyan Artirma yontemleri, nadir donemlerde 6ne ¢ikan dilleri daha iyi yakalayarak diger
yontemlere kiyasla daha dengeli bir performans sergilemistir. Bu bulgu, 6ngérii problemlerinde tek basina
dogruluk oraninin yeterli olmadigim, farkli Slciitlerle degerlendirme yapmanin gerekli oldugunu ortaya

koymaktadir.
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Elde edilen sonuglar, yazilim ekosisteminde programlama dili tercihlerinin evriminin 6ngdriilmesine katki
sunmaktadir. Bu yaklagim, yazilim gelistiricileri, teknoloji sirketleri ve egitim kurumlari agisindan stratejik
kararlar alinmasma yardimei olabilir. Ornegin, popiilerligi hizla artan dillerin erken tespit edilmesi,
miifredatlarin gilincellenmesi veya endiistriyel yatirimlarin yonlendirilmesi acgisindan énem tagimaktadir.
Yapay zeka altyapisinin programlama dillerinin kullanimindaki etkisi de bir g¢esit varyasyon veya bias

degeri olusturmaktadir.

Gelecekte yapilacak ¢alismalar, daha uzun donemleri kapsayan verilerin kullanilmasi, derin 6grenme tabanli
yontemlerin denenmesi ve sosyal kodlama platformlarindan elde edilebilecek ek gostergelerin (6rn. yildiz
sayilari, fork oranlari) modele entegre edilmesi ile genisletilebilir. Bdylece programlama dillerinin
popiilerlik dinamiklerini daha biitlinciil bir bi¢imde modellemek ve yazilim miihendisligi alanina 6ngorii

odakli katkilar saglamak miimkiin olacaktir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atigmasi bulunmamaktadir.

TESEKKUR

Bu ¢alisma herhangi bir kurum ve/veya kurulus tarafindan desteklenmemistir.

YAZARLARIN KATKILARI

B.U.: Yazilimsal yapinin gelistirilmesi, veri kiimesi iizerinde uygulanmasi, sonuglarin elde edilmesi ve
yazim.
B.K..: Uygun ¢6ziimiin belirlenmesi i¢in literatiiriin arastirilarak yontemlerin belirlenmesi, sonuglarin analiz

edilmesi, yazim ve gézden gegirme.
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oz

Saglik ortamlarinda tasarimin, yalnizca tedavi siireclerini desteklemekle kalmayip bireylerin fiziksel,
psikolojik ve sosyal iyilik halini de giliglendirdigi yoniindeki arastirmalar, mimarlik ve saglik arasindaki
iliskinin 6nemini ortaya koymaktadir. Bu dogrultuda yapilan ¢aligma, mimarlik ve iyilestirici tasarim
arasindaki kavramsal gerceveyi genisletmek ve derinlestirmek amaciyla alan yazinda yer alan akademik
iiretimi bibliyometrik yontemlerle analiz etmektedir. Arastirma kapsaminda; saglik yapilari, mimarlik ve
iyilesme kavramlarinin kesigiminde yer alan literatiir, web of science veri tabani iizerinden sistematik
bigimde taranmistir. Caligmada iki temel bibliyometrik yontem kullanilmistir: Birlikte bulunma (co-
occurrence) ve ortak-yazar (co-authorship) analizleri. Birlikte bulunma analizi, yazarlarmm kullandig1
anahtar kelimeler iizerinden alandaki kavramsal kiimeleri goriiniir kilarken; ortak-yazar analizleri iilkeler,
kurumlar ve aragtirmacilar arasindaki igbirligi aglarini ortaya koymaktadir. Secilen anahtar kelimeler ile
yapilan analizler sonucunda 2010-2025 yillar1 arasinda yayimlanmig 8 belge tespit edilmistir. Bu
belgelerde biyofilik tasarim, salutojenik yaklagim, c¢ocuk dostu tasarim, empatik mimari ve
stirdiiriilebilirlik gibi temalarin 6ne ¢iktig1 belirlenmistir. Bulgular, saglik yapilarinda iyilestirici tasarimin,
kullanict deneyimi ve cevresel siirdiiriilebilirligi onceleyen insan merkezli yaklagimlarla gelisim
gosterdigini ortaya koymaktadir. Calisma literatiire; mevcut egilimleri belirlemek, arastirma bosluklarini
gorilinlir kilmak ve gelecekteki galigmalar igin yol gdsterici bir zemin sunmaktadir.

Anahtar Kelimeler: lyilestirici Tasarim; Saglik Ortamlari; Mimarlik; Bibliyometrik Analiz; Kullanict
Odakl1 Yaklasim

Healing Design: A Bibliometric Analysis of the Relationship Between
Architecture, Healthcare Environments, and Healing

ABSTRACT

Research in healthcare environments shows that design not only supports treatment processes but also
enhances individuals’ physical, psychological, and social well-being, emphasizing the significance of the
relationship between architecture and health. In this context, this study analyzes academic production in
the literature using bibliometric methods to expand and deepen the conceptual framework between
architecture and healing design. The literature at the intersection of healthcare facilities, architecture, and
healing was systematically examined through the Web of Science database. Two main bibliometric
techniques were employed: co-occurrence and co-authorship analyses. The co-occurrence analysis
visualizes conceptual clusters in the field based on keywords used by authors, while the co-authorship
analysis reveals collaboration networks among countries, institutions, and researchers. As a result of the
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analyses conducted with the selected keywords, eight documents published between 2010 and 2025 were
identified. These publications highlight themes such as biophilic design, salutogenic approach, child-
friendly design, empathetic architecture, and sustainability. The findings indicate that healing design in
healthcare facilities has evolved through human-centered approaches prioritizing user experience and
environmental sustainability. The study contributes to the literature by identifying current trends, making
research gaps visible, and providing a guiding framework for future studies.

Keywords: Healing Design; Healthcare Environments; Architecture; Bibliometric Analysis; User centered
Approach
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1. GIRiS

Son yillarda saglik alaninda hastaliklarin tedavi edilmesinin yaninda bireylerin fiziksel, ruhsal ve sosyal
boyutlartyla tam bir iyilik héline ulagsmalart da 6nemli bir hedef haline gelmistir. Diinya Saglik
Orgiitii’niin tanim1 da bu yaklasimi desteklemektedir. Diinya Saghk Orgiitii’ne (1948) gore saglik,
yalnizca bedensel bozukluklarin yoklugu degil, ¢ok yonlii bir esenlik durumudur. Bu bakis agisi, saglik
yapilarinin tasariminda da etkisini gostermekte; mekanlarin yalnizca tedavi siirecini desteklemesini degil,
ayni zamanda kullanicilarin iyilik halini de giiclendirmesi gerektigini ortaya koymaktadir (Dilani, 2006).
Mekanin tedavi siireglerinde belirleyici bir rol oynadigina iligskin bulgular 6zellikle “kanita dayali tasarim”
literatlirinde  vurgulanmaktadir.  Ulrich’in ~ (1984) c¢aligmasi, hastalarin odalarindan  dogay1
gorebilmelerinin iyilesme siirelerini kisalttigim gostererek cevresel faktorlerin saglik tizerindeki etkisini
acik bicimde ortaya koymustur. Bu bulgu, sonraki arastirmalarin da yoniinii belirlemis; 151k, akustik, renk,
hava kalitesi ve dogayla kurulan bag gibi unsurlarin tedaviye katkisi farkli baglamlarda incelenmistir
(Ulrich et al., 2008; Lawson & Phiri, 2003). Ayrica, mekansal kalitenin yalnizca hastalarin degil, saglik
calisanlar1 ve ziyaretgilerin de deneyimlerini dogrudan etkiledigi; kullanici odakli tasarimin stresin
azalmasina, hasta memnuniyetinin artmasina ve g¢alisanlarin verimliligine katki sagladigi ¢aligmalarla

(Harris et al., 2002; Verderber & Fine, 2000) ortaya konmustur.

A’

Guniimiizde saglk yapilari, islevsellik simirlarini agarak “iyilestirici mekan” anlayisi gercevesinde
degerlendirilmektedir. Mimarlik yalnizca teknik bir ¢6ziim araci degil, ayn1 zamanda iyilesme siirecini
destekleyen ve kullaniciya ilham veren bir unsur olarak kabul edilmektedir. Purves (2002), iyi tasarlanmis
saglik yapilarinin hem hastalara hem de saglik calisanlarina olumlu katkilar sundugunu vurgulamaktadir.
Son yillarda 6n plana cikan biyofilik ve salutojenik tasarim yaklasimlarinin, dogayla biitiinlesen peyzaj
unsurlari, 151k, renk ve mekansal diizenlemelerin tedavi siirecine katki sagladigini ortaya koyan bulgular
artmaktadir (Abdelaal & Soebarto, 2019; Sanchez-Jauregui et al., 2024). Bunun yaninda ¢ocuk dostu
tasarimlar (Bahrami et al., 2025) ve empatiyi merkeze alan mimari yaklagimlar (Banerji, 2016), kullanict
odakli tasarim anlayisinin saghik yapilarinda giderek belirginlestigini gostermektedir. Bu c¢ercevede
mimarlik, saglik ortamlar1 ve iyilesme arasindaki iligkilerin anlasilabilmesi i¢in bibliyometrik ¢aligmalar
onemli bir yontem olarak One c¢ikmaktadir. Bibliyometri, sadece yayin sayilarini ortaya koymakla
kalmamakta; kavramlarin zaman igindeki gelisimini, yazarlar arasindaki isbirliklerini ve arastirma
alanlarmim yonelimlerini de goriiniir kilmaktadir (Zupic & Cater, 2015; Cobo et al., 2011). Bu ¢alisma
kapsaminda da iki bibliyometrik yontem kullanilmistir: birlikte bulunma (co-occurrence) analizi ve ortak-
yazar (co-authorship) analizleri. Birlikte bulunma analizi, yazarlarin kullandigi anahtar kelimelerin
makalelerde hangi dlglide birlikte gectigini ortaya koyarken; ortak-yazar analizleri ise yazarlar, kurumlar
ve llkeler arasindaki isbirliklerini inceleyerek bilimsel haritalama teknikleri araciligiyla bu iligkileri

gorilinlir kilmaktadir. Dolayisiyla bu makale, sistematik inceleme ve bibliyometrik analiz yontemlerini bir
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araya getirerek mimarlik ve saglik temal literatiiriin mevcut durumunu, eksik yonlerini ve gelecekteki

potansiyel arastirma alanlarini tartismay1 amaglamaktadir.

2.YONTEM

Bu arastirma, saglik disiplininde mimarlik konulu c¢aligmalarin bibliyometrik bir perspektiften
degerlendirilmesine dayanmaktadir. Bibliyometri, mevcut akademik iiretimi sistematik bi¢cimde analiz
eden ve literatiiriin cesitli boyutlarin1 ortaya koyan bir yontemdir (Ruhanen ve ark., 2015: 6; Meena ve
ark., 2021: 3). Bu yaklasim, yayinlarin objektif Ol¢iitler dogrultusunda siniflandirilmasina olanak
taniyarak, belirli bir aragtirma alanindaki bilimsel iiretime biitiinciil bir bakis sunmaktadir (Cavalcante ve
ark., 2021: 5). Bibliyometrik analiz kapsaminda, ¢ok yazarli ¢alismalarin incelenmesi, atif ve ortak atif
iligkilerinin degerlendirilmesi, anahtar kelime analizi ve bibliyometrik eslestirme gibi yontemler siklikla
kullanilmaktadir (Demir & Erigii¢, 2018: 97; Nova-Reyes ve ark., 2020: 5). Siire¢ igerisinde, literatiirde
Onerilen bes asamali i akis1 benimsenmistir (Borner ve ark., 2003: 9; Cobo ve ark., 2011: 1382; Zupic &
Cater, 2015: 433; Aria & Cuccurullo, 2017: 960; Kammerer ve ark., 2021: 28). Bu is akis1 sirasiyla
arastirma tasarimi, veri toplama, analiz, gorsellestirme ve yorumlama asamalarini igermektedir. Calismaya

iligkin ayrintili is akig1 diyagrami ise Cizelge 1°de sunulmustur.

Cizelge 1: Arastirma siirecini 6zetleyen is akis ¢izelgesi.

Arastirma Tasarim Aragtirma amacinin, sorularinin ve yonteminin belirlenmesi

Bibliyometrik Verilerin Bibliyometrik veri tabani: Web of Science Bibliyometrik verilerin filtrelenmesi
incelenmesi ve veri setinin indirilmesi

Analiz Bibliyometrik yazilim: Microsoft Excel

Gorsellestirme yontemi Ag Analizi :VOSviewer

Yorumlama Bulgularin tanimlanmasi ve yorumlanmasi

2.1. Arastirma Sorusu
Arastirmanin odagi, asagidaki dort aragtirma sorusu etrafinda sekillenmektedir:

1. Mimarlik ve saglik ortamlar1 arasindaki iliskide, iyilestirici tasarimi etkileyen temel yaklagimlar

ve kavramlar nelerdir?

2. Bu konuda one ¢ikan yazarlar, iilkeler, anahtar kelimeler, kaynaklar, belgeler, kurumlar ve

referanslar hangileridir?

3. [lyilestirici tasarim iizerine yapilan arastirmalar, zaman iginde hangi kavramlar iizerinde gelismis

ve derinlesmistir?

4. Hangi kavramlar son yillarda ortaya ¢ikmis, gérece daha yenidir ve arastirmaya daha agiktir?
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2.2. Bibliyometrik Yontem

Bu calismada, aragtirma amaci dogrultusunda literatiirden anlamli veriler elde edebilmek amaciyla
bibliyometrik bir yaklasim benimsenmekte, (Budler, Zupi¢ ve Trkman 2021) bibliyometrik yontemler ve
bilimsel haritalama teknikleri kullanilmaktadir (Cabo ve ark., 2011). Bibliyometrik arastirmanin temel
amac1 ve bu arastirmalardan beklenen sonugclar, bir arastirma alanindaki tiretkenligi tanimlamak, bilimsel
unsurlarin performansini analiz etmek ve arastirma alaninin entelektiiel, sosyal ve kavramsal yapisin
ortaya koyarak alanim evrimsel gelisimini ortaya ¢ikarmaktir (Oztiirk ve Giirler, 2021). Sistematik literatiir
taramalarinin aksine, bibliyometrik yontemler, literatiir taramasi yapilirken konuyu daha genis bir
perspektiften ele alarak aragtirma alaninin hem daha nesnel hem de gorsel olarak tanimlanmasini saglar
(Zupic ve Cater, 2015). Bu calisma kapsaminda birlikte bulunma (co-occurrence) analizi ve ortak-yazar
(co- authorship) analizleri olmak {izere iki bibliyometrik yontem kullanilmistir. Birlikte bulunma analizi
(co-occurrence) / author keywords analiz birimi baglig1 altinda incelenir ve yazarlar tarafindan kullanilan
anahtar kelimelerin makalelerde birlikte bulunma durumunu gosterir. Ortak-yazar (co- authorship)
analizleri ise yazarlar (authors), kuruluslar (organizations) ve iilkeler (countries) analiz birimleri olmak
tizere Ui¢ farkli baslik altinda incelenir ve bir aragtirma alanindaki iilkeler, kurumlar, yazarlar arasi ig

birliklerini ortaya koyarak bilimsel haritalama teknigi ile bu iliskileri gdsterir.
2.3. Veri Tabani ve Anahtar Kelimelerin Se¢cimi

Bibliyometrik yaklasimi benimseyen caligsmalar siklikla Web of Science, Scopus ve PubMed gibi veri
tabanlarin1 kullanmaktadir. “Mimarlik” ve “iyilestirici tasarim”in kesisiminde yer alan bu calismada,
bilimsel literatiirii detayl1 bir sekilde incelemek, bilimsel ve sistematik veriler elde etmek amaciyla veri
tabani olarak Web of Science tercih edilmistir. Web of Science veri tabani, fiziksel bilimler ve mimarlik
gibi sosyal bilimler arasindaki disiplinlerarast alanlar i¢cin kapsamli ve giivenilir bir veri tabanidir ve
olaganiistii kalitedeki bilimsel yayinlari igermektedir. Veri gorsellestirme ve analiz araci olarak ise
VOSviewer kullanilmigtir. Calismada, aragtirma stratejisi olarak tiimdengelim yaklagimi benimsenmistir.
Bu baglamda, “iyilestirici” ve “tasarim” (healing and design) kavramlari aragtirmanin temel noktasini
teskil etmekte olup ilk sorgu bu anahtar kelimeler ilizerinden gerceklestirilmis, sonrasinda ¢aligmanin diger

2 (13 2 (13

odak konular1 olan “mimarlik”, “cevre”, “saglik hizmeti”, “tasarimla iyilesme” ve “hastane yapilar”
anahtar kelimeleri sorguya dahil edilmistir. Arastirma sorulari ¢ergevesinde konuyla ilgili gesitli ve benzer
anahtar kelimeler kullanilarak yapilan birgok deneme sorgusu sonucunda anahtar kelimeler belirlenmistir.
Kapsamli bir arastirma yapmak igin arama siirecinden higbir anahtar kelime diglanmamistir. Bu
dogrultuda ilk sorgu su sekilde gergeklestirilmistir: ALL= (“healing ) AND ALL= (“design). Bu orijinal
arama sonucunda, Web of Science veri tabaninda 46.750 dokiiman bulunmustur. Daha sonra yapilan

sorguya ALL= (“environment”) AND ALL= (“architecture”) AND ALL= (“healthcare”) AND ALL=
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(“healing by design”) AND ALL= (“hospital”) anahtar kelimeleri eklenmistir. Bu orijinal arama

sonucunda da, Web of Science veri tabaninda 70 dokiiman bulunmustur.
2.4. Veritabani Aramast ve Belgelerin Oncelik Secimi

Web of Science veri tabaninda, gelismis arama sekmesi {izerinden anahtar kelimeler ile yapilan arama

sonugclar1 ve belge secim siireci Sekil 1'de ifade edilmistir.

Web of Science'da ("healing™) anahtar kelimesi aratildiginda 359.894

Orijinal
Arama

- sonug bulundu.
— Web of Science'da ("design”) anahtar kelimesi dahil edilip aratildifinda 313.144
46.750 sonug bulundu. — belge haric
tutuldu
Web of Science'da ("environment”) anahtar kelimesi dahil edilip 41.306
aratildifinda 5.444 sonug bulundu. =N belge hari¢
tutuldu
Web of Science'da ("architecture™) anahtar kelimesi dahil edilip 4.806
m aratildifinda 638 sonug bulundu. —pt belge haric
E tutuldu
Z Web of Science'da ("healthcare”) anahtar kelimesi dahil edilip aratildifinda | 488 belge
= 150 sonug bulundu. . haric
é tutuldu
E- Web of Science'da ("healing by design”) anahtar kelimesi dahil edilip 47 belge
& aratildifinda 103 sonug bulundu. = haric
g tutuldu
2 Web of Science'da ("hospital”) anahtar kelimesi dahil edilip aratildifinda 33 belge
Eg 70 sonug bulundu —p| haric
tutuldu
Sadece mimarhk ve saglik alaninda yapilan calismalar ile 20 belge
simirlandirldiginda toplam 50 sonug bulundu. = haric
tutuldu
42 belge
Sadece mimarlik alaninda yamlan calismalar ile sinirlandirildiginda — harig
toplam 8 sonuc bulundu. tutuldu
- 0 belge
% E —p Toplam 8 belge calismaya dahil edildi. = haric
(=t tutuldu

Sekil 1: Belge se¢im siireci gemas.

Sekil 1’de goriildiigi gibi, “healing” anahtar kelimesi ile yapilan ilk arama sonucunda 359.894 belge
bulunmustur. Sonrasinda, tiim alanlar tekrar segilerek ve "design" anahtar kelimesi ile 46.750;
"environment" anahtar kelimesi ile 5.444; "architecture" anahtar kelimesi ile 638; "healthcare" anahtar
kelimesi ile 150; "healing by design" anahtar kelimesi ile 103; "hospital" anahtar kelimesi ile 70 belge
bulunmustur. Bu 70 belge alanlarina goére mimarhk ve saglik alanlar1 ile kisitlandirildiginda 50 belge
bulunmustur. S6z konusu 50 belge icinden sadece mimarlik alaninda yapilmig ¢alismalar secildiginde
toplam 8 belge bulunmus ve ¢alismaya bu belgeler dahil edilmistir. Arastirmada bibliyometrik verilerine
ulagilabilen en eski belge 2010 tarihli belgedir. Bu nedenle, sadece 2010 yilindan 2025 yilina kadar olan

belgeler calismaya dahil edilmis ve dil sinir1 getirilmemistir.
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3. BULGULAR

Web of Science veritabanindan sorgu sonucunda elde edilen ¢aligmalar, belge tiirlerine gore analiz
edilmistir ve sonuglar Cizelge 2'de gosterilmistir. Bu baglamda, 8 yayindan, 4’ii makaleden, 2°si bildiri

metninden, geriye kalan 2 'si derleme makalesinden olusmaktadir.

Cizelge 2: Yayinlarin belge tiiriine gore dagilimi.

Belge Tipi Belge Sayisi % Degeri
Makale 4 50
Bildiri 2 25
Derleme Makalesi 2 25

Sorgu sonuglari, en eski tarihlenmis belgenin 2010 yilina ait oldugunu ve en giincel belgenin 2025 yilina
ait oldugunu ortaya koymaktadir. Analiz dogrultusunda, ilgili alanda 2025, 2024, 2023, 2017, 2016 ve
2010 yillarinda birer ¢aligma yapildig1 2019 yilinda 2 ¢alisma yapildigr Sekil 2° de gosterilmistir.

YILLARA GORE CALISMA SAYILARI ( CizGi GRAFIGi)

2,5

1,5

0,5

2010 2016 2017 2019 2023 2024

o=@ |LLAR

Sekil 2: Yillara gore belge sayisinin dagilimi (Web of Science).

Cizelge 3, iyilestirme ve tasarimin kesigsimindeki ¢aligmanin odak konulariin dahil edildigi arama sonucu

ulagilan ¢alismaya dahil edilen 8 belgeye iliskin bilgileri sunar.
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Cizelge 3: Calismaya dahil edilen 8 belgenin igerik cizelgesi.

Yazar Ad1 Yaym  Yaym Bashg Konunun icerigi  Makalede Gecen  Yaymn Atiflanan
Yih Anahtar Tiirii Referans
Kelimeler Sayisi
Farshin Salehi, 2010 Green strategies of Saglik tasarimi healthcare, Konferans 9
Sima Vaez Eslami healthcare design: icin yesil sustainable, case Bildirisi
Case studies of stratejiler. Vaka study, green
medical centers calismast building, hospitals
ornekleri.
Haimanti Banerji 2016 An attempt to Hint empathic Derleme 44
explore components  hastanelerinde architecture,
of empathic empatik hospitals, India
architecture in mimarinin
hospitals — a study of  bilesenlerinin
Indian hospitals kesfedilmesi.
Anna Avrutch, 2017 Art and healthcare —  Tibbi ortamlarda art, healthcare, Konferans 36
Agnieszka healing potential of sanatsal artistic Bildirisi
Gebczynska- artistic interventions  miidahalelerin interventions,
Janowicz in medical settings iyilestirici medical settings
potansiyeli.
Mohamed S. 2019 Biophilia and Saglik healing Makale 98
Abdelad, Veronica salutogenesis as mimarisinde environment,
Soebarto restorative design onarici tasarim biophilic,
approaches in yaklagimlari salutogenic,
healthcare olarak biyofili ve restorative
architecture salutogenezin healthcare,
incelenmesi. environmental
design, attention
restoration theory
Yasushi Nagasawa 2019 Global Hospitals in Hastane hospital, Derleme 75
2050 — A review of binalarinin tarihsel  healthcare,
the historical gelisiminin architectural
development of kiiresel bir bakig planning, design,
hospital building acistyla historical review,
studies from a global  incelenmesi. global
perspective perspectives
Traitwat Viryasari, 2023 Hospital design Geligmekte olan hospital design Makale 53
Vikrom principles iilkelerde hastane  principles,
Lavorrsitichai, implementation: tasarim ilkelerinin  healthcare
Kullathida Reflections from uygulanmast. architecture,
Sangnin, Kawin practitioners in developing
Dhanakoses, Thailand countries, healing
Palkwan environment,
Roopkaew, sustainability,
Pundabere construction
Viryasiri
Teresa Sanchez- 2024 The relationship Saglik mimarisi ve  healing gardens; Makale 45
Jauregui, Nicolas between healthcare doga arasindaki health centers;
Gutiérrez-Pérez, architecture and iligkiyi, peyzajla analysis; universal
Tomas Abad nature: interaction etkilesimi bir accessibility;
Balboa, Pilar with the landscape as  terapi olarak environment
Chias therapy incelemek.
Bakhtiar Bahrami, 2025 Child-friendly Pediatrik saglik child-friendly Makale 55
Sara Kariminejad, design in paediatric ortamlarinda design; paediatric ~ (Erken
Goran Erfaui healthcare cocuk dostu environment; Erisim)
environments: tasarim, spatial
exploring children’s  ¢ocuklarin doga, preferences; socio-
preferences for mekan ve oyun spatial
nature, space, and tercihlerinin characteristics;
play arastirilmasi. playful

environment
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Cizelge 4. Belgelerin arastirma alanlari.

Web of Science Kategorileri Belge Sayis1 % Degeri
Halk Saglig1, Cevre ve Is Saghg 19 38
Ingaat ve Yap1 Teknolojisi 16 32
Ingaat Miihendisligi 13 26
Mimarhk 8 16
Cevre Miithendisligi 4 8
Kentsel Caligmalar 4 8
Cevre Calismalar1 3 6
Yesil Stirdiiriilebilir Bilim ve Teknoloji 2 4
Saglik Hizmetleri (Genel) 2 4
Saglik Politikalar1 Hizmetleri 2 4
Sanat 1 2
Yogun Bakim Tibb1 1 2
Etik 1 2
Ormancilik 1 2
Yonetim 1 2
Malzeme Bilimi (Multidisipliner) 1 2
Tibbi Etik 1 2
Dahiliye (Genel Tip) 1 2
Hemsirelik 1 2
Bitki Bilimleri 1 2
Psikiyatri 1 2
Bolgesel Kentsel Planlama 1 2
Sosyal Konular 1 2
Sosyal Bilimler (Biyomedikal) 1 2

Cizelge 3’deki yayinlar, saglik mimarisinde 6ne ¢ikan egilimleri gostermektedir. Caligmalarin ¢ogu
makale olup biyofili, salutogenez, dogayla biitiinlesme, empati temelli yaklagimlar ve ¢ocuk dostu tasarim
gibi insan odakli konulara odaklanmaktadir. Ayrica siirdiiriilebilirlik, ¢cevreci stratejiler ve gelismekte olan
iilkelerde hastane tasarimi gibi baglama 6zgii basliklar da incelenmistir. Alint1 sayilarindaki farklilik, bazi
aragtirmalarin (6rnegin Abdelaal & Soebarto, 2019) kuramsal diizeyde 6nemli etki yarattigini, bazilarinin
ise uygulamaya doniik katkilar sundugunu ortaya koymaktadir. Genel olarak bulgular, saglik mimarisi
literatlirlinlin hem 1iyilestirici hem de siirdiiriilebilir ve kullanici merkezli yaklagimlarla sekillendigini

gostermektedir.
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Cizelge 4, taramalar sonucunda elde edilen 50 belgenin arastirma alanlarim ifade etmektedir. Bu alanlar
igcerisinden mimarlikla ilgili olan 8 belge ¢aligma kapsaminda detaylica incelenmistir. Not: Belgeler birden
fazla alana dahil edilmis olabilir. Calismalarin biiyiik 6l¢iide halk saghgi, cevre ve is saghgi (%38),
insaat ve yap1 teknolojisi (%32) ve insaat miihendisligi (%26) alanlarinda yogunlastig1 goriilmektedir.
Bununla birlikte mimarlik (%16) ve c¢evre miihendisligi (%8) kategorilerinin de onem kazandigi

gorlilmektedir.

4. ANALIZ VE SONUCLAR

Aragtirma iki asamali olarak yiiriitiilmiistiir. Ilk asamada, Web of Science veritabanindan elde edilen
mimarlik ve saglik alanlarindaki 50 belge; en ¢ok kullanilan terimler, arastirma siklig1, yayin tarihi, gibi
faktorlerin  kapsamli analizi incelenmis ve VOSviewer yazilimi aracilifiyla ag analizleri
gerceklestirilmistir. Bu asamada amag, konuyu genel bir cercevede ele alarak mimarlik ve saglik
alanlarmin birbiriyle iliskisini ortaya koymak ve yorumlamaktir. Ikinci asamada ise, yalnizca mimarlik
alanina ait secgilen 8 belgenin analizi yapilmis; boylece arastirma daha spesifik bir c¢ercevede
sinirlandirtlmistir. Her iki asamada da bibliyometrik verilerin degerlendirilmesi, VOSviewer’da dort farkli

bilimsel haritalama teknigi kullanilarak yapilmistir.

4.1. Anahtar Kelimelerinin Birlikte Goriiniim Analizi

Bibliyometrik analizler, mimarlik disiplininde “iyilestirme” kavraminin olduk¢a yeni oldugunu ve
dolayisiyla bu konu {izerine yapilan ¢aligmalarin sayisinin olduk¢a az oldugunu ortaya koymaktadir. Bu
nedenle “iyilestirici tasarim” kavrami da incelemeye dahil edilmis, sonrasinda” saglik gevreleri”,
“mimarhik” ve “hastane yapilar1” kavramlari da konuya dahil edilip inceleme detaylandirilmistir.
Aragtirma alanma biitlinsel bir bakis agisi kazanmak amaciyla, belgelerde sikca kullanilan anahtar
kelimeleri analiz etmek igin en az 1 goriiniim, esik olarak belirlenmistir. Buna gore arama yapilan Web of
Science veri tabanindan VOSviewer yazilimina aktarilan 50 belgenin verileri sonucunda toplamda 220
anahtar kelime elde edilmistir. Ayrica, her bir anahtar kelime i¢in en yiiksek toplam baglanti giicline sahip
220 anahtar kelime secilerek toplam baglanti giicli hesaplanmigtir. Tiim anahtar kelimeler Sekil 3 ‘te
anahtar kelimelerin ag analizi incelendiginde haritanin merkezi kismi1 mimarlik ile saglik kavramlarinin
sik1 bigimde i¢ ice gectigini gostermektedir. Ozellikle “evidence-based design”, “healthcare facilities”,
“hospital”, “healthcare”, “healing / healing environments”, “healthcare architecture” gibi diigiimler biiyiik
ve birbirlerine yogun baglantilarla baglidir. Bu durum tasarim kararlarinin saglik ciktilariyla (iyilesme,
hasta giivenligi, ¢evresel memnuniyet vb.) sike¢a iligkilendirildigini gostermektedir. Haritada “comfort”,
“medical imaging settings” ve ‘“healthcare practitioners” gibi kavramlarm agin merkezinden uzak

konumlandig1 goriilmektedir. Bu durum, s6z konusu temalarin mimarlik ve saglik iligkisi baglaminda
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literatiirde daha az ele alindigmmi gostermektedir. Benzer sekilde, child-friendly design (¢cocuk dostu
tasarim) gibi belirli alt konularin da diger kavramlardan daha izole oldugu fark edilmektedir. Bu bulgular,
bu temalarin gelecekte daha ayrintili bigimde incelenebilecegini ve disiplinler arasi calismalarda yeni

arastirma alanlari i¢in 6nemli bir potansiyel tagidigini ortaya koymaktadir.

displacement

amenity/location

architecture .
- eye-tfaeking

eWﬂem healing garden

@saylight@xposure

héalings &
® al experiencgjip nature
well-being * CO\Q&'@
sﬁety ke comfort

healthcare

healt@arw%it‘ea'ﬁ 2 study

integrated prgject deliverys average length of stay (alos)
ewdwce-based design. ;,yiight

medical imaging settings
healing enviroamants
@y ﬁ

Fealthcarg facilities pati fety healthcare practitioners
e c%tiality

attention rest@ration theory / |
environmental satisfaction

classifigations & .
e children's hospital

analytic hierarchy process (ah

healthcare center

healthcare facility

‘)?%_\ VOSviewer

child-frieqgly design

Sekil 3: Anahtar kelimelerinin birlikte gériiniim analizinin ag gorsellestirmesi (VOSviewer, 2025).

Bir anahtar kelimenin kiimesi, bu kelimenin rengine atifta bulunmaktadir. Sekil 3’teki, her renk bir
noktanin farkli kiimelerin renklerinin karistirilmasiyla belirlendigi Kiime Yogunlugu Gorsellestirmesini

gostermektedir (Van Eck ve Waltman, 2010).

e Kirmuzi/turuncu Kkiimeler: hospital, healing, healing garden, daylight exposure gibi saglik
mekani ve iyilestirici ¢evre 6gelerine odaklanmaktadir — klinik mekanlarin fiziksel 6zellikleri

(151k, bahge, ¢evre) ile iyilesme iligkisi.

e Yesil’koyu yesil kiimeler: healthcare architecture, healing environments, well-being gibi

mimarlik perspektifli, tasarim odakli kavramlar1 gruplamaktadir.

e Mavi/acik mavi kiimeler: healthcare, patient safety, confidentiality, average length of stay gibi

saglik hizmeti performans 6lgiitleri ve hasta giivenligiyle iliskili terimlerdir.
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e Mor ve benzeri kiimeler: covid-19, experience in nature gibi daha spesifik veya donemsel

temalar1 (COVID etkisi, doga deneyiminin rolii) géstermektedir.

e Uzak/dista kalan diigiimler: comfort, medical imaging settings, displacement, healthcare
practitioners, child-friendly design vb. — bunlar cekirdek kiimeye gore daha az baglantil,

dolayisiyla literatiirde daha izole veya az calisilmis alt-temalar: isaret etmektedir.

Sekil 4, anahtar kelimelerin agirlik ve puan analizini gostermektedir. Kelimelerin agirligi, kelimelerin
ortaya ¢ikma sikligina gore secilmistir ve puanlar, yayin yili ortalamasina gore secilmistir. Resmin sag alt
kosesinde, anahtar kelimeler ve yaymn yillarn arasindaki iliskiyi gosteren renk kodlu bir &lgek

bulunmaktadir. Cagdas arastirma alanlari sar1 ve agik yesil ile temsil edilmektedir.

dlspla"\ent

amenity location

archifggture
healthgenters eye-tiggking

. medical imaging settings
clN&@Bment healing garden

daylightexposure
healing

W bospital experiencgiin nature
well-being v covid-19

3 o S it col rt
healing efigiyonments fungtion | WaitiNgggeas ®

DA,
healthcare architecture >

collaboration a.vgrage lengfiiof stay (alos)

ewdsncew %ssgn daifight
'healthcerésfacilitig paW:y healthcareggactitioners

tiali
attention resf@fation theory ngsing 4
corfglation L

{
clessiygions ildren§ hospital

analytic hierarchy process (ahp)

healthcdggcenter

healthcare facility

child-friendly design

£ vosviewer I

Sekil 4: Anahtar kelimelerin yillara gore birlikte goriiniim analizi igin katmanl gorsellestirme (VOSviewer, 2025).

Bu ag gorsellestirmesi (Sekil 4), mimarlik ve saglik alanlarinda yapilan arastirmalarda anahtar kelimelerin
yillara gore dagilimmi ve bu kavramlar arasindaki iliskileri gostermektedir. Haritada yer alan renkler,
anahtar kelimelerin arastirmalarda 6ne ¢iktig1 donemleri temsil eder; mavi tonlar daha erken yillar1 (2010—
2015), yesil tonlar orta donemi (2016-2020), sar1 tonlar ise daha yeni c¢alismalar1 (2021-2025)

gostermektedir. Haritanin merkezinde yer alan “evidence-based design”, “healthcare facilities”, “hospital”
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ve “healthcare” kavramlarinin mavi-yesil tonlarda olmasi, bu konularin 6zellikle 2010°1u yillardan itibaren
stirekli olarak arastirmalarda yer aldigm ve disiplinin temelini olusturdugunu gostermektedir. Bu
kavramlar, mimarlik ve saglik iligkisini agiklayan ana ekseni olusturmakta ve uzun siiredir literatiirde

istikrarl1 bir sekilde ele alinmaktadir.

‘healing environments  function
healthcare

Ithcare architecture
case study

ollaboration 3
evidence-based desig

& VOSviewer

Sekil 5: Anahtar kelimelerin yogunluk gérsellestirmesi (VOSviewer, 2025).

99 ¢

Son yillarda ise (sar1 renkle temsil edilen alanlarda) “healing garden”, “daylight exposure”, “well-being”
ve “child-friendly design” gibi konularin daha fazla ilgi gormeye basladigi goriilmektedir. Bu durum,
ozellikle kullanici deneyimi, doga ile etkilesim ve iyilestirici ¢evrelerin tasarim siirecinde Gnem
kazandigimi ve yeni arastirma egilimlerinin daha insan merkezli bir yaklasima yoneldigini gostermektedir.
Sekil 5’te, anahtar kelimelerin ortaya ¢ikma sikligi, Eleman Yogunluk Gorsellestirmesi’nde boyutlar ve
sicak-soguk renkler ile temsil edilmektedir. Bu gorsellestirmedeki her nokta, anahtar kelimenin
yogunlugunu temsil eden bir renge sahiptir. Varsayilan renkler mavi, yesil ve saridir ve noktanin
yanindaki daha fazla nesne ve bu nesnelerin daha biiyiik agirligi ile renk daha sar1 hale gelir. “Evidence-
based design” hem merkezde hem de yiiksek yogunluktadir, bu da son yillarda saglik mimarisinde

bilimsel kanit temelli yaklasimlarin baskin hale geldigini goéstermektedir. “Healing environments”,

“daylight”, “well-being” gibi kelimelerin yakin konumlanmasi, kullanic1 deneyimi ve psikolojik iyilesme
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odakli tasarimlarmm 6nem kazandigim gostermektedir. “Covid-19” kelimesinin merkezde yer almasi,
pandeminin saglik mekanlar1 {izerine etkisini artiran gilincel bir aragtirma temasi oldugunu gostermektedir.

Dis halkalarda yer alan kelimeler (6r. “displacement”, “comfort”, “healthcare practitioners”) daha spesifik

ve az baglantili alt konular olarak degerlendirilebilir.

Cizelge S: Anahtar kelimelerin olusumu ve toplam baglant1 giicli (Web of Science, 2025).

Anahtar Kelime Gecis Sayisi Toplam Baglanti Giicii
(Occurrences) (Total Link Strength)
healing environment 2 8
hospitals
empathy
healing architecture
hospital design
psychological comfort
stressor
therapeutic environment
analysis
. architectural planning and design
. attention restoration theory
. biophilic
. case study
. child-friendly design
. developing countries
._environment
. global perspectives
. green building
. healing gardens
health centers
. healthcare
. healthcare architecture
. healthcare facilities
. historical review
. hospital design principles
. paediatric healthcare environment
. playful environment
. restorative healthcare environmental design
. salutogenic
. socio-spatial characteristics
. spatial preferences
sustainability
. sustainable
. universal accessibility
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Arastirmanin ikinci agamasinda arama yapilan Web of Science veri tabanindan VOSviewer yazilimina
aktarilan 8 belgenin verileri sonucunda toplamda 34 anahtar kelime elde edilmistir. Ayrica, her bir anahtar
kelime i¢in en yiiksek toplam baglant1 giiciine sahip 34 anahtar kelime segilerek toplam baglant1 giicii
hesaplanmistir. Tiim anahtar kelimeler Cizelge 5’te listelenmis ve goriiniim sayisina gore siralanmistir.

Tablodaki anahtar kelime dagilimi incelendiginde, “healing environment” ve “hospitals” kavramlarinin
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en yiiksek gecis sayisi (2) ve toplam baglant1 giicli (8) ile 6ne ¢iktig1 goriilmektedir. Bu durum, saglik
mimarisi literatiiriinde iyilestirici ortamlarin ve hastane yapilarinin merkezi bir arastirma odagi oldugunu
gostermektedir. Bunun yaninda “empathy”, “healing architecture”, “hospital design” ve “psychological
comfort” gibi kullanici deneyimine ve kullanici odakli tasarima vurgu yapan kavramlarin da dikkate deger
baglant1 giiciiyle 6ne ciktig1 anlagilmaktadir. Ayrica “child-friendly design”, “biophilic”, “sustainability”
ve “green building” gibi kavramlar, saglik yapilarinda siirdiiriilebilirlik ve doga ile biitiinlesmenin 6nemini
ortaya koymaktadir. Genel olarak tablo, saglik mimarisi ¢aligmalarinin yalnizca yapisal ve islevsel degil,
aynt zamanda psikolojik, sosyal ve cevresel boyutlar1 kapsayan ¢ok yonlii bir arastirma alanina

doniistiigiinii isaret etmektedir.

analysis
b by
em@athy
hospitalidesign
child-friendly design
attention restoration theory
healing environment
case study
hos@als developing'€ountries

architectural plaaning and design
A

%, VOSviewer

Sekil 6: Anahtar kelimelerinin birlikte goriiniim analizinin ag gorsellestirmesi (VOSviewer, 2025).

Sekil 6, anahtar kelimelerin kullanim sikligina gore ag gorsellestirmesini gostermektedir. Haritada yer
alan diigtimler, ilgili anahtar kelimeleri temsil etmekte; diigtimler arasindaki ¢izgiler ise bu kavramlarin
akademik calismalarda birlikte kullamim sikligin1 gdstermektedir. Ayrica renkler, farkli kiimeleri yani
birbirine daha siki baglanmig arastirma alanlarin1 ortaya koymaktadir. 34 anahtar kelime toplanmis ve bu
kelimeler ozelliklerine, uygulama alanlarina ve VOSviewer baglantilarima bagli olarak 7 kiimede
gruplandirilmistir. Kiime i¢lerindeki anahtar kelimelerin hepsi ag gorsellestirmesinde gozitkmemektedir.

Bunun sebebi birbirleriyle baglantili kiimeler icindeki en yiiksek baglanti giiciine sahip anahtar
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kelimelerin 6n plana ¢ikmasidir, diger baglantili kelimeler VOSviewer programi igerisinde kiimeye

yakinlastik¢a belli olmaktadir. Agdaki her anahtar kelime yalnizca bir kiimenin parcasidir.

Bir anahtar kelimenin kiimesi, bu kelimenin rengine atifta bulunmaktadir. Bu analiz, saglik yapilart ve
iyilestirici cevreler temalar1 etrafinda sekillenen bir literatiir taramasi veya bibliyometrik ¢alismanin
sonucglarii gostermektedir. Harita (Sekil 6), kiimelerin net bir sekilde ayrildigin1 ve aralarindaki
baglantilarin zayif veya seyrek oldugunu gosteriyor; bu da farkli temalarin izole kaldigin1 veya aralarinda
cok fazla ortak yaym olmadiginmi diisiindiirmektedir. Ana temalarin her biri farkli bir alana odaklanmig

goriinmektedir:

¢ Kirmuzi Kiime : “empathy” ve “hospital design” merkezli (Kiime 1’e karsilik geliyor), tasarimin

insancil yoniine odaklaniyor.

LR INT3

e Mavi/Turkuaz Kiime : “case study”, “hospitals”, “architectural planning” and “design” merkezli
(Kiime 3 ve 6’ya karsilik geliyor), mimari uygulama ve hastane yapilarina odaklaniyor.

¢ Yesil Kiime: Sadece “analysis” kelimesini gosteriyor (Kiime 2’nin tek goriiniir bileseni).

e Mor Kiime Sadece ‘“child-friendly design” kelimesini gosteriyor (Kiime 5’in tek goriiniir
bileseni).

e Sary/Turuncu Kiime: “attention restoration theory”, “healing environment”, “developing
countries” merkezli (Kiime 4 ve 7’den unsurlar igeriyor). Cevre, dikkat yenilenme kuramina ve

kiiresel baglama odaklaniyor.

Cizelge 6, anahtar kelime ve kiime kombinasyonlarinin listesini gostermektedir. Kiime i¢indeki en sik
meydana gelen anahtar kelimeler kalin harfle vurgulanmistir. Analiz, 34 anahtar kelimeyi 7 farkli tematik

gruba ayirmistir.

Cizelge 6: Anahtar kelime ve kiime kombinasyonlarinin listesi.

Kiimeler Anahtar Kelimeler

Kiime 1 (6 kelime) empathy, healing architecture, hospital design, psychological comfort, stressor,
therapeutic environment

Kiime 2 (5 kelime) analysis, environment, healing gardens, health centers, uni-versal accessibility

Kiime 3 (5 kelime) architectural planning and design, global perspectives, healthcare facilities,
historical review, hospitals

Kiime 4 (5 kelime) attention restoration theory, biophilic, healing environment, restorative
healthcare environment, salutogenic

Kiime 5 (5 kelime) child-friendly design, paediatric healthcare environment, playful environment,
socio-spatial characteristics, spatial preferences

Kiime 6 (4 kelime) case study, green building, healthcare, sustainable

Kiime 7 (4 kelime) developing countries, healthcare architecture, hospital design principles,
sustainability
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Bu kiimeler haritada belirgin bir sekilde ayrilmis goriinerek, literatiirde nispeten izole ve farkli alt alanlara

odaklanildigimni gosterir. Temel kiimeler arasinda Duygusal ve terapdtik tasarim (Empathy, Hospital

design), Salutogenez ve Restoratif lyilesme Yaklasimlar1 (Attention restoration theory, Salutogenic,

Healing environment) ve Siirdiiriilebilirlik ve Kapsayic1 Tasarim (Child-friendly design, Developing

countries, Green building) bulunmaktadir. Hastane tasarimi (Hospital design), Empati (Empathy) ile

giicli bir bag (5) kurarak, konunun insan odakli ve psikolojik yOniiniin énemini vurgulamaktadir. Bu

kiimelenme ve baglant1 gii¢leri, saglik mimarisi arastirmalarinin, teoriden pratige uzanarak “cocuk dostu

tasarim” ve “siirdiiriilebilirlik” gibi 6zel alanlarda da gelistigini gostermektedir.

analysis

empathy
hospitalidesign

child-friendly design

attention festoration theory

healing environment
b+ 4
cagestudy
hoswa[s developing countries
architectural planning and design

il
2010 2015 2020 2025

&, VOSviewer

Sekil 7: Anahtar kelimelerin yillara gore birlikte goriiniim analizi igin katmanli gorsellestirme (VOSviewer, 2025).

Cizelge 7: Anahtar kelimelerin yayn yilina gore analizi (VOSviewer, 2025).

Yayin Dénemi
(Yaklasik)

Anahtar Kelimeler

2010-2015 (erken
donem)

hospitals, case study, architectural planning and design, historical review, healthcare facilities,
global perspectives

2015-2020 (orta
donem)

healing architecture, hospital design, empathy, therapeutic environment, psychological comfort,
health centers, environment, universal accessibility, stressor, healing gardens

2020-2023
(giincel donem)

healing environment, attention restoration theory, biophilic, restorative healthcare
environmental design, salutogenic, green building, healthcare

2023-2025 (en
giincel donem)

child-friendly design, paediatric healthcare environment, playful environment, socio-spatial
characteristics, spatial preferences, developing countries, healthcare architecture, hospital
design principles, sustainability, sustainable
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Sekil 7, anahtar kelimelerin agirlik ve puan analizini gostermektedir. Kelimelerin agirligi, kelimelerin
ortaya ¢ikma sikliina gore secilmistir ve puanlar, yaym yili ortalamasia gore secildi. Resmin sag alt
kosesinde, anahtar kelimeler ve yayin yillart arasindaki iligkiyi gosteren renk kodlu bir dlgek
bulunmaktadir. Cagdas arastirma alanlar1 sar1 ve acik yesil ile temsil edilmektedir. Cizelge 7, anahtar

kelimelerin yayin yilina gore analizini gostermektedir.

empathy
hospital design

case study
hospitals yeloping countrié

tectural planning an

£ vosviewer

Sekil 8: Ogelerin yogunluk gorsellestirmesi (VOSviewer, 2025).

Sekil 8’de, anahtar kelimelerin ortaya ¢ikma sikligi, Eleman Yogunluk Gorsellestirmesi’nde boyutlar ve
sicak-soguk renkler ile temsil edilmektedir. Bu gorsellestirmedeki her nokta, anahtar kelimenin
yogunlugunu temsil eden bir renge sahiptir. Varsayilan renkler mavi, yesil ve saridir ve noktanin
yanindaki daha fazla nesne ve bu nesnelerin daha biiyiik agirligi ile renk daha sar1 hale gelir. Bu agidan,
“healing environment”, “hospital design” , ve “architectural planning and design” ve “child-friendly
design” , “analysis” anahtar kelimelerinin yogun oldugu goriilmektedir. Bu analize gére mimarlik ve
hastane tasariminda bilimsel arastirmalarin, teknik detaylarin yani sira sosyal, psikolojik ve insani

boyutlar1 da igeren kapsamli bir yaklasimla ele alindig1 sdylenebilir.
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4.2. Yazarlarin Atf Analizi

Yazarlarin atif analizinde, VOSviewer’a “en az 1 belgeden bir yazar” ve “en az 1 atif yapan bir yazar” gibi
esik degerleri girilmistir. Analiz sonucunda, 173 yazar bu esik degerlerini karsilamistir. 173 yazardan 14
tanesi birbirleriyle baglant1 giicline sahip yazarlardir. Cizelge 8, bu baglanti giiciine ve atif sayisina sahip
14 yazan listelemektedir. Bu analize gore, ilk dort yazar (Coelho, Granato, Marin, Suzuki) en yiiksek atifa
(104) sahiptir. Sonraki bes yazar 38 atif ile esittir, 10. Sirada ise Beutel, Bryan G. 32 atif ile yer
almaktadir. Diger yazarlara yapilan alinti baglantilarinin toplam giici, 173 yazarin her biri i¢in
hesaplanmistir. VOSviewer, agdaki 173 yazardan bazilarinin hicbir yazara bagh olmadigin1 gdstermistir
ve bagli yazarlarin en kalabalik kiimesi 14 yazardan olugsmaktadir. Vosviewer’ dan elde edilen verilere
gore, 173 yazardan en yiiksek atifa sahip yazarlar: Guan Xiaobo ve Sea Hyun-Bo (8741 atif). Onlar
Dubose, Jennifer, Choi, Young-Seon, Ulrich, Roger S., Zhu, Xuemei ve Zimring, Craig takip etmektedir
(874 atif).

Cizelge 8: Yayn yillarina gore birbirlerine atif yapan ve baglant: giicline sahip 14 yazar ¢izelgesi (VOSviewer,

2025).

Yazar Yayin Yili (yaklasik) Atif Sayis1  Baglant1 Giicii
1. Howard, April 2015 civari 13 13
2. Petersen, Cheryl 20162017 13 13
3. Harvey, Maurene A. 2016 13 13
4. Thompson, Dan R. 2017-2018 13 13
5. Hamilton, D. Kirk 2018 13 13
6. Harrell, James W. 2018-2019 13 13
7. Anderson, Diana C. 2020 civari 179 1
8. Cadenhead, Charles D. 2020 179 1
9. Kaufman, David C. 2017 13 13
10. Schwindel, Stephanie M. 20162017 13 13
11. St Andre, Arthur C. 2020 179 1
12. Schmitz, Elizabeth V. 2017 civari 13 13
13. Swoboda (Sandra M.) 2019-2020 179 1
14. Axon, Donald C. 2020 civari 179 1

Bu grup da ¢ok giiglii bir ¢ekirdek olusturmaktadir. Geri kalan (6rn. Schwindel, Axon, Thompson) daha
diisiik atif seviyesindedir (179 civari).Baglant1 giicii 13 olan yazarlar (6rn. Anderson, Schmitz, Cadenhead,
Capolongo, Gala, Hamilton, St Andre, Schwindel, Axon) agin merkezinde olan arastirmacilardir. Bu
yazarlarmn atif sayilar birbirinden farkli olsa da (175, 179, 105 vs.), hepsi ag yapisinda “koprii” gorevi
gormektedir. Baglant1 giicli 7 olan yiiksek atif grubu (Guan, Sea, Ulrich, Zhu, Zimring, Choi, Dubose).
Howard, Petersen, Harvey, Thompson, Hamilton, Harrell, Kaufman, Schwindel, Schmitz hepsi 13 atif ve
giiclii baglant1 (13) ile ayn1 kiimede yer almaktadir. Anderson, Cadenhead, St Andre, Swoboda, Axon
hepsi 179 atif ama baglant1 giicii diisiiktiir (1). Bu da gosteriyor ki ilk grup kiiciik ¢capli ama siki bagh bir
agda, ikinci grup ise daha biiyiik atif almis ama digerleriyle ¢ok az baglantidadir.Vosviewer programindan

elde edilen yazarlar ve kiime kombinasyonlar1 verilerine gore; 173 yazar toplam 43 kiimede toplanmistir.
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Bu analiz, en kalabalik isbirligi yapilarindan bireysel ¢alismalara kadar bir dagilim sergilemektedir. En
genis katilimli grup, 14 yazar ile Kiime 1’dir. Bu kiimenin ana {iyeleri arasinda Anderson, Diana C., Axon,
Donald C. Ve Thompson, Dan R. Gibi isimler bulunmaktadir. Sekil 9’da bu kiimede bulunan yazarlarin
almti baglantilarinin ag gorsellestirmesi gosterilmektedir. 173 yazarin bulundugu kiimelerin hepsi ag
gorsellestirmesinde goziikmemektedir. Sadece birbirleri ile baglantisi olan 14 yazarin bulundugu kiime ag
gorsellestirmesinde goziikmektedir. Diger kiimelerdeki yazarlarin birbirleri ile baglanti giicii bulunmadig1

icin ag gorsellestirmesinde isimleri yer almamaktadir.

howaig, april

peters@fk-cheryl harvey-fgaurene a.

thomps@h, danr.
swobodajgandra m.
hamilt@g, d. kirk

schmitz, @lizabeth v,
harrelljames w.

st andrégarthur c.
andersafy diana c.
axon, @@nald c.

schwindel, @§fephanie m. cadenhea@ charles d.

kaufmafipdavid c.

(.; VOSviewer

Sekil 9: 14 yazarin alint1 baglantilarinin ag gorsellestirmesi (VOSviewer, 2025).

VOSviewer programindan alinan verilere gore diger kiimeler su sekilde listelenmektedir: Kiime 2; 11 {iye
ile (Botta, Monica, Capolongo, Stefano ve Vittori, Gail dahil) giiglii bir ortak ¢aligma alanini isaret
etmektedir. Her biri 10 yazar igeren Kiime 3 (Annemans, Margo, Heylighen, Ann ve Wekenborg,

Magdalena dahil) ve Kiime 4 (Elf, Marie, Lindahl, Goran ve Wijk, Helle dahil) de 6nemli biiyiikliiktedir.
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Bir sonraki kademede, Kiime 5; 9 yazara (Dhanakoses, Kawin ve Viryasiri, Traiwat dahil) ve Kiime 6; 8
yazara (Choi, Young-Seon, Ulrich, Roger S. Ve Zimring, Craig dahil) sahiptir. Kiime 7; 7 {iiyeyle
(Demiris, Nikos, Economou, Marina ve Theleritis, Christos dahil) orta yogunluklu bir yap1 sunmaktadir.
Kiime 8’den Kiime 13’e kadar olan gruplarin tamami beser yazardan olusmaktadir. Bu 5 kisilik gruplarda
yer alan isimler Arasinda Bosman, Caryl , Chi, Ziyuan , Grey, Tom , Shetty, Sham Ranjan , Varni, James
W. Ve Zheng, Haohua gibi yazarlar bulunmaktadir. Daha kii¢iik ve odaklanmis isbirlikleri, dorder yazarl
(Kiime 14-18, Orn: Balboa, Tomas Abad , Raynolds, Mary , Ford, Katrina , Van Galen, Lana , Hu, Dan
dahil) ve iicer yazarli (Kiime 19-26, Orn: Long, Hao , Ahmad, Safeer , Fuller, Robert , Cervinka, Renate ,
Kim, Hway-Suh , Brown, Steven D. , Shepley, Mardelle Mccu dahil) kiimelerde yogunlasmaktadir. Kiime
27°den kiime 39’a kadar olan 13 kiime ikiser yazar icermektedir (Orn: Hussein, Mohammed Fa , Mustafa,
Faris Ali , Dincyurek, Ozgur dahil) . Kiime 40’tan kiime 43’e kadar olan dort kiime ise tek bir yazarin
bireysel katkisin1 (Banerji, Haimanti , Eckenwiler, Lisa , Mcgann, Sarah , Nagasawa, Yasushi ) temsil

etmektedir.

4.3. Kuruluslarin Alinti Analizi

Toplam 97 kurulustan 97’si “bir kurulus i¢in minimum belge sayis1 = 1” esigini karsilamistir. Bu 97
kurulus i¢in diger kuruluslarla olan alinti baglantilarinin giicii hesaplanmistir. VOSviewer, agdaki 97
kurulustan bazilariin hi¢gbir kuruma bagli olmadigini gdstermistir ve cizelge 9°da, birbirlerine atif yapan
ve baglant1 giicline sahip 7 kurulus listelenmektedir. Kuruluslar incelendiginde, en ¢ok 6ne ¢ikan kurumun
Texas A&M Universitesi oldugu goriilmektedir; hem 29 atif hem de 179 baglanti giiciiyle hem
iiretkenlikte hem de isbirligi aginda lider konumdadir. Albany Medical College ve University of Rochester
ise gorece az sayida atif almis olsalar da (sirasiyla 4 ve 3), her ikisinin de baglant1 giicii 179 oldugu igin
agin merkezinde yer almaktadir. Bu durum, az yayin yapmalarina ragmen giiclii isbirlikleri sayesinde
etkili bir konum kazandiklarin1 géstermektedir. Cook Children’s Health Care System 4 atif ve 92 baglanti
giiciiyle orta diizeyde bir etkiye sahipken, Dankook Universitesi yalnizca 1 atifa sahip olmasina ragmen
100 baglant:1 giiciiyle dikkat ¢ekmektedir; tek bir ¢aligmayla bile genis bir igbirligi agina ulasmis oldugu
goriilmektedir. Ote yandan Miller Children’s Hospital ve Center for Health Design diisiik atif ve sinirli
baglant1 giiciiyle (sirasiyla 29 ve 13) agda daha kenarda kalan kurumlar arasinda yer almaktadir. Genel
olarak tabloya bakildiginda, bazi kurumlarin yayin sayisindan ¢ok isbirligi giiciiyle 6ne ¢iktigi, bazilarmin

ise hem tiretim hem de baglantilar agisindan liderlik gdsterdigi soylenebilir.

Sekil 10, kuruluslarin ag gorsellestirme analizini gostermektedir. Toplam 97 kurulustan 17’si birbirine
baghidir. Bu gorsellestirmede, bir kurulusun etiketinin ve etrafinin ne kadar biiylik olmasi, o kurulusun
agirhgmin yiiksek oldugunu gostermektedir. Ag gorsellestirmesinde (Sekil 10) en yiiksek agirliga
(baglant1 giicline) sahip kurumlar bagta “Texas A&M University”, “University of Rochester “, ve “Albany
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Medical College “olmak tizere, Dankook University, Cook Children’s Health Care System, Miller
Children’s Hospital, Center for Health Design (Ctr Hlth Des)’dir.

Cizelge 9: Birbirlerine atif yapan ve baglant1 giiciine sahip 7 kurulusun listesi (VOSviewer, 2025).

Kurum Adi Atif Sayis1  Baglanti1 Giicii

1. Miller Children’s Hospital 1 29

2. Center for Health Design (Ctr Hlth Des) 1 13

3. Texas A&M University 29 179

4. Dankook University 1 100

5. Cook Children’s Health Care System 4 92

6. University of Rochester 3 179

7. Albany Medical College 4 179

ctr hitfjjdesign
cook childger@hith care syst
miller chilgfens hosp texas a&m univ unij ter

albanyigpegcoll

dankagk univ
S, VOSviewer

Sekil 10: Kuruluslarin baglanti1 giicii analizine iligskin ag gorsellestirmesi (VOSviewer, 2025).

Vosviewer programindan elde edilen kuruluslar ve kiime kombinasyonlar1 verilere gore, 97 kurum 38
kiimede listelemektedir. 97 kurumun bulundugu kiimelerin hepsi ag gorsellestirmesinde
goziikmemektedir. Sadece birbirleri ile baglant1 giicli olan 7 kurulusun ismi ag gorsellestirmesinde yer
almaktadir. VOSviewer programindan alinan verilere gore diger kiimeler su sekilde listelenmektedir: En
biiylik kiimelenme olan Kiime 1, 8 kurumla (Albany Med Coll, Cook Childrens Hith Care, Healthcare
Gbbn Archite, Johns Hopkins Univ, Univ Rochester, Wake Forest Univ, Washington Hosp Ctr, Whr
Architects Inc) en kalabalik grubu olusturmaktadir. Bunu, her biri 7 kurum igeren iki grup izlemektedir:
Kiime 2 (Chalmers Univ Technol, Dalarna Univ, Gothenburg Univ, Karolinska Inst, Sahlgrens Univ
Hosp, Univ Surrey, Zurich Univ Appl Sci) ve Kiime 3 (Chengdu Univ Technol, Ctr Maximum Potential,
Hub4mind, ist Super Sanita, Politecn Milan, Studio Monica Botta, Univ Engn & Technol Lah). Dérdiincii
en biiyiik grup olan Kiime 4 ise 6 kurum (Cornell Univ, Ctr Hlth Design, Dankook Univ, Georgia Inst
Technol, Missouri Univ Sci & Tech, Texas A&M Univ) igerirken; Kiime 5 (Agr Univ Athens, Athens
Univ Econ & Bus, Eugenides Fdn, Umhri, Univ Athens) ve Kiime 6 (Cardiff Univ, Guangzhou Acad Fine
Art, Guangzhou Xinhua Univ, Loughborough Univ, South China Univ Technc) beser kurumdan

olugsmaktadir. Kiime 7’den Kiime 14’e kadar olan gruplarin her biri 3 kurum icermekteyken, Kiime 15’ten
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Kiime 24’¢ kadar olan gruplar ikiser kurumdan olusur. Listede yer alan son 14 kiime (Kiime 25’ten Kiime
38’¢ kadar) ise yalnizca tek bir kurum icermektedir (Orn: Curtin Univ Technol, Med Univ Vienna, Sharif
Univ Technol, Islamic Azad Univ vb.).

4.4.Ulkelerin Alinti Analizi

Toplam 29 iilkeden 29°u “bir kurulus i¢in minimum belge sayis1 = 1” esigini karsilamistir. Bu 29 iilke i¢in
diger iilkelerle olan alint1 baglantilarinin giicii hesaplanmistir. VOSviewer, agdaki 29 iilkeden bazilarinin
higbir iilkeye bagli olmadigini gostermistir ve ¢izelge 10°da, birbirlerine atif yapan ve baglanti giiciine
sahip 11 iilke listelenmistir. Cizelgedeki veriler incelendiginde, iilkeler arasindaki akademik etki ve
isbirligi agimin farklilastigi goriilmektedir. En dikkat ¢ekici iilke ABD; 1326 gibi yliksek bir atif sayisina
sahip olmasina ragmen toplam baglanti giiciiniin yalnizca 3 olmasi, yaymlarinin ¢ok etkili oldugunu fakat
isbirligi aginda merkezi bir rol iistlenmedigini gdstermektedir. Buna karsilik ingiltere 47 atifla orta
diizeyde goriinse de 6 baglanti giiciiyle en fazla isbirligi yapan, agin “baglanti diigiimi” olan iilke
konumundadir. Italya (112), isve¢ (92), Avustralya (67), Misir (64) ve Suudi Arabistan (50) gorece
yiiksek atif alan iilkeler olarak &ne ¢ikarken, Isve¢’in yalmzca 2 baglant1 giiciine sahip olmasi, ¢ok sayida
atif alan ¢alismalariin sinirli bir isbirligi ag1 iginde iiretildigini gostermektedir. Cin (18) ve Galler (18)
diisiik atif sayilarryla daha smirli bir etki alanina sahiptir. Pakistan ve iran ise hi¢ atif alamayarak agin en
dis halkasinda yer almaktadir. Toplam 29 iilkeden 11°i birbirine baglant1 giicii ile baglidir. Cizelge 10 ‘da
birbirlerine atif yapan ve baglanti giiciine sahip 11 iilke listelenmistir. Sekil 11 ‘deki gorsellestirmede, bir
iilkenin etiketinin ve etrafinin ne kadar biiyiikk olmasi, o {ilkenin agirliginin yiiksek oldugunu
gostermektedir. En yiiksek agirliga (baglant1 giicline) sahip iilkelerin basinda ilk sirada England
(ingiltere), People’s Republic of China (Cin Halk Cumhuriyeti) ve Egypt (Misir) yer almaktadir. Bunlart
USA (Amerika Birlesik Devletleri), Saudi Arabia (Suudi Arabistan) ve Australia (Avustralya)

izlemektedir.

Cizelge 10: Birbirlerine atif yapan ve baglanti giicline sahip 11 {ilkenin listesi.

Ulke Atif Sayis1  Baglant1 Giicii
1. Sweden 92 2
2. Iran 0 0
3. England 47 6
4. Wales 18 1
5. People’s China 18 4
6. Pakistan 0 2
7. Ttaly 112 2
8. USA 1326 3
9. Egypt 64 4
10. Saudi Arabia 50 3
11. Australia 67 3
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Vosviewer programindan elde edilen iilkeler ve kiime kombinasyonlari verilerine gore, 29 iilke 17 kiimede

listelemektedir. 29 iilkenin her birinin yer aldigi kiime Sekil 11°deki ag gorsellestirmesinde

goziikmemektedir.
@
sweden @ englend peoplégr china pakistan 16l usa -
wiles

‘ VOSviewer

Sekil 11: Ulkelerin baglant: giicii analizine iliskin ag gorsellestirmesi (VOSviewer, 2025).

Sadece birbirleriyle baglantili olan 11 iilkenin kiimesi goziikmektedir. VOSviewer programindan elde
edilen 17 kiime su sekilde listelenmektedir: Kiime 1, 5 iilkeyle (Italya, Pakistan, Cin Halk Cumhuriyeti,
Giiney Kore, ABD) en ¢ok iilkeyi barindiran gruptur. Bunu, 4 iilkeyle (Danimarka, Ingiltere, iran, Galler)
kiime 2 takip ederken; kiime 3'te 3 iilke (Avustralya, Misir, Suudi Arabistan) bulunmaktadir. Kiime 4,
kiime 5 ve kiime 6'da ise ikiser iilke yer alir: Kiime 4'te Belgika ve Almanya; kiime 5'te Isvec ve Isvigre;
kiime 6'da Singapur ve Tayland. Geriye kalan kiime 7'den kiime 17'ye kadar olan 11 kiimenin her biri
yalnizca tek bir iilke igermektedir. Bu tekli kiimeler Avusturya (kiime 7), Yunanistan (kiime 8), Japonya
(kiime 9), Malezya (kiime 10), Yeni Zelanda (kiime 11), Polonya (kiime 12), Ispanya (kiime 13), Tiirkiye
(kiime 14), Hindistan (kiime 15), Irak (kiime 16) ve Irlanda (kiime 17)'dan olusmaktadir.

4.5. Analiz Sonuclart

Web of Science'ta secilen anahtar kelimelerle yapilan sorgulama sonucunda, ilk adimda sadece mimarlik
ve saglik alanlarinda yapilmig olan ¢aligmalar sonucunda listelenen 50 belge, bibliyometrik verilere dayali
bilim haritalama teknikleri kullanilarak analiz edilmistir. Ikinci adimda galisma daha da sinirlandirilmis
ve sadece mimarlik alanindaki 2010 yilindan itibaren yayimlanmis makaleler, bildiriler ve derleme
makalelerinden olusan 8 belge, bibliyometrik verilere dayali bilim haritalama teknikleri kullanilarak analiz
edilmistir. Bu ¢alismanin ilk adiminda 220 anahtar kelimenin analizi sonucunda 6zellikle “evidence-based
design”, “healthcare facilities”, “hospital”, “healthcare”, “healing / healing environments”, “healthcare
architecture” gibi anahtar kelimelerin 6n planda oldugu goriilmiistiir. Bu durum da saglik yapilarinda
verilen tasarim kararlarinin, mekanin estetik veya islevsel niteliklerinin 6tesine gecerek; iyilesme, hasta
giivenligi ve c¢evresel memnuniyet gibi temel saglik gostergeleriyle yakindan iligkili oldugunu
gostermektedir. Caligmanin ikinci adiminda yapilan analizler ise 34 anahtar kelime,173 yazar, 97 kurulus,
29 {ilkeyi kapsamaktadir. Analizlerden elde edilen bulgular asagidaki gibidir: En sik karsilasilan anahtar

kelimeler empathy (empati), hospital design (hastane tasarimi), attention restoration theory (dikkat
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yenileme teorisi), salutogenic (salutojenik), healing environment (iyilesme ortami)’dir. 2010 'da sikca
karsilastigimiz mimari anahtar kelimesi ise tasarim ve saglik ortami terimleri ile yakindan iligkilidir. 2010-
2020 arasinda sikca karsilagilan hastane tasarimi ve psikolojik rahatlik kelimeleri zamanla kisi-cevre
uyumu, mimari planlama, vaka calismasi, sistematik inceleme, 6zellikle kiiresel perspektifler kelimeleri
ile derinlesmis ve farkli nitelikler kazanmistir. 2010-2015 arasinda 6n plana ¢ikan anahtar kelime hastane
ortamidir. 2011, 2012,2013, 2014 ve 2015 yillarinda ilgili konu iizerine herhangi bir c¢alisma
yapilmamustir. 2015 ve 2020 arast 6ne ¢ikan anahtar kelimesi “iyilestirici mimari”dir. 2020 ile 2023 aras1
onem kazanan anahtar kelimeleri “biyofilik” ve iyilestirici saglik ortami1”; bunu “salutojenik”, “yesil bina”
ve “hastane” takip etmektedir. 2023 ile 2025 arasinda kullanilmaya baslanan ve giderek 6nem kazanarak

9 < EE 13

kullanim siklig1 artan kelimeler ise “cocuk dostu tasarim”, “pediatrik saglik hizmeti ortam1”, “eglenceli

LRI T

ortam”,

9 9

sosyo-mekansal ozellikler”, “mekansal tercihler”, “saglik hizmeti mimarisi”, “hastane tasarim

ilkeleri” ve “surdurilebilirlik’tir.

5. SONUC

Bu calisma, mimarlik, saglik ¢evreleri ve iyilestirici tasarim arasindaki iliskiyi sistematik inceleme ve
bibliyometrik analiz yontemleriyle ele alarak, literatiirde 6ne c¢ikan kavramlari, yazarlari, kurumlar ve
egilimleri ortaya koymustur. Calismanin amaci, saglik yapilarinda “iyilestirici tasarim” anlayisinin
gelisimini goriiniir kilmak ve alanin kavramsal ¢ergevesini biitlinciil bir bakis agisiyla degerlendirmektir.
Bu yoniiyle makale, hem mimarlik hem de saglik disiplinleri i¢in insan odakli tasarim yaklasimlarinin
Oonemini vurgulamaktadir. Bulgular, 2010 yilindan itibaren artan bir ivmeyle gelisen literatiirde, biyofilik
tasarim, salutojenik yaklagim, empatik mimari ve g¢ocuk dostu mekanlarmm giderek one ¢iktigini
gostermektedir. Anahtar kelime analizleri, saglik yapilarinin yalnizca islevsel ve teknik yonleriyle degil,
ayni zamanda psikolojik konfor, siirdiiriilebilirlik, dogayla biitiinlesme ve kullanici deneyimi gibi ¢ok
boyutlu parametrelerle ele alindigim ortaya koymustur. Ayrica, ABD, Ingiltere ve Italya gibi iilkelerin bu
alandaki tiretimlerde oncii oldugu, fakat gelismekte olan iilkelerde konunun heniiz yeterince derinlemesine
incelenmedigi goriilmiistiir. Calismanin bir diger 6nemli sonucu, saglik yapilarinda mekanin yalnizca
tedavi siirecine eslik eden bir unsur degil, ayn1 zamanda bireylerin ruhsal ve sosyal iyiligini destekleyen
aktif bir etken oldugunun anlagilmasidir. Bu bulgu, mimarlikta insan merkezli yaklagimin giderek
giiclendigini ve saglik yapilarinin tasariminda estetik, duyusal ve cevresel faktorlerin temel birer bilesen
haline geldigini gostermektedir. Gelecek arastirmalar i¢in birka¢ &neri sunulabilir. Oncelikle, gelismekte
olan iilkelerde saglik yapilar1 baglaminda iyilestirici tasarim ilkelerinin nasil uygulandigina dair ampirik
caligmalar yapilmalidir. Ayrica kiiltlirel farkliliklarin, bireylerin mekan algis1 ve iyilesme deneyimi
iizerindeki etkisini aragtirmak, literatiire yeni bir boyut kazandiracaktir. Siirdiirtilebilirlik ve ¢ocuk dostu
tasartm gibi son donemde One ¢ikan yaklagimlarin, farkli olgeklerde (6rnegin kliniklerden biiyiik

hastanelere kadar) nasil hayata gecirildiginin incelenmesi de 6nemlidir. Son olarak, mimarlik, psikoloji,
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saglik bilimleri ve sosyoloji gibi farkli disiplinlerin ortak katkistyla yiiriitiilecek ¢aligmalarin, alandaki
bilgi birikimini daha da zenginlestirecegi diigiiniilmektedir. Genel olarak, bu makale mimarlik—saglik
iligkisi cergevesinde iyilestirici tasarimin dnemini vurgulamakta, mevcut literatiirii biitiinciil bir bakisla

degerlendirmekte ve gelecege yonelik arastirmalara yol gosterici bir temel sunmaktadir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢catismasi bulunmamaktadir.

YAZARLARIN KATKILARI

G.M: Kavramsallagtirma, yontem, arastirma, kaynaklar, yazi yazma-gdzden gegirme ve diizenleme.

A.A: Kavramsallastirma, yontem, arastirma, kaynaklar, yazi yazma- gézden gecirme ve diizenleme.

DESTEKLEYEN KURUM
Bu calisma, Kirklareli Universitesi BAP Koordinatorliigii biinyesinde gergeklestirilen KLUBAP-303 Nolu

ve “lyilestirici Tasarim Yaklasimlarmin Hastane Kullanicilari Uzerindeki Etkilerinin Arastiriimast:

=99

Kirklareli Egitim ve Arastirma Hastanesi Giris Mekan1 Ornegi” baslikli proje kapsaminda iiretilmistir.

KAYNAKLAR

Abdelaal, M. S., & Soebarto, V. (2019). Biophilia and salutogenesis as restorative design approaches in healthcare
architecture. Architectural Science Review, 62(3), 195-205. https://doi.org/10.1080/00038628.2019.1604313

Aria, M., & Cuccurullo, C. (2017). Bibliometrix: An R-tool for comprehensive science mapping analysis. Journal of
Informetrics, 11(4), 959-975. https://doi.org/10.1016/1.j0i.2017.08.007

Awtuch, A., & Gebczynska-Janowicz, A. (2017). Art and health — The healing potential of artistic interventions in
medical environments. 10P Conference Series: Materials Science and Engineering, 245(4), 042037.
https://doi.org/10.1088/1757-899X/245/4/042037

Bahrami, B., Kariminejad, S., & Erfani, G. (2025). Child-friendly design in paediatric healthcare environments:
Exploring children’s preferences for nature, space, and play. Health Environments Research & Design
Journal, 18(1), 55-73. https://doi.org/10.1080/13467581.2025.2524532

Banerji, H. (2016). An attempt to explore components of empathic architecture in hospitals: A study of Indian
hospitals. International Journal of Architectural Research, 10(2), 44-63.
https://doi.org/10.3846/20297955.2016.1150220

Borner, K., Chen, C., & Boyack, K. W. (2003). Visualizing knowledge domains. Annual Review of Information
Science and Technology, 37(1), 179-255. https://doi.org/10.1002/aris.1440370106

Cavalcante, L. R., Lucena, R. F., & Almeida, A. C. (2021). A4 bibliometric review of healing environments in
healthcare architecture. Journal of Environmental Psychology, 75, 102553.
https://doi.org/10.3390/buildings15173196

Cobo, M. J., Lopez-Herrera, A. G., Herrera-Viedma, E., & Herrera, F. (2011). Science mapping software tools:

391


https://doi.org/10.1080/00038628.2019.1604313
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1088/1757-899X/245/4/042037
https://doi.org/10.1080/13467581.2025.2524532
https://doi.org/10.3846/20297955.2016.1150220
https://doi.org/10.1002/aris.1440370106
https://doi.org/10.3390/buildings15173196

Minsolmaz & Avsar / Iyilestirici Tasarim: Mimarlik, Saglik Ortamlari ve Iyilesme Arasindaki Iliskinin Bibliyometrik Analizi

Review, analysis, and cooperative study among tools. Journal of the American Society for Information
Science and Technology, 62(7), 1382—1402. https://doi.org/10.1002/asi.21525

Dilani, A. (2001). Psychosocially supportive design: Scandinavian healthcare design. World Hospitals and Health
Services, 37(4), 11-15.

Harris, D. D., McBride, G., Ross, C., & Curtis, L. (2002). 4 place to heal: Environmental sources of satisfaction
among  hospital  patients.  Journal of Applied Social Psychology, 32(6), 1276-1299.
https://doi.org/10.1111/§.1559-1816.2002.tb01436.x

Lawson, B., & Phiri, M. (2003). The architectural healthcare environment and its effects on patient health outcomes.
London: The Stationery Office.

Nagasava, Y. (2019). Global hospitals in 2050: A historical review of hospital construction from a global
perspective. Japan Architectural Review, 3(2), 123—135. https://doi.org/10.1002/2475-8876.12131

Ruhanen, L., Weiler, B., Moyle, B. D., & McLennan, C. J. (2015). Trends and patterns in sustainable tourism
research: A 25-year bibliometric analysis. Journal of Sustainable Tourism, 23(4), 517-535.
https://doi.org/10.1080/09669582.2014.978790

Sanchez-Jauregui, T., Gutiérrez-Pérez, N., Abad Balboa, T., & Chias, P. (2024). The relationship between healthcare
architecture and nature: Interaction with the landscape as therapy. Landscape and Urban Planning, 239,
104879. https://doi.org/10.20365/disegnarecon.33.2024.19

Salehi, F., & Vaez Eslami, S. (2010). Green strategies of healthcare design: Case studies of medical centers
(Konferans bildirisi). Sustainable Architecture and Urban Development (s. 431-446). Erisim:
https://www.irbnet.de/daten/iconda/CIB_DC22689.pdf

Sari, M., & Geng, G. (2022). Saglik hizmetlerinde performans kavramwmin bibliyometrik analizi. Karadeniz Sosyal
Bilimler Dergisi, 14(26), 238-254. https://doi.org/10.38155/ksbd.1059592

Ulrich, R. S. (1991). Effects of interior design on wellness: Theory and recent scientific research. Journal of Health
Care Interior Design, 3(1), 97-109.

Ulrich, R. S., Zimring, C., Zhu, X., DuBose, J., Seo, H. B., Choi, Y. S., Quan, X., & Joseph, A. (2008). 4 review of
the research literature on evidence-based healthcare design. HERD: Health Environments Research &
Design Journal, 1(3), 61-125. https://doi.org/10.1177/193758670800100306

Van Eck, N. J., & Waltman, L. (2010). Software survey: VOSviewer, a computer program for bibliometric mapping.
Scientometrics, 84(2), 523-538. https://doi.org/10.1007/s11192-009-0146-3

Viryasiri, T., Laovisutthichai, V., Sangnin, K., Dhanakoses, K., Roopkaew, P., & Viryasiri, P. (2023). Hospital
design principles implementation: Reflections from practitioners in Thailand. Journal of Asian Architecture
and Building Engineering, 23(1), 43—56. https://doi.org/10.1080/13467581.2023.2215842

World Health Organization. (1948). Constitution of the World Health Organization. Geneva: World Health
Organization. https:/www.who.int/about/governance/constitution

Yan, S., Azmi, A., Mansor, N., Wang, Z., & Wang, Y. (2024). Healing spaces as a design approach to optimize
emotional  regulation  for  patients  with  mood  disorders. Buildings, 14(2), 472.
https://doi.org/10.3390/buildings 14020472

Yilmaz, N., Tas, F., & Ugurluoglu, D. (2019). Yontemler iizerine bibliyometrik bir analiz: Hacettepe Saglik Idaresi
Dergisi Ornegi. Siileyman Demirel Universitesi Sosyal Bilimler Enstitiisii Dergisi, (35), 83—-106.

Zupic, 1., & Cater, T. (2015). Bibliometric methods in management and organization. Organizational Research
Methods, 18(3), 429—472. https://doi.org/10.1177/1094428114562629

392


https://doi.org/10.1002/asi.21525
https://doi.org/10.1111/j.1559-1816.2002.tb01436.x
https://doi.org/10.1002/2475-8876.12131
https://doi.org/10.1080/09669582.2014.978790
https://doi.org/10.20365/disegnarecon.33.2024.19
https://www.irbnet.de/daten/iconda/CIB_DC22689.pdf
https://doi.org/10.38155/ksbd.1059592
https://doi.org/10.1177/193758670800100306
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1080/13467581.2023.2215842
https://www.who.int/about/governance/constitution
https://doi.org/10.3390/buildings14020472
https://doi.org/10.1177/1094428114562629

Kirklareli Universitesi Kirklareli University

Miihendislik ve Fen Bilimleri Dergisi Journal of Engineering and Science
Cilt 11, Say1 2, 393-410, 2025 Volume 11, Issue 2, 393-410, 2025
Research Paper DOI: 10.34186/klujes.1829839

A SURF-Based Rigid Feature Tracking (RiFT) Approach for Cost-Effective
Analysis of Fracture Behaviour in Asphalt Pavements

Yavuz ABUT"

Department of Transportation Engineering, Faculty of Engineering, Yalova University, Yalova, Tiirkiye

Received: 25.11.2025, Accepted: 19.12.2025, Published: 29.12.2025

ABSTRACT

Cracking in asphalt pavements significantly affects durability and service life, making accurate
characterization of fracture essential. The Semi-Circular Bending (SCB) test is widely used to evaluate
fracture resistance; however, conventional optical techniques such as Digital Image Correlation (DIC)
require high-resolution cameras, controlled lighting, and speckle, leading to high costs and complex
setups. This study introduces Rigid Feature Tracking (RiFT), a SURF-inspired (Speeded-Up Robust
Features), feature-based displacement estimation framework designed for quasi-rigid materials under
controlled loading. RiFT is specifically introduced to provide a robust, low-cost optical method for
monitoring crack initiation and propagation during SCB test, overcoming the hardware and sample
preparation limitations of DIC in this critical application. RiFT departs from correlation-heavy approaches
by detecting sparse but robust landmark points and reconstructing dense displacement fields through edge-
preserving interpolation, aim to reduce sensitivity to angular and illumination variations. SCB tests were
performed on asphalt specimens with an INSTRON 5982, recording load and CMOD at 10 Hz. Images
were captured every five seconds using a webcam without additional lighting or surface speckle. This
study presents RiFT primarily as a methodological framework validated through controlled SCB
experiments, demonstrating its proof-of-concept capability for real-time tracking, with further wide-scale
validation planned for future work.

Keywords: Asphalt crack analysis; Digital image correlation; Semi-circular bending test; RiFT; SURF.

Asfalt Kaplamalarda Kirilma Davramsinin Maliyet Etkin Analizi icin SURF
Tabanh Rijit Ozellik Takibi (RiFT) Yaklasimi

0z

Asfalt kaplamalarda g¢atlak olusumu, dayanikliligi ve hizmet omriinii ciddi sekilde etkilemektedir. Bu
nedenle kirilmanin dogru bigimde analiz edilmesi kritik 6neme sahiptir. Yar1 Dairesel Egilme (SCB) testi,
kirilma direncini degerlendirmek icin yaygin olarak kullanilmaktadir. Ancak, Dijital Goriintii Korelasyonu
(DIC) gibi optik yontemler; yiiksek c¢ozlniirliiklii kameralar, kontrollii aydinlatma ve benekler
gerektirdiginden maliyet ve karmasik kurulum sorunlari dogurmaktadir. Bu c¢alismada, yari-rijit
malzemeler i¢in tasarlanmig, SURF (Speeded-Up Robust Features) algoritmasindan esinlenen ve ozellik
tabanli yer degistirme tahmin ydntemi olan Rijit Ozellik Takibi (RiFT) sunulmaktadir. RiFT, bu kritik
uygulamada DIC'nin donanim ve numune hazirlama kisitlarini bertaraf ederek, SCB testi sirasinda gatlak
baslangicini ve ilerlemesini izlemek i¢in saglam, diigiikk maliyetli bir optik yontem saglamak amaciyla 6zel
olarak sunulmustur. RiFT, korelasyon agirlikli yaklasimlardan farkli olarak, seyrek giivenilir nirengi
noktalar1 belirlemekte, kenar koruyucu enterpolasyonla yer degistirme alanlarini yeniden olusturarak,
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farkl ac1 ve 151k degisimlerine duyarlilig1 azaltmay1 hedeflemektedir. SCB testleri, INSTRON 5982 cihazi
kullanilarak asfalt numuneleri iizerinde gerceklestirilmis; yiik ve CMOD 10 Hz’de kaydedilmistir.
Gortintiiler, ek aydinlatma veya yiizey benekleri olmadan, her bes saniyede bir web kamerasiyla
almmustir. Bu c¢alisma, RiFT'i 6ncelikle kontrollii SCB deneyleriyle dogrulanmis metodolojik bir ¢erceve
olarak sunmakta ve RiFT'in gercek zamanli izleme yapabildiginin kavramsal ispatini ortaya koymaktadir.
Daha kapsamli dogrulama ise gelecek calismalar i¢in planlanmaktadir.

Anahtar Kelimeler: Asfalt catlak analizi; Dijital goriintii korelasyonu; Yar1 dairesel egilme testi; RiFT;
SURF.
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1. INTRODUCTION

Cracking in asphalt concrete is one of the most critical issues in pavement design and maintenance, as it
directly affects the durability, service life, and overall performance of road infrastructure. Asphalt
pavements are subjected to complex loading and environmental conditions, which lead to progressive

damage over time. Among the various forms of distress, cracking is particularly detrimental because it

accelerates moisture infiltration, weakens structural integrity, and increases maintenance costs (Min et al.
2025). Understanding the mechanisms of crack initiation and propagation is therefore essential for

designing resilient pavements and optimizing mixture compositions (Saha & Biligiri, 2016).

Cracking mechanisms in asphalt concrete are generally classified into fracture cracking and fatigue
cracking, each requiring distinct evaluation methods. Fatigue cracking typically occurs under repeated
traffic loading, where micro-cracks gradually accumulate and coalesce into visible cracks (Alsheyab et al.,
2024). In contrast, fracture cracking is associated with sudden failure under monotonic loading or extreme

thermal conditions (Marasteanu et al., 2012), and reflective cracking occurs when underlying joints or

cracks in the base layers propagate upward through the asphalt surface due to differential movement and

stress concentration (Son, 2014). Over the years, researchers have developed various experimental setups

to characterize these behaviours. According to Zhou et al. (2016), extensive research has focused on

experimental designs for field validation of laboratory tests to evaluate the cracking resistance of asphalt
mixtures, and standards for fatigue and fracture characterization have evolved over time. For fatigue

assessment, commonly used tests include the four-point bending test (AASHTO, 2017; ASTM, 2021), the

Texas overlay test (Texas, 2025), and the indirect tensile fatigue test (AASHTO, 2014). For fracture

characterization, widely adopted methods comprise SCB test—typically performed at low (—30°C to 0
°C) and intermediate (5-25 °C) temperatures (AASHTO, 2020a, 2020b; ASTM, 2016; EN, 2010)—along
with the indirect tensile test (ASTM, 2017) and the disk-shaped compact tension test (ASTM, 2013).

The SCB test has gained prominence for its simplicity, efficiency, and adaptability. Using cylindrical
specimens, which are easier to prepare than slabs or beams, SCB enables multiple samples to be extracted

from a single core—an advantage for laboratory studies and quality control where material availability

and time are critical (Lu et al., 2021). Under Mode I loading, the SCB test generates dominant tensile
stress at the specimen’s bottom, effectively simulating pavement cracking under tensile conditions while
enabling the determination of critical fracture parameters such as fracture toughness, stress intensity
factor, stiffness, compliance, fracture energy, and the J-integral within the frameworks of LEFM (Linear

Elastic Fracture Mechanics) and EPFM (Elastic Plastic Fracture Mechanics) (Saha & Biligiri, 2015).

While primarily used for monotonic loading (Birgisson et al., 2008; Li & Marasteanu, 2010; Saha &

Biligiri, 2015), some studies have extended SCB to cyclic loading (Hassan, 2013; Huang et al., 2013) for
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fatigue analysis, complemented by numerical simulations that model crack propagation and stress
distribution. Several standards govern SCB testing, including EN 12697-44:2010 (EN, 2010), AASHTO
TP 105-13 (AASHTO, 2020a), ASTM D8044-16 (ASTM, 2016), and AASHTO TP 124-18 (AASHTO

2020b). These differ in specimen dimensions, notch lengths, loading rates, and fracture indicators—such
as fracture toughness, J-integral, or Flexibility Index—though most recommend a 150 mm diameter.
Recent research suggests smaller diameters (e.g., 100 mm) may also yield reliable results, but further

validation is needed to ensure repeatability and conversion between sizes (Lu et al., 2021).

While SCB is a robust and widely accepted fracture test, capturing detailed crack evolution and
displacement fields during testing remains challenging. Conventional optical measurement techniques
such as Digital Image Correlation (DIC) have been extensively used in experimental mechanics to

quantify deformation and strain fields (Jiang-san et al., 2022; Zhao et al., 2017; Zielinski et al., 2025).

These methods rely on correlation-based tracking of intensity patterns between successive frames, which
works well for fluid-like or granular motions where displacements are relatively large and directional

variability is significant (Asswad et al., 2024; Liang et al., 2020). In such cases, deformation fields are

characterized by small amplitudes, local coherence, and abrupt discontinuities associated with crack
initiation and propagation. As a result, traditional DIC algorithms often suffer from unstable correlation
peaks, excessive false matches, and sensitivity to minor variations in illumination or surface texture. These
limitations are particularly pronounced when displacements fall below the pixel scale, making accurate
tracking challenging without costly high-resolution imaging systems and elaborate lighting setups.

Moreover, implementing DIC in SCB experiments typically requires high-speed cameras, specialized

lighting, and extensive calibration procedures to ensure accuracy (Birgisson et al., 2008; Wang et al.,

2020; Zhao et al., 2017). These requirements increase both the cost and complexity of the experimental

setup, limiting the practicality of such methods for routine testing or field applications. Additionally, the
large volume of image data generated during high-frequency acquisition imposes significant
computational demands, making post-processing time-consuming and resource-intensive. These
challenges highlight the need for alternative approaches that are cost-effective, robust to imaging
conditions, and capable of capturing fine-scale displacement and crack evolution without relying on

expensive hardware or complex calibration.

To address these challenges, this study introduces a feature-based displacement estimation framework,

termed RiFT, which builds upon the principles of the SURF algorithm developed by Bay et al. (2006),

adapting them to the kinematic characteristics of quasi-rigid solids. Unlike correlation-heavy approaches,
RiFT focuses on detecting sparse yet highly reliable landmark points and subsequently reconstructing a
dense displacement field through edge-preserving interpolation guided by neighbourhood consistency.

This strategy minimizes the need for extensive outlier suppression and instead leverages the spatial
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coherence inherent in solid deformation. By doing so, RiFT provides a robust and computationally
efficient alternative that is less sensitive to angular variations and lighting inconsistencies, eliminating the
dependency on expensive imaging hardware or complex calibration procedures. The proposed framework
is validated through controlled SCB experiments, demonstrating its capability to capture sub-pixel

displacements and crack evolution patterns that remain elusive to conventional DIC analyses.

Beyond its technical robustness, RiFT offers significant practical advantages. By relying on standard
imaging devices such as webcams and avoiding the need for specialized lighting or high-speed acquisition

systems, the method drastically reduces experimental costs and setup complexity. Cabo et al. (2019)

proposed a hybrid SURF-DIC algorithm that uses image matching and cross-correlation to estimate local
displacements with subpixel precision, offering a fast, low-cost, and practical solution suitable for

industrial applications. Although the original study by Cabo et al. (2019) focused on estimating local

displacements in general structural applications using a hybrid SURF-DIC algorithm, the same concept is
highly relevant for asphalt pavement cracking analysis, where accurate displacement tracking around
crack tips is critical for evaluating fracture behaviour under SCB and similar tests. Furthermore, its
adaptability to varying image quality and minimal calibration requirements make it suitable for field
applications where controlled laboratory conditions are not feasible. These attributes position RiFT as a
scalable solution for structural health monitoring, pavement performance evaluation, and other
engineering contexts where crack detection and displacement tracking are critical yet resource constraints
limit the use of traditional optical measurement systems. The SCB test remains a cornerstone in asphalt
fracture characterization, but its full potential can only be realized through accurate and efficient
measurement of crack evolution. The proposed RiFT framework addresses key limitations of existing
optical methods, offering a practical and reliable alternative that aligns with the growing demand for cost-

effective and adaptable testing solutions in pavement engineering.

By making full-field deformation analysis accessible and affordable during the standard SCB procedure,

RiFT enhances the test's potential as a cornerstone for reliable, routine fracture characterization.

2. DIC-BASED ANALYSIS OF ASPHALT MIXTURES WITH SCB TEST

To provide a clear overview of existing research, Table 1 synthesizes DIC-based studies relevant to
asphalt mixtures. It consolidates related work and organizes it across key dimensions such as test and DIC
variants, imaging and surface preparation, primary outputs and metrics, as well as limitations and research

opportunities, offering a comprehensive reference for understanding methodological trends and gaps in

this field.
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Table 1: Summary of DIC-based studies on asphalt mixtures and SCB testing.

Reference

Theme

DIC techniques

Camera, Surface Preparation

Key Outputs

Birgisson et
al. (2008)

Zhao et al.
(2017)

Zhang et al.
(2018)

Gorszezyk et
al. (2019)

Wang et al.
(2020)

Liang et al.
(2020)

Radeef et al.
(2021)

Pei et al.

(2021)

Jiang-san et
al. (2022)

Cheng et al.
(2022)

Kong et al.
(2023)

Ouyang et al.
(2023)

Asswad et al.

(2024)

Macetal.
(2024)

Zielinski et

al. (2025)

Determination &
prediction of crack
patterns in HMA
using DIC

Heterogeneous
fracture simulation
under SCB (cohesive
crack model)

Crack growth rate of
sulfur-extended
asphalt (cyclic SCB
+ DIC)

Application of DIC
for road materials

Polymer-modified
asphalt before/after
aging (SCB + DIC)

“Use of Digital
Image Processing”
for fracture
evaluation

Cracking resistance
under repeated
loading using Digital
Image analysis

Basalt fiber diameter
effects (SCB +
Ncorr)

Warm-mixed rubber
powder modified
asphalt (fatigue
SCB)

Long-term service
pavement (SCB +
stereo DIC)

Fiber-reinforced
emulsified asphalt
(cold-recycled)

Cement bitumen
emulsion mixture
fracture via DIC

Two-Part DIC
(2PDIC) for crack
propagation

Cyclic SCB protocol
at intermediate
temperature

SCB + DIC for
fracture properties
(CivEng Vision)

Plane 2D DIC
(least-squares matching of
grey-value windows)

DIC used for displacement
tracking; numerical FE
focus

2D DIC for crack length at
selected intervals; CMOD—
crack length polynomial

2D DIC (Istra 4D);
NCC/LSM facets

Stereo (3D) DIC
(VIC-3D); ZNSSD +
Newton—Raphson

Digital Image Processing
(Otsu + median filtering)
for crack pixels

DIC + ImageJ DIP (fractal
dimension, density,
tortuosity)

2D DIC (Ncorr/Matlab);
Cauchy strain; real-time L
via DIC

Stereo (3D) DIC (VIC-3D
8)

Stereo (3D) DIC (GOM
Correlate)

DIC (GOM Correlate
2019); likely stereo

3D (stereo) DIC; mean
global Exx as failure
indicator

2PDIC splits subset across
discontinuity;
pseudo-strain thresholds
(e=0.005/0.05)

Stereo DIC (VIC-3D);
virtual extensometer for
CMOD; quadratic CMOD—
a mapping
2D DIC (ZNCC; sub-pixel
interpolation)

Basler AF101, 13001030
pX, 5 fps; ~5%4 cm ROI;
white base + black speckle

Industrial camera
1626x1236, 14 fps; focal
25 mm; speckle not reported

“DIC camera” (unspecified);
speckled (white + black
dots)

Single camera; images at
load steps; multi-LED
lighting; white + black

speckle

Dual CCD 1624x1224
@10 Hz; matte black base +
white speckle

HD camera (unspecified);
no speckle; offline frame
extraction

High-res video camera (no
fps/res given); speckle
applied

Sony digital camera
(unspecified); natural
surface; no extra lighting
noted

Dual CCD; blue light; 1 Hz;
white base + black speckle

Two industrial cams
(48x2048 px sensor),
capable of 80 fps; blue light;
acquired at 1 Hz; speckle

Two 2 MP CCD (Sony
1CX274), 5 fps; LED spots;
black-on-white speckle

Two cameras; “light
system”; surface prep not
specified

38402748 px CCD, 1 fps;
thermal chamber (=5 °C,
10 °C); black base + white
droplets

Stereo cams 1920x1200,
1 Hz; lighting system; white
+ black speckle

DSLR Nikon D5300
(24 MP); intervalometer;
strong LED (4000-5700 K);
no speckle reported

Full-field displacement/strain; crack
initiation/propagation; agreement with
gauges (RMS = 0.034%)

Load—displacement curve; final crack
path for comparison with simulation

Crack length, tip strain, FPZ; Paris law
coefficients via da/dN from CMOD-a
correlation

Displacement/strain maps; material
moduli; crack visualization; rigid-body
motion removal

Exx(t); indices DE and JE; three
cracking stages identified

Crack path/length/area; fracture energy;
aggregate effects

Full-field strain; localization zones;
geometric crack metrics for modifiers

Three stages; fibers reduce strain; 7 pm
fibers delay initiation (~4 s)

Local strain evolution at notch; three
damage stages; strain-rate turning point
— fatigue life

Horizontal strain maps; crack-tip strain
evolution; strain-based fatigue damage
parameter; 3-stage damage

U,V; Exx,Eyy; dU/dt, dExx/dt; FPZ
size (e.g., 19.3 mm vs 16.4 mm)

3D displacement/strain; mean Exx peak
as failure; plastic zone area vs cement
dosage (optimum ~2.6%)

COD:; true crack length (L_crack);
cumulative damage length (L_damage);
tortuosity; energy reduction 22-63% vs

ligament length

exx; CMOD; crack length time-history;
validation vs clip-on extensometer
(<0.1 mm error); Paris-law n & logA

Displacement maps; Exx,Eyy,Exy;

crack path from initiation to failure;

heterogeneity effects (REF vs RAS;
aging)
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To critically examine the data summarized in Table 1, several recurring technical and practical constraints

in DIC applications for asphalt mixtures become evident. Early works such as Birgisson et al. (2008) and

Gorszezyk et al. (2019) demonstrated the ability of 2D DIC to provide full-field strain maps and visualize

crack initiation, outperforming traditional point sensors. However, these setups relied heavily on painted
speckle patterns and controlled lighting, which increases preparation time and cost. Similar requirements

appear in Jiang-san et al. (2022), Ma et al. (2024), and Zhang et al. (2018) where white-and-black speckle

patterns and LED or blue light sources were essential for correlation accuracy. This dependency limits
field applicability and introduces variability when surface preparation is inconsistent. Another major

limitation is temporal resolution. Many studies, including Zhang et al. (2018), Jiang-san et al. (2022),

(Cheng et al., 2022), and (Ma et al., 2024), captured images at 1 Hz or selected intervals, making it

difficult to track rapid crack propagation or micro-displacement events. Even when high-speed cameras

were available (Cheng et al., 2022; Wang et al., 2020), acquisition was often down-sampled to low

frequencies for data management, sacrificing detail. This constraint is critical because SCB fracture
involves sudden transitions that require finer temporal granularity. A third recurring issue is

dimensionality and robustness near discontinuities. Most works (Birgisson et al., 2008; Pei et al., 2021;

Zielinski et al., 2025) employed 2D DIC, which struggles with out-of-plane motions and decorrelation at
crack tips. Stereo (3D) systems (Cheng et al., 2022; Jiang-san et al., 2022; Kong et al., 2023; Wang et al.,

2020) improve accuracy but add complexity, cost, and calibration overhead, making them impractical for

routine or field testing. Furthermore, studies like Liang et al. (2020) and Radeef et al. (2021) combined

DIC with image processing (DIP) for crack length estimation, introducing indirect methods and additional
post-processing steps that increase computational burden and reduce reproducibility. Finally, reporting

gaps and reproducibility concerns persist. Several papers (Pei et al., 2021; Zhang et al., 2018; Zielinski et

al., 2025) omit key imaging parameters such as resolution, frame rate, and calibration details, hindering

benchmarking and standardization. Pei et al. (2021) explored natural surface textures to avoid speckle

preparation, but robustness under varying lighting and aggregate heterogeneity remains uncertain.

3. EXPERIMENTAL FRAMEWORK

To ensure a coherent experimental workflow, the preparation of specimens and their subsequent SCB
testing form the foundation for reliable fracture performance evaluation. Building on these physical tests,
an advanced imaging strategy is integrated to capture and analyse crack propagation and deformation
patterns in detail. This transition from mechanical testing to feature-based tracking enables a
comprehensive understanding of material behaviour under loading, bridging traditional laboratory

methods with digital analysis.
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3.1. Specimen preparation and SCB testing

Building on the detailed methodology reported by Abut (2024), this study ensured consistency in
specimen preparation and SCB test reliability. Cylindrical specimens (@150 mm x 50 mm) were
fabricated following the Marshall procedure and EN (2022) standards to ensure uniformity in mixture
design and compaction. Each specimen was compacted in Proctor moulds (@150 x 116.4 mm) using a
vibrating hammer (BOSCH GBH 11 DE, 11 kg, 900 W, 2000 impacts/min) at 135 °C. Compaction time
was optimized through trial and error, and acceptance criteria required >98% of the target unit weight and
air voids near 4%. Specimens failing these conditions were excluded. After curing for 24 hours, discs were
demoulded and cut into semi-circular halves using a precision disc saw. A notch was introduced at the

mid-span to create the ligament necessary for fracture testing. In accordance with AASHTO (2020a),

specimens were conditioned at —12 °C for 2+ 0.5 hours prior to testing. Monotonic bending tests were
performed using an INSTRON 5982 universal testing machine (capacity: 100 kN; sensitivity: 0.16%).
Crack Mouth Opening Displacement (CMOD) was monitored with a gauge (range: 0—4 mm; resolution:
0.003 mm), synchronized with load acquisition at 10 Hz. The system is capable of recording CMOD and
load data at intervals of one-tenth of a second, ensuring high temporal resolution for correlating
mechanical response with crack evolution. The loading rate was maintained at 0.5 mm/min to ensure
quasi-static conditions. Fracture parameters—work of fracture, fracture energy, fracture toughness, and

stiffness—were calculated according to AASHTO (2020a) to characterize crack initiation and propagation

under tensile-dominated conditions.

3.2. Imaging Strategy for the Feature-Based Tracking

To capture crack evolution during SCB tests, a low-cost imaging approach was implemented using a
webcam (Logitech HD Pro C910). Images were recorded every 5 seconds at 2304 x 1536 px (=3.5 MP,
96 dpi, bit depth: 8) without additional lighting or artificial speckle patterns (Figure 1). To enhance surface
visibility, a thin layer (~1-2 mm) was trimmed from the specimen face, exposing aggregate texture for
natural feature tracking. After trimming, fine dust was removed using compressed air to ensure a clean
surface. This minimalist setup contrasts sharply with conventional DIC systems that require high-speed

cameras, controlled illumination, and speckle preparation.
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i

=

Imgeecording

Figure 1: Experimental setup for SCB tests: (a) recording of load and CMOD during fracture test; (b) test frame,
specimen, and low-cost imaging system using a webcam; (c) specimen and CMOD

4. EXTRACTION OF ROI AND FEATURE BASED DISPLACEMENT ANALYSIS

The analysis began with a targeted pre-processing stage to isolate the ROI surrounding the crack mouth
and suppress background motion. Using manual annotation, a binary mask was generated on the reference
image and then applied to the subsequent frame so that both images contained an identical, tightly
bounded ROI. The masked images were converted to grayscale to normalize intensity and reduce

computational load, yielding consistent inputs for feature detection (Figure 2).
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Manual

Annotation

First Stage(t;) Image Annotated Image Second Stage (t;) Image

Convert Convert

Apply Mask Apply Mask

Grayscaled Image Created Mask Grayscaled Image

Sample at t=t, Sample at t=t,

Figure 2: ROI definition workflow.

Within the ROI, landmark points were detected using SURF, which is well suited to the heterogeneous,
high contrast textures of asphalt mixtures (aggregate boundaries, binder matrix, and fine surface relief).
The detector produced thousands of landmark points in a typical frame (e.g., 5,786 in the example shown),
each encoded by a 64-element descriptor that captures the local neighbourhood structure around the
feature (Figures 3—4). These descriptors provide invariance to modest geometric and photometric
changes—an essential property given our low-cost imaging (webcam) and the absence of controlled

illumination or artificial speckle.
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SURF

features

Figure 3: SURF landmark points (single frame).
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Figure 4: Descriptor inventory

To estimate motion between frames, descriptors were paired using Sum of Absolute Differences (SAD).
Matches with SAD<0.6 were retained while others were rejected, providing an initial, sparse
displacement graph across the ROI (Figure5). This thresholding step efficiently removed many
ambiguous correspondences without the heavy iterative outlier suppression often required in correlation

based DIC, aligning with the lightweight philosophy of our RiFT pipeline.
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Figure 5: Inter frame matching (t — t+ 1).

Residual spurious vectors were then filtered statistically. The empirical distribution of displacement
magnitudes was computed, and vectors beyond the 95th percentile were discarded; these typically

correspond to mismatches on weak texture patches or minor background contamination.

The effect is visible in the histogram guided culling and the cleaned vector field: the remaining tracks
cluster along physically plausible deformation paths (Figure 6). This percentile-based rule adapts

automatically to each image pair and avoids hand tuning for different mixtures or lighting conditions.
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Figure 6: Outlier rejection.
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The robust but sparse motion samples were interpolated to a dense displacement field using an edge aware
scheme that respects crack driven discontinuities. The resulting component maps horizontal displacement
(Uy), vertical displacement (U,) and the magnitude field reveal a clear localization of deformation in the
ligament region adjacent to the notch, with gradients intensifying as the crack mouth opens (Figure 7). All
three contour maps utilize two-unit systems: arbitrary position units (U,) for the coordinates of landmark
points and arbitrary displacement units (Uas,) (on a 0-10 scale) for the displacements of the landmark
points. While all plots confirm that the highest deformation is clearly localized to the ligament region
compared to the rest of the specimen, a critical observation is that the maximum values (= 9-10 Uy,) are
not concentrated at a single point but are distributed across multiple interconnected centres. These
distributed maxima in both the U, and U, maps suggest a non-uniform stress distribution within the
material (likely due to its heterogeneous nature) and indicate that the Fracture Process Zone (FPZ)
develops as an area rather than a single crack line. U, model the natural crack formation (opening) in the
horizontal direction due to crack propagation, while U, model the compression effect resulting from the
loading applied by the support areas at the top and bottom points of the specimen. Consequently, the
magnitude map confirms that this dispersed area peaks in total displacement, strongly demonstrating that
the deformation within the ligament is localized yet simultaneously heterogeneous, occurring around

multiple regions of micro-cracking.
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Figure 7: Dense field maps.
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Finally, crack evolution was visualized by overlaying the displacement magnitude on the ROI and
inspecting successive frames. The concentration bands align with the visually observed fracture path and
expand temporally in a manner consistent with the Load—-CMOD response captured by the test machine;
the final panel shows the mature crack trajectory within the ROI (Figure 2). Taken together, Figures 2—7
demonstrate that a SURF based, threshold and percentile filtered matching pipeline, followed by edge
preserving interpolation, can recover sub pixel scale, spatially coherent motions with minimal hardware
and pre-processing—capturing the onset and growth of cracking in SCB tests using standard webcam

imagery.

5. CONCLUSION AND RECOMMENDATIONS
This study introduced a feature-based displacement tracking framework, RiFT, as an alternative to
conventional correlation-heavy methods such as DIC for monitoring crack evolution in asphalt mixtures

under SCB loading.

These advantages position RiFT as a scalable solution for fracture analysis in asphalt pavements and other
quasi-rigid materials, particularly where resource constraints or field conditions limit the feasibility of

conventional DIC systems, thus maximizing the utility of the standard SCB test.

The experimental results demonstrated that RiFT can accurately capture sub-pixel displacements and
visualize crack propagation using standard-resolution images acquired from a webcam, without the need
for speckle patterns, controlled lighting, or high-speed acquisition systems. By leveraging SURF-based
landmark point detection and robust matching combined with percentile-based outlier filtering and edge-
preserving interpolation, RiFT achieved reliable displacement fields while significantly reducing

computational complexity and hardware costs.

While this study successfully validates the RiFT framework under controlled laboratory conditions using a
single asphalt mixture type, future research is necessary to fully benchmark its accuracy across different

mixtures and to validate its robustness under diverse field lighting and texture conditions (See Section 6).
The findings confirm that RiFT addresses key limitations of traditional optical methods:

- Eliminates dependency on expensive cameras and elaborate calibration procedures.

- Maintains accuracy under modest angular and illumination variations, making it suitable for field
conditions.

- Sparse feature matching and interpolation reduce processing time compared to full-field

correlation approaches.
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These advantages position RiFT as a scalable solution for fracture analysis in asphalt pavements and other
quasi-rigid materials, particularly where resource constraints or field conditions limit the feasibility of

conventional DIC systems.

6. RECOMMENDATIONS FOR FUTURE WORK
- Extend RiFT to fatigue SCB tests and cyclic loading scenarios, where crack evolution occurs over

thousands of cycles.

- Explore feature selection and displacement prediction using deep learning to further improve

robustness under noisy conditions.

- Validate RiFT in real pavement sections under in-service conditions, assessing its adaptability to

uncontrolled lighting and environmental variability.

- Benchmark RiFT against DIC-based fracture indicators (e.g., J-integral, flexibility index) to

establish conversion relationships for design standards.

- Incorporate automated segmentation techniques to eliminate manual annotation, enabling fully

autonomous image processing pipelines.

By addressing these directions, RiFT can evolve into a comprehensive, low-cost, and field-ready tool for

structural health monitoring and pavement performance evaluation.
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