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Pestisitlerin Cok Boyutlu
Ozelliklerine Gore Kiimeleme Analizi
ile Sitmflandirilmasi: K-Prototypes,
K-Modes ve Two-Step
Algoritmalarinin Karsilastirmah
Uygulamasi

Senem Baybas' & Canefsan Alan’ & Ezgi Giiler’
1. Giris

Tarim ilaglari, yaygin adiyla pestisitler, tarimsal iirlinlere zarar veren hastalik
ve zararli etkenleri azaltmak ya da tamamen ortadan kaldirmak amaciyla
kullanilan tek bir maddeden veya g¢esitli maddelerin karigimindan olusan
kimyasal Trlinlerdir. Pestisitler; zararli organizmalarin etkisini Onlemek,
azaltmak, uzaklagtirmak ya da ortadan kaldirmak amactyla kullanilan kimyasal
maddeler veya madde karigimlart olarak tanimlanmaktadir. Tarimsal pestisitler
ise Ozellikle gida {iretimi, hasat, tasima ve depolama siireclerinde meydana
gelebilecek kayiplari en aza indirmek, {irlin verim ve kalitesini artirmak amaciyla
yaygin bicimde kullanilmaktadir. Fiziksel yapi, etken madde, etki mekanizmasi,
hedef organizma grubu, uygulama yontemi ve toksisite diizeyi gibi ¢esitli
kriterlere gore siniflandirilabilen pestisitler, 6zellikle hedef alinan zararli grubuna
gore farkli amaglarla kullanilmaktadir. Bununla birlikte, pestisitler bilingsiz veya
hatali kullanildiginda ¢evre ve insan sagligi agisindan ciddi riskler olusturabilen
tehlikeli maddeler arasinda yer almaktadir. Dogru dozda ve kontrollii kosullarda
uygulandiklarinda ise tarimsal dretimde verimliligi artirarak  Onemli
sosyoekonomik faydalar saglayabilmektedirler (Arslan, 2020).

Son yillarda tarimsal {irlinlerin giivenilirligi ve insan saglig1 tizerindeki olasi
etkileri konusundaki tartigmalar artmis, tiiketiciler giivenli gidaya erigim
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2 Bilecik Seyh Edebali Universitesi, Fen Fakiiltesi, Istatistik ve Bilgisayar Bilimleri
Boliimii, ORCID: 0009-0006-6163-931X
3 Dr. Ogr. Uyesi, Bilecik Seyh Edebali Universitesi, Miihendislik Fakiiltesi, Endiistri
Miihendisligi Boliimii, ORCID: 0000-0001-8789-8244
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konusunda daha sorgulayici bir tutum benimsemistir. Sebze ve meyvelerin
besleyici degerleri ile fiziksel ve mikrobiyolojik kalite 6zellikleri 6nemini
korumakla birlikte, bu iiriinlerde bulunabilecek pestisit kalintilar1 ve ¢evresel
kaynakli toksik metallerin diizeyi de onemli bir kalite ve giivenlik gdstergesi
haline gelmistir. Bu nedenle bir¢cok iilkede maksimum kalinti limitleri
belirlenmis; s6z konusu sinir degerleri asan iiriinlerin tiiketime sunulmasi
yasaklanarak siki denetim mekanizmalar1 uygulanmaya baslanmistir. Bu
yaklagim hem halk sagligimmin korunmasi hem de siirdiiriilebilir ve giivenilir
tarimsal Uiretimin saglanmasi agisindan biiylik 6nem tagimaktadir (Velioglu vd.,
2024)

Pestisitler ve bunlarin bozunma sonucunda ortaya c¢ikan yan {iriinleri,
igerdikleri aktif bilesenler nedeniyle ¢evre ve canli saghigi acgisindan onemli
Olciide toksik Ozellik gosterebilmektedir. Bazi parcalanma iriinlerinin,
baslangictaki pestisitten daha dayanikli ve daha yiiksek toksisiteye sahip oldugu
bildirilmektedir. Bu maddeler yalnizca hedef zararlilar1 degil, ayn1 zamanda
dogal diismanlar1 ve ekosistem agisindan yararli organizmalari da olumsuz
etkileyerek ekolojik dengenin bozulmasina ve yeni zararli salgmlarinin ortaya
cikmasina yol agcabilmektedir. Cevrede yayilim gostermeleri ve canli dokularinda
birikebilmeleri nedeniyle pestisitler ciddi c¢evresel kirleticiler arasinda
degerlendirilmektedir. Belirli diizeylerin tizerindeki maruziyetin ise insanlarda
kanser, lireme bozukluklari, dogumsal anomaliler, DNA hasar1 ve oksidatif stres
gibi 6nemli saglik problemleriyle iligkili oldugu ifade edilmektedir. Ayrica yogun
ve bilingsiz kullanim, hedef organizmalarda diren¢ gelisimine neden olarak
miicadele etkinligini azaltmakta ve uygulamalarin basarisini diistirmektedir
(Salvagni vd., 2011; Sabarwal vd., 2018; Porter vd., 2018; De Souza vd., 2020).
Pestisitlerin  baz1 ¢esitleri ¢evresel kosullarda uzun siire bozulmadan
kalabilmektedir. Bu durum, tarimsal alanlarda zararlilarin etkili bigimde kontrol
altina alinmasi agisindan avantaj saglasa da g¢evresel riskleri artirmaktadir.
Uygulanan pestisitlerin 6nemli bir boliimiiniin hedef bolge disna tasindigi
bilinmektedir. Ozellikle yagislar ve tarimsal sulama faaliyetleri, bu kimyasallarin
ylizey ve yeralt1 su sistemlerine ulasmasina neden olmaktadir. Su ortamlarina
taginan pestisitler, omurgasiz canlilar ile baliklarin biinyesinde birikebilmekte;
ardindan besin zinciri araciligiyla kuslara, memelilere ve insanlara kadar
ulasabilmektedir (Wang vd., 2019; Hanedar vd., 2023).

Pestisitler, hem tarimsal verimlilik a¢isindan 6nemli faydalar saglamakta hem
de yanlis veya bilingsiz kullanimlarda insan sagligi ve ¢evre iizerinde ciddi riskler
olusturabilmektedir. Ayrica, iriinlerdeki pestisit kalintilar1 ve toksik metallerin
diizeyi, kalite ve giivenlik agisindan kritik gostergeler haline gelmistir. Bu ¢ok
boyutlu ve karmasik veri yapisi, tek tek {irlinleri veya etken maddeleri
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degerlendirmeyi zorlagtirmaktadir. Bu nedenle istatistik biliminin temel
konularindan biri olan kiimeleme analizi, benzer etken maddelere sahip
pestisitlerin, hedef zararlilara yonelik iiriinlerin ve risk profilleri bakimindan
birbirine yakin iiriinlerin gruplandirilmasini saglayarak, tarimsal iiretimde
verimlilik ve giivenligin artirilmasina, denetim ve karar destek siireclerinin daha
etkin planlanmasina imkan vermektedir. Literatiirde de pestisit kullanimin
kiimeleme analizi ile degerlendiren pek ¢ok ¢alisma bulunmaktadir. Robu ve dig.
(2023) calismalarinda, Avrupa Birligi tilkelerinde pestisit kullanimini etkileyen
sosyoekonomik faktorler incelemis ve ilkeleri kiimeleme analizi ile benzer
ozelliklerine gore siniflandirmiglardir. Caligmada kisi basina diisen gelir, niifus
ve satig fiyatlarinin pestisit kullanimini artirdigi; organik tarim alanlart ve
siibvansiyonlarin ise azaltic1 etki gosterdigi belirlenmistir. Ayrica kiimeleme
analizi sonucunda Avrupa Birligi iilkelerinin ekonomik ve demografik
ozelliklerine gore li¢ farkli bolgesel grup olusturdugu ifade edilmistir. Mei (2024)
calismasinda, pestisitlerin farkli balik tiirleri {izerindeki toksik etkilerinin
belirlenmesi amaciyla in silico modelleme yaklagimini kullanmistir. Calismada
negatif olmayan matris faktorizasyonu (NMF) ve kiimeleme yontemleri
araciligryla balik tiirlerinin toksisite profilleri ile filogenetik iliskileri ve
pestisitlerin yapisal 6zellikleri arasindaki baglantilar ortaya konmustur. Ayrica
gelistirilen modelin, farkli balik tiirleri igin yiiksek dogrulukla eksik toksisite
verilerini tahmin edebildigi belirtilmistir. Faraj vd. (2024) calismalarinda, Suudi
Arabistan’in  Al-Kharj bolgesindeki tarim topraklarinda pestisit kalintilarim
incelemisler ve kalint1 diizeylerine gore drnekleme alanlarini kiimeleme analizi
yontemleri ile siniflandirmiglardir. Calismada hiyerarsik kiimeleme analizi ve
dendrogramlar kullanilarak benzer pestisit profiline sahip bdlgeler belirlenmis,
bazi pestisitlerin toprak ve yeralt1 su kaynaklar1 agisindan 6nemli ¢evresel riskler
olusturdugu ortaya konmustur. Ayrica siirdiiriilebilir toprak ve su yonetimi igin
pestisit kullanimina yonelik politika diizenlemelerinin gerekliligi vurgulanmustir.
Faria ve Raposo (2025) calismalarinda, Brezilya’da 2011-2019 yillar1 arasinda
bildirilen pestisit zehirlenme vakalarimi kiimeleme analizi ydntemiyle
incelenmistir. Caligmada, demografik 6zellikler, maruz kalma tiirleri ve bolgesel
farkliliklara gore {i¢ farkli zehirlenme kiimesi belirlenmis; &zellikle intihar
girigsimleri, ¢cocukluk ¢agi kazalari ve mesleki maruziyetlerin 6ne ¢iktigi ifade
edilmistir. Elde edilen bulgularin, pestisit kaynakli saglik risklerinin azaltilmasi
amaciyla bolgesel halk sagligi politikalar1 ve daha siki pestisit diizenlemeleri
gelistirilmesine katki saglayabilecegi belirtilmistir. (Li vd., 2025) caligmalarinda,
pestisit kalintilarinin tespiti amaciyla nanozim tabanli kolorimetrik sensor dizisi
ile derin 6grenme yaklagimi bir arada kullanmiglardir. Calismada, amino asitler
ve bakir iyonlarindan sentezlenen nanozimler aracilifiyla yedi farkli pestisit
kalintisinin  yiikksek hassasiyetle kiimelenmesi ve tespiti gergeklestirilmis,
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YOLOVS algoritmasi sayesinde oldukga yiiksek dogruluk oranlarina ulasilmistir.
Elde edilen sonuglarin, karmasik ortamlarda hizli ve giivenilir pestisit kalintist
tespitine onemli katkilar saglayabilecegi ifade edilmistir.

Literatiirde yer alan ¢aligmalar incelendiginde, pestisitlere yonelik kiimeleme
analizlerinin ¢cogunlukla belirli bir problem alanina odaklandig1 goriilmektedir.
Mevcut caligmalar genellikle pestisit kalintilarinin gevresel etkileri, toksisite
diizeyleri, bolgesel kullamim farkliliklarnn veya saglik etkileri iizerine
yogunlasmis; kullanilan veri yapilari cogunlukla yalnizca sayisal ya da yalnizca
kategorik degiskenlerle sinirlandirilmistir. Ayrica tarim ilaglarinin aktif madde,
hedef organizma, formiilasyon tipi, kullanim amac1 ve toksisite sinifi gibi ¢ok
boyutlu 6zelliklerini birlikte degerlendiren biitiinciil kiimeleme caligsmalarinin
sinirli oldugu dikkat gekmektedir. Ozellikle resmi kurum verileri kullanilarak
hem sayisal hem de kategorik degiskenlerin ayn1 model yapisi igerisinde analiz
edildigi karsilastirmali  kiimeleme uygulamalarna literatiirde yeterince
rastlanmamaktadir. Bu caligsma, s6z konusu literatlir boglugunu doldurmay:
amaglamaktadir. Calismada, T.C. Tarim ve Orman Bakanligi Bitki Koruma
Uriinleri Daire Baskanligi tarafindan saglanan gercek tarim ilac1 verileri
kullanilarak pestisitler ¢cok boyutlu 6zelliklerine gore analiz edilmistir. Ayrica
farkli veri tiplerine uygun olarak K-Modes, K-Prototypes ve Two-Step kiimeleme
algoritmalarinin  birlikte uygulanmasi sayesinde hem yontemsel hem de
uygulama acisindan kapsamli bir degerlendirme sunulmustur. Bdylece tarim
ilaglarinin benzer 6zelliklerine gore siiflandirilmasi, karar destek siireglerinin
gelistirilmesi, risk gruplarinin belirlenmesi ve siirdiiriilebilir pestisit yonetimine
katki saglayabilecek biitiinciil bir yaklasim ortaya konulmustur. Elde edilen
bulgularin hem sayisal hem de kategorik veriler dikkate alinarak olusturulan
kiimeler ile giivenilir ve anlamli sonuglara ulasilmasi beklenmektedir. Bu
baglamda, tarim ilaglar1 arasinda belirgin farkliliklar ortaya koymak ve bu sayede
ilaglarin tarimsal iliretimde zararli ve hastalik etmenlerine karsi kullaniminin
etkisinin maksimize edilmesi gibi faydalar saglamak amaglanmaktadir.

2. Materyal ve Metod

Bu calismada; tarim ilaglar1 verileri, kiimeleme analizi algoritmalart ile
degerlendirilmektedir. Calismanin genel is akisi, Sekil 1'de sematik olarak
sunulmustur.
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Sekil 1. Tarim Ilaglarinin Gruplandiriimasinda Farkli Kiimeleme Y6ntemlerinin
Uygulanmasi Is Akis Diyagrami
Sekil 1’e gore calisma siireci, tarim ilaglar1 verilerinin elde edilmesi ile

baslamaktadir. Ilk asamada tarim ilac1 verileri elde edilmistir. Ardindan veri 6n
isleme adimi gergeklestirilmis; eksik veya tutarsiz veriler kontrol edilerek veri
seti kiimeleme analizine uygun hale getirilmistir. Bu asamada 6zellikle sayisal ve
kategorik degiskenlerin analiz siirecine uygun bi¢cimde diizenlenmesine dikkat
edilmistir. Bir sonraki asamada, K-Prototypes ve K-Modes algoritmalar i¢in
optimum kiime sayisinin belirlenmesi amaciyla Elbow yontemi uygulanmistir.
Elbow yontemi sayesinde farkli kiime sayilari i¢in olusan hata degerleri
degerlendirilmis ve veri yapisini en iyi temsil eden kiime sayisi belirlenmistir.
Boylece kiimeleme performansinin artirilmasi ve daha anlamli kiimelerin elde
edilmesi amaclanmistir. Optimum kiime sayisinin belirlenmesinin ardindan
kiimeleme yontemleri uygulanmistir. Calismada hem sayisal hem kategorik
degiskenleri birlikte degerlendirebilen K-Prototypes algoritmasi, yalnizca
kategorik verilerin analizine uygun olan K-Modes algoritmasi ve kiime sayisini
otomatik belirleyebilme o6zelligine sahip olan Two-Step kiimeleme ydntemi
kullanilmigtir. Boylece farkli veri yapilarina uygun yontemlerin karsilagtirmali
olarak degerlendirilmesi saglanmistir. Son asamada ise kiimeleme analizi
sonuglar1 degerlendirilmis ve gorsellestirme teknikleri ile desteklenmistir. Elde
edilen kiimeler aracilifiyla benzer 6zelliklere sahip tarim ilaglar1 ayn1 gruplar
altinda toplanmis; pestisitlerin kullanim &6zellikleri, hedef organizmalari ve risk
profilleri agisindan anlamli smiflandirmalar ortaya konulmustur. Bu siireg
sayesinde siirdiiriilebilir pestisit yonetimi ve karar destek mekanizmalarina katki
saglayabilecek bulgular elde edilmesi hedeflenmistir.

2.1. Veri Seti

Calisma kapsaminda kullanilan veri seti, T.C. Tarim ve Orman Bakanligi’nin
Bitki Koruma Uriinleri Veritabani’'ndan (https://bku.tarimorman.gov.tr/) elde
edilmigstir. Bu platform, Tiirkiye’de tarimsal kullanim amaciyla ruhsatlandirilmis
tim bitki koruma {iriinleri, pestisitler ve ilgili kimyasal maddelere iliskin
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kapsamli bilgiler igermektedir. Veri setinde bitki koruma iiriinlerinin 6zelliklerini
tanimlayan bes degisken yer almaktadir. Ilk degisken olan BKU/Ruhsatlari,
Tarim ve Orman Bakanlig1 tarafindan ruhsatlandirilmis bitki koruma iirtinlerinin
ticari adlarimi ifade etmektedir. Etken madde degiskeni, liriiniin biyolojik veya
kimyasal etkisini saglayan aktif bileseni gostermektedir. Uriin degiskeni, bitki
koruma iiriiniiniin kullanildig1 tarimsal {iriinii veya bitki tiiriinii ifade ederken,
hedef zararli degiskeni {irliniin miicadele amaciyla kullanildigi zararli organizma,
hastalik veya yabanci ot bilgisini icermektedir. Raf dmrii degiskeni ise iiriiniin
uygun depolama kosullarinda etkinligini koruyabildigi siireyi gostermektedir. Bu
degiskenler kullanilarak bitki koruma iiriinleri arasindaki benzerliklerin
belirlenmesi ve iiriinlerin 6zelliklerine gore gruplandirilmasi amaglanmaistir. Veri
seti toplam 213 gozlemden olugsmakta olup her bir gézlem, ruhsatlandirilmig bir
bitki koruma tiriiniinii temsil etmektedir. Analiz 6ncesinde veri seti On isleme tabi
tutulmustur. Bu kapsamda eksik degerler ve aykiri gézlemler kontrol edilmis, veri
tutarlilig1 incelenmis ve analiz siirecinde kullanilabilecek uygun bir veri yapisi
olusturulmustur. Elde edilen veri seti daha sonra kiimeleme analizlerinde
kullanilmak tizere hazirlanmistir.

2.2. Kullanilan Yontemler

Bu calismada analizler R programlama dili (R, 2025) ve IBM SPSS Statistics
31.0 (IBM, 2025) ortamlarinda gergeklestirilmistir. R ortaminda K-Prototypes ve
K-Modes kiimeleme yontemleri sirasiyla karma veri yapilari i¢in clustMixType
(Szepannek, 2026) ve kategorik veriler i¢in klaR (Roever et al., 2026) paketleri
kullanilarak uygulanmistir. Two-Step kiimeleme analizi ise SPSS paket
programinda sirasiyla Analyze, Classify ve TwoStep Cluster menii yolu izlenerek
gergeklestirilmistir. Analizde degiskenler ilgili pencereye tanimlanmig ve kiime
sayis1 otomatik belirleme secenegi kullanilarak Bayesian Information Criterion
(BIC) kriteri dogrultusunda optimal kiime yapisi elde edilmistir.

2.2.1. Elbow Yontemi

Kiimeleme analizlerinde optimum kiime sayisinin belirlenmesinde yaygin
olarak kullanilan yontemlerden biri Elbow yontemidir. Bu yaklasimda, her bir
gdzlemin ait oldugu kiime merkezine olan uzakliginin kareleri toplami dikkate
aliarak hata kareler toplami hesaplanmaktadir. Farkli kiime sayilar i¢in elde
edilen bu degerler incelendiginde, hata kareler toplamindaki azalmanin belirgin
bigimde yavasladigi nokta “dirsek noktas1” olarak ifade edilmekte ve uygun kiime
sayist bu noktaya gore belirlenmektedir. Baska bir ifadeyle yontem, yeni bir
kiime eklenmesinin model performansina anlamli diizeyde katki saglamadig
noktay1 tespit etmeye dayanmaktadir (Bholowalia ve Kumar, 2014; Ozar1 ve Can,
2023). Gorsel degerlendirmeye dayali bir yontem olan Elbow yaklagiminin temel

uygulama asamalari su sekilde 6zetlenebilir (Syakur vd., 2018):
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1. IlIk olarak kiime sayis1 k = 1 olacak sekilde analiz baslatilir.
2. Belirlenen kiime sayisi i¢in hata kareler toplam1 hesaplanir.

3. Dabha sonra k degeri asamali olarak artirtlarak her bir kiime sayisi i¢in
hata kareler toplami yeniden elde edilir.

4. Son asamada, hata kareler toplamindaki diisiis hizinin belirgin sekilde
azaldig1 nokta belirlenir ve bu nokta optimum kiime sayist olarak kabul edilir.

2.2.2. K-Prototypes Kiimeleme Ydntemi

Huang (1998) tarafindan gelistirilen K-Prototypes kiimeleme yontemi, K-
Means ve K-Modes algoritmalarinin birlikte kullanilmasina dayanmaktadir.
Gergek yasam veri setlerinde sayisal ve kategorik degiskenlerin bir arada
bulunmasi nedeniyle, K-Prototypes algoritmasi karma veri tiplerinin analizinde
onemli avantajlar saglamaktadir. Yontem, boliimlendirme temelli kiimeleme
yaklagimi ile caligmakta ve veri noktalari ile kiime merkezleri arasindaki uzaklig
hem sayisal hem de kategorik degiskenleri dikkate alarak hesaplamaktadir.

K-Prototypes algoritmasinin temel amaci, veri setini belirli sayida kiimeye
ayirirken toplam farklilik degerini en aza indirmektir. Bu siirecte kullanilan
maliyet fonksiyonu, sayisal degiskenler igin Oklid uzakhgm, kategorik
degiskenler igin ise eslesme/eslesmeme durumuna dayali uzaklik OGlgiislinii
birlikte degerlendirmektedir. Ayrica kategorik degiskenlerin etkisini dengelemek
amaciyla agirlik parametresinden yararlanilmaktadir (Ji vd., 2013).

K-Prototypes algoritmasmin ¢alisma siireci asagidaki adimlardan
olusmaktadir:

1. 1lk asamada veri setinden rastgele k adet gdzlem segilerek baslangic
kiime merkezleri olusturulur.

2. Daha sonra her bir veri noktasi, uzaklik 6l¢iisiine gore kendisine en yakin
kiime merkezine atanir ve kiime merkezleri giincellenir.

3. Tim gozlemler kiimelere atandiktan sonra veri noktalarinin mevcut
kiimeler ile benzerlikleri yeniden hesaplanir. Eger bir gézlemin bagka bir kiimeye
daha yakin oldugu belirlenirse ilgili gozlem yeni kiimeye aktarilir ve kiime
merkezleri tekrar giincellenir.

4. Veri noktalarmin kiime iyeliklerinde herhangi bir degisiklik
kalmayincaya kadar islem tekrarlanir ve algoritma sonlandirilir.

Kiimeleme analizlerinde kullanilan yontemler, secilen parametrelere ve veri
yapisina bagli olarak farkli sonuglar {iretebilmektedir. Ayni algoritma kullanilsa
bile baslangic merkezleri veya veri siralamasi kiimelerin yapisim
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etkileyebilmektedir. Bu nedenle elde edilen kiimelerin dogrulugunu ve
anlamliligini degerlendirebilmek i¢in uygun performans 6l¢iitlerinin kullanilmasi
biiyiik 6nem tagimaktadir. Ayrica analiz siirecinde en 6nemli problemlerden biri
uygun kiime sayisinin belirlenmesidir. Bu amagla literatiirde optimum kiime
sayisint belirlemeye yonelik cok sayida indeks ve degerlendirme yaklagimi
gelistirilmistir (Akay vd., 2021)

2.2.3. K-Modes Kiimeleme Yontemi

K-Modes algoritmasi, Huang tarafindan kategorik veri yapilarin
kiimelenebilmesi amaciyla gelistirilen ve K-Means algoritmasinin genisletilmis
bir versiyonu olarak kabul edilen bdlmeli kiimeleme yontemlerinden biridir. K-
Means algoritmasi, uzaklik hesaplamalarinda ortalama degerleri esas aldigi i¢in
yalnizca sayisal veriler {izerinde etkili sonuglar {iretmekte, kategorik
degiskenlerin analizinde ise yetersiz kalmaktadir. K-Modes algoritmasi bu
siirliligt ortadan kaldirmak amaciyla gelistirilmis olup, kategorik verilerin
kiimelenmesine uygun yeni benzerlik olgiitleri ve kiime merkezi tanimlamalari
kullanmaktadir. Bu yontemde kiimeler arasindaki farkliliklarin belirlenmesinde
basit eslesme katsayisi ya da Hamming uzakligi esas alinmaktadir. Buna gore iki
veri nesnesi arasindaki benzemezlik degeri, ilgili kategorik degiskenlerdeki
eslesmeyen Ozelliklerin toplami iizerinden hesaplanmaktadir. Eslesmeyen 6zellik
sayisinin azalmasi, gozlemler arasindaki benzerligin arttigimi gostermektedir.
Dolayisiyla algoritma, benzer kategorik oOzelliklere sahip gozlemleri ayni
kiimeler altinda toplamay1 amaglamaktadir (Khan, 2007).

K-Means algoritmasinda kiime merkezleri ortalama degerler ile temsil
edilirken, K-Modes algoritmasinda kategorik degiskenler i¢in en sik tekrar eden
degerler, yani mod degerleri kullanilmaktadir. Boylece kategorik veri yapisina
daha uygun kiime merkezleri elde edilmektedir. Algoritmanin temel amaci,
kiimeler igerisindeki toplam benzemezlik degerini minimize ederek veri setini en
uygun bigimde gruplandirmaktir.

K-Modes algoritmasinin ¢alisma siireci genel olarak su adimlardan
olusmaktadir:

1. Ilk asamada kullanici tarafindan belirlenen k adet baslangic kiime modu
secilmektedir.

2. Her bir veri nesnesi, benzemezlik 0Ol¢iisiine gore kendisine en yakin
kiimeye atanmakta ve gerekli durumlarda kiimeler arasinda gegisler
gergeklestirilmektedir.

3. Veri noktalarinin kiimelere atanmasinin ardindan her kiime i¢in mod
degerleri yeniden hesaplanarak kiime merkezleri giincellenmektedir.
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4. Kiime tiyeliklerinde degisim kalmayincaya kadar atama ve giincelleme
islemleri tekrar edilmektedir.

K-Modes algoritmasinin énemli avantajlarindan biri, yalnizca kiime sayisinin
kullanict tarafindan belirlenmesini gerektirmesi ve biiyiik veri setlerinde diisiik
hesaplama maliyeti ile calisabilmesidir. Algoritmanin zaman karmasikligi; veri
setindeki gozlem sayisi, kilme sayist ve iterasyon sayisina bagli olarak ifade
edilmektedir. Bu nedenle 6zellikle kategorik veri agirlikli bilyiik veri setlerinin
analizinde etkin ve pratik bir yontem olarak degerlendirilmektedir (Kaman,
2017).

2.24. Two-Step Kiimeleme Yontemi

Two-Step (iki asamali) kiimeleme analizi hem siirekli hem de kategorik
degiskenlerin ayni1 anda analiz edilmesine olanak saglayan ve 6zellikle biiyiik
Olcekli veri setlerinde etkili sonuclar iireten bir kiimeleme yontemidir. Bu
yontemin, farkli veri tiplerini birlikte degerlendirebilmesi nedeniyle karma veri
yapilarinda basarili performans gosterdigi belirtilmektedir (Kayri, 2007). Two-
Step Cluster algoritmasi, yiiksek boyutlu veri setlerinin analizine uygun
Olceklenebilir bir yap1 sunmakta ve biiyiik veri kiimeleri {izerinde etkin bigimde
calisabilmektedir (Rundle Thiele vd., 2015). Iki asamali kiimeleme yontemi
temel olarak “o6n kiimeleme” ve “esas kiimeleme” olmak iizere iki ana siiregten
olusmaktadir (Okazaki, 2007). Ilk asamada veri setindeki gozlemler kiigiik alt
gruplara ayrilmakta ve bu alt kiimeler daha sonraki analizlerde tek bir gézlem
gibi degerlendirilmektedir. Bu siiregte godzlemlerin mevcut kiimelere dahil
edilmesi veya yeni bir kiime olusturulmasi iglemi, belirlenen uzaklik ol¢iitiine
gore gerceklestirilmektedir. Ikinci asamada ise ilk asamada elde edilen alt
kiimeler, benzerlik diizeylerine gore yeniden birlestirilerek nihai kiimeler
olusturulmaktadir.

Two-Step Cluster yonteminin 6nemli avantajlarindan biri, optimum kiime
sayisin1 otomatik olarak belirleyebilmesidir. Bu amagla algoritma, hiyerarsik
kiimeleme yaklasimindan yararlanmakta ve kiimeleri asamali bicimde
birlestirerek en uygun kiime yapisini olusturmaktadir. Boylece benzer 6zellikler
tagiyan bireyler veya gozlemler aym kiime altinda toplanmakta, veri setindeki
dogal grup yapilarimin ortaya g¢ikarilmasi saglanmaktadir. Yontemde kiimeler
arast benzerliklerin belirlenmesinde ¢ogunlukla log-olabilirlik uzaklik Sl¢iisii
kullanilmaktadir. Bu uzaklik 6lgiitii, siirekli ve kategorik degiskenlerin birlikte
bulundugu veri setlerinde etkili sonuglar iiretmesi nedeniyle tercih edilmektedir.
Log-olabilirlik yaklasiminda siirekli degiskenlerin normal dagilima, kategorik
degiskenlerin ise multinomial dagilima sahip oldugu varsayilmaktadir. Ayrica
veri setinin kag¢ kiimeye ayrilacaginin 6nceden bilinmedigi durumlarda, uygun

kiime sayisinin belirlenebilmesi i¢in Bayes Bilgi Kriteri (BIC) kullanilmaktadir.
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Boylece veri yapisimi en iyi temsil eden kiime sayisi otomatik olarak elde
edilmektedir. SPSS yaziliminda Two-Step Cluster yontemi uygulanirken, siirekli
ve kategorik degiskenlerin ayn1 analiz igerisinde degerlendirilebilmesine olanak
saglayan log-olabilirlik uzakligi temel alinmaktadir. Bu 0zellik sayesinde
yontem, karma veri yapilarinin bulundugu uygulamalarda esnek, hizli ve
giivenilir  sonuglar sunan Onemli bir kiimeleme teknigi olarak
degerlendirilmektedir (Deniz, 2023).

3. Bulgular

Bu c¢aligmada, ilk olarak K-Prototypes ve K-Modes kiimeleme
yontemlerinden Once optimal kiime sayisini belirlemek amaciyla Elbow yontemi
uygulanmustir. Sekil 2 ve Sekil 3, Elbow yontemine ait grafikleri gostermektedir.

440 {

400 4

Toplam Kiime Igi Uzaklik

360

201 - ;
1 2

4 5

3
Kiime Sayisi (k)

Sekil 2. K-Prototypes Kiimeleme Yontemi i¢in Optimal Kiime Sayisinin
Belirlenmesinde Elbow Y ontemi
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Sekil 3. K-Modes Kiimeleme Yo6ntemi igin Optimal Kiime Sayisinin Belirlenmesinde
Elbow Yo6ntemi
Optimal kiime sayisinin belirlenmesi amaciyla Sekil 2 ve Sekil 3’te

gosterildigi gibi kiime sayisi 1 ile 5 arasinda degistirilerek her bir k degeri i¢in
kiime i¢i farklilik hesaplanmistir. Elbow grafikleri ggplot2 paketi (Wickham,
2016) kullanilarak olusturulmus, kiime sayisina karsilik gelen toplam kiime igi
fark degerleri gorsellestirilmistir. Optimal kiime sayis1, egrinin kirilma noktasina
gore belirlenmis ve k = 3 olarak segilmistir. Bu dogrultuda veri seti her iki
yontem i¢in de ii¢ kiimeye ayrilmistir.

Kiimeler, veri setinin yapisina uygun olarak iki farkli yontem kullanilarak
olusturulmustur. K-Prototypes algoritmasi, sayisal ve kategorik degiskenleri
birlikte ele alarak raf omrii gibi sayisal degiskenler ile etken madde ve hedef
zararh gibi kategorik degiskenleri ayn1 model iginde degerlendirmistir. K-Modes
algoritmasi ise yalnizca kategorik degiskenler iizerinden calisarak veri noktalar
arasindaki benzerligi kategori eslesmeleri {izerinden tanimlamistir.

Bu iki yoOntemle, benzer sayisal ve  kategorik  Ozellikler
gOsteren pestisitler ayn1  kiimeler altinda toplanmistir. K-Prototypes ve K-
Modes algoritmalari ile elde edilen bu kiimeler; pestisitlerin etken madde, hedef
zararli ve raf omrii gibi temel 6zellikleri bakimindan birbirinden belirgin sekilde
aynistigin géstermektedir. K-Prototypes yonteminde sayisal bir degisken olan raf
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omrii analize dahil edilirken, K-Modes algoritmasi sadece kategorik veriler
iizerinden ilerlemistir. Genel olarak K-Prototypes ve K-Modes algoritmalar ile
elde edilen bu kiimeler; pestisitlerin etken madde, hedef zararli ve raf émrii gibi
temel Ozellikleri bakimindan birbirinden belirgin  sekilde ayrigtigim
gostermektedir.

Kiime-1, standart uygulamali ve yaygin kullanilan pestisitleri temsil
etmektedir. Bu gruptaki {irlinler tablet, s1v1 veya graniil formunda olup genellikle
oda sicakliginda saklanmaktadir. Kullanim alanlari domates, hiyar, biber,
patlican, kabak ve turuncgil gibi iiriinlerdir. Ornek iiriinler arasinda AGRIMEC
EC, ALVERDE ve PREV-AM bulunmaktadir. Kiime-2, profesyonel kullanim ve
kontrollii kosullarda uygulanan pestisitleri kapsamaktadir. Uriinler genellikle
ampul veya sivi konsantre formundadir ve 1sik ile sicakliktan korunmasi
gerekmektedir. Bu kiime, seralar veya 6zel uygulama ortamlari gibi kontrolli
alanlarda kullanilan iiriinleri temsil etmektedir. Ornek {iriin olarak ARABUS
SC240, NEEMARIN ve PREVICUR ENERGY bulunmaktadir. Kiime-3 ise,
uzun raf Omiirlii ve yiiksek paketleme miktarina sahip, standart saklama
kosullarina uygun pestisitleri icermektedir. Uriinler tablet, sivi veya graniil
formunda olup domates, hiyar, biber, patlican, kabak, kavun ve turunggil gibi
cesitli kiiltiirlerde kullanilabilmektedir. Bu kiimedeki Ornek iiriinler arasinda
ADMIRAL 10 EC, BREAKER240SC ve MOVENTO SC100 yer almaktadir.

Sekil 4 ve Sekil 5, K-Prototypes ve K-Modes algoritmalari kullanilarak elde
edilen pestisitlerin balon grafik formatinda kiimelenmesini gdstermektedir.
Dairelerin ¢akismadan yerlesimi packcircles paketi (Bedward ve Eppstein, 2024)
ile saglanmis, gorsellestirme ggplot2 (Wickham, 2016) ile gerceklestirilmistir.
Grafigin interaktif hale getirilmesinde ggiraph paketi (Gohel ve Skintzos, 2026)
kullanilmustir.

Bu grafiklerde her bir balon bir pestisit {irliniinii temsil etmektedir ve balonun
rengi, pestisit iiriiniiniin ait oldugu kiimeyi gostermektedir. U¢ farkli renk, iic
farkli kiimeyi ifade etmektedir. Bu etkilesimli grafikte, herhangi bir balonun
iizerine gelindiginde ilgili pestisit iiriinii, kullanildig: {iriin grubu, etken maddesi,
hedef zararlis1 ve atandig1 kiime goriintiilenmektedir. Bu grafik, pestisitlerin i
farkli kiimede net bir sekilde ayrildigini ve kiimeleme algoritmasinin veri setinde
anlamli gruplamalar basariyla belirledigini gostermektedir.
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Sekil 4. K-Prototypes Kiimeleme Sonucuna Dayali Pestisit Uriinlerinin Baloncuk
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Sekil 5. K-Modes Kiimeleme Sonucuna Dayali Pestisit Uriinlerinin Baloncuk Haritast
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K-Prototypes ve K-Modes algoritmalari ile elde edilen sonuglar, veri setinin
iic kiimeye ayrilan tutarhh bir yapr sergiledigini gostermistir. Caligmanin
devaminda, bu bulgular karsilastirmali olarak degerlendirmek ve veri setinin
kiime yapisini farkli bir yaklagim ile analiz etmek amaciyla, kiime sayisini veri
yapisindan otomatik olarak belirleyebilen ve hem kategorik hem de sayisal
degiskenleri log-olabilirlik temelli yaklasim ile birlikte ele alan Two-Step
kiimeleme yontemi uygulanmistir. Béylece veri setinin kiime yapisi, alternatif bir
yontem ile incelenerek sonuclarin karsilastirmali olarak degerlendirilmesi
amaclanmistir. Bu kapsamda Two Step kiimeleme yontemi ile optimal kiime
sayist Sekil 6°da gosterildigi gibi k = 3 olarak belirlenmistir.

Model Summary

Algorithm TwoStep

Inputs 5

Clusters 3

Cluster Quality

T T T
-1.0 ~0.5 0.0 0.5 1.0
Silhouette measure of cohesion and separation

Sekil 6. Two-Step Kiimeleme Yo6ntemi Sonuglari

Sekil 7, kiimeleme analizi sonucunda olusan kiimelerin dagilimini
gostermektedir.
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Sekil 7. Two-Step Algoritmast Kiime Dagilim Grafigi
Kiimeleme siirecinde hangi parametrelerin kiimeleme {izerinde daha

belirleyici oldugunu saptamak amaciyla yapilan analiz sonuglart Sekil 8’de
sunulmustur. Bu grafik, pestisitlerin kiimelere ayrilmasmda rol oynayan
degiskenlerin goreceli onem diizeylerini gdstermektedir.

HEDEF_ZARARLI
ETKEN MADDE
BKU / RUHSATLARI

RAF_OMRU ]

URUN

i v i v
0.0 0.2 04 06 08 10

Sekil 8. Kiimeleme igin Degiskenlerin Onem Diizey Grafigi
Grafikte goriildiigii iizere, kiimeleme iizerinde en yiiksek etkiye sahip olan

degisken " Hedef Zararli " olmustur. Bu durum, pestisitlerin birbirlerinden
ayrigmasinda, miicadele ettikleri zararli organizma tiiriiniin en kritik ayirt edici
ozellik oldugunu kanitlamaktadir. “Etken Madde” ve “BKU” degiskenleri,
kiimeleme basarisinda orta-yiiksek diizeyde bir etki gdstermistir. Raf Omrii
ve Uriin degiskenlerinin kiimeleme iizerindeki etkisi diger parametrelere kiyasla
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daha diisiik kalmistir. Bu kapsamda, K-Prototypes ve K-Modes algoritmalarinda
kiimeleme iizerinde en yiiksek etkiye sahip degisken olan Hedef Zararli degiskeni
icin Sekil 9 ve Sekil 10°’da kiimelere goére dagilim grafikleri sunulmustur.
Kiimeler igerisindeki hedef degisken dagilimlar1 yigilmis ¢ubuk grafikler ile
gosterilmistir.  Grafikler ggplot2 (Wickham, 2016) paketi kullanilarak
olusturulmustur.
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Sekil 9. K-Prototypes Algoritmasina Gore ‘Hedef Zararli” Degiskeninin Kiimelere Gore

Dagilimi
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Sekil 10. K-Modes Algoritmasina Gore ‘Hedef Zararli” Degiskeninin Kiimelere Gore
Dagilimi
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Analiz sonuglar1 dogrultusunda, K-Prototypes ve K-Modes algoritmalarinin
pestisitleri gruplandirirken en yiiksek ayirt edici glice sahip oldugunu saptadig:
'Hedef Zararli' degiskenine ait dagilimlar, Sekil 8 ve Sekil 9’da kiimelere gore
detaylandirilmistir. Bu grafikler, hangi hedef zararli grubunun hangi kiimede
yogunlastigini ortaya koymaktadir.

4. Tartisma ve Sonug¢

Bu c¢aligsmada, tarim ilaglarinin sahip olduklari ¢ok boyutlu 6zellikler dikkate
almarak farkli kiimeleme algoritmalar1 aracilifiyla siniflandirilmasi
amagclanmistir. Elde edilen bulgular, pestisitlerin yalnizca kimyasal igerikleri
acisindan degil; hedef zararli gruplari, kullanim 6zellikleri ve raf omrii gibi
operasyonel degiskenler bakimindan da belirgin bi¢imde ayristigini
gostermektedir. Ozellikle K-Prototypes, K-Modes ve Two-Step kiimeleme
algoritmalarinin benzer kiime yapilar1 iiretmesi, veri setinde dogal ve anlamli
gruplarin bulundugunu ortaya koymaktadir.

Caligmada dikkat ¢eken en Onemli bulgulardan biri, “hedef zararli”
degiskeninin kiimeleme {izerinde en yliksek belirleyici giice sahip olmasidir. Bu
sonug, tarim ilaglarinin smiflandirilmasinda yalnizca etken madde veya ticari
iiriin ozelliklerinin degil, miicadele edilen zararli organizma yapisinin da kritik
bir rol oynadigin1 gostermektedir. Literatiirde pestisit caligmalarinin ¢ogunlukla
toksisite, kalint1 diizeyi veya cevresel etkiler lizerine yogunlastigi goriilmektedir.
Ancak bu ¢aligmada pestisitlerin kullanim amaglar1 ve hedef organizma iligkileri
tizerinden kiimelenmesi, karar destek mekanizmalar1 agisindan daha uygulamaya
doniik bir yaklasim sunmaktadir. Bu yoniiyle calisma, pestisitlerin yalnizca
kimyasal risk perspektifinden degil, ayn1 zamanda operasyonel kullanim
ortintiileri agisindan da degerlendirilmesi gerektigini ortaya koymaktadir.

K-Prototypes algoritmasinin hem sayisal hem de kategorik degiskenleri
birlikte degerlendirebilmesi sayesinde daha biitlinciil kiimeler olusturdugu
goriilmiistiir. Ozellikle raf 6mrii gibi sayisal degiskenlerin analize dahil edilmesi,
pestisitlerin yalnizca kategorik 6zellikler tizerinden degil depolama ve kullanim
stireleri bakimindan da ayristirilabilmesine olanak saglamistir. Buna karsilik K-
Modes algoritmasi, yalnizca kategorik degiskenler iizerinden daha sade ancak
gliclii bir ayrim yapisi ortaya koymustur. Two-Step kiimeleme yoOntemi ise
optimum kiime sayisini1 otomatik belirleyebilmesi ve degisken 6nem diizeylerini
gosterebilmesi agisindan Onemli avantajlar sunmustur. Bu durum, farkl
kiimeleme algoritmalarinin ayni veri seti {izerinde birlikte kullanilmasinin daha
giivenilir ve karsilagtirmali sonuglar elde edilmesine katki sagladigim
gostermektedir.
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Elde edilen kiimeler incelendiginde, bazi pestisit gruplarinin standart tarimsal
uygulamalarda yaygin olarak kullanildigi, baz1 gruplarin ise kontrollii kosullarda
ve profesyonel uygulamalarda tercih edildigi belirlenmistir. Ozellikle kontrollii
saklama kosullar1 gerektiren pestisitlerin ayr1 kiimelerde yogunlasmasi,
depolama ve lojistik siireclerinin pestisit yonetiminde dnemli bir unsur oldugunu
gostermektedir. Ayrica uzun raf Omriine sahip iriinlerin belirli kiimelerde
toplanmasi, pestisitlerin kullanim stratejileri ile {irlin dayamkliligi arasinda
anlaml1 iligkiler bulundugunu ortaya koymaktadir.

Bu ¢alisma literatiire cesitli yonlerden katki saglamaktadir. Ilk olarak, resmi
kurum verileri kullanilarak gerceklestirilen gergek veri temelli bir kiimeleme
uygulamas: sunulmustur. Ikinci olarak, pestisitlerin yalmzca cevresel veya
toksikolojik etkileri degil, c¢ok boyutlu operasyonel 0Ozellikleri birlikte
degerlendirilmistir. Uciincii olarak, K-Prototypes, K-Modes ve Two-Step
algoritmalarinin ayni veri seti {lizerinde karsilastirmali bigimde uygulanmasi
sayesinde karma veri yapilarinda farkli algoritmalarin performanslar
degerlendirilmistir. Bu yonleriyle calisma, pestisit yonetimi alaninda veri
madenciligi ve kiimeleme analizlerinin kullanimia yoénelik metodolojik bir
gergeve sunmaktadir.

Bununla birlikte ¢alismanin bazi sirhiliklart bulunmaktadir. Oncelikle
analizler, T.C. Tarim ve Orman Bakanlig1 veri tabanindan elde edilen belirli
degiskenler ile sinirlandirilmistir. Pestisitlerin toksisite diizeyi, c¢evresel
kaliciligi, uygulama siklig1 ve ekonomik maliyetleri gibi ek degiskenlerin dahil
edilmesi daha kapsamli sonuglar saglayabilir. Ayrica ¢alisma belirli bir zaman
araliginda elde edilen kesitsel verilere dayandigindan, pestisit kullanimindaki
zamansal degisimler analiz edilememistir. Kullanilan veri setinin goézlem
sayisinin sinirlt olmasi da kiimelerin genellenebilirligini belirli 6lgiide
etkileyebilmektedir. Gelecek ¢aligmalarda, pestisitlerin gevresel risk diizeyleri,
toksisite indeksleri ve bolgesel kullanim yogunluklar gibi degiskenlerin modele
dahil edilmesi Onerilmektedir. Ayrica yapay zekd ve derin Ogrenme tabanli
yontemlerin kiimeleme algoritmalari ile birlikte kullanilmasi, pestisitlerin risk
simiflandirmasinin daha hassas bicimde gerceklestirilmesine katki saglayabilir.
Bunun yaninda cografi bilgi sistemleri (CBS) destekli mekansal kiimeleme
analizleri ile pestisit kullanim Oriintiilerinin bolgesel dlgekte degerlendirilmesi,
stirdiiriilebilir tarim politikalarinin  gelistirilmesi agisindan 6nemli katkilar
sunabilir.

Sonug olarak bu ¢alisma, tarim ilaglarinin ¢ok boyutlu veri yapilar iizerinden
anlamli kiimeler altinda smiflandirilabilecegini gdstermistir. Elde edilen
bulgular, pestisitlerin daha etkin yonetilmesi, risk gruplarinin belirlenmesi ve
stirdiiriilebilir tarim uygulamalarimin desteklenmesi agisindan Snemli bilgiler
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sunmaktadir. Ayrica ¢alisma, karma veri yapilarinin analizinde farkli kiimeleme
algoritmalarinin birlikte kullanilmasinin giivenilir ve yorumlanabilir sonuglar
iiretmede etkili bir yaklasim oldugunu ortaya koymaktadir.
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Stratejik Ham Maddelerin Dis
Ticaret Trendleri Analizi

Sahika Ercan’ & Elifcan Gé¢men Polat’

Giris

Ekonomik isleyis agisindan biiyiikk 6neme sahip olan, fakat kitlik ya da
jeopolitik gerilimler sebebiyle tedarikinde ciddi riskler barindiran kaynaklar
kritik hammadde olarak tanimlanmaktadir. Stratejik hammaddeler ise iilkelerin
yenilenebilir enerji, dijitallesme, uzay ve savunma sanayisi gibi kilit sektorlerdeki
hedeflerine ulagsmasinda hayati rol oynayan girdilerdir. Hammaddeler, genel
olarak hem iilke ekonomisinin hem de endiistriyel iiretimin siirdiiriilebilmesinde
temel yapi taglaridir. Devletlerin ekonomik modellerini siirdiiriilebilirlik ilkeleri
gercevesinde yeniden yapilandirmasi, bu yesil doniisiim teknolojilerinde ihtiyag
duyulan kaynaklarin 6nemini daha da 6n plana ¢ikarmaktadir (Polat, 2023). S6z
konusu hammaddeler, endiistriyel siire¢lerin merkezinde yer alarak siirdiirtilebilir
kalkinma gayelerine erisilmesine dogrudan katki saglamaktadir. Ozellikle dijital
teknolojilerdeki ilerlemeler ve ¢evre odakli doniisiim hamlelerinin ivme
kazanmasi, kritik kaynaklara yonelik kiiresel talebi ciddi oranda artirmistir
(Gogmen-Polat, 2024). Bu 6ncii sektorlerde kullanilan girdilerin yakin gelecekte
arz ve talep uyusmazliklariyla sarsilacagi &ngoriilmektedir. Ustelik bu
maddelerin iiretim hacmini artirmak da ¢esitli zorluklar1 beraberinde
getirmektedir. Esasen, literatlire stratejik siniflandirmasinin dahil edilmesi, bu
kaynaklarin sektorel bazdaki 6nemini vurgulamay1 amaclamaktadir. Bazi kritik
ve stratejik hammaddeler birbiriyle ortiisebilir; zira pek ¢ok hammadde, farkli
sanayi kollarindaki vazgecilmez rollerinden &tiirii ayn1 zamanda stratejik birer
unsur olarak kabul edilir. Bu iki kavram arasindaki ayrim, hiikiimetlerin her
hammadde tiirii i¢in daha hassas yasal diizenlemeler yapmasina, kaynak yonetim
planlar1 olusturmasina ve sinirli bulunabilirlik ya da lojistik duraksama risklerine
karsi daha nokta atig1 stratejiler gelistirmesine olanak tanimaktadir. Kritik
Hammaddeler Yasasi, geri kazanim ve geri doniisiim siireglerini optimize ederek
bu kaynaklarin siirdiirtilebilir bigimde yonetilmesini amaglasa da bu siirecteki en
biiyiik engel, gelecege yonelik arz ve talep dengelerinin seffaf bir sekilde
izlenememesidir. Bir hammaddenin dongiisli boyunca iiretim kapasitesinin ve dig
ticaret seyrinin tahmin edilememesi, tedarik zinciri ve liretim siiregleri tizerindeki
etkilerin analiz edilmesini zorlastirmakta ve sorumlu adimlarin atilmasini
engellemektedir. Bu baglamda, s6z konusu verilerin gelecege doniik

! Aras.Gor., Karabiik Universitesi, ORCID: 0009-0005-4596-7914
2 Dog. Dr., Munzur Universitesi, ORCID: 0000-0002-0316-281X
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ongoriilmesi, Kritik Hammaddeler Yasasi'nin hedeflerine ulasmasinda merkezi
bir rol oynayabilir. Ozellikle isabetli tahmin modelleri vasitasiyla tedarik
risklerinin gdzlemlenmesi; kritik kaynaklarin yeniden kazanimm ve geri
donistiiriilmesi gibi iki temel savunma mekanizmasini beslemek adina oldukca
degerlidir. Bunun yani sira, iiretim ya da ithalat hacminde artis trendi beklenen
hammaddelerin kritik/stratejik listelerine dahil edilmesi, bu kaynaklara yonelik
proaktif ve 6zel politikalarin iiretilmesini kolaylastiracaktir.

Uluslararas1 hammadde ticareti kapsaminda, ithalat ve ihracat siire¢lerini
zaman serisi analizleriyle ele alan pek ¢ok akademik ¢alisma mevcuttur. Ornegin
Say vd. (2024), temiz enerji egilimlerinin gelecekteki yoniinii saptayarak bu
teknolojilerde ihtiya¢ duyulan ham maddelere yonelik talep seviyelerini ve kritik
kaynaklarin stratejik degerini zaman serisi yontemleriyle ortaya koymustur.
Duran (2016) ise Tiirkiye 06zelinde hammadde ve yatirim mali ithalatinin
ekonomik biiylime {izerindeki etkilerini ve aralarindaki nedensellik baglarini yine
zaman serisi analiz tekniklerinden yararlanarak incelemistir. Polat vd. (2023)
tarafindan yapilan ¢caligmada, Tiirkiye’nin ithalat verilerinden hareketle gelecek
yillardaki hammadde kritiklik derecesini belirlemek amaciyla bir zaman serisi
modeli olan Ustel Diizeltme Tahmini kullamlmistir. Bu modelden elde edilen
egilimlere gore hammaddelerin risk durumlari analiz edilmistir. Benzer sekilde
Ugan ve Sarag (2020), Tirkiye'deki ithalat, doviz kuru hareketleri ve ekonomik
biliylime performanslar1 arasindaki etkilesimi zaman serisi metodolojisiyle
masaya yatirmistir. Bahsi gecen bu arastirmalar, dig ticaret verileri ile temel
makroekonomik gostergeler arasindaki baglari dinamik zaman serileriyle
dogrulamaktadir. Giiner ve Demir (2022), demir-gelik ithalatinin gegmisten
giliniimiize gelisimini inceleyerek yapay sinir aglart modeli araciligiyla en tutarl
tahmin modelini kurgulamay1 hedeflemistir; bu dogrultuda ithalatin yapisal
dinamikleri ve makroekonomik degiskenlerle iliskisi ¢éziimlenmistir. Bayar ve
Tokpunar (2014), Tiirkiye’nin ihracat potansiyelini sektdrel bazda ele alarak
1998-2012 donemine ait ¢eyreklik veriler iizerinden zaman serisi denklemleri
kurmus ve degiskenlerin kisa ile uzun vadeli iliskilerini analiz etmistir. Tarimsal
hammadde boyutunda Ugum (2016), Tiirkiye’deki soya iiretiminin genel
tablosunu ¢izmek ve gelecege yonelik arz-ticaret projeksiyonlarini ortaya
koymak adma sonraki bes yillik dénemi tahmin etmistir; bu siiregte TUIK’in
iretim verileri ile FAO’nun ithalat istatistikleri zaman serisi analizine tabi
tutulmustur. Son olarak Merdan (2023), Tiirkiye seker piyasasinin giincel
durumunu yorumlamak ve gelecek Ongoriilerinde bulunmak amaciyla zaman
serisi yontemlerinden Ustel Diizeltme Metoduna basvurmus, analizlerde
kullanilan ikincil verileri TUIK ve TSFAS veri tabanlarindan derlemistir.

Yiiriittiiglimiiz bu ¢aligmada ise literatiirde ilk kez, belirlenen dort farkli
sektorel kategori icin hammaddelerin yillara gore ithalat ve ihracat
projeksiyonlart zaman serisi yontemleri kullanilarak analiz edilmistir. Arastirma,
elde edilen dig ticaret tahmin sonuglarina dayanarak, arz sikintis1 yasanabilecek
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kaynaklar i¢in ikame malzeme arayislar1 ya da geri doniisim modelleri gibi
alternatif stratejilerin tasarlanmasina rehberlik edecektir. Ayrica elde edilen
bulgular, dis ticaret hacminde ciddi artig 6ngdriilen bazi hammaddelerin, ulusal
veya bolgesel diizeyde kritik/stratejik hammadde envanterlerine dahil edilmesine
yasal ve akademik bir zemin hazirlayacaktir.

Materyal-Yontem
Veri Analizi

Tiirkiye'nin madencilik sektorii, ihracat ve ithalat agisindan Onemli bir
ekonomik katki saglamaktadir. Maden Tetkik ve Arama (MTA) Genel
Miidiirligiinden temin edilen veri seti 1996-2023 yillar1 arasinda Tiirkiye'nin
madencilik ihracatina (Sekil 1) ve ithalatina (Sekil 2) dair yillik verileri
igermektedir. Veriler, endiistriyel hammaddeler, dogal taslar, metalik madenler
ve enerji hammaddeleri olmak {izere dort ana grupta simiflandirilmistir. Bu veri
seti, Tiirkiye'nin madencilik sektoriindeki ihracat ve ithalat egilimlerini analiz
etmek, sektordeki degisimleri degerlendirmek ve gelecege yonelik tahminlerde
bulunmak i¢in 6nemli bir kaynak sunmaktadir.
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Sekil 1. Maden gruplarina gore ihracat
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1e9 Maden Gruplarina Gére ithalat Trendleri
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Sekil 2. Maden gruplarina gore ithalat

Zaman Serileri Analizi

Prophet, zaman serisi tahmini yapmak icin kullanilan bir modeldir. Ozellikle eksik
veriler, mevsimsellik ve tatil etkilerini iyi yonetmektedir. Model, trend, mevsimsellik ve
tatil etkileri olmak {izere ii¢ ana bilesenden olusmaktadir. Her bir bilesen, zaman serisi
verilerindeki farkli davraniglar1 yakalamak i¢in kullanilmaktadir. Trend bileseni,
zaman i¢indeki diizensiz degisimleri ayarlayarak belirlenen degisim noktalarinda
trendin yOniinii degistirme olanagi sunmaktadir ve bodylece modelin uyum
yetenegini artirmaktadir. Mevsimsellik  bileseni, periyodik degisimleri
yakalamak ic¢in Fourier serileri kullanarak karmagik tekrar eden desenleri
modellemeye yardimci olmaktadir. Tatil bileseni, verilerde tatillerin neden
oldugu sapmalar1 belirlemektedir ve bu faktorler bircok zaman serisi veri setinde
onemli bir rol oynamaktadir (Maleki vd. 2024).

Prophet modeli, zaman serisini trend + mevsimsellik + tatil etkisi olarak
parcalamaktadir:

y(t)= g(t)+s(t)+h(t)+et

g(t) = Trend (uzun vadeli degisim)

s(t)= Mevsimsellik (donemsel degisimler)
h(t)= Ozel giinler (tatiller, etkinlikler)

gt=Rastgele hata terimi
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Bulgular
Trend ve Mevsimsellik Analizi

Bu analizler (Sekil 3-Sekil 4), Tiirkiye’nin maden ihracatinda uzun vadeli
biiylime trendini korudugunu ve 6zellikle son yillarda belirli sektorlerde biiyiik
sigramalar yasandigini géstermektedir.

Maden Gruplarina Goére 3 Yillik Hareketli Ortalamalar
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Sekil 4. Hammaddeler gore ihracat trendleri

*  Tim maden tiirlerinde genel olarak artig egilimi vardir.
*  Dogal Taslar ve Metalik Madenler en yiiksek ihracat seviyesine sahiptir.

*  Endiistriyel Hammaddeler siirekli ve istikrarli bir biiyiime
gostermektedir.
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*  Enerji Hammaddeleri en diisiik seviyede ancak son yillarda biiyiik bir
yiikselis gostermektedir.

2008 Kiiresel Krizi ve 2020 pandemi donemi baz1 gruplarda
dalgalanmalara neden olmus olabilir.

Bu grafik seti (Sekil 5), 1996-2023 yillar1 arasinda maden gruplarinin ithalat
degerlerini ve trend ¢izgilerini ayr1 ayr1 gostermektedir.

1e9 Maden Gruplarina Gére 3 Yillik Hareketli Ortalamalar

—— Endustriyel Hammaddeler (3 yillik ort.)
Dogal Taslar (3 yillik ort.)

—— Metalik Cevherler (3 yillik ort.)

——— Enerji Hammaddeleri (3 yillik ort.)

6

w B w

ithalat Degeri (USD)

N

yil

Sekil 5. Trend ve Mevsimsellik

Enerji hammaddeleri ithalat1 diger gruplardan belirgin sekilde yiiksek ve 2020
sonrast biiylik bir artis egilimi gostermektedir. Metalik cevherler ve endiistriyel
hammaddelerde biiyliime daha stabil, ancak enerji sektoriine bagli olarak degisim
gosterebilir (Sekil 6).
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Sekil 6. Hammaddeler gore ithalat trendleri

*  Endiistriyel hammaddeler ve metalik cevherler daha stabil bir biiyiime
egilimindedir.

* Dogal tas ithalati ingaat sektoriiyle baglantili olarak dalgali bir seyir
izlemektedir.

*  Enerji hammaddeleri ithalat1 diger gruplara kiyasla ¢cok daha hizl artiyor
ve sanayi-enerji bagimliligi giiclii bir sekilde hissedilmektedir.

Tahmin bulgular

Endiistriyel Hammaddelerin 10 yillik ihracat (Sekil 7) ve ithalat (Sekil 8)
tahminleri sunulmaktadir.

Endustriyel_Hammaddeler - Gergek vs Tahmin Degerleri
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Sekil 7. Endiistriyel Hammaddelerin 10 yillik ihracat tahminleri
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*  Model, 2024-2033 yillar1 arasinda biiyiime egilimi 6ngérmektedir.
e 2028-2033 arasinda ihracatta daha biiyiik bir artig beklenmektedir.
*  MAPE degeri %9.33 oldugu i¢in modelin dogrulugu oldukgea iyidir.

* Ancak belirsizlik aralifi genisledigi i¢in uzun vadeli tahminlerin
giivenilirligi azalmaktadir.

Endiistriyel Hammaddelerin Test donemi kiyaslamalari ve 10 yillik tahminleri
sunulmaktadir (Tablo 1- Tablo 2).

Tablo 1. Endiistriyel Hammaddeler icin Test Donemi Karsilagtirmasi (2019-2023):

Yil Gercek Deger Tahmin Alt Sinir Ust Simir
2019 1022.28 1026.25 970.81 1078.76
2020 932.05 1059.69 998.83 1119.69
2021 1249.5 1121.6 1052.06 1193.55
2022 1485.82 1156.38 1073.9 1246.68
2023 1191.69 1189.95 1087.53 1301.72

Tablo 2. Endiistriyel Hammaddeler i¢in 10 Yillik Tahminler (2024-2033):

Yil Tahmin (Milyon Alt Smmr (Milyon Ust Simir (Milyon USD)
USD) USD)

2024 1253.21 1100.56 1416.06
2025 1282.77 1102.34 1459.32
2026 1310.87 1086.6 1511.63
2027 1337.45 1084.93 1578.77
2028 1414.53 1118.9 1682.8
2029 1442.75 1107.59 1748.77
2030 1469.41 1099.51 1814.09
2031 1494.46 1078.76 1871.08
2032 1575.85 1117.29 1997.96
2033 1602.73 1081.24 2059.32
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Sekil 8. Endiistriyel Hammaddelerin 10 yillik ithalat tahminleri

*  Model, gegmis verilere iyi uyum saglamis ve gelecekte ithalat
degerlerinin artacagini 6ngérmektedir.

e 2020 sonrasi tahminlerde bazi sapmalar mevcut, ancak genel trendi

yakalamig goriinmektedir.

*  Gelecekte tahmin belirsizligi arttyor, bu da modelin uzun vadeli
tahminlerinin daha az giivenilir olabilecegini gostermektedir.

e 2024-2025 yillarinda tahmin edilen degerler test verileriyle oldukca
uyumlu, ancak ilerleyen yillarda sapma orani artabilir.

Endiistriyel Hammaddelerin test donemi kiyaslamalar1 ve 10 yillik tahminleri
sunulmaktadir (Tablo 3- Tablo 4).

Tablo 3. Endiistriyel Hammaddeler Test Tahminleri:

Yil Gergcek Deger Tahmin Alt Stmir Ust Simir

2019 606683793.0 611883419.56 526383333.38 695602183.06
2020 507428976.0 633552331.17 558440793.6 717471460.35
2021 666533089.0 680041634.44 592454448.37 755852873.08
2022 917580001.0 726980502.02 643325941.74 805813327.55
2023 682955417.0 7742965277 691103052.53 860608406.88
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Tablo 4. Endiistriyel Hammaddeler Gelecek 10 Y1l Tahminleri:

Yil Tahmin Alt Stmir Ust Stmir
2024 791232261.44 713006602.67 873142342.2
2025 839384321.52 754376903.68 921584508.91
2026 887901555.28 795181217.5 969869070.65
2027 936709635.84 841838567.16 1030737768.21
2028 948912191.72 848072647.88 1036406746.27
2029 998727008.61 883198083.85 1108680527.95
2030 1048822608.53 927297211.92 1166426781.7
2031 1099122743.98 954666153.66 1226013640.75
2032 1106592121.99 945276725.59 1256239622.51
2033 1158069695.7 969968932.42 1324686937.66
Dogal Taslar

Dogal Taslar

sunulmaktadir.
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Sekil 9. Dogal Taglar 10 yillik ihracat tahminleri

10 yillik ihracat (Sekil 9) ve ithalat (Sekil 10) tahminleri

2035

Model, 2024 ten itibaren diisiis egilimi gosteriyor. Ancak gegmis

verilerde bdyle bir trend yok, bu yiizden modelin burada hatali olabilecegi
disiiniilmelidir.

Genis tahmin araligi,

gostermektedir.
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MAPE degeri %13.15, yani modelin hata oran1 makul ama gelecekteki
diisiis tahmini sorgulanmalidir.

modelin uzun vadede belirsiz oldugunu



Dogal_Taslar ithalati Tahmini
les

1 e Egitim verisi
® Testverisi
—— Tahmin
995 Giiven Araligi

Ithalat Degeri (USD)
=
&

-
o

0.5

0.0

s,
%
2
%,

o e o o i
¥ o W v
& B 5 S «9
il

Sekil 10. Dogal Taslar 10 yillik ithalat tahminleri
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*  Model, 2005-2018 arasindaki artig1 ve 2018 sonrasi diisiisii basarilt bir
sekilde yakalamistir.

* 2020 ve sonrasi i¢in model, ithalatin daha hizli diisecegini tahmin
ederken, test verileri biraz daha yiliksek seviyededir. Bu, modelin diisiisii biraz
fazla tahmin ettigini gostermektedir.

e Giliven araligi zamanla genisliyor, 6zellikle 2030 sonrasi belirsizlik
artiyor. Model uzun vadede diisiis tahmin etse de bu kesin bir sonug degildir.

Dogal tasglarin ihracat Test donemi kiyaslamalari ve 10 yillik tahminleri
sunulmaktadir (Tablo 5- Tablo 6).

Tablo 5. Dogal Taslar i¢in Test Donemi Karsilagtirmasi (2019-2023):

Yil Gerg¢ek Deger Tahmin Alt Stmir Ust Simir
2019 2728.67 1920.21 1810.74 2035.68
2020 1744.49 1890.07 1777.26 2009.84
2021 2107.53 1892.71 1749.03 2022.58
2022 2111.65 1862.19 1701.0 2028.4
2023 194431 1831.86 1646.51 2028.58
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Tablo 6. Dogal Tagslar i¢in 10 Yillik Tahminler (2024-2033):

Yil Tahmin (Milyon Alt Smr (Milyon Ust Stmr (Milyon USD)
USD) USD)

2024 1771.78 1491.0 2070.1
2025 1742.06 1377.72 2086.44
2026 1712.56 1309.11 2132.04
2027 1683.29 1202.18 2178.23
2028 1683.43 1147.74 2244.32
2029 1653.71 996.79 2318.86
2030 1624.21 884.68 2324.23
2031 1594.94 794.22 2426.78
2032 1595.08 709.01 2504.64
2033 1565.35 588.2 2553.41

Dogal taslarin ithalat Test donemi kiyaslamalari ve 10 yillik tahminleri
sunulmaktadir (Tablo 7- Tablo 8).

Tablo 7. Dogal Taslar Test Tahminleri:

Yil Gergek Deger Tahmin Alt Simir Ust Simir

2019 83826055.0 116134042.95 96339888.54 138121013.12

2020 87837679.0 105038744.63 88503780.85 125580857.98

2021 89120033.0 94837575.07 77306158.89 112932232.9

2022 92698082.0 85135115.11 71040836.37 102964805.95

2023 95851855.0 75993883.66 63411055.64 91822895.48
Tablo 8. Dogal Taslar Gelecek 10 Y1l Tahminleri:

Yil Tahmin Alt Simir Ust Simir

2024 68724329.59 57213540.11 83684831.57

2025 62044473.25 46608309.75 82123257.52

2026 55699431.74 36424093.49 84090678.39

2027 49727626.74 26487623.68 93950006.38

2028 44964679.28 17843854.38 105415467.22

2029 40590627.15 12257513.4 127931426.96

2030 36441210.91 7882251.04 148332915.03

2031 32539945.76 5237051.52 189915577.29

2032 29419310.27 3381995.83 229281788.68

2033 26555129.22 2161470.14 291471830.9

Metalik Madenler

Metalik Madenler 10 yillik ihracat (Sekil 11) ve ithalat (Sekil 12) tahminleri

sunulmaktadir.

41



Metalik_Madenler - Gercek vs Tahmin Degerleri
1e9
—e— Gergek Degerler
— Tahmin
Tahmin Araligi

ihracat Degeri (USD)

-05

1995 2000 2005 2010 2015 2020 2025 2030 2035
il

Sekil 11. Metalik Madenler 10 yillik ihracat tahminleri

e Model, 2024-2033 yillarinda artis bekliyor. Bu, gecmis egilimlerle
tutarli goriinmektedir.

e MAPE %16.22, yani model orta derecede dogruluk gostermektedir.
e Ancak tahmin aralig1 genisledigi i¢in belirsizlik fazladir.

e 2028 sonrasi tahminlerde ani sigramalar var, bu modelin fazla iyimser
oldugunu gosterebilir.
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Sekil 12. Metalik Madenler 10 y1llik ithalat tahminleri
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e Model, ge¢mis verilere oldukca iyi uyum saglamig ancak 2020 sonrasi
test verileri ile tahminlerde baz1 farkliliklar vardir.
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Ozellikle 2020 ve 2021 yillarinda modelin tahmini, gercek ithalat
degerlerinden diisiik kalmistir.

Model uzun vadede ithalatin artacagini tahmin ediyor, ancak giiven
araliginin genislemesi nedeniyle 2030 sonrasi tahminlerin belirsizligi
yiiksektir.

Metalik Madenler Test donemi kiyaslamalart ve 10 yillik tahminleri
sunulmaktadir (Tablo 9- Tablo 10).

Tablo 9. Metalik Madenler i¢in Test Donemi Karsilagtirmasi (2019-2023):

Yil Gercek Deger Tahmin Alt Simir Ust Simir
2019 1218.09 1557.03 1236.41 1923.63
2020 1375.16 1572.42 1239.38 1883.76
2021 2162.02 1819.25 1485.82 2151.87
2022 218541 1834.13 1497.92 2152.94
2023 1982.65 1844.24 1512.36 2174.11

Tablo 10. Metalik Madenler i¢in 10 Yillik Tahminler (2024-2033):

Yil Tahmin (Milyon USD) Alt Smr (Milyon Ust Smr (Milyon
USD) USD)
2024 1850.61 1527.07 2214.65
2025 1847.12 1506.75 2183.7
2026 1839.36 1514.44 2181.04
2027 1827.5 1477.19 2189.94
2028 2118.01 1791.43 2453.83
2029 2104.71 1766.88 2450.64
2030 2087.24 1747.28 2419.05
2031 2065.76 1731.35 2378.71
2032 2385.4 2044.52 2707.4
2033 2362.31 2034.8 2688.14

Metalik Madenler Test donemi kiyaslamalari ve 10 yillik tahminleri
sunulmaktadir (Tablo 11- Tablo 12).

Tablo 11. Metalik Cevherler Test Tahminleri:

Yil Gerg¢ek Deger Tahmin Alt Stmir Ust Simir

2019  1211136208.0 1360786436.56 1075838763.77  1653652614.96
2020  1230674524.0 1412729276.07 1132179336.49 1710641189.42
2021 2254981270.0 1460238540.2 1170358229.24 1758082497.58
2022 1661489855.0 1507541202.23 1230246754.34  1783341953.94
2023 1217685641.0 1554625472.5 1265168298.89  1845841827.1
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Tablo 12. Metalik Cevherler Gelecek 10 Y1l Tahminleri:

Yil Tahmin Alt Stmir Ust Stmr

2024 1607033685.9 1301310239.8 1901304006.83
2025 1654405514.25 1355192956.3 1941210033.96
2026 1701552989.57 1388853760.7 2009960908.95
2027 1748464511.01 1443239014.77 2033885139.94
2028 1801338095.73 1532580078.28 2110050548.83
2029 1848572488.31 1556957584 .4 2142266690.18
2030 1895564776.91 1600138786.94 2226935903.81
2031 1942303549.51 1650122710.91 2247367274.34
2032 1995642505.55 1687040514.53 2292518308.0
2033 2042739462.37 1748819308.97 2363010938.63

Enerji Hammaddeleri

Enerji Hammaddeleri 10 yillik ihracat (Sekil 13) ve ithalat (Sekil 14)
tahminleri sunulmaktadir.
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Sekil 13. Enerji Hammaddeleri 10 yillik ihracat tahminleri
e Model, gegmiste yasanan biiylik dalgalanmalar1 yakalayamiyor.
e  MAPE %65,11, yani model ¢ok kotii performans gostermektedir.

e Uzun vadeli tahminler diisiik biiyiime 6ngdriiyor, ancak bu tahminler
giivenilir gériinmektedir.

e Modelin yeniden egitilmesi ve optimizasyonu gerekebilir.
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Sekil 14. Enerji Hammaddeleri 10 yillik ithalat tahminleri

Model ge¢cmis verilere oldukea iyi uyum saglamig ancak 2020 sonrast
test verileri ile tahminlerde belirgin farkliliklar vardir.

Ozellikle 2020 ve 2021 yillarinda modelin tahmini, gercek ithalat
degerlerinden biiyiik sapmalar gostermektedir.

Model uzun vadede ithalatin artacagini tahmin ediyor, ancak bazi test
verileri ile tahminler arasinda biiyiik farklar vardir.

Enerji hammaddeleri Test donemi kiyaslamalar1 ve 10 yillik tahminleri
sunulmaktadir (Tablo 13- Tablo 14).

Tablo 13. Enerji Hammaddeleri icin Test Dénemi Karsilagtirmasi (2019-2023):

Yil Gercek Deger Tahmin Alt Simir Ust Simir
2019 10.31 17.97 9.94 26.18
2020 15.93 18.75 10.27 27.25
2021 48.98 19.53 11.52 27.8
2022 182.13 20.31 12.11 28.97
2023 136.8 21.09 12.93 29.36

Tablo 14. Enerji Hammaddeleri i¢in 10 Yillik Tahminler (2024-2033):

Yil Tahmin (Milyon Alt Smr (Milyon Ust Smr (Milyon
USD) USD) USD)

2024 22.65 14.79 30.8

2025 23.43 16.2 30.94

2026 24.21 16.7 32.21

2027 24.99 17.51 33.15

2028 25.77 17.87 334

2029 26.55 18.6 34.21

2030 27.33 19.26 35.61
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2031 28.11 19.71 35.76
2032 28.89 20.69 36.58
2033 29.67 21.93 38.02

Enerji hammaddeleri Test donemi kiyaslamalar1 ve 10 yillik tahminleri

sunulmaktadir (Tablo 15- Tablo 16).

Tablo 15. Enerji Hammaddeleri Test Tahminleri:

Yil Gercek Deger Tahmin Alt Simir Ust Simir

2019 3814625135.0  4970836974.86  3711832453.12  6237844620.69

2020 2890435815.0  5155187454.62  3803508944.96  6460237018.27

2021 4655088458.0  5381712163.79  4177453090.9 6629736959.21

2022 8982220396.0  5604072339.53  4333197333.86  6957311072.32

2023 6031638855.0 5821691840.66  4558959828.55  7185540934.49
Tablo 16. Enerji Hammaddeleri Gelecek 10 Y1l Tahminleri:

Yil Tahmin Alt Simir Ust Simir

2024 5983959054.65 4747370923.69 7268258565.12

2025 6186362910.45 4876879342.54 7526876308.66

2026 6382799246.0 4963524439.42 7729064756.54

2027 6572990280.04 5230162632.48 7865764736.3

2028 6706543005.95 5415167255.69 7970162112.8

2029 6879396558.22 5603909949.32 8069696680.94

2030 7045651482.27 5741359390.36 8284956458.51

2031 7205296350.95 5986840314.99 8477279296.43

2032 7308101821.26 6056685483.17 8538379803.97

2033 7450401862.02 6297769643.02 8780545429.18

Tablo 17. Basarim Olgiitleri (Thracat verileri)

Maden Grubu MAPE (%) MAE RMSE
Endiistriyel 9.33 118,135,588.70 168,045,220.94
Hammaddeler

Dogal Taslar 13.15 306,153,140.03 398,953,398.09
Metalik Madenler 16.22 273,730,324.71 287,691,863.31
Enerji Hammaddeleri 65.11 63,491,383.28 90,008,589.92

e Endiistriyel Hammaddeler i¢in tahmin modeli, en iyi performansi
gostermektedir. MAPE diistik (%9.33) (Tablo 17).

e Dogal Taglar ve Metalik Madenler i¢cin modeller makul ancak
dogruluklarn c¢ok yiiksek degildir.

e Enerji Hammaddeleri i¢in model ¢ok kotii performans gostermektedir
(MAPE %65.11). Model, gercek degerlerle neredeyse higbir iliski
kuramamaktadir.
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Tablo 18. Basarim Olgiitleri (ithalat verileri)

Kategori MAE RMSE MAPE (%)
Endiistriyel Hammaddeler 85354427.37 110261493.87 11.28
Dogal Taslar 16529506.78 19099269.75 20.52
Metalik Cevherler 323467238.94 406050186.06 19.32
Enerji Hammaddeleri 1547136451.22 1920930496.29 29.33

e Endiistriyel Hammaddeler i¢cin tahmin modeli, en iyi performansi
gostermektedir. Modelin MAE degeri 85.35M olup, ortalama hata
kabul edilebilir seviyededir. MAPE degeri %11,28 olarak
hesaplanmis, bu da modelin tahminlerinde ortalama %11.28 hata
yaptig1 anlamina gelmektedir (Tablo 18).

e Genel olarak model, tarihsel egilimleri yakalayabilmis ancak hata
oranlar1 optimize edilmelidir.

Sonuc¢ ve Tartisma

Farkli sektorlerdeki hammaddelerin dis ticaret verilerinin incelendigi bu
calismada, zaman serileri modelleriyle gelecek projeksiyonu olusturulmaktadir.
Elde edilen bulgular; hiz kazanan endiistriyel faaliyetler ve yenilenebilir enerji
yatinmlarinin, hammadde talebini kiiresel Ol¢ekte dramatik bir sekilde
artiracagini gostermektedir. Bu dogrultuda, 6zellikle endiistriyel hammaddelerin
ithalat ve ihracat degerlerinde 6ngoriilen ivmelenme, bu malzemelerin stratejik
kritikligini ve tedarik zinciri giivenligi ile ¢evresel siirdiiriilebilirlik eksenindeki
risk yOnetiminin 6nemini bir kez daha ortaya koymaktadir. Sektdr bazinda
yapilan modellemelerde; Metalik Cevherler ve Enerji Hammaddeleri gruplarinda
talebin yukari yonlii bir trend izleyecegi tahmin edilmistir. Ancak, Enerji
Hammaddeleri modelindeki yiiksek hata oranlari tahminlerin giivenilirligini
kisitlarken; Dogal Taglar grubu i¢in kurulan model istatistiksel olarak yetersiz
kalmig ve yeniden modelleme ihtiyact dogurmustur. Metalik Cevherler modelinin
Oongorill performansini artirmak adina ise ileri diizey veri 6n isleme adimlarina
gereksinim duyulmaktadir.

Sonug olarak, projeksiyonlarin dogrulugunu ve agiklayicilik giiclinii artirmak
amacuyla; elektrikli araglar, batarya liretimi ve yesil enerji yatirimlar gibi makro-
sektorel dinamiklerin digsal degisken olarak modellere entegre edilmesi, veri
setlerinin  genigletilmesi ve  biiyilk veri analitigi catis1  altinda
hibrit’/kombinasyonel zaman serisi algoritmalarmin otomatik optimizasyon
araclariyla test edilmesi 6nerilmektedir.

Tesekkiir

Bu c¢alisma, Munzur Universitesi Bilimsel Arastirma Projeleri Birimi
tarafindan desteklenmistir. Proje No: IHTS2023-06.
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Statistics-Driven Decision Modeling
For Earthquake Damage
Vulnerability in Disaster

Management

Ezgi Giiler!

1. INTRODUCTION

Disasters are natural or human-induced events that interrupt normal life and
cause severe physical, economic, and social losses, with earthquakes standing out
due to their high destructive potential and wide spatial impact (Erkal and
Degerliyurt, 2009; Kamranzad et al., 2020). Effective disaster management relies
on proactive planning across the four key phases—mitigation, preparedness,
response, and recovery—to minimize vulnerabilities and ensure coordinated
crisis handling (Karaman, 2017). Accordingly, industrial engineering and
operations research methods have increasingly been applied to support complex
decision-making processes in disaster management.

Risk and vulnerability assessments play a crucial role, particularly during the
mitigation and preparedness phases of disaster management. Conducting detailed
risk analyses for specific regions enables more precise planning, thereby reducing
potential losses and the severity of adverse impacts. Such assessments also
support more effective response and recovery strategies following disaster events.
Motivated by this need, the present study is grounded in a hybrid decision-making
framework designed to enhance the evaluation of disaster-related risks. The main
objective of the study is to examine earthquake damage vulnerability for
provinces in Tiirkiye with high seismic risk by employing multi-criteria decision-
making approaches and to statistically analyze the obtained findings.

2. MATERIAL AND METHODS

For the earthquake vulnerability assessment, provinces with high seismic
hazard levels were first identified. Based on the Active Fault Map published by
the General Directorate of Mineral Research and Exploration (MTA), provinces
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whose administrative centers are intersected by active faults were classified as
high earthquake-risk areas in Table 1 (MTA, 2024). This section presents the
methodological framework employed to evaluate earthquake damage
vulnerability and to analyze this vulnerability using Multi-Criteria Decision-
Making (MCDM) approaches.

2.1. Earthquake Damage Vulnerability Assessment

Vulnerability analyses constitute a critical component of earthquake risk
reduction and inherently require an interdisciplinary perspective involving
geosciences, structural engineering, architecture, urban planning, and related
fields. Within this scope, previous studies that address earthquake damage
vulnerability through Multi-Criteria Decision-Making (MCDM) approaches—
one of the core domains of industrial engineering—are briefly reviewed, covering
the period between 2014 and 2024.

Recent studies on earthquake damage vulnerability assessment predominantly
employ integrated MCDM and GIS-based frameworks—ranging from FAHP,
AHP, TOPSIS, VIKOR, Grey Relational Analysis, ANN hybrids, and
dominance-based models—to weight criteria, map spatial risk, and compare
regional seismic sensitivities (Shayannejad and Angerabi, 2014; Karimzadeh et
al., 2014; Peng, 2015; Sadrykia et al., 2017; Rezaei and Tahsili, 2018; Yavuz
Kumlu and Tiides, 2019; Yariyan et al., 2020; Shadman and Islam, 2021; Malakar
and Rai, 2022; Ozmen, 2024). The criteria employed for earthquake damage
vulnerability assessment were determined based on expert judgments and
relevant literature (Giiler et al. 2021; Giiler, 2024): Population Density (Tate,
2012; Yavagoglu and Ozden, 2017; Yari-yan et al, 2020; Jena et al., 2020(a));
Average Household Size (Yariyan et al.,, 2020; Jena et al., 2020(b)); Total
Number of Dwellings (Jena et al., 2020(a)); Number of Industrial Establishments
(Jena et al., 2020(a); Jena et al., 2020(b)); Gross Do-mestic Pro-duct (GDP) per
capita (Peng, 2015; Murnane et al., 2017); Total Agricultural Area (Sinha et
al.,2016).

The decision matrix constructed based on the criteria presented in Table 1 is
provided in Table 1 (TURKSTAT, 2024).
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Tablo 1. Decision Matrix for Provinces

Total Gross.
) Population Average Number Number. of Domestic Total
Provinces Density Hous.ehold of Indl‘lstrlal Product | Agricultural
Size Dwellings Establishments (GDP? Area
per capita
Aksaray 56.542 33 103000 20593 64834 4104083
Aydin 141.479 2.77 328000 70139 57879 3693447
Balikesir 86.237 2.61 377000 70426 72307 3908805.5
Bolu 38.593 2.83 71000 14539 92199 1107323
Bingol 35.306 3.42 39000 8915 42850 686756
Burdur 38.160 2.63 71000 17377 66660 1576784.3
Bursa 295.452 3.14 754000 170950 96684 2996453.9
Denizli 87.056 2.85 288000 66883 77804 3690190.7
Eskisehir 64.944 2.62 274000 41671 91234 5478027.6
Erzincan 20.247 2.82 56000 9862 84864 1405189
Erzurum 29.983 3.51 130000 25640 46444 4194829
Hakkari 38.807 4.55 24000 6633 44412 427582
Hatay 305.221 3.53 315000 76409 60937 2379336.8
izmir 375.246 2.81 1265000 263875 104791 3418311.6
Kahramanmaras 81.091 3.55 210000 44915 53862 3559292.3
Kayseri 84.945 3.22 376000 68403 75200 5366411
Kocaeli 612.032 3.24 481000 95491 153479 793596
Konya 56.231 3.26 584000 118578 65928 18896147
Kiitahya 49.914 2.77 175000 26566 66915 3101750
Manisa 110.074 295 353000 76835 84229 5073527
Mugla 82.834 2.71 271000 77767 83892 2049976
Osmaniye 168.495 3.36 101000 22685 56185 1261406
Sakarya 223.897 3.22 240000 54242 77717 1747241.8
Tokat 59.396 2.96 139000 25454 40645 31372259

Using the decision matrix presented in Table 1, the evaluations were
conducted through MCDM methods. The applied MCDM techniques are
described in detail in the subsequent sections.

2.2. Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP), introduced by Saaty (1977), is a
widely adopted MCDM method that structures decision problems hierarchically,
derives criterion weights through expert-based pairwise comparisons, and
facilitates the selection of the most beneficial alternative (Oral, Yumusak and
Eren, 2021; Deringdz et al., 2021; Ceylan and Giirsev, 2020).
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Step 1: A hierarchical structure including the objective, criteria, and
alternatives is first established for the decision problem.

Step 2: Pairwise comparison matrices are then constructed using Saaty’s 1-9
scale, and when multiple experts are involved, their judgments are aggregated
through the geometric mean to form a unified matrix (Equation 1) (Oral et al.,
2021; Ceylan and Giirsev, 2020).

D= [dij]nxn (1)

Step 3: The comparison matrix is column-normalized and the priority vector
is computed as the mean of the normalized rows to obtain the relative criterion
weights W;(Oral et al., 2021).

Step 4: The maximum eigenvalue A, is obtained by multiplying the
comparison matrix by the priority vector, forming the weighted sum vector,
dividing each element by its corresponding weight, and averaging the resulting
ratios (Uzun and Kazan, 2016).

Step 5: Consistency of judgments is assessed through the Consistency Index
(CI) and Consistency Ratio (CR), computed as in Equations (2) and (3):

Cl = (Apax —n)/(n—1) (2)
CR = CI/RI 3)

Here, n denotes the number of criteria and RI represents the Random Index,
whose values are provided in the standard RI table (Saaty, 1977). A CR value
below 0.10 indicates that the pairwise comparisons are sufficiently consistent for
reliable decision-making.

2.3. Preference Ranking Organisation Method for Enrichment
Evaluations (PROMETHEE)

PROMETHEE, proposed by Brans et al. (1984), ranks alternatives via
pairwise comparisons based on criterion-specific preference functions (Dinger et
al., 2017).The main steps of the PROMETHEE procedure are summarized below:

Step 1: A decision matrix consisting of alternatives, evaluation criteria, and
their corresponding weights is constructed. This matrix is also applicable for the
other MCDM methods employed in the study.

Step 2: For each criterion, one of the six standard preference functions is
selected to model the decision maker’s preference structure.

Step 3: Based on the selected preference functions, aggregated preference
indices are calculated for each pair of alternatives. The global preference function
for the alternative pair (a, b) is determined using Equation (4).
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0,f(a) < f(b)
P[f(a) = f(b),f(a) = f(b)

Step 4: Based on the aggregated preference functions, preference indices

p(ab) = | (4)

are computed. For alternatives a and b, evaluated with respect to criterion

i having weight w; (i = 1,2, ..., m), the preference index is calculated

using the formulation given in Equation (5).

m(ab) = M) 5)
i=1 Wi

Step 5: The positive outranking flow (®*) and the negative outranking flow

(@) of each alternative are then determined.

®*(a) =Y n(a,x), x=(acd..) (6)
®(a) =Y n(x,a), x=(bcd..) (7)
Step 6: Partial preference relations are derived using PROMETHEE I. For
any two alternatives, three possible cases are evaluated; if one of the
conditions specified in Equation (8) is satisfied, alternative a is considered
to outrank alternative b.

®*(a) > ®*(b) ve ®(a) < ®(b)
®*(a) > ®*(b) ve ®(a) = ®(b) (8)
®*(a) = ®*(b) ve d(a) < ®(b)

-If the condition given in Equation (9) is satisfied, alternatives a and b are
regarded as indifferent, indicating no preference difference between them.

®*(a) = ®*(b) ve d(a) = @ (b) 9
If the condition specified in Equation (10) holds, the two alternatives are

considered incomparable.

®*(a) > ®*(b) ve ®(a) > ®7(b) (10)

®*(a) < ¢*(b) ve ® () < ®(b)

Step 7: The complete ranking of alternatives is obtained by calculating the net
outranking flows using Equation (11). The final ordering is then established by
arranging these values in descending order (PROMETHEE II).

®(a) = d*(a) — P (a) (11)
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2.4. Vise Kriterijumska Optimizacija I Kompromisno Resenje (VIKOR)

The VIKOR method was introduced by Opricovic (1998) as a multi-criteria
decision-making approach aimed at identifying the most appropriate alternative
and a compromise solution in problems involving multiple evaluation criteria
(Mardani et al., 2016). The main procedure of the VIKOR method is summarized
as follows:

Step 1: For each criterion in the decision matrix, the best (f;") and worst (f;7)
values are determined. If a criterion has a positive (benefit-type) effect on the
decision model, Equations (12) and (13) are applied; if the criterion has a negative
(cost-type) impact, Equations (14) and (15) are used (where i denotes the criterion
and j denotes the alternative).

f =minf;; i=123,..,n (12)
fi = maxf; i=123, ..,n (13)
fi'= max f;; i=123..,n (14)
f =minf;; i=123,..,n (15)

Step 2: The decision matrix is first normalized and then weighted using the
criterion weights (w;). Subsequently, the group utility measure (S;) and the
individual regret measure (R;) are calculated for each alternative.

n Ui =fij) .
=Y Wy =1,2,3.. 1
S] i=1 Wi (fi*_fi_) ] y 13 ,ym ( 6)
i =fij) _
Rj = rnaX[Wl- #] = 1,2,3 e, m (17)

Step 3: Using Equation (18), the Q;value for each alternative is calculated by
combining maximum group utility and individual regret weights.

(5,-5") (R,~R")

— J
(S—_S*) + (1 V) (R—_R*) (18)

Q=v
Where;

§* =min;S;, §” = max;S;
R* = minjR; , R~ = max;R;
Step 4: The alternatives are ordered in ascending order according to their
Q; values.

Step 5: Validity conditions are then examined to verify whether the top-
ranked alternative truly represents the best compromise solution. If these
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conditions are satisfied, the alternative with the minimum Q value is
accepted as the optimal choice.

2.5.TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution)

TOPSIS, proposed by Hwang and Yoon (1981), identifies the best
alternative as the one closest to the positive ideal solution and farthest from the
negative ideal solution (Ozcan et al., 2017). The procedural steps of the TOPSIS
method are summarized as follows:

Step 1: Once the decision matrix is formed, each element is normalized using
the square root of the column-wise sum of squares to obtain matrix R
(Equation (19)).

fij
py= i (19)
N 1/2?=l1f5'

Step 2: The weighted normalized decision matrix (V) is then constructed.
After determining the relative importance weights of the evaluation criteria (w;),
each element of the normalized matrix R is multiplied by its corresponding
criterion weight.

Step 3: The positive ideal solution (A*) and the negative ideal solution (A7)
are subsequently derived using Equations (20) and (21). In these formulations,
set I represents benefit (maximization) criteria, whereas set I’ denotes cost
(minimization) criteria.

A" = {(maxjv;j1i € 1), (minjv;;1i € 1)} (20)
A* = {v},vi, .. v}
A” = {(minjvij 1i € I), (max;v;j1i € I’)} (21)

A- ={v{,v;,..,v}

Step 4: The separation measures from the positive ideal solution (S j+) and the
negative ideal solution (§;7) are calculated using the formulations provided in
Equations (22) and (23).

S5 = \/Z;'lzl(vij —v;")? (22)

Si = \/Z;'l=1(vij —v7)? (23)

Step 5: The relative closeness of each alternative to the ideal solution (RC) is
computed using Equation (24). The alternatives are then ranked in descending
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order of RC values, and the alternative with the highest score is identified as the
most preferred option.

Sj
— ot
S +S}

RC =

(24)

2.6. Borda Count Technique

The Borda Count method, originally proposed by Jean-Charles de Borda in
1784, is a voting-based aggregation approach that enables the consolidation of
multiple rankings into a single composite order (Mese and Ozdemir, 2022). The
technique assumes equal importance for each ranking source and is favored for
its simplicity and transparency in classification performance. In an evaluation
involving m alternatives, the top-ranked alternative receives a score of m—1, the
second-ranked alternative m—2, and so on, until the lowest-ranked alternative
obtains a score of 0. The mathematical formulation of the method is presented in
Equation (25).

by = Yk=1(M — 1) (25)
Where;
Ti: denotes the rank of the i-th alternative under the k-th criterion,

M: the total number of alternatives.

2.7.Kendall’s Tau-b Correlation Coefficient

Kendall’s Tau-b correlation coefficient, proposed by Kendall (1938), is a non-
parametric measure used to examine the association between ordinal or ranked
variables. The magnitude of the Kendall’s Tau-b coefficient is interpreted as
follows: values greater than 0.50 indicate a strong relationship, 0.36—0.49 an
important relationship, 0.20-0.35 a moderate relationship, 0.10-0.19 a weak
relationship, and values below 0.10 suggest no meaningful association. To
compute the coefficient, the first data series is arranged in ascending order. For
each observation Y; in the second series, the number of subsequent values greater
than Y;(a;) and the number smaller than Y;(b;) are counted. Summing these
across all observations yields N, = Y.a; and N, = }'b;. The Kendall’s Tau-b
coefficient is then calculated using Equation (26), based on the difference
between concordant and discordant pairs.

Ng—Np

BN (26)
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3. RESULTS
3.1.Findings Obtained from the AHP Method

Within the scope of the study, a panel consisting of three decision-
makers evaluated the earthquake damage vulnerability criteria using the
scale presented in Table 2. The resulting weights of the evaluation criteria
derived from the AHP analysis are given in Table 2.

Table 2. Criteria Weights Obtained from the AHP Method

Criteria Weights (w;)
Average Household Size 0.236
Total Number of Dwellings 0.172
Number of Industrial Establishments 0.099
Gross Domestic Product (GDP) per capita 0.130
Total Agricultural Area 0.066

In the PROMETHEE, VIKOR, and TOPSIS methods, the criterion
weights obtained through the AHP approach were adopted. According to the
AHP results, population density was identified as the most critical earthquake
damage vulnerability criterion with a weight of 0.296, whereas total agricultural
area was determined to be the least influential criterion with a weight of 0.066.

3.2.Findings from the PROMETHEE Method

Within the scope of the study, the Visual PROMETHEE software package
was utilized to implement the PROMETHEE analysis. The preference function
was specified as the Type V (linear) function, and all criteria were considered in
a maximization sense. Based on the computations performed via the software, the
ranking of alternatives derived from the PROMETHEE method is presented in
Table 3.

Table 3. Ranking of Provinces Based on the PROMETHEE Method

Provinces | Rank Provinces Rank
Aksaray 17 Hatay 5
Aydin 8 Izmir 1
Balikesir 6 Kahramanmaras | 15
Bolu 19 Kayseri 7
Bingol 24 Kocaeli 2
Burdur 21 Konya 11
Bursa 3 Kiitahya 16
Denizli 10 Manisa 4
Eskisehir | 12 Mugla 13
Erzincan 22 Osmaniye 14
Erzurum | 20 Sakarya 9
Hakkari 23 Tokat 18
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According to the PROMETHEE results, Izmir was identified as the province
with the highest earthquake damage vulnerability, whereas Bingdl ranked last
among the evaluated provinces.

3.3. Findings from the VIKOR Method

Within the scope of the study, the parameter v—representing the weight of the
strategy that maximizes group utility—was set to 0.5, implying that the decision-
maker group adopted a compromise-oriented stance. All criteria were treated as
benefit-type (maximization) criteria. Based on the computations performed in
Excel, the ranking results obtained from the VIKOR method are presented in
Table 4.

Table 4. Ranking of Provinces Based on the VIKOR Method

Provinces Si R; Q: Rank
AKksaray 0.840 | 0.278 | 0.842 17
Aydin 0.822 | 0.236 | 0.675 7
Balikesir 0.844 | 0263 | 0.793 | 14
Bolu 0.893 [ 0.287 [ 0.921 [ 21
Bingol 0.887 | 0.289 | 0.922 | 22
Burdur 0.944 | 0287 [ 0969 | 23
Bursa 0.559 | 0.172 | 0.211 2
Denizli 0.823 | 0263 [ 0772 | 12
Eskisehir 0.852 | 0274 [ 0.837 | 16
Erzincan 0914 | 0296 | 0973 | 24
Erzurum 0.843 | 0292 | 0.891 | 18
HakKari 0.750 | 0287 | 0.790 | 13
Hatay 0.648 | 0.154 | 0.229 3
Izmir 0442 | 0212 | 0244 | 4
Kahramanmaras 0.788 | 0.266 | 0.751 11
Kayseri 0.763 | 0264 | 0.721 | 10
Kocaeli 0.398 | 0.160 | 0.021 1
Konya 0.687 | 0.278 | 0.701 9
Kiitahya 0.897 | 0.282 | 0.905 | 20
Manisa 0.774 | 0.251 | 0.687 8
Mugla 0.839 | 0265 | 0.794 | 15
Osmaniye 0.797 | 0.222 | 0.605
Sakarya 0.728 | 0.194 | 0.445 5
Tokat 0.905 | 0.277 | 0.896 | 19

According to the VIKOR results, Kocaeli emerged as the province with the
highest earthquake damage vulnerability, while Erzincan was identified as the
least vulnerable among the evaluated provinces.

3.4. Findings from the TOPSIS Method

Within the scope of the study, all criteria were treated as benefit-oriented
(maximization). Based on the calculations performed in Excel, the ranking results
obtained from the TOPSIS method are presented in Table 5.
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Table 5. Ranking of Provinces Based on the TOPSIS Method

Provinces Sj+ Sj- RC | Rank
Aksaray 0,220 0,022 10,090 | 17
Aydin 0,187 0,051 10,213 7

Balikesir 0,199 10,043 10,178 | 11

Bolu 0,227 10,020 | 0,079 | 21
Bingol 0,231 {0,013 0,055| 23
Burdur 0,228 [ 0,012 ] 0,050 | 24
Bursa 0,124 10,118 | 0,487 3
Denizli 0,202 | 0,038 | 0,159 | 12

Eskisehir 0,209 [ 0,035 0,145 | 14
Erzincan 0,233 0,016 [ 0,064 22
Erzurum 0,226 0,020 [ 0,083 | 19
Hakkari 0,231 0,030 0,117 16

Hatay 0,148 | 0,097 | 0,396 4
izmir 0,092 | 0,171 | 0,650 2
Kahramanmaras | 0,208 | 0,032 [ 0,134 | 15
Kayseri 0,198 | 0,045 0,185 | 10
Kocaeli 0,096 | 0,198 | 0,673 1
Konya 0,194 | 0,078 | 0,286 6
Kiitahya 0,219 10,021 | 0,086 | 18
Manisa 0,192 10,049 | 0,202 9
Mugla 0,204 | 0,038 | 0,155 13
Osmaniye 0,194 ] 0,050 | 0,203 8
Sakarya 0,171 | 0,070 | 0,292 5
Tokat 0,219 10,019 0,080 | 20

According to the TOPSIS results, Kocaeli was identified as the province with
the highest earthquake damage vulnerability, whereas Burdur ranked last among
the evaluated provinces.

3.5.Findings Obtained from the Borda Count Technique

The final ranking obtained by aggregating the results of the PROMETHEE,
TOPSIS, and VIKOR methods through the Borda count technique is presented in
Table 6.

Table 6. Final Ranking of Provinces Based on the Borda Count Technique

PROMETHEE | TOPSIS | VIKOR Total
Provinces / MCDM Borda Borda Borda Final Rank

Borda Value Value Value Score
Aksaray 7 7 7 21 16
Aydin 16 17 17 50 7
Balikesir 18 13 10 41 11
Bolu 5 3 3 11 21
Bingol 0 1 2 3 24
Burdur 3 0 1 4 22
Bursa 21 21 22 64 3
Denizli 14 12 12 38 12
Eskisehir 12 10 8 30 15
Erzincan 2 2 0 4 22
Erzurum 4 5 6 15 19
Hakkari 1 8 11 20 17
Hatay 19 20 21 60 4
izmir 23 22 20 65 2
Kahramanmaras 9 9 13 31 13
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Kayseri 17 14 14 45 9
Kocaeli 22 23 23 68 1
Konya 13 18 15 46 8
Kiitahya 8 6 4 18 18
Manisa 20 15 16 51 6
Mugla 11 11 9 31 13
Osmaniye 10 16 18 44 10
Sakarya 15 19 19 53 5
Tokat 6 4 5 15 19

After aggregating the results of all applied MCDM methods using the Borda
count technique, Kocaeli emerged as the province with the highest earthquake
damage wvulnerability, whereas Bingdl ranked last in the final ordering.
Additionally, Mugla—Kahramanmaras, Erzincan—Burdur, and Erzurum-Tokat
were identified as tied groups occupying the same rank positions.

3.6. Findings from Kendall’s Tau-b Correlation Coefficient Analysis

Kendall’s Tau-b correlation coefficients were computed in SPSS to examine
the pairwise associations among the rankings obtained from different methods.
The correlation results indicate strong and positive relationships between all
MCDM-based rankings (PROMETHEE-TOPSIS: 0.754; PROMETHEE-
VIKOR: 0.667; TOPSIS-VIKOR: 0.870), demonstrating a high level of
consistency and mutual support among the applied techniques. Similarly, strong
positive correlations were observed between the Borda count results and the
individual MCDM rankings, confirming the robustness of the aggregated
ordering. According to the final Borda ranking, Kocaeli was identified as the
province with the highest earthquake damage vulnerability, whereas Bingol
occupied the last rank.

4. DISCUSSION

The results demonstrate that the proposed statistics-driven hybrid MCDM
framework provides a robust and consistent approach for assessing earthquake
damage vulnerability in disaster management. The convergence of
PROMETHEE, VIKOR, and TOPSIS rankings—supported by strong Kendall’s
Tau-b correlations—confirms the reliability of the integrated model, highlighting
population density, housing stock, and industrial concentration as key amplifiers
of vulnerability. The identification of Kocaeli and other highly urbanized
provinces as the most vulnerable regions emphasizes the critical role of exposure
and socio-economic accumulation alongside seismic hazard characteristics.
Overall, the findings indicate that data-driven multi-criteria decision models can
effectively support proactive mitigation and preparedness strategies by enabling
policymakers to prioritize high-risk regions in a systematic and evidence-based
manner.
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A Picture Fuzzy MEREC-AROMAN
Model for Selecting the Maintenance
Policy of Ship Main Engines

Dogan Sengiil! & Mahmut Emin Sarikaya’

1. Introduction

Maritime transport carries the overwhelming majority of world trade, and the
main engine is the single most critical machinery item on board a merchant ship.
An unexpected main engine failure can immobilise the vessel, threaten the safety
of the crew, cause pollution and generate very large commercial losses. The way
in which the engine is maintained therefore has a direct effect on safety,
reliability, cost and environmental performance. Choosing among the available
maintenance policies is consequently one of the most consequential engineering
management decisions taken by a shipping company.

Four maintenance policies dominate marine practice. Corrective maintenance
(CM) repairs an item only after it has failed. Preventive maintenance (PM)
replaces or overhauls items on a fixed time or running hours schedule. Predictive
maintenance (PdM) uses measured trends to forecast the remaining useful life
and to intervene shortly before failure. Condition-based maintenance (CBM)
triggers action when monitored parameters cross predefined thresholds. Each
policy has its own profile of cost, risk, technical demand and organisational
effort, so no single policy is best for every ship or every operating profile.

The selection of a maintenance policy is naturally a Multi-Criteria Decision
Making (MCDM) problem because it requires the simultaneous treatment of
several conflicting criteria such as life-cycle cost, reliability, safety and
feasibility. MCDM has been applied extensively to marine and offshore
maintenance. Hybrid models that combine the Analytic Hierarchy Process (4HP)
with the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) or with the Preference Ranking Organisation Method for Enrichment
Evaluations (PROMETHEE) have been used for ship machinery, and group
decision models have aggregated the opinions of several marine engineers. These
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studies confirm that the problem is well suited to MCDM, yet they also reveal
two recurring limitations.

The first limitation concerns the representation of uncertainty. Expert
judgements about a maintenance policy are rarely crisp. An engineer may partly
support a policy, partly oppose it and may also deliberately abstain because the
evidence is mixed. Ordinary fuzzy sets record only a degree of membership and
intuitionistic fuzzy sets add only a degree of non-membership (Zadeh, 1965;
Atanassov, 1986), so neither can record the neutral or abstaining attitude
separately. Picture Fuzzy Sets (PFYS), introduced by Cuong (2014), resolve this
by attaching to every element a positive, a neutral and a negative degree, together
with an implied refusal degree. This four-way structure mirrors the way marine
experts actually reason, where support, abstention, opposition and refusal coexist.

The second limitation concerns the choice of weighting and ranking
techniques. Many maritime studies rely on subjective weights elicited by pairwise
comparison, which may raise consistency and auditability concerns. The Method
based on the Removal Effects of Criteria (MEREC) derives objective weights
from the data themselves by measuring how much the overall performance of the
alternatives changes when each criterion is removed (Keshavarz-Ghorabaee et
al., 2021). The Alternative Ranking Order Method Accounting for Two-Step
Normalization (AROMAN) is a recent ranking technique whose distinctive feature
is the coupling of linear and vector normalisation, which produces a more faithful
data structure than a single normalisation (Boskovi¢ et al., 2023). MEREC
provides defensible objective weights and AROMAN provides a robust ranking,
yet to the best of the authors’ knowledge neither MEREC nor AROMAN, and
certainly not their picture fuzzy combination, has been used for maritime
maintenance policy selection.

This chapter addresses both gaps. It develops a picture fuzzy MEREC-
AROMAN model and applies it to the selection of a maintenance policy for a ship
main engine. The contributions are the following. First, the chapter formulates
MEREC and AROMAN inside the picture fuzzy environment and assembles them
into a single transparent procedure. Second, it provides three detailed proofs that
establish the theoretical soundness of the model, namely order preservation of the
picture fuzzy normalisation, boundedness of the AROMAN aggregation and
stability of the MEREC weights under the removal effect. Third, it reports a
simulation study comprising a parameter sweep, a rank reversal test and a
comparison with PROMETHEE using the Spearman rank correlation coefficient.
Fourth, it draws out the importance of the model for practitioners and supports
the discussion with an illustrative worked example aimed at marine engineers.

1.1 Related work and the research gap

Multi-criteria methods have a long record in marine maintenance. Emovon,
Norman and Murphy (2018) combined the Delphi method with AHP and
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PROMETHEE for ship machinery systems, and Emovon (2016) used a Delphi,
AHP and TOPSIS model for the cooling pump of a marine diesel engine. Asuquo,
Wang, Zhang and Phylip-Jones (2019) built a group TOPSIS model for marine
and offshore machinery. Karatug, Arslanoglu and Guedes Soares (2022) applied
AHP and TOPSIS to autonomous ship machinery and favoured a combination of
condition-based and time-based maintenance. Lazakis and Olger (2016) used a
fuzzy group method for a ship diesel generator and ranked preventive and
predictive maintenance ahead of corrective maintenance. Animah and Shafiee
(2019) combined AHP and PROMETHEF for critical shipboard machinery. The
reviews of Shafiee (2015), of Al-Najjar and Alsyouf (2003) and of Patil et al.
(2022) confirm that maintenance policy selection is a recognised MCDM task
with economic, technical, safety, environmental and feasibility criteria.

On the methodological side, MEREC was introduced by Keshavarz-
Ghorabaee, Amiri, Zavadskas, Turskis and Antucheviciene (2021) as an objective
weighting method, and it has since been extended to fuzzy (Saidin et al., 2023),
Pythagorean fuzzy (Chaurasiya & Jain, 2023) and picture fuzzy (Fan et al., 2024)
settings. AROMAN was introduced by Boskovi¢ et al. (2023) and was combined
with MEREC by Kara et al. (2024) in a crisp competitiveness study, but not in a
picture fuzzy form and not in the maritime field. Rank reversal, the change of
order when an alternative is added or removed, is a known limitation of many
methods and has been studied by Wang and Luo (2009), by Aires and Ferreira
(2018) and by Mufazzal and Muzakkir (2018), which is why a rank reversal test
is included here. No earlier study combines picture fuzzy information, MEREC
weighting and AROMAN ranking, and none applies this combination to maritime
maintenance. This chapter fills that gap and adds the theoretical guarantees that
applied studies less often include.

The remainder of the chapter is organised as follows. Section 2 reviews the
picture fuzzy preliminaries. Section 3 presents the proposed model step by step.
Section 4 states and proves the three theoretical properties. Section 5 applies the
model to the ship main engine. Section 6 reports the simulation study. Section 7
discusses the importance for practitioners and gives the worked example. Section
8 concludes.

2. Picture fuzzy preliminaries

This section recalls the definitions and operators that the model relies upon.
Throughout, X denotes a finite universe of discourse.

2.1 Picture fuzzy sets

A Picture Fuzzy Set (PFS) A on X is defined by a positive membership
function, a neutral membership function and a negative membership function,
written as follows.

A= {({(xpa(x)na(x),vax)): x € X} (1)
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Here py(x), na(x) and v, (x) lie in the unit interval and satisfy the constraint
below, which limits their sum.

0 < pug(x) + ma(x) +vp(x) <1 ( 2)
The refusal degree m,(x), which captures the part of the judgement that is
withheld, is the residual given in equation (3).

Ta(x) = 1 — (pa(x) + na(x) + va(x)) (3)

A triple ¢ = (u,n,v) that meets the constraint in equation (2) is called a
Picture Fuzzy Number (PFN). The positive, neutral and negative degrees
represent support, abstention and opposition respectively, which is the four-way
attitude that motivates the use of picture fuzzy information for expert judgement.

2.2 Score and accuracy functions

To compare picture fuzzy numbers a score function and an accuracy function
are used. For a PFN a = (u,n,v) the score and the accuracy are defined as
follows.

S (0() = T_ (4)

Ha) =p+n+v (5)
The score lies in the unit interval, it increases with the positive degree and it

decreases with the negative degree. The preference order between two PFNs is

decided first by the score and, when scores are equal, by the accuracy. Formally

a > yifS(a) > S(y),andif S(a) = S(y)thena > y when H(a) > H(y).
2.3 Picture fuzzy weighted averaging operator

Group judgements are combined with the Picture Fuzzy Weighted Averaging
(PFWA) operator (Garg, 2017; Jana et al., 2019; Tian et al., 2019). Given PFNs
ae = (Ue Me,Ve) for experts e = 1,...,t with weights {, that sum to one, the
operator is given in equation (6).

PFWA = (1 = [Te=1(1 — pe)%e, TMemame®e, Te=1ve®) (6)

The aggregated triple again satisfies the picture fuzzy constraint, so the
operator maps a collection of expert PFNs to a single PFN. The result of this
operator is the entry of the aggregated decision matrix used in the model.

2.4 Operational laws on picture fuzzy numbers

The averaging operator of equation (6) is built on two operational laws. For
two picture fuzzy numbers the addition is given in equation (7), and for a positive
scalar the scalar multiplication is given in equation (8). Both laws keep the result
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inside the picture fuzzy domain, which is why the aggregated judgement is again
a valid picture fuzzy number.

a, D az; = (w + po — falz,M1N2,V1V2) (7)
la=(1—-@0O-winfv%), >0 (8)

Applying the scalar multiplication with the expert weights and then adding
across the experts yields the weighted averaging operator. The neutral and
negative degrees combine multiplicatively, so an alternative scores well only
when the experts agree on strong support with little abstention or opposition.

3. The proposed picture fuzzy MEREC-AROMAN model

The model has four stages. The first stage gathers the linguistic judgements of
the experts and turns them into a single aggregated picture fuzzy decision matrix.
The second stage maps every picture fuzzy number to a score. The third stage
derives objective criteria weights with MEREC. The fourth stage ranks the
alternatives with AROMAN. A comparison with PROMETHEE and the rank
agreement measured by the Spearman coefficient complete the procedure. The
overall procedure is summarised in Figure 1 and set out as Algorithm 1.

=

Define the goal, the alternatives (Al to A4) and the criteria (C1 to C7)

\ /

i

Collect expert ratings using the seven term linguistic scale (Table 1)

L. >
P
Aggregate the experts with the PFWA operator [Eqg. 6]
Map each picture fuzzy number to a score [Eq. 4]

L3 ’

Compute the MEREC objective weights [Eq. 9 to 14]
\ /
-

Rank the policies with AROMAN using the weights [Eq. 15 to 22]
Validate: PROMETHEE II, Spearman, parameter sweep, rank reversal [Eq.
23 to 26]

Recommended maintenance policy

Figure 1. Flowchart of the proposed picture fuzzy MEREC-AROMAN model.
Source: The authors.
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Algorithm 1. Picture fuzzy MEREC-AROMAN

Input: the expert weights, the linguistic ratings of the alternatives on the criteria and
the criterion types.
Output: a ranking of the alternatives.
1. Map each linguistic rating to a picture fuzzy number using the scale of Table 1.
2. Aggregate the experts with the PFWA operator to form the picture fuzzy decision
matrix. [Eq. 6]
3. Apply the score function to every entry to obtain the score matrix. [Eq. 4]
4. MEREC weights:

a. Normalise the score matrix in benefit and cost form. [Eq. 9, 10]

b. Compute the overall performance of each alternative. [Eq. 11]

c. Recompute the performance with each criterion removed and form the
removal effects. [Eq. 12, 13]
d. Normalise the removal effects to obtain the criterion weights. [Eq. 14]
5. AROMAN ranking:
a. Apply the min-max and the vector normalisation in benefit and cost form.
[Eq. 15 to 18]
b. Form the averaged normalisation with the coefficient B, then weight it. [Eq.
19, 20]
c. Sum the cost and the benefit parts and compute the final score. [Eq. 21, 22]
6. Order the alternatives by decreasing final score.
7. Validate with PROMETHEE 11 and the Spearman coefficient, a parameter sweep
and a rank reversal test. [Eq. 23 to 26]

3.1 Stage one: linguistic rating and aggregation

Let the alternatives be indexed by i = 1,...,m and the criteria by j =
1, ... ,n. Each of the t experts rates every alternative on every criterion using a
linguistic term that maps to a picture fuzzy number through the scale in Table 1.
The experts’ judgements are merged with the PFWA operator of equation (6),
using the expert weights, to obtain the aggregated picture fuzzy decision matrix
with entries x;; = (145, Mij, Vij)-

3.2 Stage two: scoring

Every aggregated picture fuzzy number is converted to a crisp performance
value with the score function of equation (4), giving a real matrix with entries
Sij = S(x;;) in the open unit interval. The score matrix is the input to both the
weighting and the ranking stages, so the picture fuzzy information enters the later
computations through the score, with the accuracy reserved for breaking ties. This
is the device through which the linear and vector normalisation act on picture
fuzzy data.

75



3.3 Stage three: objective weights by MEREC

MEREC derives the weight of a criterion from how much the overall
performance of the alternatives changes when that criterion is removed. A
criterion whose removal strongly changes the performances is influential and
receives a large weight. The four steps are as follows.

First, the score matrix is normalised so that all entries fall in the half-open unit
interval. For a beneficial criterion the smallest score is placed in the numerator,
and for a non-beneficial criterion the score is divided by the largest score, as in
equations (9) and (10).

minkskj

ng; = Ty (beneficial) (9)
n; = ma:}’c's” (non — beneficial) (10)

Second, the overall performance of each alternative is computed with a
logarithmic measure, equation (11).

S; = In(1 + =] Inny; |) (11)

Third, the performance is recomputed with criterion j removed, equation (12),
and the removal effect of the criterion is the total absolute change over all
alternatives, equation (13).

1

Sij = mn(1+ ~ Qe jl Innge|) (12)

E; = %l S — Sil (13)
Fourth, the weights are obtained by normalising the removal effects, equation

(14). The weights are nonnegative and sum to one.

= i
Wi = 2tEt (14)

3.4 Stage four: ranking by AROMAN

AROMAN couples a linear and a vector normalisation, averages them, weights
them and finally aggregates the cost and benefit contributions through a balance
parameter. The benefit-oriented convention is used, so that for every criterion a
larger normalised value is better; cost criteria are inverted at the normalisation
step. The steps are as follows.

The min-max normalisation, equation (15) for beneficial criteria and equation
(16) for non-beneficial criteria, places every value in the unit interval.

Sij — minkskj

a;j = ——— (beneficial) (15)
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MaxgSkj — Sij

a;j = (non — beneficial) (16)

MaxySgj — MingSg;j

The vector normalisation, equation (17) for beneficial criteria and equation
(18) for non-beneficial criteria, uses the Euclidean norm of the column.

b;; = —L— (beneficial) (17)
Y /stlij
bij =1 — oL (non — beneficial) (18)

The two normalisations are merged into an aggregated averaged value with
the coefficient § in the unit interval, equation (19).

B ajj+ (1 - p) bj
Yij = % (19)

The averaged values are weighted, equation (20), and then summed separately
over the cost and the benefit criteria, equation (21).

Yij = Wi Vi (20)
L, = Zjecost]/;j; R; = Zjebenefityfkj (21)

The final AROMAN score combines the two sums through the type balance A,
which is taken as the total weight of the cost criteria, equation (22). A larger score
denotes a more preferred alternative.

SiAR = Li/1 + Ril_l' A= ZjEcosth ( 22)
3.5 Comparison with PROMETHEE and rank agreement

To check the ranking, the same score matrix and the same MEREC weights
are fed to the PROMETHEE 11 method (Brans & Vincke, 1985; Behzadian et al.,
2010). With a linear preference function whose preference threshold p; equals
the range of criterion j, the preference of alternative a over alternative b and the
multi-criteria preference index are given in equations (23) and (24).

Pi(a,b) = min{ 1, max{ 0,@}} (23)
J
n(a,b) = Y ;w; Pi(a,b) (24)
The leaving, entering and net flows are defined in equation (25), and
alternatives are ranked by the net flow.

1
m-1

1 _ _
0g = Ypr(a,b), o5 = Yp(b,a), g = @5 — ¢q (25)

m-1

The agreement between the AROMAN ranking and the PROMETHEE ranking
is measured by the Spearman rank correlation coefficient (Spearman, 1904),
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equation (26), where d; is the rank difference of alternative i and k is the number
of alternatives.

6 Yidf

p=1-3Te-n (26)

4. Theoretical properties

This section establishes three properties of the model. The first guarantees that
the picture fuzzy normalisation is faithful to the preference order. The second
guarantees that the ranking score cannot grow without bound. The third
guarantees that the objective weights are stable. All three were also confirmed
numerically over tens of thousands of random picture fuzzy problems, as reported
in Section 6.

4.1 Order preservation of the picture fuzzy normalisation

Theorem 1 (order preservation). Fix a criterion and let its picture fuzzy
scores lie in the open unit interval and not all be equal. Let the aggregated
averaged value be defined by equations (15) to (19). Then for a beneficial
criterion the value y;; is a strictly increasing function of the score s;;, and for a
non-beneficial criterion it is strictly decreasing. Consequently the normalisation
preserves the picture fuzzy preference order on every beneficial criterion and
reverses it on every cost criterion, which is exactly what a criterion to be
minimised requires.

Proof. Fix the criterion and write the column scores as a list with smallest
value [ and largest value u, where | < u. The Euclidean norm of the column,
call it V, is a positive constant that is the same for every entry of the column, so
within the column it does not depend on the alternative being normalised.

Consider first a beneficial criterion. The min-max value is a;; = (s;; —
)/(u — 1) and the vector value is b;; = s;;/V. Differentiating the aggregated

averaged value with respect to the score gives a strictly positive quantity, shown
below.

dyy _ 1 B +1—ﬁ
dsij_Zu—l V

) >0

Since the derivative is positive for every admissible 5, the value is strictly
increasing in the score. Therefore a higher score, which by Section 2.2 is a more
preferred picture fuzzy number, yields a larger normalised value, so the
preference order is preserved.

Consider next a non-beneficial criterion. Here the min-max value is a;; =
(u — s4)/(u — 1) and the vector value is b;; = 1 — s;;/V. The derivative of
the aggregated value is the negative of the previous expression and is therefore
strictly negative, so the value is strictly decreasing in the score. A larger
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magnitude on a cost criterion, which is less desirable, thus receives a smaller
benefit-oriented value, as required.

If two scores are equal then both normalisations return equal values, so the
alternatives remain tied and the accuracy-based refinement of the preference
order is never contradicted. Finally the weighting multiplies each column by the
nonnegative weight, which cannot change the within-criterion order, and the final
aggregation of equation (22) is increasing in each cost sum and benefit sum
because the power functions with exponents A4 and 1 — A are increasing on the
nonnegative axis. Hence improving an alternative on any beneficial criterion, or
lowering its magnitude on any cost criterion, cannot reduce its AROMAN score.
The model is monotone with respect to the picture fuzzy preference order. m

4.2 Boundedness of the AROMAN aggregation

Theorem 2 (boundedness). For every alternative the aggregated averaged
value satisfies 0 < Yij < 1/2. Writing W, for the total weight of the cost
criteria and W), for the total weight of the benefit criteria, with W, + W, = 1,
the AROMAN score is bounded as below, independently of the number of
alternatives.

% ) - A < E
2 -2

Proof. The min-max value lies in the unit interval by construction, for both
the beneficial and the non-beneficial forms, since its numerator lies between zero
and the denominator. The vector value also lies in the unit interval: for a
beneficial criterion s;;/V is at most one because the square of any entry is at most

W,
ossiARs(f)l+(

the sum of the squares, and for a non-beneficial criterion the complement lies in
the unit interval by the same inequality. A convex combination of two numbers
in the unit interval again lies in the unit interval, and dividing by two gives the
stated range for y;;.

Multiplying by the weight gives values between zero and half the weight.
Summing over the cost criteria shows that the cost sum is at most W./2, and
summing over the benefit criteria shows that the benefit sum is at most W, /2.
Because the exponents lie in the unit interval and the power function is increasing
on the nonnegative axis, raising the cost sum to the power A and the benefit sum
to the power 1 — A and adding yields the upper bound. For the final numerical
bound, both bases are at most one half, each power is therefore at most one, and
the maximum of the sum of the two powers over the admissible range of the
exponent equals three halves, attained at the extreme values of the exponent. Non-
negativity is immediate since every quantity is nonnegative. m

In the illustrative engine case the total cost weight is 0.376, the total benefit
weight is 0.624 and the type balance is 0.376, so the theorem caps the score at
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about 1.02, while the largest score actually obtained is 0.875. The computed
scores respect the bound, as they must.

4.3 Stability of the MEREC weights under the removal effect

Theorem 3 (weight stability). Let the normalised performance entries lie in
the half-open unit interval and let g; = (1/n) };| Inn;; |. Then the MEREC
weights are nonnegative and sum to one; they are invariant to positive scaling of
any criterion column; every removal contribution is bounded by the
corresponding normalised log magnitude; and deleting an alternative that is not a
column extreme changes each removal effect by exactly that alternative own
contribution, so the weight vector stays in an explicitly bounded neighbourhood.

Proof. Part one. Each removal effect is a sum of absolute differences, so it is
nonnegative, and dividing by the positive total of the removal effects gives
weights that are nonnegative and sum to one. Part two. For a beneficial criterion
the normalisation is the column minimum divided by the entry; multiplying the
column by a positive constant multiplies both the minimum and the entry by that
constant, so the ratio is unchanged, and the cost form is invariant by the same
cancellation. Because the normalised matrix is unchanged, every performance,
every removal effect and every weight is unchanged, so the weights depend only
on the relative pattern within each column and not on its scale.

Part three. Let §;; = (1/n) | Inny; |, which is nonnegative. The removed
term is a single summand of g;, so the quantity that remains after removal is
nonnegative and the argument below is at least one, which makes the removal
contribution nonnegative. Using the elementary inequality that the logarithm of
one plus a nonnegative number does not exceed that number, the contribution is
bounded as shown.

6ii
In(1 + g) — In(1 + g; — 6;) = n(1 + ———L——) < §;
n(L+ g) = (1 + g = 8y) = In(1+ ) < 6y
Summing over the alternatives gives a removal effect that is at most the
average absolute log magnitude of the criterion, a bound that is linear in the data.
A bounded perturbation of the logarithmic data therefore produces a bounded
perturbation of every removal effect, which is the desired stability.

Part four. The only way alternatives interact in MEREC is through the column
minimum for beneficial criteria and the column maximum for cost criteria. If an
alternative is neither the minimiser of any beneficial column nor the maximiser
of any cost column, then deleting it leaves these extremes, and hence the whole
normalised matrix for the survivors, unchanged. The new removal effect is then
the old one minus the deleted alternative own contribution, and by part three this
change is at most the average absolute log magnitude of that alternative. The
unnormalised effect vector therefore moves by a bounded amount, the normalised
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weights lie in an explicitly bounded neighbourhood of the original weights, and
a dominated or non-pivotal alternative cannot materially disturb the weights. This
is consistent with the absence of rank reversal observed when a dominated
alternative is added or removed in Section 6. ®

5. Application to a ship main engine

The model is applied to the selection of a maintenance policy for the main
engine of a merchant ship. The four policies introduced in Section 1, namely
corrective, preventive, predictive and condition-based maintenance, are the
alternatives, labelled A1 to A4. Three experts take part, namely a chief engineer,
a fleet superintendent and a classification surveyor, with weights 0.40, 0.35 and
0.25 that reflect their familiarity with day-to-day engine operation. The
judgements used below are illustrative and were prepared by the authors to
demonstrate the procedure; in a real study they would be elicited from the named
roles.

5.1 Linguistic scale and criteria

The experts express their judgements with the seven-term linguistic scale of
Table 1, each term mapping to a picture fuzzy number whose three degrees sum
to at most one. The criteria are listed in Table 2. They were drawn from the
maritime maintenance literature and grouped into the economic, technical, safety,
environmental and feasibility categories that recur in maintenance strategy
selection.

Table 1. Seven-term picture fuzzy linguistic scale.

Linguistic term Code Positive (u) Neutral (1) ?\I}e):gatlve
Very low VL 0.10 0.05 0.80
Low L 0.25 0.10 0.60
Medium low ML 0.40 0.10 0.45
Medium M 0.50 0.10 0.35
Medium high MH 0.60 0.10 0.25
High H 0.75 0.10 0.10
Very high VH 0.90 0.05 0.05

Source: The authors.
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Table 2. Evaluation criteria for ship main engine maintenance policy selection.

Code
Cl
C2
C3
C4
Cs
Cé6
Cc7

Criterion

Life-cycle cost

Reliability and availability
Safety and risk reduction
Operational downtime
Environmental compliance
Implementation feasibility

Spare parts inventory burden

Type
Cost
Benefit
Benefit
Cost
Benefit
Benefit
Cost

Category
Economic
Technical
Safety
Technical
Environmental
Feasibility

Economic

Source: The authors, based on Al-Najjar and Alsyouf (2003), Shafiee (2015) and Patil et

al. (2022).

5.2 Aggregation and scoring

Each expert filled the rating matrix, and the three matrices were merged with
the PFWA operator of equation (6). The aggregated picture fuzzy decision matrix
is shown in Table 3. Applying the score function of equation (4) to every entry
gives the score matrix of Table 4, which is the common input to the weighting
and ranking stages.

Table 3. Aggregated picture fuzzy decision matrix (positive, neutral, negative).

Criterion

Cl
C2
C3
C4
Cs
C6
C7

Al corrective

(0.467,0.100,0.382)
(0.291,0.100,0.558)
(0.306,0.100,0.543)
(0.819,0.078,0.078)
(0.306,0.100,0.543)
(0.874,0.059,0.059)
(0.568,0.100,0.281)

Source: the authors.

A2 preventive

(0.644,0.100,0.199)
(0.568,0.100,0.281)
(0.577,0.100,0.272)
(0.538,0.100,0.311)
(0.568,0.100,0.281)
(0.750,0.100,0.100)
(0.719,0.100,0.126)
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A3 predictive

(0.750,0.100,0.100)
(0.750,0.100,0.100)
(0.705,0.100,0.138)
(0.306,0.100,0.543)
(0.719,0.100,0.126)
(0.437,0.100,0.412)
(0.291,0.100,0.558)

A4 condition-
based
(0.705,0.100,0.138)
(0.874,0.059,0.059)
(0.862,0.064,0.064)
(0.215,0.084,0.645)
(0.705,0.100,0.138)
(0.538,0.100,0.311)
(0.314,0.100,0.535)



Table 4. Score matrix obtained from the score function.

Criterion Type Al A2 A3 A4

Cl1 Cost 0.542 0.723 0.825 0.784
C2 Benefit  0.366 0.643 0.825 0.907
C3 Benefit  0.382 0.653 0.784 0.899
C4 Cost 0.870 0.613 0.382 0.285
C5 Benefit  0.382 0.643 0.797 0.784
C6 Benefit  0.907 0.825 0.513 0.613
C7 Cost 0.643 0.797 0.366 0.390

Source: The authors.

5.3 Objective weights

The MEREC procedure of equations (9) to (14) was applied to the score
matrix. The removal effects and the resulting weights are reported in Table 5 and
drawn in Figure 2. Reliability and availability carries the largest weight, followed
closely by operational downtime and by safety, which together account for more
than half of the total weight. Life-cycle cost receives the smallest weight, because
the four policies are separated less by cost than by the technical and safety criteria,
so removing cost changes the overall performances only slightly. This is the
objective signal that MEREC is designed to capture.

Table 5. MEREC removal effects and objective weights.

Criterion Type Removal effect Weight
Cl Cost 0.0708 0.0588
C2 Benefit 0.2202 0.1827
C3 Benefit 0.2031 0.1685
c4 Cost 0.2176 0.1806
Cs Benefit 0.1903 0.1579
Co Benefit 0.1388 0.1152
Cc7 Cost 0.1646 0.1365

Source: The authors.

83



Objective criteria weights (MEREC)
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5.4 Ranking

AROMAN was applied to the score matrix with the MEREC weights, the
normalisation coefficient set to one half and the type balance set to the total cost
weight, which is 0.376. The cost sum, the benefit sum, the AROMAN score and
the rank of each policy are reported in Table 6, together with the PROMETHEE
net flow and its rank for comparison. Both methods place condition-based
maintenance first, predictive maintenance second, preventive maintenance third
and corrective maintenance last. The Spearman coefficient of equation (26)
between the two rankings equals 1.00, a complete agreement that supports the

Cc1

Figure 2. Objective criteria weights produced by MEREC.
Source: The authors.

Cc2

C3

c4

credibility of the result and is illustrated in Figure 3.

Cé

Table 6. AROMAN and PROMETHEE results for the main engine.

Alt.

Al
A2
A3

A4

Source: The authors.

Policy

Corrective
Preventive
Predictive

Condition-
based

Cost
sum

0.063
0.065
0.132

0.143

Benefit AROMAN

sum

0.081
0.168
0.194

0.224

Score
0.561
0.686
0.826

0.875
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Rank

4

PROMETHEE

flow
-0.463
-0.129
0.215

0.376

C7

Ran



Method agreement (Spearman = 1.00)

m PF-AROMAN 1 PF-PROMETHEE II
1.2

1.0

0.8

0.6

0.4

0.2

0.0 r
Corrective Preventive Predictive Cond.-based

Figure 3. Agreement between the picture fuzzy AROMAN and PROMETHEE
preferences.
Source: The authors.
6. Simulation study

Three computational experiments probe the behaviour of the model: a sweep
over the two method parameters, a rank reversal test and a comparison with
PROMETHEE over many random problems measured by the Spearman
coefficient.

6.1 Parameter sweep

The normalisation coefficient and the type balance were each varied from 0.1
to 0.9 in steps of 0.1, giving 81 combinations, a range in the spirit of the
coefficient study of Thinh and Van Dua (2024). In every combination condition-
based maintenance remained first and the complete order remained unchanged,
so the Spearman coefficient against the baseline ranking equalled 1.00
throughout. Figure 4 plots the AROMAN scores across the whole range of the
normalisation coefficient: the four curves never cross, which is the visual
counterpart of the monotonicity established in Theorem 1. A further test
perturbed each criterion weight by plus or minus twenty per cent, and the ranking
again did not change. The decision is therefore robust to the analyst settings.
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Ranking stability across the normalisation coefficient

—— Al —— A2 —a— A3 A4

1.0
0.9 — —

0.7 +—m o o o = o o g S—

0.6 o ®

0.5 = -$
0.4
0.3
0.2
0.1

0.0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

AROMAN score

normalisation coefficient (beta)

Figure 4. AROMAN scores across the normalisation coefficient, showing no rank
crossing.
Source: The authors.
6.2 Rank reversal test

Each policy was removed in turn and the weights and ranking were
recomputed for the survivors. In every case the relative order of the remaining
policies matched the order in the full problem, so no rank reversal occurred. A
dominated dummy policy that is worst on every criterion in preference terms was
then added; it was ranked last and the order of the original policies was preserved.
For the well separated policies of this case the model is therefore free of rank
reversal, which is consistent with Theorem 3 part four, since the removed and
added policies are not column extremes that drive the weights.

6.3 Agreement with PROMETHEE over random problems

To go beyond the single case, 3000 random picture fuzzy problems were
generated, each with four to eight policies and seven criteria, by drawing every
expert rating uniformly from the linguistic scale and aggregating as in the model.
For each problem the picture fuzzy MEREC-AROMAN ranking and the
PROMETHEE ranking were compared. The mean Spearman coefficient was
0.951 with a median of 1.00, the two methods produced an identical ranking in
53.2 per cent of the problems, and the agreement was at least 0.9 in 85.6 per cent
of the problems. The mean Kendall coefficient was 0.908. The distribution is
shown in Figure 5. Over the same problems the rank reversal frequency on
deletion was 30.0 per cent for the picture fuzzy AROMAN and 28.4 per cent for
PROMETHEE, which shows that the proposed method is broadly comparable to
PROMETHEE in rank reversal behaviour, while its single case behaviour was
fully stable. The summary of all experiments is given in Table 7.
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Rank agreement over 3000 random problems (mean = 0.951)
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Figure 5. Distribution of the Spearman agreement over 3000 random problems.
Source: The authors.

Table 7. Summary of the simulation experiments.
Experiment Setting Result

81 settings of the two parameters Condition-based first in all; Spearman
Parameter sweep

in0.1t00.9 1.00
Weight perturbation each weight changed by +20% Ranking unchanged; Spearman 1.00
Rank reversal, deletion remove each policy in turn Order of survivors preserved in all cases
Rank reversal, addition add a dominated policy Full order preserved
Agreement, random 3000 problems, 4 to 8 policies Mean Spearman 0.951; median 1.00
Reversal frequency 17900 deletion trials AROMAN 30.0%; PROMETHEE 28.4%

Source: The authors.

7. Importance for practitioners

The model is built for the people who actually decide how a ship engine is
maintained, namely chief engineers, fleet superintendents, technical managers
and classification surveyors. Its value to them rests on five points.

First, the weights are objective and auditable. Because MEREC reads the
weights from the decision data rather than from a pairwise comparison, no party
can overstate the importance of a favoured criterion, and the weighting can be
reproduced by anyone who has the rating matrix. This matters when a
maintenance budget must be defended to an owner or to a flag administration.

Second, the picture fuzzy input is honest about doubt. A marine engineer is
often willing to support a policy in part, to oppose it in part and to abstain on the
rest because the evidence is incomplete. The positive, neutral and negative
degrees record this directly, and the refusal degree records the part of the
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judgement that is withheld, so the model does not force experts into false
certainty.

Third, the ranking is robust. The parameter sweep, the weight perturbation and
the rank reversal test all left the order unchanged, and the agreement with
PROMETHEE was very high, so a manager can act on the recommendation
without fear that it is an artefact of an arbitrary setting. The detailed proofs give
the same assurance in theory: the ranking responds monotonically to better
judgements, it cannot take arbitrarily large values, and the weights do not change
abruptly when the alternative set changes.

Fourth, the model supports fleet standardisation and modern requirements.
Once the criteria and the linguistic scale are fixed, the same procedure can be
applied to every engine in a fleet, which makes maintenance policy choices
comparable across ships and over time. Because reliability, downtime and safety
dominate the objective weights, the method naturally aligns with the move
towards condition monitoring and predictive techniques that classification
societies and owners now encourage for safety and for decarbonisation.

Fifth, the method is light to run. It needs only a rating matrix and a short
calculation, so it can be embedded in a planned maintenance system or a
spreadsheet on board, and it produces a transparent score that can be revisited
whenever the operating profile, the fuel, the trade or the regulatory context
changes.

7.1 An illustrative example for practitioners

Consider a chief engineer who must recommend a maintenance policy for the
main engine of a bulk carrier and who wants to justify the choice to the owner.
The engineer follows the model as a short recipe. To begin, the three experts rate
each policy against the seven criteria of Table 2 using the words of Table 1. Take
the safety criterion C3 and the condition-based policy A4. The chief engineer, the
fleet superintendent and the classification surveyor rate its safety as very high,
high and very high. Mapping these words through Table 1 and merging them with
the operator of equation (6) and the expert weights 0.40, 0.35 and 0.25 gives the
picture fuzzy number (0.862, 0.064, 0.064). Its score from equation (4) is the
value below.

1 + 0.862 — 0.064
S =
2
A score this close to one tells the engineer that the panel strongly supports the
safety of condition-based maintenance with very little opposition and almost no

abstention. Repeating the calculation for every cell produces the score matrix of
Table 4.

= 0.899
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Next the engineer reads the objective weights from Table 5. The data say that
reliability, downtime and safety together drive the decision, while raw life-cycle
cost carries little weight because the four policies do not differ much in the way
cost separates them. This is a useful message in itself: for this engine the argument
should be made on availability and safety, not on headline price. Finally the
engineer reads the ranking from Table 6, where condition-based maintenance
comes first, ahead of predictive, preventive and corrective maintenance. The
recommendation can be defended on three grounds. The weights came from the
data and not from opinion, the result did not change when the method parameters
and the weights were varied, and an independent method, PROMETHEE,
produced the same order. If the owner later questions one judgement, say by
arguing that condition monitoring is harder to implement than assumed, the
engineer simply lowers the feasibility rating of A4, recomputes in a few seconds
and shows whether the conclusion still holds. In the present case the lead of
condition-based maintenance is wide enough that a single softer judgement does
not overturn it.

8. Conclusion

This chapter proposed a picture fuzzy MEREC-AROMAN model for selecting
the maintenance policy of a ship main engine and applied it to a choice among
corrective, preventive, predictive and condition-based maintenance. The model
joins three ideas that had not been combined for maritime maintenance before:
picture fuzzy judgements that record support, abstention, opposition and refusal;
objective weights from the removal effects of the criteria; and a ranking built on
a two-step linear and vector normalisation. In the illustrative engine case
condition-based maintenance was preferred, the ranking was stable across the
method parameters and the weights, and the agreement with PROMETHEE was
complete in the case study and high on average across thousands of random
problems.

The chapter also contributed three detailed proofs. The picture fuzzy
normalisation preserves the preference order, so the model is monotone with
respect to better judgements. The AROMAN aggregation is bounded by an explicit
constant that does not depend on the number of alternatives. The MEREC weights
are nonnegative, sum to one, are invariant to the scale of the data and are stable
when a non-pivotal alternative is added or removed. Each proof was confirmed
numerically over tens of thousands of random problems.

This study has limitations that also frame the further work. The expert ratings
are illustrative rather than elicited from a real panel, so the numerical outcome
should be read as a demonstration of the procedure and not as a fleet
recommendation. The case considers a single engine with one set of criteria and
one set of expert weights, and the weights of the experts were fixed rather than
derived from a consistency measure. The simulation also showed that, in common

&9



with the established methods it was compared against, the model is not free of
rank reversal in general, even though the engine case was fully stable.

Several extensions are worth pursuing. The criteria and the linguistic scale
could be tuned to particular ship types or trades. The expert weights could
themselves be derived from a consistency measure. Interval valued or spherical
fuzzy versions could be developed for even richer uncertainty, and the model
could be embedded in a planned maintenance system so that the policy is revisited
automatically as monitored data accumulate. The combination of objective
weighting, a robust ranking and transparent proofs gives engineers and
practitioners a decision aid that is both rigorous and practical.
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  1   −   𝜆


  𝜆


    W  b / 2


    W  c / 2


    𝛾  i j


    s  i j / V


  0   ≤     S  i  A R   ≤     (       W  c 2   )  𝜆   +     (       W  b 2   )  1   −   𝜆   ≤    3 2


    W  c   +     W  b   =   1


    W  b


    W  c


  0   ≤     𝛾  i j   ≤   1 / 2


  1   −   𝜆


  𝜆


    b  i j   =   1   −     s  i j / V


    a  i j   =   ( u   −     s  i j ) / ( u   −   l )


  𝛽


    d     𝛾  i j  d     s  i j   =    1 2 (     𝛽  u   −   l   +     1   −   𝛽  V   )   >   0


    b  i j   =     s  i j / V


    a  i j   =   (   s  i j   −   l ) / ( u   −   l )


  V


  l   <   u


  u


  l


    s  i j


    𝛾  i j


  𝜌   =   1   −     6    ∑  i   d  i 2  k   (     k 2   −   1   )


  k


  i


    d  i


    𝜑  a +   =    1  m   −   1  ∑  b 𝜋 ( a , b )   ,       𝜑  a −   =    1  m   −   1  ∑  b 𝜋 ( b , a )   ,       𝜑  a   =     𝜑  a +   −     𝜑  a −


  𝜋 ( a , b )   =    ∑  j   w  j     P  j ( a , b )


    P  j ( a , b )   =   m i n {   1 ,   m a x {   0 ,       d  j ( a , b )    p  j   }   }


  b


  a


  j


    p  j


    S  i  A R   =       L  i  𝜆   +       R  i  1   −   𝜆   ,         𝜆   =    ∑  j   ∈   c o s t   w  j


  𝜆


    L  i   =    ∑  j   ∈   c o s t   𝛾  i j ∗   ,           R  i   =    ∑  j   ∈   b e n e f i t   𝛾  i j ∗


    𝛾  i j ∗   =     w  j     𝛾  i j


    𝛾  i j   =     𝛽     a  i j   +   ( 1   −   𝛽 )     b  i j 2


  𝛽


    b  i j   =   1   −       s  i j    ∑  k   s  k j 2       ( n o n − b e n e f i c i a l )


    b  i j   =       s  i j    ∑  k   s  k j 2       ( b e n e f i c i a l )


    a  i j   =       m a x  k   s  k j   −     s  i j    m a x  k   s  k j   −     m i n  k   s  k j       ( n o n − b e n e f i c i a l )


    a  i j   =       s  i j   −     m i n  k   s  k j    m a x  k   s  k j   −     m i n  k   s  k j       ( b e n e f i c i a l )


    w  j   =       E  j   ∑  t   E  t


    E  j   =    ∑  i |     S  i j ′   −     S  i   |


    S  i j ′   =   l n (   1   +    1  n  ∑  k   ≠   j |   l n     n  i k   |   )


  j


    S  i   =   l n (   1   +    1  n  ∑  j |   l n     n  i j   |   )


    n  i j   =       s  i j    m a x  k   s  k j       ( n o n − b e n e f i c i a l )


    n  i j   =       m i n  k   s  k j    s  i j       ( b e n e f i c i a l )


    s  i j   =   S (   x  i j )


    x  i j   =   (   𝜇  i j ,     𝜂  i j ,     𝜈  i j )


  t


  j   =   1 ,   …   ,   n


  i   =   1 ,   …   ,   m


  𝜁   𝛼   =   (   1   −     ( 1   −   𝜇 )  𝜁   ,     𝜂  𝜁   ,     𝜈  𝜁   )   ,         𝜁   >   0


    𝛼 1   ⊕     𝛼 2   =   (     𝜇 1   +     𝜇 2   −     𝜇 1   𝜇 2   ,     𝜂 1   𝜂 2   ,     𝜈 1   𝜈 2   )


  P F W A   =   (   1   −    ∏  e = 1  t   ( 1   −     𝜇  e )    𝜁  e   ,      ∏  e = 1  t     𝜂  e    𝜁  e   ,      ∏  e = 1  t     𝜈  e    𝜁  e   )


    𝜁  e


  e   =   1 ,   …   ,   t


    𝛼  e   =   (   𝜇  e ,     𝜂  e ,     𝜈  e )


  H ( 𝛼 )   >   H ( 𝛾 )


  𝛼   ≻   𝛾


  S ( 𝛼 )   =   S ( 𝛾 )


  S ( 𝛼 )   >   S ( 𝛾 )


  𝛼   ≻   𝛾


  H ( 𝛼 )   =   𝜇   +   𝜂   +   𝜈


  S ( 𝛼 )   =     1   +   𝜇   −   𝜈 2


  𝛼   =   ( 𝜇 ,   𝜂 ,   𝜈 )


  𝛼   =   ( 𝜇 ,   𝜂 ,   𝜈 )


    𝜋  A ( x )   =   1   −   (     𝜇  A ( x )   +     𝜂  A ( x )   +     𝜈  A ( x )   )


    𝜋  A ( x )


  0   ≤     𝜇  A ( x )   +     𝜂  A ( x )   +     𝜈  A ( x )   ≤   1


    𝜈  A ( x )


    𝜂  A ( x )


    𝜇  A ( x )


  A   =   {   ⟨   x ,     𝜇  A ( x ) ,     𝜂  A ( x ) ,     𝜈  A ( x )   ⟩   :   x   ∈   X   }


  X


  A


    𝜈


    𝒘  𝒊 )


  Φ  ( a ) =  Φ +  ( a ) − Φ ¯ ( a )


   Φ +  ( a ) <  Φ +  ( b )   v e   Φ ¯ ( a ) < Φ ¯ ( b )


   Φ +  ( a ) >  Φ +  ( b )   v e   Φ ¯ ( a ) > Φ ¯ ( b )


   Φ +  ( a ) =  Φ +  ( b )   v e   Φ ¯ ( a ) = Φ ¯ ( b )


   Φ +  ( a ) =  Φ +  ( b )   v e   Φ ¯ ( a ) < Φ ¯ ( b )


   Φ +  ( a ) >  Φ +  ( b )   v e   Φ ¯ ( a ) = Φ ¯ ( b )


   Φ +  ( a ) >  Φ +  ( b )   v e   Φ ¯ ( a ) < Φ ¯ ( b )


  Φ ¯ ( a ) =  ∑  𝜋  ( x , a ) ,           x = ( b , c , d … )


   Φ +  ( a ) =  ∑  𝜋  ( a , x ) ,           x = ( a , c , d … )


  𝜋  ( a , b ) =     ∑  i = 1  m    w  i   x     P  i ( a , b )    ∑  i = 1  m    w  i


    w  i    ( i = 1 , 2 , … , m )


  i


  b


  a


  p  ( a , b ) =  {     0 ,   f  ( a ) ≤ f ( b )    P [ f  ( a ) − f  ( b ) ,   f ( a ) ≥ f ( b )


  𝜏 =     N  a −   N  b  N ( N − 1 ) / 2


    N  b = ∑   b  i


    N  a = ∑   a  i


    Y  i  (   b  i )


    Y  i  (   a  i )


    Y  i


  M :


  k


  i


    r  i k


    b  i =   ∑  k = 1  n  ( M −   r  i k )


  R C =     S  j −    S  j − +   S  j +


  R C


  R C


    S  j − =    ∑  j = 1  n    (   v  i j −   v  j − ) 2


    S  j + =    ∑  j = 1  n    (   v  i j −   v  j + ) 2


    S  j −


    S  j +


    A − =  {   v 1 − ,   v 2 − , … ,   v  n − }


    A − =  {  (   m i n  j   v  i j   ɪ   i ∈ I   ) ,   (   m a x  j   v  i j   ɪ   i ∈  I ′ ) }


    A ∗ =  {   v 1 + ,   v 2 + , … ,   v  n + }


    A ∗ =  {  (   m a x  j   v  i j   ɪ   i ∈ I   ) ,   (   m i n  j   v  i j   ɪ   i ∈  I ′ ) }


  I ′


  I


    A −


    A ∗


  R


    w  i


  V


    r  i j =     f  i j     ∑  i = 1  m    f  i j 2


  R


    Q  j


  Q


    R − =   m a x  j   R  j


    R ∗ =   m i n  j   R  j


    S − =   m a x  j   S  j


    S ∗ =   m i n  j   S  j


    Q  j = 𝜈     ( S  j −   S ∗ )    ( S − −   S ∗ ) + ( 1 − 𝜈 )     ( R  j −   R ∗ )    ( R − −   R ∗ )


    Q  j


    R  j =  max ⁡ [   w  i     ( f  i ∗ −   f  i j )    ( f  i ∗ −   f  i − ) ]           j = 1 , 2 , 3 … , m


    S  j =   ∑  i = 1  n    w  i     ( f  i ∗ −   f  i j )    ( f  i ∗ −   f  i − )                   j = 1 , 2 , 3 … , m


    R  j


    S  j


    w  i


    f  i − =  min ⁡    f  i j                               i = 1 , 2 , 3 , … , n


    f  i ∗ =  max ⁡    f  i j                               i = 1 , 2 , 3 , … , n


    f  i − =  max ⁡    f  i j                               i = 1 , 2 , 3 , … , n


    f  i ∗ =  min ⁡    f  i j                               i = 1 , 2 , 3 , … , n


  j  


  i


    f  i −


    f  i ∗


  R I


  R I


  n


  C R = C I / R I


  C I = (   𝜆  m a x − n ) / ( n − 1 )


    𝜆 max


    W  i


  D = [   d  i j  ]  n × n


  k = 3


  k = 3


  k  


  k


  k


  k = 1



