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Bu calisma ile havayolu isletmeleri i¢in genis gdvde yolcu ugak tipi secim kararinin optimize edilmesi
amaclanmaktadir. Havayollarinda birbirine yakin kapasite ve teknik Ozelliklerdeki ugak tipleri arasindan
hangisi veya hangilerinin segilerek satin alma karar1 oldukga farkli agilardan incelenmesi gereken, zaman alict
ve karmasik bir problemdir. Bir ugak tipi bir ydnden iistiin gelirken digeri farkli bir yonden {istiin
gelebilmektedir. Bu gibi durumlarda birden fazla kriteri, verilen 6nem sirasina gore ayni1 anda dikkate alarak
alternatifler arasinda siralama yapmaya olanak saglayan modellere yonelmek faydali olmaktadir. Bu tip ugak
secimi ya da ugak se¢im kriterlerini dnceliklendirme problemleri incelendiginde literatiirde siklikla ¢ok kriterli
karar verme (CKKV) modellerinin tercih edildigi gériilmektedir. Bu ¢aligmada da ayni1 bakis agisiyla CKKV
problemi olarak diisiiniilen ugak tipi sec¢imi, belirsizliklerin ve sdzel degerlendirmelerin daha iyi
modellenebilmesine imkan tantyan bulanik mantik ile birlestirilmis ve bir bulanik CKKV problemi olarak ele
alinmistir. Bu kapsamda bulanik kiimelere gorece yeni bir yaklasim olan Pisagor Bulanik Kiimeler ile Analitik
Hiyerarsi Prosesi (AHP) ve ideal Coziime Benzerlik Yoluyla Tercih Siralamasi (TOPSIS) hibrit modeli
iizerinde calisilmis ve 6 kriter ile 8 alternatif ucak arasinda se¢im yapilmistir. Uygulama iki asamadan
olusmaktadir. Ik asamada ¢alismaya dahil edilen 3 uzman karar verici tarafindan AHP anketi doldurularak
aralik degerli Pisagor bulanik AHP yontemiyle kriterlerin agirliklart hesaplanmustir. ikinci asamada ise ayni
karar vericilerin degerlendirmeleri ve aralik degerli Pisagor bulanik TOPSIS metodolojisi ile alternatifler
siralanmustir. Sonug olarak Airbus A350-1000 tipi ugak ideal ¢oziime en yakin alternatif olarak belirlenmistir.

Anahtar Kelimeler: Ugak secimi, Havayolu, Pisagor Bulanik Kiimeler, AHP, TOPSIS.
JEL Smiflandirma: C69, L.93, M11.

Optimization of Aircraft Type Selection by Integrated AHP and TOPSIS
Methods on Pythagorean Fuzzy Sets: Model Suggestion for Airline
Processing

Abstract

It is aimed to optimize the wide-body passenger aircraft type selection decision for airline companies in this
study. The decision to choose which aircraft types with similar capacities and technical specifications are
selected in airlines is a time-consuming and complex problem that requires to be examined from a different
perspective. One type of aircraft may prevail in one direction, while the other may prevail in another. In such
cases, it is useful to take into account the models that allow ranking among alternatives by considering more
than one criterion simultaneously in order of importance. When this type of aircraft selection or prioritization
of aircraft selection criteria is examined, it is seen that multi-criteria decision-making (MCDM) models are
frequently recommended in the literature. In this study, aircraft type selection, considered an MCDM problem
from the same point of view, is combined with fuzzy logic, which allows better modeling of uncertainties and
verbal evaluations that are pondered as a fuzzy MCDM problem. In this context, Pythagorean Fuzzy Sets,
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which are a relatively new approach to fuzzy sets, and the Analytic Hierarchy Process (AHP) and Technique
for Order Preference Similarity to Ideal Solution (TOPSIS) hybrid model have been studied, and a choice has
been made between 6 criteria and 8 alternative planes. The application consists of two stages. In the first stage,
the criteria weights were calculated using the interval-valued Pythagorean fuzzy AHP method by filling out
the AHP questionnaire by 3 expert decision-makers included in the study. In the second stage, the evaluations
and interval values of the same decision-makers were listed with the interval-valued Pythagorean fuzzy
TOPSIS methodology. As aresult, the Airbus A350-1000 type aircraft was determined as the closest alternative
to the ideal solution.

Keywords: Aircraft selection, Airline, Pythagorean Fuzzy Sets, AHP, TOPSIS

JEL Classification: C69, L93, M11.

GIRIS

Hizmet sektoriinde girdi, etki ve kapasitesi ile 6n plana ¢ikan havacilik sektérii, bu alanda
faaliyet gosteren isletmeler, sahip oldugu nitelikli insan giicii, kullanilmakta olan gelismis
teknoloji ve uluslararasi kurallara sahip olan yapisi ile 6nemli unsurlar1 barindiran bir
sistemdir (Akyurt ve Yaslioglu, 2018: 428). Havacilik sisteminin merkezinde yer alan
havayolu tagimacilig insanlarin ve kargolarin yer ve zaman faydasi olusturacak sekilde hava
araci kullanilarak yer degistirmesi seklinde ifade edilmektedir (Gerede, 2015: 3). Havayolu
tasimaciliginin ilk yillarinda 2 ya da 3 kisilik kapasitesi bulunan ucgaklar ile tasimacilik
gerceklestirilirken, bu islem giiniimiizde ylizlerce koltuk kapasitesi olan ucaklar ile
gerceklestirilmektedir. Havacilik sektoriiniin bu hizli gelismesinde bu alandaki serbestlesme
hareketleri, globallesme, niifus artis trendi ve teknolojideki yeniliklerin son derecede 6nemli
katkilar1 olmustur. Ozellikle neo-liberal dalgalanmanin etkisi ile 1978 yilinda ABD’de
baslayan ve sonrasinda diger lilkelere de yayilan havacilikta deregiilasyon (kuralsizlagtirma)
stireci ile 6zel isletmelerin havaciliga girisinin temin edilmesi havacilik sektoriiniin hizl bir
atilim gostermesini saglamistir. Havaciliktaki serbestlesme hareketleri ve globallesme ile
birlikte elektronik alanindaki ilerlemeler, malzeme teknolojileri ve jet motorlarindaki
devrimsel gelismeler dogrultusunda konfor ve giivenlik faktoriinii bir iist segmente tagiyan
ucaklarin imal edilmesi, havayolu ulagiminin énemli bir gelismeye sahne olmasini ve bu
gelisimin siirmesini saglamaktadir.

Havayolu tagimaciligi, ortaya koymus oldugu bu gelisim ile hiz, emniyet, kalite ve konfor
gibi avantajlar sunarak, havayolu tagimaciligina olan talebin her gegcen giin artmasini
saglamakta ve ulagtirma sektorii igerisinde itici glic unsurlarindan birisi olarak 6n plana
¢ikmaktadir. Havayolu tagimaciligina duyulan talep sektorde kritik bir aktor olan havayolu
sitketleri ile filo sayilarinin artmasini da saglamistir. Havayolu sirketlerinin filo yapilarim
genigletmek tizere yaptiklart ugak alimlart havayolu sirketleri icin yiliksek yatirim
maliyetlerinden kaynakli olarak stratejik bir 6neme sahiptir. Ayrica havayolu isletmeleri
ucak alirken yatirim maliyetlerinin haricinde ¢evresel etki, konfor, siirat ve benzeri birgok
etkeni de dikkate almak durumundadir. Giiniimiizde {ilkeler ve havalimani otoriteleri
ucaklarin yarattigl sera gazi saliimi ve giirtiltii diizeyi gibi ¢evresel etkileri géz oniinde
bulundurmaktadir. Bu ¢ercevede ucgaklarin giiriiltii seviyesi, yakit sarfiyati ve emisyon
miktar gibi teknik 6zellikleri 6nemli hale gelmektedir. Bununla birlikte yolcularin kabin i¢i
eglence sistemi, koltuk araligi ve genisligi gibi konfor beklentileri de artmaktadir. Bu
noktada havayolu sirketleri iilkeler ve yolcularin beklentilerini maksimum diizeyde
karsilamak amaciyla ve kendi c¢ikarlart dogrultusunda teknik, operasyonel ve ekonomik
faktorler arasinda en iyi kombinasyona sahip ugak tiplerine yonelmektedir. Havayollarinin
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farkl1 gereksinimlerine karsilik vermek isteyen ucak imalatgis1 firmalar ise farkli tipte
ucaklar tiretmektedirler (Kartal, 2022: 1).

Karar verme siireci, gerceklestirilmesi tasarlanan hedef ve islemlerin, karar verici yapi
tarafindan muhtemel alternatifler igerisinden, en uygun kriterleri saglayan ihtimalin
degerlendirilerek alternatifler igerisinden se¢ilmesidir. Gliniimiizde karar problemleri birden
fazla kritere ve alternatife sahip karmasik problemler halini almistir, bu nedenle karar
problemlerinin ¢6ziilmesi artitk daha da zorlasmis durumdadir. Bu tarz problemler ¢ok
kriterli karar verme (CKVV) teknikleri ile ¢oziilebilmektedir. CKKV, secilmesi planlanan
ve fazla sayida alternatifleri, kriterleri ve kisitlar1 temelinde barindiran problemlerin
¢cozlimiine imkan saglayan yontemler biitiiniidiir. CKKV yontemleri mevcut alternatifler
igerisinden performanslart en iyiden en kotiiye siralayarak karar verici i¢in performans
siralamasi gerektiren her tiirlii alanda kullanilmaktadir. CKKV’de karar alma probleminin
¢Oziimiinde bir siire¢ vardir. Problem ¢oziimii bu islemler takip edilerek siirdiiriiliir ve
optimum alternatif belirlenir.

Karar verme asamalarinda insanin dahil oldugu ve subjektif degerlendirmelerin yapildig
stireclerde genellikle bir belirsizlik s6z konusu olmaktadir. Bu sebeple CKKV problemi
olarak diisiiniilen ucak tipi se¢imi, belirsizliklerin ve sozel degerlendirmelerin daha iyi
modellenebilmesine imkan taniyan bulanik mantik ile birlestirilmis ve bir bulanik CKKV
problemi olarak ele alinmistir. Belirsizlik igeren bu karar probleminin ¢6ziimii i¢in degisik
CKKYV yontemleri ve farkli bulanik kiime uzantilart incelenmis, uygulamada yaygin
kullanimi sebebiyle Analitik Hiyerarsi Prosesi (AHP) ile Ideal C6ziime Benzerlik Yoluyla
Tercih Siralamasi (TOPSIS) yontemleri tercih edilmistir ve ugak se¢im probleminde bir
calisma bulunmamasi sebebiyle de bu modelde bulanik kiimelere gorece yeni bir yaklagim
olan Pisagor bulanik kiimelerin (Pythagorean Fuzzy Sets/PFS) kullanilmasina karar
verilmistir.

Havayolu isletmeleri i¢in genis govde yolcu ucagi se¢cim kararinin optimize edilmesi
amaciyla gerceklestirilen bu ¢aligmada kriter agirliklarinin aralik degerli Pisagor bulanik
AHP (Interval Valued Pythagorean Fuzzy AHP/IVPF-AHP) yontemi ile elde edildigi,
alternatif ucak tiplerinin ise aralik degerli Pisagor bulanik TOPSIS (IVPF-TOPSIS) yontemi
ile siralandigi hibrit bir model 6nerilmektedir. Calismanin bir sonraki boliimiinde havayolu
isletmelerinde filo planlanmasi siirecine iliskin kavramsal c¢erceveye deginilmis ve
literatiirde CKKV yontemleri kullanilarak ugak se¢imi iizerine yapilan ¢alismalara yer
verilmistir. Bundan sonraki boliimlerde ise sirastyla yontem, bulgular, tartisma ve sonug
kisimlar yer almigtir.

1. KAVRAMSAL CERCEVE
1.1.Havayolu Isletmelerinde Filo Planlamasi

Havayolu sirketlerinin filosu, havayolu tarafindan herhangi bir zamanda isletilen toplam
ucak sayist ile belirli ugak tiplerinden olugmaktadir. Filo yapist olusturmak havayolu
sirketlerinin kurumsal ve operasyonel performanslarini, kapasite gelistirmelerini ve
stirdiiriilebilirliklerini etkileyen en mithim uzun vadeli stratejik kararlardan biridir (Belobaba
vd., 2009: 154). Havayolu sirketlerinin filo planlari, gelisen ucak teknolojisi ve rekabet



halindeki havayollarinin filo kararlarindan etkilenmektedir. Bu baglamda havayollarinin filo
yapilarin1 dogru bir bigimde olusturmalari stiratle degisim gosteren pazar sartlarina hizli bir
bigimde uyum saglamalar1 ve gereksinimleri karsilama bakimindan kritik 6neme sahiptir.

Filo planlamasinda kritik karar siire¢lerinden birisi ugak tipi se¢imidir. Havayolu
sirketlerinin bir¢ok degerlendirme kriterini ayn1 anda dikkate alarak farkli ugak alternatifleri
arasindan operasyonlarina en uygun ucak tipini dogru bir bi¢cimde se¢mesi diger
havayollarina nazaran stratejik rekabet avantaji elde etmelerini saglamaktadir. Ayrica
sektorel, cevresel ve iktisadi kaynaklarin aktif ve verimli bir bicimde kullanilmasini temin
etmektedir (Kirac1 ve Bakir, 2018: 15).

Ucus mesafesi ve hizmet verilen ugus noktalar arasindaki taleplere bagli olarak ekonomik
ve karli ugus operasyonlari i¢in farkl: tip ve biiyiikliikte ucaklara gereksinim duyulmaktadir.
Bu noktada ucak se¢im prosesi tiim havayolu sirketleri i¢in ¢ok 6nemli ve zor bir gérevdir.
Havayolu isletmeleri uyguladiklar1 is modeli ve ag yapilar1 gercevesinde havayolunun
gelecek projeksiyonuna gore ugak tercihinde bulunmaktadirlar. Diigiik maliyetli havayollar
ile talebe gore tarifesiz seferler yapan charter tasiyicilar tipik olarak ekonomi sinif kabin
konfigiirasyonuna sahip bir ya da birka¢ ucak tipinden olusan filo yapisina sahip olmakta
iken, tam hizmet sunan havayolu isletmeleri ise sektérde tiim pazar boliimlerine hizmet
verebilmek amaciyla business ve ekonomi sinif kabin konfigiirasyonuna sahip pek ¢ok ugak
tipinden miitesekkil heterojen bir filo yapisina sahip olmaktadir. Ayrica genel ucus agina
bagli olarak, kita i¢cindeki uguslarda bolgesel ve kisa menzilli ucaklara, kitalararasi uguslarda
ise orta ve uzun menzilli ugaklara gereksinim duyulmaktadir. Bunlarin disinda degisik ugus
noktalarindaki talepler ¢ercevesinde ucaklarin boyutlari da farklilagsmaktadir. Yogun
havalimanlarinda slot (kapasite kullanimi) sikintis1 ve yiiksek inis tcretleri, havayolu
firmalarin1 tercih ettikleri baz1 ugus noktalarinda ucus frekansini azaltmaya ancak soz
konusu bu ucuslarda genis govdeli ugak kullanimina zorlamaktadir (Schmitt ve Gollnick,
2006: 6-7).

1.2. Literatiir Taramasi

Havayolu yolcu ve kargo tasimacilifinda kullanilan birgok ugak modeli bulunmaktadir.
Ucak tipi se¢imi havayolu sirketlerinin stratejik hedefleri, operasyonel gereksinimleri ve
finansal durumuyla biitiinlesen bir siire¢ olup, dogru ucak tipi se¢iminde detayli bir analiz
ve planlama yapmak 6nemlidir. Literatiirde ucak se¢im probleminin ¢6ziimii ile isletmelerin
dogru karar alabilmesi adina bir¢ok c¢aligma yapildigi goriilmektedir. Bu ¢alismalardan
bazilar su sekildedir;

Wang ve Chang (2007), Tayvan Hava Kuvvetleri Akademisi i¢in egitim amacli ugak modeli
secimi iizerine ¢alismis, yontem olarak da TOPSIS’ i1 kullanmislardir. Calismada yakat
kapasitesi, gii¢, servis tavani, maksimum ve minimum G kuvveti limiti, inis takimlar agik
halde maksimum operasyon hizi, flaplar asagida maksimum operasyon hizi, yangin
durumunda minimum ugus hizi, maksimum seyir hizi, ekonomik seyir hizi, deniz
seviyesinde maksimum tirmanma orani, kalkis mesafesi, inis mesafesi, kalkis ve 50 feet
yiikseklige ulagmak i¢in gereken mesafe, 50 feet yiikseklikten inis ve tam durus i¢in gereken
mesafe olmak tlizere 16 kriter belirlenmistir. Calisma kapsaminda degerlendirilen T-34, PC-
7, PC-9, PC-7 MK2, T-6A, KT-1 ve T-27 tipi ucak alternatifleri arasindan KT-1"in en iyi



Tezcan, M.C. (2024). Pisagor bulanik kiimelere entegre AHP ve TOPSIS yontemleri ile ugak tipi se¢iminin optimizasyonu: Havayolu
islemeleri i¢in model onerisi. Journal of Aviation Research, 6(1), 1-24.

alternatif oldugu belirlenmistir.

Ozdemir ve arkadaslar1 (2011) ¢alismalarinda, Tiirk Hava Yollar: isletmesi i¢in ugak secim
problemini Analitik Ag Siireci (Analytic Network Process/ ANP) yontemini kullanarak ele
almiglardir. Calismada satin alma maliyeti, operasyon maliyeti, bakim maliyeti, kurtarma
maliyeti alt kriterlerini igeren maliyet kriteri; teslimat siiresi ve faydali dmiir alt kriterlerini
iceren zaman Kkriteri; boyut, giivenlik, giivenirlik ve hizmet kalitesine uygunluk alt
kriterlerini iceren fiziksel 6zellikler kriterleri cercevesinde A319, A320 ve B737 ucaklan
degerlendirilmistir. Calisma sonucuna gore en uygun u¢agin B737 oldugu tespit edilmistir.

Dozic ve Kalic (2014) ¢alismasinda, Giineydogu Avrupa bolgesinde 27 rotada bolgesel
ucuslar gerceklestirdigi varsayilan Belgrad Havalimani merkezli bir havayolu isletmesi i¢in
ucak se¢im kararint AHP yontemi ile degerlendirmistir. Calismada 6 kriter lizerinden ERJ-
190, CRJ-700, CRJ-900, CRJ-1000, ATR 72-500, ATR 72-600 ve Q 400 ucaklar
degerlendirmeye alinmistir. Bolgesel uguslar icin ATR 72-600 modeli en uygun ucak olarak
belirlenmistir.

Bruno ve arkadaglar1 (2015) calismasinda, AHP ve Bulamik Kiime Teorisini birlikte
kullanarak Air Italy icin gerekli ucak tipi se¢imini anlatmaktadir. Calismada birim
operasyonel maliyet, ugak fiyati, seyir hizi, koltuk konforu, otonomi, kabin bagaj bolmesi
boyutu, ¢evre kirliligi ve giiriiltii kriterleri baz alinarak Bombardier CRJ-1000, Sukhoi SSJ-
100 ve Embraer ERJ-190 tipi ugaklar degerlendirilmistir. Kriter agirliklarinin AHP yontemi
ile belirlendigi, alternatif ugak tiplerinin ise Bulanik Kiime Teorisi ile siralandig1 calismada
havayolu isletmesi i¢in en uygun ugagin Sukhoi SSJ-100 oldugu kararina varilmistir.

Kirac1 ve Bakir (2018a), ¢alismalarinda, herhangi bir havayolu isletmesi i¢in kisa ve orta
mesafe ucuslarda kullanilabilecek ucak tipi se¢ciminde TOPSIS yontemini kullanmiglardir.
Calismada yakat tiikketimi, fiyat, yolcu kapasitesi, menzil ve hiz kriterleri dogrultusunda
A320, A321, B737-800 ve B737-900ER tipi ucaklar karsilastirilmistir. Buna gore en uygun
ucak tipi B737-800 olarak belirlenmis ve bu ucak tipini siras1 ile B737-900ER, A321, A320
ucaklar takip etmistir.

Kirac1 ve Bakir (2018b), yapmis olduklar1 baska bir c¢alismada CKKV yontemlerini
kullanarak ticari ucak secimi yapmaktadir. Bu calismada yakit tiiketimi, fiyat, koltuk
kapasitesi, menzil, maksimum yiik kapasitesi, hiz ve gaz emisyon miktar1 kriterlerini
kullanmiglardir. Kriter agirliklart AHP yontemi ile belirlendikten sonra COPRAS ve
MOORA yontemleri uygulanarak ucak alternatiflerinin siralamasi elde edilmistir. Her iki
yontemde de siralama ayni ¢ikmis ve en iyi ugak tipinin B737-800 oldugu tespit edilmistir.
Bu ucagi sirasi ile B737-900ER, A321 ve A320 takip etmistir.

Glintut (2019), diisiik maliyetli bir havayolu i¢in filo planlama optimizasyonu yapabilmek
amaciyla bulanik TOPSIS yontemini kullanmistir. Calismasinda ilk olarak, karar vericilerle
birlikte 4 farkli ugak iireticisine ait 17 farkli dar gévdeli ugak modelini degerlendirerek, 5
adet ana kriter ve bu kriterlere bagl 21 adet alt kriter belirlenmistir. Sonrasinda iki agsamali
degerlendirme siirecine gecilmistir. ilk asamada, karar vericiler tarafindan sozel degiskenler
kullanilarak kriterler degerlendirilmis ve agirliklar1 belirlenmistir. Ikinci asamada, karar
vericiler tarafindan s6zel degiskenler kullanilarak ugak alternatiflerinin performanslari ifade



edilmistir. Son olarak elde edilen veriler kullanilarak bulanik TOPSIS yontemiyle
hesaplamalar yapilmis ve alternatiflerin siralanmasi saglanmistir.

Akyurt ve Kabaday1 (2020) ¢alismasinda, Tiirkiye’de faaliyet gosteren bir hava kargo
isletmesi i¢in ucak se¢im problemini ele almislardir. Calismada maliyet, operasyonel
uyumluluk ve zaman ana kriterleri altinda tanimli 16 alt kriter belirlenmistir. Kriter
agirliklariin - hesaplanmasinda bulamik AHP yontemi, kargo ucgagi alternatiflerinin
siralanmasinda ise bulanik gri iligkisel analiz (GIA) yontemi kullanilmistir. Buna gére firma
icin en faydali ucak tipi B777F olarak belirlenirken ikinci sirada A320-200F, iicilincii sirada
A310-300F son olarak da B747-400F yer almistir.

Durmaz ve Gencer (2020) ¢alismasinda, Tiirk Hava Kuvvetleri Komutanligi’nin kullanimina
uygun akrobasi ucagl se¢cimi JSMAA programina yeni bir yazilim SMAA-2 ve SWARA-
SMAA-2 yontemleri ile analiz edilmistir. Analizde ugak performansi, uluslararasi prestij,
pilot adaptasyonu, lojistik performans ve ekonomiklik kriterleri dikkate alinarak KT-1T,
HURKUS-B, F-16, JF-17 tipi ugaklar arasinda segim yapilmis ve en uygun ucak modelinin
F-16 oldugu goriilmiistiir.

Kiraci ve Akan (2020), herhangi bir havayolu isletmesi i¢in ugak se¢imini AHP ve TOPSIS
yontemlerinin Aralik Tip-2 Bulanik Kiime (Interval Type-2 Fuzzy Sets) uzantisina entegre
edildigi hibrid bir model kapsaminda incelemistir. Calismada ekonomik performans, teknik
performans ve ¢evresel etki olmak iizere 3 ana kriter; koltuk/mil basina yakat tiiketimi, ugak
hizmet Omrii, maksimum kalkis agirlig1, koltuk kapasitesi, isletme maliyeti, ucak fiyati,
kirlilik ve giiriiltii olmak tizere 8 alt kriter kullanmiglardir. A320neo, A321neo, B737max8
ve B737max9 tipi ugaklar arasinda yapilan degerlendirmede A321neo en iyi alternatif olarak
belirlenmistir.

Lozano ve Rodriquez (2020), Ispanya Hava Kuvvetleri i¢in ileri egitim ucagi se¢imini AHP
ve Bulanik Ideal Referans Yontemi (FRIM) kapsaminda incelemistir. Kriter olarak catisma
yiiksekligi, dayaniklilik, itis giicli, kalkis agirligi, kalkis mesafesi, hiz, menzil, taktiksel
kapasite, manevra yetenegi, ergonomi ve uyumluluk kriterlerini baz almiglardir. Caligmada
alternatif olarak degerlendirilen KAI T-50, Alenia Aermacchi M-346 Master, Yakovlev
Y AK-130, Northrop F-5 Freedom Fighter ucak tipleri arasindan Alenia Aermacchi M-346
Master en avantajli model olarak saptanmuigtir.

Kocakaya ve arkadaslar (2021), Tiirkiye’de olusturulacak bolgesel havacilik operasyonlari
icin jet motorlu ugak modelinin se¢im kararini kiiresel bulanik AHP ve kiiresel bulanik
TOPSIS yontemleri ile degerlendirmislerdir. Calismada maliyet, teknik ozellikler ve
emniyet gecmisi ana kriterleri cercevesinde 10 alt kriter ile 9 alternatif ucak
degerlendirilmistir. Caligmada elde edilen bulgulara gore kiiresel agirlikli aritmetik ortalama
(SWAM) operatoriine gore Bombardier CRJ100/200 ugagi, kiiresel agirlikli geometrik
ortalama (SWGM) operatoriine bagli olarak da Embraer ERJ-135 ugagi en 1yi segenek olarak
tespit edilmistir.

Kocaoglu ve arkadaslar1 (2021) calismalarinda, Tiirkiye’de filo alimini1 hedeflemeyen kisi
veya isletmeler i¢in AHP ve TOPSIS yontemlerini kullanarak pistonlu tek motorlu ugak
secimi gerceklestirmistir. Calisma sportif, bireysel ve egitim amacli kullanilabilecek 3 ugak
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alternatifi arasindan 8 kriter esas alinarak yapilmistir. Calismalarinda ugagin satin alma
maliyeti, motor giicli, menzil, minimum kalkis mesafesi, servis tavani, faydal yiik ve hiz
kriterlerini degerlendirdikleri goriilmistiir.

2. YONTEM
2.1.Arastirma Modeli

Bu arastirmanin amaci havayolu isletmeleri i¢in genis gévde yolcu ucag se¢im kararini
bulanik CKKV yontemleri ile analiz etmektir. Calismada kriter agirliklarinin aralik degerli
Pisagor bulanik AHP yontemi kullanilarak elde edildigi ve sonrasinda alternatif ugak
tiplerinin aralik degerli Pisagor bulanik TOPSIS yontemiyle siralandigi hibrit bir model
onerilmektedir. Onerilen metodoloji kriter agirliklarmin elde edilmesi ve tutarlilik testlerinin
yapilmasi ile alternatiflerin siralanmasi olmak iizere 2 asamadan olusmakta ve akis
diyagrami1 oOzet olarak Sekil 1’de gosterilmektedir. Bu c¢alisma Etik Kurul izni
gerektirmemektedir.

Karar vericilerin
degerlendirmelerinin alinmasi
| ]

Hiyerarsi yapisinin olusturulmasi

'
ikili karsilastima matrislerinin
! olugturulmasi
ikili karsilagtimalarin T
diizenlenmesi

Literatiir ¢aligmasi

Her bir ikili kargilagtirma igin tutarlihik
oraninin (CR) kontrol edilmesi

Bulamk AHP

CR<0.1

IVPFWA operatdrii ile ikili kargilagtirmg
matrislerinin birlestirilmesi
.
Kriterlerin 6ncelik agirhklarinin
belirlenmesi
!
K2
IVPFWA operatdrii ile karar
matrislerinin birlegtirilmesi
!
Kriter agirhklanyla carpilarak agirhkh
Kkarar matrislerinin elde edilmesi
!
Pozitif ve negatif ideal ¢6ziimlerin ve
her bir alternatifin bu ¢éziimlere olan
uzakliginin hesaplanmasi

.

Her bir altematifin yakinhk
Katsayisinin bulunmasi

'

Altematiflerin siralanmasi

Bulamk TOPSIS

Sekil 1. Arastirma Modeli



2.2. Bulanik Kiimeler

Mantig ilk olarak sistemli bir sekilde ele alan ve mantik biliminin temellerini atan
Aristoteles (M.O. 384-322) ile klasik mantik siireci baslamistir. Boolean mantig1 olarak da
bilinen klasik mantigin temelinde kiyasa dayali iki degerli bir anlayis yatmaktadir. Diger bir
deyisle klasik mantikta sorulan sorunun cevabi ya dogrudur ya da yanlis. Programlama
dilinde ise bu cevaplar 0 (yanlis ise) ve 1 (dogru ise) seklinde ifade edildiginden 0-1 mantig1
olarak da bilinmektedir. Ancak gercek diinyada dogru ya da yanlis gibi yalnizca iki kesin
degerden soz etmek c¢ogu zaman miimkiin degildir. Azerbaycan asilli matematik¢i ve
bilgisayar bilimcisi Lotfi A. Zadeh 2 degerli mantiin limitleri {izerine ¢alismis ve 1965
yilinda yayinladigi bir makalesinde bulanik mantik kuramini ortaya atmistir (Paksoy vd.,
2013).

Klasik mantik ile bulanik mantik kavramlar1 birbirinden farkli oldugu gibi klasik kiime ile
bulanik kiime kavramlar1 da birbirinden farkli sekilde tanimlanmaktadir. Klasik kiime
teorisinde bir elemanin bir kiimeye ait olup olmadigi net bir sekilde belirli olup karakteristik
fonksiyonla gosterilir. x elemaninin kiimenin elemani olup olmamasina gore karakteristik
fonksiyon 0 ya da 1 degerini alir (Peng ve Selvachandran, 2019; Simsek vd, 2022). Klasik
kiimelerdeki ait ya da ait olmama durumuna karsin bulanik kiime teorisinde kismi aitlik
durumu bulunmaktadir. Bulanik kiime, “bir elemanin ilgili kiimeye ait olmasinin [0,1]
stirekli araliginda karakteristik fonksiyona atanan saymin biiyiikliigii ile agiklandig: kiime”
olarak tanimlanmaktadir (Altas, 1999).

Zadeh’in 1965 yilinda bulanik kiime teorisini ortaya atmasiyla birlikte belirsizligi ve kesin
olmama durumunu ele alan bir¢ok teori gelistirilmistir. Zadeh’in sundugu klasik bulanik
kiime teorisi bir elemanin kiimeye ait olma derecesi iizerine kuruluyken, zamanla elemanin
kiimeye ait olmama derecesi, kiimeye ait olup olmama konusundaki kararsizligin derecesi
vb. konularinda da c¢aligmalar yapilmis ve bu calismalar sonucunda Tablo 1°de tarihsel
gelisimi gosterilen bulanik kiime uzantilar1 ortaya ¢ikmaistir.

Tablo 1. Bulanik Kiime Uzantilar

Tarih Arastirmaci Bulanik Kiime Tipi

1965 Zadeh Klasik Bulanik Kiimeler (Ordinart Fuzzy Sets)

1975 Zadeh Tip-2 Bulanik Kiimeler (Type-2 Fuzzy Sets)

1975 Zadeh, Sambuc ve  Aralik Degerli Bulanik Kiimeler (Interval-Valued Fuzzy Sets)
Jahn

1986 Atanassov Sezgisel Bulanik Kiimeler (Intuitionistic Fuzzy Sets)

2007 Garibaldi ve Ozen Duragan Olmayan Bulanik Kiimeler (Nonstationary Fuzzy Sets)

2010 Torra Tereddiitli Bulanik Kiimeler (Hesitant Fuzzy Sets)

2013 Yager Pisagor Bulanik Kiimeler (Pythagorean Fuzzy Sets)

2014 Cuong Resimli Bulanik Kiimeler (Picture Fuzzy Sets)

2019 Kutlu, Giindogdu ve Kiiresel Bulanik Kiimeler (Spherical Fuzzy Sets)
Kahraman

Kaynak: Kabak ve Erdebilli, 2021; Kahraman, Oztays1 ve Onar, 2016.
2.2.1. Pisagor Bulanik Kiimeler

Antanassov’un 1986 yilinda sundugu sezgisel bulanik kiimeler (IFS), bulanik kiimedeki bir
elemanin hem iiye olma hem de iiye olmama derecelerine dayanmaktadir. Klasik bulanik
kiimelerde {liye olma ve {iye olmama derecelerinin toplami1 daima 1 iken sezgisel bulanik
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kiimelerde bu toplam 1’den kiicilik veya esit olmalidir. Her zaman bir elemanin {iye olmama
derecesinin 1-iiye olma derecesine esit olmadigi ger¢ek hayat 6rnekleri tizerinde bir tereddiit
derecesinin olabilecegi diisiincesine dayanmaktadir (Peng ve Yang, 2016).

Gergek hayatta karsilastigimiz bazi durumlarda tiyelik ve iiye olmama derecelerinin toplami
birden biiyiik olabilir, ancak bunlarin kare toplamlar1 birden kii¢iik veya esittir. Dolayisiyla,
bu gibi durumlarla basa ¢ikmada yetersiz olan sezgisel bulanik kiimelerin 6zel bir hali olan
ikinci tip sezgisel bulanik kiimeler Antanassov tarafindan onerilmistir. Ardindan, Yager
2013 yilinda sezgisel ikinci tip bulanik kiimeleri Pisagor bulanik kiimeler (PFS) olarak
adlandirmigtir. Her bir sezgisel bulanik kiimenin ayn1 zamanda bir Pisagor bulanik kiime
oldugu ancak tersinin dogru olmadig1 g6z Oniine alindiginda, Pisagor bulanik kiimelerin
karar verme problemleriyle basa ¢ikmak i¢in daha {istiin bir model oldugu belirtilmektedir
(Peng ve Selvachandran, 2019). Aralik degerli Pisagor bulanik kiimelere iliskin
tanimlamalar ve matematiksel islemler asagida sunulmustur. (Ilbahar, Cebi, ve Kahraman,
2020; Peng ve Yang, 2016):

Tamm 1: p, X evreninde bulunan aralik degerli bir Pisagor bulanik kiime (IVPFS) ve x € X
olsun. x elementinin iiye olma derecesi p ve liye olmama derecesi v, L ve U ise bu derecelerin
alt ve {ist stnirlarim ifade ediyorsa, p kiimesi Denklem 1°de belirtilen sekilde tanimlanr.

P = {(x [u5(0), uf (0], [vE(0), v ()]); x € X} (1)

Tamm 2: p = ([uL,uv],[vEvY)), pr = (i il viviD) ve Pa=

([uz, 131, vz, va D seklinde ti¢ adet IVPFS olsun. A> 0 olmak {izere pisagor bulanik sayilar
ile yapilacak matematiksel islemler Denklem 2, 3, 4, 5, 6 ve 7° de belirtilen formiiller ile
tanimlanir.

ﬁl @ ﬁZ
- (|2 + e - b, )" + () - )| oot ot )

P1Q P

Jor + @b - whrehz, [0 + () - 1) ()"

) (3)

CoF (v”)’l]> (4)

- ([uiué,n‘l’ué’ ]

= ([ 1= a-woor fi-a-wmy

v = (et | [i-a-ooo ima-omr]) @



ﬁl@ﬁz@ﬁ3=ﬁ1@ﬁ3@ﬁz (6)

P1®P2QP3=pP1QP3 QP (7)
Tamm 3: w= (w1, wo, ... ... , wn) agirlik vektori ve wi € [0, 1]; wi = 1 olmak {izere aralik
degerli Pisagor bulanik kiimelerin aritmetik ortalama (IVPFWA) operatorii Denklem 8’de,
aralik degerli Pisagor bulanik geometrik ortalama (IVPFWG) operatorii ise Denklem 9’da
sunulan formiiller yardimi ile hesaplanir.

IVPFWA(P1,D2 ... Pn)

n n n n
([ Yowenty it | [ Yoty it ®
i=1 i=1

i=1 i=1
IVPFWG(P1, D3 ..., Pn)

ﬁ(uf)wt'.]l[(u%’w ﬁ(v%)%ﬁ(v?)wl']) ©
t=1 t=1 t=1 t=1

2.3. Analitik Hiyerarsi Prosesi

)

)

1977 yilinda Thomas Lorie Saaty tarafindan gelistirilen AHP (Analytic Hierarchy Process),
karar problemini hiyerarsik yapida inceleyen toplamli agirliklandirma ydntemlerinden
biridir. Karar alternatifleri hiyerarsik yapinin tabanini olustururken amag hiyerarsinin en
istlinde yer almaktadir (Ilbahar, Cebi ve Kahraman, 2019). AHP ydnteminin asamalar1
asagidaki gibi siralanmaktadir (Tezcan, 2021: 85):

1. Problem net bir sekilde tanimlanarak amaci, kriterleri ve alternatifleri gosteren
hiyerarsik yapi olusturulur.

il. Tablo 2’deki Saaty tarafindan sunulan 6nem skalasi kullanilarak 6nce kriterler ve
varsa alt kriterler icin, sonrasinda ise kriterlere gore alternatiflerin kiyaslandigi
ikili karsilastirma matrisleri hazirlanir.

iii.  Her bir siitun degerinin ayr1 ayr siitun toplamina bdliinmesiyle normallestirilmis
matris hazirlanir. Satir bilesenlerinin ortalamasi alinarak yiizde dnem agirliklar
bulunur ve bu agirliklar 6ncelik vektoriinii olusturur.

iv.  Tutarhilik oran1 (CR=CI/RI) sayesinde kiyaslamalardaki tutarlilik ol¢tliir.
Deneysel gozlemlere gore tutarlilik oraninin %10°dan kiigiik olmasi1 kabul
edilebilirdir ve yapilan karsilastirmalardaki yargilar tutarlidir. Oranin %10’dan
biiyiik ¢ikmast durumunda karar matrisi yeniden diizenlenmelidir.

v.  Kiriterlerin 6ncelik vektorlerinin birlesim ile olusturulan tiim 6ncelikler matrisi ile
alternatiflerin oncelik vektorii ¢arpilip toplanarak sonug vektorii elde edilir. En
yiiksek degeri alan alternatif karar problemi i¢in en iyi alternatif olarak segilir.

Tablo 2. AHP Onem Skalasi
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Onem Tanim Aciklama
Derecesi
1 Ayni1 Derecede Faktorlerin ikisi de esit 6nemde olmasidir
Miihim
3 Orta Derecede Bir faktoriin diger faktore gore biraz daha 6nemli
Miihim olmasidir. (Az Ustiinlik)
5 Kuvvetli Derecede Bir faktoriin diger faktore gore belirgin bir sekilde
Miihim onemli olmasidir. (Fazla Ustiinliik)
7 Cok Kuvvetli Faktorlerden birinin digerine gore yiiksek diizeyde
Derecede Miihim énemli olmasidir. (Cok Ustiinliik)
9 Mutlak Derecede Faktorlerden birinin digerine gore ¢ok belirgin
Miihim diizeyde daha 6nemli olmasidir. (Kesin Ustiinliik)
2,4,6,8 Ara Degerler Faktorler arasinda yukarida bulunan derecelerin
ara degerleridir. (Uzlagma Degerleri)
Karsihkh a,b kargilastirildiginda degerlerden biri (x)ise ; b,a ile karsilastirilirken alacagi
Degerler deger (1/x)’dir.
2.4.TOPSIS Yontemi

Hwang ve Yoon tarafindan 1981 yilinda gelistirilen TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution), alternatiflerin  kriterlere  gore
degerlendirilmesinde, kriterler i¢in belirlenen referans pozitif ideal ¢6ziime en yakin, negatif
ideal ¢oziime en uzak olmasi mantigina gore en iyi alternatif (ler)in belirlenmesi yontemidir.
TOPSIS yonteminin adimlart asagidaki gibi siralanmaktadir (Chen, 2000; Hwang ve Yoon,
1981):

1. Karar problemi tanimlanarak amag, alternatifler ve kriterler belirlenir.

ii.  Karar verici tarafindan alternatifler (n) ve kriterler (m) degerlendirilerek nxm
boyutunda karar matrisi olusturulur.

iii.  Normalize edilmis standart karar matrisi olusturulur ve agirlik degerleriyle
carpilarak agirlikli standart karar matrisi elde edilir.

iv.  Degerlendirme 6l¢iitiinlin amacina gore her bir kriter i¢in pozitif ve negatif ideal
coziim kiimeleri olusturulur. Degerlendirme kriterleri maksimizasyon (fayda)
yonlii ise pozitif ideal ¢oziim agirlikli standart matrisinin siitunlarinin en biiytlik
degerleri olup negatif ideal ¢6zliim i¢in en kiigiik degerleridir. Degerlendirme
kriterlerinin minimizasyon (maliyet) yonlii olmas1 durumunda tam tersi degerler
dikkate alinir.

v.  Oklid uzakligr kullamlarak her bir alternatife iliskin degerlendirme 6lgiitlerinin
pozitif ve negatif ideal ¢oziime uzakliklar1 hesaplanir.

vi.  Pozitif ve negatif ideal ¢oziime olan uzakliklar iizerinden her bir alternatif i¢in
goreli yakinlik katsayisi hesaplanir. Katsay1 negatif ideal ¢oziime uzakligin toplam
uzaklik i¢indeki paymi gosterdiginden katsayisi 1°e yakin alternatifler tercih edilir.

2.5. Aralik Degerli Pisagor Bulanik AHP-TOPSIS Yontemi

Caligmada uygulanacak aralik degerli Pisagor bulanik AHP-TOPSIS metodolojisinin
asamalar1 asagida gosterilmektedir:

Adim 1 Karar problemi net olarak tanimlanir ve ardindan problem; amag, kriterler ve
alternatiflerden olusan bir hiyerarsi yapisina dontistiiriiliir.



Adim 2 Kriterler ve alternatifleri degerlendirecek karar verici ve uzmanlarin belirlenerek
karar modeline gore kriterler i¢in ikili karsilastirma matrisini olusturmalar1 beklenir.
Oncelikle klasik AHP yontemindeki dilsel skala ve karsilik gelen klasik degerleri
kullanilarak her bir ikili karsilagtirma matrisi i¢in Saaty’nin tutarlilik prosediirii uygulanir
(Saaty, 1980). Tutarlilik oran1 0,1’den kiigiik olan karsilastirma matrisi tutarli olarak kabul
edilir. Sonrasinda Tablo 3’teki dilselskala ve karsilik gelen aralik degerli Pisagor bulanik
sayilar ile ikili karsilastirma matrisleri olusturulur.

Tablo 3. Aralik Degerli Pisagor Bulanik AHP-TOPSIS Dilsel Skala

Sozel ifadeler Aralik Degerli Pisagor Bulanik Sayilar
([a, b], [¢, d])

Kesinlikle yiiksek derecede 6nemli (AMI) ([0.74, 0.87],[0.03, 0.16])
Cok yiiksek derecede dnemli (VHI) ([0.65, 0.78], [0.12, 0.25])
Yiiksek derecede 6nemli (HI) ([0.56, 0.69], [0.21, 0.34])
Ortalama tistii derecede 6nemli (SMI) ([0.47, 0.60], [0.30, 0.43])
Esit derecede onemli (EI) ([0.38,0.51],[0.38, 0.51])
Ortalama alt1 derecede 6nemli (SLI) ([0.30, 0.43], [0.47, 0.60])
Diisiik derecede dnemli (LI) ([0.21, 0.34], [0.56, 0.69])
Cok diisiik derecede onemli (VLI) ([0.12, 0.25], [0.65, 0.78])
Kesinlikle diigiik derecede 6nemli (ALI) ([0.03, 0.16], [0.74, 0.87])

Adim 3 Aralik degerli Pisagor agirlikli aritmetik ortalama (IVPFWA) formiilu
kullanilarak farkli uzmanlar tarafindan olusturulan karar matrisleri birlestirilir.

(10)

[ 1- ﬁ(l — ", |1- ﬁ(l - “l’"z)will’>
i=1 =1 |

— |
|

n n
w; w;
ViL "l |viU ’]

i=1 i=1
Adim 4 Denklem 11 ve 12°deki formiiller ile iiyelik ve liye olmama derecelerinin alt ve {ist
degerleri kullanilarak fark matrisi D = (d;x)mxm €lde edilir.

diks, = M, ~ Viku 1)
diy = Mzgku - visz (12)

Adim 5 Denklem 13 ve 14 vasitasiyla aralikli ¢arpim matrisi S = (S;x)mxmelde edilir.

SikL = V 10004ikL (13)
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Siky = V 1000%ikv (14)

Adim 6 ikili karsilastirma matrisi elemanlar1 7y, icin denklem 15 vasitastyla belirlilik
degeri T;; hesaplanir.

T =1-— (M%ku - l‘isz) - (”%ku - viZkL) 15)

Adim 7 Belirlilik degeri ve aralikli carpim matrisinin ¢arpilmasiyla normalizasyon 6ncesi
agirlik matrisi T = (t;x)mxm Olusturulur.

SikL + Siku
ty = (2272 g, 16)

Adim 8 Normallestirilmis oncelik agirliklar1 w; Denklem 17 vasitasiyla hesaplanir.

=1 tik

LN It 17

Kriter agirliklarinin ardindan alternatiflerin siralanacak oldugu 2. asama, uzmanlarin
degerlendirmelerini toplayarak 9. Adim ile baglar ve alternatifleri dnceliklendirerek sona
erer.

Adim 9 Karar vericilerin her bir alternatifi Tablo 3’teki dilsel skala yardimiyla
degerlendirmesi istenir ve ardindan dilsel ifadeler ayni ¢izelge yardimiyla karsilik gelen
aralik degerli Pisagor bulanik sayilara donistiiriilerek Pisagor karar matrisleri D =
Cj(X;)mxn olusturulur. Burada C;(j = 1,2, ...,n) ve X;(i = 1,2, ..., m) sirasiyla kriterleri ve

alternatifleri gostermekte olup karar matrisi D asagidaki gibidir.
D= C} (xi)m Xn=

([uir @), pi1] VE @, V@D o (st ), pn ], [V (), ViR (O]
(L1 @, i1 W], Vi1 ), Vit D) o (im0, ptipn (O, Vi (W), Vi, 1)

Adim 10 Birden fazla karar verici olmasi durumunda oncelikle her bir uzmanin ayr1 ayri
karar matrisini olusturmasi talep edilir. Ardindan denklem 10’daki aralik degerli Pisagor
bulanik agirlikli aritmetik ortalama (IVPFWA) ile karar matrisleri birlestirilir.

Adim 11 Denklem 18 kullanilarak kriter agirliklari ile degerlendirme matrisleri ¢arpilarak
agirlikl aralik degerli Pisagor bulanik karar matrisi D = C;(X;y,)mxn olusturulur,

ra={V1-a-ad*J1-a -2 [c}a*} (18)

Adim 12 Asagidaki skor fonksiyonu vasitastyla agirlikli aralik degerli Pisagor bulanik karar
matrisi olusturulur.



Score (C]- (x,-w))

= ((M%(u))z + (ll;,ll(u))z - (v%(u))z - (vg(u))2> /2 (19)

Score(P) € [-1,1]

Adim 13 Bir onceki adimda elde edilen skor degerleriyle aralik degerli Pisagor bulanik
pozitif ideal ¢6ziim (IVPF-PIS)X™ ve negatif ideal ¢oziim (IVPF-NIS)X ™ ile hesaplanur.

X* = {Cj max < Score (Cj(xiw)) >1j =12, ---'n} (20)

X = {c,. min < Score (C,-(xiw)) >1j=12, n} (1)

Adim 14 Her bir alternatifin pozitif ve negatif ideal ¢éziime olan uzakligi Denklem 22 ve
23 vasitasiyla hesaplanir.

axy x7) =g (168" = G|+ |)” - )’

+|h)’ - @)+ @) - @) 22)
d(Xy,Xj) = ﬁz; (k)" = )| + ()" = ()|

+|h)’ = @) + @) - @7))) (23)

Adim 15 Denklem 24 vasitasiyla her bir alternatifin yakinlik katsayisi elde edilir ve yakinlik
katsayisina gore alternatifler siralanarak en 1yi ¢6ziim bulunur.

d(Xy, X7 )
d(X;, X;)+d(Xx

Yakinlik Katsayisi; =
l i Xj) (24)

3. BULGULAR

Havayolu isletmeleri agisindan ugak se¢im kararinin hangi kriterlere gore analiz edilecegi
ve bu kriterler lizerinden hangi ucak modelinin secilmesi gerektigi bu ¢alismanin konusu
olarak incelenmektedir. Modelin uygulamasina ge¢ilmeden once ucak segimi iizerine
kapsamli bir literatiir taramasi yapilmig, ardindan farkli havayolu isletmelerinin filo
planlama departmaninda c¢alisan 3 wuzman karar verici ile goriisiillerek modelde
degerlendirmeye alinmak iizere 6 kriter belirlenmistir: Yakat tiikketimi (C1), isletme ve yedek
parca maliyeti (C2), satin alma maliyeti (C3), maksimum koltuk kapasitesi (C4), menzil
(C5), maksimum kalkis agirhigyMTOW (C6). Sonrasinda kriterler agisindan
degerlendirilmek iizere yeni nesil genis govde yolcu ucaklari arasindan 8 alternatif ucak
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modelinin alternatifler kiimesi olarak kullanilmasina karar verilmistir. Calismada kullanilan
alternatifler: B787-10 (A1), B787-9 (A2), B787-8 (A3), A350-1000 (A4), A350-900 (AS),
A330-900 (A6), A330-800 (A7), A330-300 (A8) olarak belirlenmistir.

Caligmada degerlendirmeye alinan 6 kriter ve 8 alternatif ile KV1, KV2, KV3 olmak iizere
3 uzman karar vericinin degerlendirmeleri Boliim 2.5. Aralik Degerli Pisagor Bulanik AHP-
TOPSIS’ te verilen adimlar iizerinden analiz edilmistir. Her bir karar vericinin Tablo 3’te
verilen dilsel skalayr kullanarak AHP anketine verdigi cevaplar sonucunda olusan ikili
karsilagtirmalar KV1, KV2 ve KV3 igin sirastyla Tablo 4’te sunulmustur.

Tablo 4. ikili Karsilastirmalar Matrisi

c1 C2 C3 c4 cs Cé6
C1 SLL, VHL EI  SLL SMI, ELELEl  ELELSMI  SLI, SMI,
EL EL EI SMI l
C2 ELELEI SMLLLEI SMLVLL,  VHLVLL  SMI,SLI,
EI EI SMI
c3 ELELElI ELELSMI SMLSMI,  SMI, SMI,
SMI VHI
c4 ELELEI  HLSMLEI  SMI, SMI,
HI
Cs ELELEI  EIL EL SMI
C6 EL EL EI

Her bir ikili karsilastirma icin klasik AHP yontemindeki dilsel skala ve karsilik gelen klasik
degerleri kullanilarak tutarlilik oran1 hesap edilmistir. KV1, KV2 ve KV3 i¢in tutarlilik orani
sirastyla 0.089, 0.071, 0.095 olarak hesaplanmis ve 0.1’den kii¢iik oldugundan tiim karar
vericilerin degerlendirmeleri tutarli kabul edilerek modelin uygulanmasina gecilmistir.
Calismada esit onem derecesine sahip 3 uzman karar vericinin degerlendirmeleri Tablo
3’teki dilsel skala baz alinarak karsilik gelen aralik degerli Pisagor bulanik sayilar ile
eslestirildigi ikili karsilastirma matrisleri denklem 10°daki aralik degerli Pisagor agirlikli
aritmetik (IVPFWA) operatoriiyle birlestirilmis ve asagidaki ikili karsilastirma matrisi elde
edilmigtir (Tablo 5).

Tablo 5. IVPFWA Operatériiyle Olusturulmus Ikili Karar Matrisi

c1 C2 c3 C4 cs C6
C1  ([0.38,0.51], ([0.48,0.62], ([0.42,0.55], ([0.38,0.51], ([0.41,0.54], ([0.46,0.59],
[0.38,0.51]) [0.28,0.42]) [0.35,0.48]) [0.38,0.51]) [0.35,0.48]) [0.31,0.44])
Cc2 ([0.38,0.51], ([0.37,0.5], ([0.36,0.49], ([0.46,0.59], ([0.42,0.55],
[0.38,0.51])  [0.4,0.53]) [0.42,0.56]) [0.31,0.46]) [0.35,0.48])
c3 (10.38,0.51], ([0.41,0.54], ([0.47,0.6], ([0.54,0.68],
[0.38,0.51]) [0.35,0.48]) [0.3,0.43]) [0.22,0.36])
c4 (10.38,0.51], ([0.48,0.61], ([0.5,0.63],
[0.38,0.51]) [0.29,0.42])  [0.27,0.4])
cs (10.38, 0.51], ([0.41, 0.54],
[0.38,0.51])  [0.35,0.48])
Cé6 (10.38, 0.51],
[0.38, 0.51])

Birlestirilmis karar matrisi lizerinden Bolim 2.5.°deki adim 4-5-6-7 uygulanmis ve
sonuglarinda sirasiyla fark matrisi, aralikli carpim matrisi, belirlilik degeri ve Tablo 6’daki
normalizasyon oncesi agirlik matrisleri hesaplanmistir. Sonrasinda Denklem 17 vasitasiyla
normalize edilmis oncelik agirliklar1 Sekil 2°deki gibi elde edilmistir



Tablo 6. Normalizasyon Oncesi Agirlik Matrisi

C1 C2 C3 C4 Cs Cé6
C1 1.00 1.52 1.04 0.83 1.00 1.32
C2 0.66 1.00 0.76 0.68 1.27 1.04
C3 0.96 1.32 1.00 1.00 1.41 2.22
C4 1.20 1.48 1.00 1.00 1.49 1.73
Cs 1.00 0.79 0.71 0.67 1.00 1.00
Cé 0.76 0.96 0.45 0.58 1.00 1.00

B Cl:Yakit Tiketimi 0.125

’ 0,178

C2: Isletme ve Yedek Parca

Maliyeti

C3: Satin Alma Maliyeti

‘ 0,143

C4: Maksimum Koltuk

Kapasitesi
EC5: Menzil

0,207
B C6: Maksi Kalkis
aKsimum Kalki§ 0’21

AgirhigyMTOW

Sekil 2. Kriterlerin Normalize Edilmis Oncelik Vektorii

Kriter agirliklarinin bulunmasiyla birlikte 1. Asama tamamlanmis, ardindan karar vericilerin
her bir kriter icin alternatifleri degerlendirmesiyle modelin 2. Asamasi uygulanmaya
baslamistir. Her bir karar vericinin Tablo 3’teki dilsel skala yardimiyla alternatifleri
degerlendirmesi ve ardindan ifadelerin ayni tablo yardimiyla karsilik gelen aralik degerli
Pisagor bulanik sayilara doniistiiriilerek olusturulan karar matrisleri KV1, KV2 ve KV3 i¢cin
sirastyla Tablo 7, 8 ve 9 ile agagida sunulmustur.

Tablo 7. KV1 Tarafindan Yapilan Degerlendirme Matrisi

C1 2 C3 C4 Cs C6
Al ([0.47,0.60], ([0.56,0.69], ([0.56,0.69], ([0.56,0.69], ([0.56,0.69], ([0.65,0.78],
[0.30,0.43]) [0.21,0.34]) [0.21,0.34]) [0.21,0.34]) [0.21,0.34]) [0.12, 0.25])
A2 ([0.56,0.69], ([0.65,0.78], ([0.65,0.78], ([0.65,0.78], ([065,0.78], ([0.65,0.78],
[0.21,0.34]) [0.12,0.25]) [0.12,0.25]) [0.12,0.25]) [0.12,0.25])  [0.12,0.25])
A3 ([0.56,0.69], ([0.56,0.69], ([0.56,0.69], ([0.65,0.78], ([0.74,0.87], ([0.65,0.78],
[0.21,0.34])  [0.21,0.34]) [0.21,0.34]) [0.12,0.25]) [0.03,0.16]) [0.12,0.25])
A4 ([0.74,0.87], ([0.74,0.87], ([0.74,0.87], ([0.74,0.87], ([0.74,0.87], ([0.74,0.87],
[0.03,0.16])  [0.03,0.16]) [0.03,0.16]) [0.03,0.16]) [0.03,0.16]) [0.03,0.16])
A5 ([0.74,0.87], ([0.74,0.87], ([0.65,0.78], ([0.74,0.87], ([0.65,0.78], ([0.74,0.87],
[0.03,0.16]) [0.03,0.16]) [0.12,0.25]) [0.03,0.16]) [0.12,0.25]) [0.03,0.16])
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A6 ([0.74,0.87], ([0.74,0.87], ([0.65,0.78], ([0.74,0.87], ([0.65,0.78], ([0.74,0.87],
[0.03,0.16]) [0.03,0.16]) [0.12,0.25]) [0.03,0.16]) [0.12,0.25]) [0.03,0.16])
A7 ([0.56,0.69], ([0.56,0.69], ([0.47,0.60], ([0.56,0.69], ([0.56,0.69], ([0.65,0.78],
[0.21,0.34]) [0.21,0.34]) [0.30,0.43]) [0.21,0.34]) [0.21,0.34]) [0.12,0.25])
A8  ([0.74,0.87], ([0.56,0.69], ([0.56,0.69], ([0.65,0.78], ([0.74,0.87], ([0.65,0.78],
[0.03,0.16]) [0.21,0.34]) [0.21,0.34]) [0.12,0.25]) [0.03,0.16]) [0.12,0.25])
Tablo 8. KV2 Tarafindan Yapilan Degerlendirme Matrisi
C1 C2 C3 C4 C5 Cé6
Al ([0.74,0.87], ([0.65,0.78], ([0.30,0.43], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.03,0.16]) [0.12,0.25]) [0.47,0.60])) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
A2 ([0.38,0.51], ([0.65,0.78], ([0.30,0.43], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.38,0.51]) [0.12,0.25]) [0.47,0.60]) [0.38,0.51]) [0.21,0.34])  [0.12,0.25])
A3 ([0.38,0.51], ([0.38,0.51], ([0.30,0.43], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.38,0.51])  [0.38,0.51]) [0.47,0.60])) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
A4 ([0.38,0.51], ([0.65,0.78], ([0.30,0.43], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.38,0.51])  [0.12,0.25]) [0.47,0.60]) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
A5 ([0.38,0.51], ([0.65,0.78], ([0.30,0.43], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.38,0.51]) [0.12,0.25])  [0.47,0.60]) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
A6 ([0.38,0.51], ([0.65,0.78], ([0.30,0.60], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.38,0.51]) [0.12,0.25]) [0.47,0.60]) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
A7 ([0.38,0.51], ([0.65,0.78], ([0.30,0.43], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.38,0.51]) [0.12,0.25])  [0.47,0.60]) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
A8 ([0.38,0.51], ([0.65,0.78], ([0.30,0.43], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.38,0.51]) [0.12,0.25]) [0.30,0.60]) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
Tablo 9. KV3 Tarafindan Yapilan Degerlendirme Matrisi
C1 C2 C3 C4 C5 Cé6
Al ([0.47,0.60], ([0.56,0.69], ([0.65,0.78], ([0.38,0.51], ([0.56,0.69], ([0.65,0.78],
[0.30,0.43]) [0.21,0.34]) [0.12,0.25]) [0.38,0.51]) [0.21,0.34]) [0.12,0.25])
A2 ([0.47,0.60], ([0.74,0.87], ([0.74,0.87], ([0.74,0.87], ([0.56,0.69], ([0.21,0.34],
[0.30,0.43]) [0.03,0.16]) [0.03,0.16]) [0.03,0.16]) [0.21,0.34])  [0.56,0.69])
A3 ([0.30,0.43], ([0.30,0.43], ([0.47,0.60], ([0.38,0.51], ([0.30,0.43], ([0.30,0.43],
[0.47,0.60]) [0.47,0.60]) [0.30,0.43]) [0.38,0.51]) [0.47,0.60]) [0.47,0.60])
A4 ([0.74,0.87], ([0.47,0.60], ([0.47,0.60], ([0.47,0.60], ([0.74,0.87], ([0.74,0.87],
[0.03,0.16])  [0.30,0.43]) [0.30,0.43]) [0.30,0.43]) [0.03,0.16]) [0.03,0.16])
A5 ([0.65,0.78], ([0.74,0.87], ([0.47,0.60], ([0.74,0.87], ([0.65,0.78], ([0.65,0.78],
[0.12,0.25]) [0.03,0.16]) [0.30,0.43]) [0.03,0.16]) [0.12,0.25]) [0.12,0.25])
A6 ([0.56,0.69], ([0.65,0.78], ([0.30,0.43], ([0.47,0.60], ([0.56,0.69], ([0.56,0.69],
[0.21,0.34]) [0.12,0.25]) [0.47,0.60]) [0.30,0.43]) [0.21,0.34]) [0.21,0.34])
A7 ([0.30,0.43], ([0.56,0.69], ([0.30,0.43], ([0.38,0.51], ([0.21,0.34], ([0.12,0.25],
[0.47,0.60]) [0.21,0.34]) [0.47,0.60]) [0.38,0.51]) [0.56,0.69]) [0.65,0.78])
A8 ([0.47,0.60], ([0.38,0.51], ([0.47,0.60], ([0.30,0.43], ([0.47,0.60], ([0.74,0.87],
[0.30,0.43]) [0.38,0.51]) [0.30,0.43]) [0.47,0.60]) [0.30,0.43]) [0.03,0.16])

Karar vericilerin yapmis oldugu s6zel degerlendirmeler Tablo 3’teki aralik degerli Pisagor
bulanik say1 karsiliklar1 tizerinden Denklem 10°daki aralik degerli Pisagor bulanik agirlikls
aritmetik ortalama (IVPFWA) ile alternatiflerin kriterler bakimindan degerlendirildigi karar
matrisi elde edilmistir.



Tablo 10. IVPFWA Operatorii ile Birlestirilmis Karar Matrisi

C1 C2 C3 c4 cs C6
Al ([0.59,0.73], ([0.59,0.72], ([0.54,0.67], ([0.45,0.58], ([0.56,0.69], ([0.65,0.78],
[0.14,0.31])  [0.17,0.31]) [0.23,0.37]) [0.31,0.45]) [0.21,0.34]) [0.12,0.25])
A2 ([0.48,0.61], ([0.68,0.82], ([0.59,0.73], ([0.6,0.74], ([0.59,0.72], ([0.56,0.7],
[0.29,0.42]) [0.08,0.22]) [0.14,0.32]) [0.13,0.3]) [0.17,0.31]) [0.2,0.35])
A3 ([0.43,0.56], ([0.57,0.7], ([0.43,0.56], ([0.5,0.63], ([0.59,0.73], ([0.57,0.71],
[0.33,0.47]) [0.2,0.33]) [0.33,0.47]) [0.26,0.4]) [0.14,0.32]) [0.19,0.33])
A4 ([0.66,0.8], ([0.64,0.78], ([0.56,0.71], ([0.56,0.7], ([0.69,0.83], ([0.71,0.85],
[0.07,0.24])  [0.1,0.26]) [0.16,0.35]) [0.16,0.35]) [0.06,0.21]) [0.05,0.19])
A5 ([0.63,0.77], ([0.71,0.85], ([0.51,0.64], ([0.66,0.8], ([0.62,0.75], ([0.68,0.82],
[0.11,0.27]) [0.05,0.19])  [0.26,0.4]) [0.07,0.24]) [0.14,0.28]) [0.08,0.22])
A6 ([0.6,0.74], ([0.68,0.82], ([0.51,0.64], ([0.57,0.72], ([0.59,0.72], ([0.66,0.79],
[0.13,0.3])  [0.08,0.22])  [0.26,0.4]) [0.15,0.33]) [0.17,0.31]) [0.09, 0.24])
A7 ([0.43,0.56], ([0.59,0.72], ([0.37,0.5], ([0.45,0.58], ([0.48,0.61], ([0.56,0.69],
[0.33,0.47]) [0.17,0.31])  [0.4,0.54]) [0.31,0.45]) [0.29,0.43]) [0.21,0.37])
A8  ([0.57,0.72], ([0.55,0.68], ([0.46,0.59], ([0.48,0.62], ([0.61,0.75], ([0.68,0.82],
[0.15,0.33]) [0.21,0.35]) [0.31,0.44]) [0.28,0.42]) [0.12,0.29]) [0.08,0.22])

Aralik degerli Pisagor bulanik sayinin bir skaler ile ¢carpimini gosteren denklem 18’deki
sekilde Sekil 2°deki kriter agirliklar1 ile Tablo 10°daki birlestirilmis karar matrisi ¢arpilmis

ve agagidaki agirlikli karar matrisi elde edilmistir (Tablo11).
Tablo 11. IVPFWA Operatorii ile Birlestirilmis Agirlikli Karar Matrisi

C1

C2

C3

C4

Cs

Ceé

Al

A2

A3

Ad

AS

A6

A7

A8

([0.91, 0.95],
[0.7, 0.81])
([0.88, 0.92],
[0.8, 0.86])
([0.86, 0.9],
[0.82, 0.87])
([0.93, 0.96],
[0.62, 0.77])
([0.92, 0.95],
[0.68, 0.79])
([0.91, 0.95],
[0.7, 0.81])
([0.86, 0.9],
[0.82, 0.87])
([0.91, 0.94],
[0.71, 0.82])

([0.93, 0.96],
[0.78, 0.84])
([0.95, 0.97],

[0.69, 0.8])
([0.92, 0.95],
[0.79, 0.85])
([0.94, 0.96],
[0.72, 0.82])
([0.95, 0.98],
[0.65, 0.79])
([0.95, 0.97],

[0.69, 0.8])
([0.93, 0.96],
[0.78, 0.84])
([0.92, 0.95],

[0.8, 0.86])

([0.88, 0.92],
[0.73, 0.81])
([0.89, 0.94],
[0.67, 0.79])
([0.84, 0.89],

[0.8, 0.85])
([0.89, 0.93],

[0.68, 0.8])
([0.87, 0.91],
[0.75, 0.83])
([0.87, 0.91],
[0.75, 0.83])
([0.81, 0.86],
[0.83, 0.88])
([0.85, 0.9],
[0.78, 0.84])

([0.85, 0.89],
[0.78, 0.84])
([0.9, 0.94],
[0.66, 0.78])
([0.87, 0.91],
[0.75, 0.83])
([0.88, 0.93],

[0.68, 0.8])
(10.92, 0.96],
[0.57, 0.74])
([0.89, 0.93],
[0.67, 0.79])
([0.85, 0.89],
[0.78, 0.84])
([0.86, 0.9],
[0.77, 0.84])

([0.92, 0.95],
[0.81, 0.86])
([0.93, 0.96],
[0.79, 0.85])
([0.93, 0.96],
[0.77, 0.86])
([0.95, 0.97],
[0.68, 0.81])
([0.94, 0.96],
[0.77, 0.84])
([0.93, 0.96],
[0.79, 0.85])
([0.91, 0.94],
[0.84, 0.89])
([0.94, 0.96],
[0.75, 0.84])

([0.95, 0.97],
[0.77, 0.84])
([0.93, 0.96],
[0.82, 0.88])
([0.93, 0.96],
[0.81, 0.87])
([0.96, 0.98],
[0.68, 0.81])
([0.95, 0.97],
[0.72, 0.83])
([0.95, 0.97],
[0.74, 0.84])
([0.93, 0.95],
[0.82, 0.88])
([0.95, 0.97],
[0.72, 0.83])

Ardindan agirlikli karar matrisi Denklem 19°daki skor fonksiyonu vasitasiyla durulastiriimis

ve Tablo 12’de sunulmustur.
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Tablo 12. Agirlikli Karar Matrisinin Skor Fonksiyon Degerleri

C1 C2 C3 C4 Cs Co
Al 3.366 2.676 2.309 1.554 1.914 2.003
A2 2.036 3.414 2.800 2.818 2.052 1.578
A3 1.401 2.507 1.379 1.832 1.868 1.616
A4 3.864 3.067 2.589 2.253 2.533 2.251
AS 3.433 3.689 2.079 3.421 2.182 2.133
A6 3.137 3.414 2.079 2.631 2.052 2.047
A7 1.401 2.676 0.907 1.554 1.458 1.546
A8 2913 2.183 1.742 1.642 2.156 2.133

Her kriter i¢in skor fonksiyonlarinin aldig1 en biiyilik ve en kii¢iik degerleri iizerinden pozitif
ideal ¢oziim (PIS) ve negatif ideal ¢6ziim (NIS) saptanmistir. Bulunan ¢éziimler Tablo 12°de
en biiylik degerler sar1 ile, en kiiclik degerler ise gri renk ile gdsterilmistir. Tablo 11°deki
agirlikli degerler en biiyiik ve en kiiciik degerlere karsilik gelmesine gore pozitif ve negatif
ideal ¢6ziim olarak Tablo 13’te sunulmustur.

Tablo 13. Aralik degerli Pisagor Bulanik Pozitif ve Negatif ideal Coziimler
C1 C2 C3 C4 Cs Ceé

X+ ([0.93,0.96], ([0.95,0.98], ([0.89,0.94], ([0.92,0.96], ([0.95,0.97], ([0.96, 0.98],
[0.62,0.77]) [0.65,0.79]) [0.67,0.79]) [0.57,0.74]) [0.68,0.81]) [0.68,0.81])
X—  ([0.86,0.9], ([0.92,0.95], ([0.81,0.86], ([0.85,0.89], ([0.91,0.94], ([0.93,0.95],
[0.82,0.87])  [0.8,0.86]) [0.83,0.88]) [0.78,0.84]) [0.84,0.89]) [0.82,0.88])

Son olarak, her bir alternatifin pozitif ve negatif ideal ¢éziimlere olan mesafeleri sirasiyla
denklem 22 ve 23 vasitasiyla hesaplanmistir. Denklem 24 ile mesafeler iizerinden yakinlik
katsayis1 hesaplanmis ve elde edilen bilgiler Tablo 14’de sunulmustur.

Tablo 14. ideal Coziimlere Olan Mesafeler ve Yakilik Katsayilart

d(X,-]-,X;r d(Xi].,Xj‘) Yakinhk

Katsayisi
Al 0.087 0.059 0.403
A2 0.068 0.078 0.534
A3 0.118 0.028 0.193
A4 0.026 0.120 0.820
A5 0.031 0.115 0.786
A6 0.057 0.089 0.611
A7 0.142 0.004 0.028
A8 0.087 0.059 0.405

Yakinlik katsayilar1 biiyiikten kiigiige dogru siralandiginda en uygun alternatif A4 (A350-
1000) olarak bulunmus ve tiim alternatif siralamasit A4 > A5 > A6 > A2 > A8> Al > A3 >
A7 seklinde ¢ikmistir (Sekil 3).



mAl: B787-10 0,4*
A2: B787-9
A3: B787-8 0.534
Ad: A350-1000

BAS5: A350-900 0,193

@ A6: A330-900
mA7: A330-800

mAS8: A330-300 0,82

Sekil 3. Alternatiflerin Siralamasi

4. TARTISMA VE SONUC

Kiiresel ekonominin ve sehirlesmenin biiylimesi havayolu tagimaciligini biiyliyen bir pazar
olarak tutmaya devam etmektedir. iki biiyiik ticari ugak iireticisi olan Airbus ve Boeing,
yaptiklar1 pazar arastirmasina gore, havayolu trafigindeki biiylimenin devam edecegini
tahmin etmektedir. Airbus, “Global Market Forecast 2019-2038” arastirmasina goére, 20
yillik aralik i¢in yiizde 4.3’liik biiyiime 6ngoriirken, Boeing, “Commercial Market Outlook
2019-2038” arastirmasina gore, yizde 4.6’lik biiylime oOngormektedir. Bu biiyliime
tahminlerine gore, havayolu tagimaciligini kullanan yolcu sayisinin giderek artmasi
beklenmektedir. Yolcu sayisindaki artig beraberinde ugak sayisin1 da artiracaktir. Airbus,
ayni arastirmaya gore, 2019°da 22.680 olan yolcu ucak sayisinin 2038’de 47.680 olacagini
ongormektedir (Tezcan ve Aktas, 2002: 3). Benzer sekilde, kiiresel bir danigsmanlik sirketi
olan Oliver Wyman’in havacilik sektoriiniin gelecegine yonelik 2018 yilinda yayinladigi
raporda ayni yil icin diinya genelinde 5273 adet genis govdeli yolcu ugaginin kullanimda
oldugu, 2028 yilina yonelik tahminde ise bu saymin 7377 olacag: belirtilmektedir (Oliver
Wyman, 2018).

Havayolu tasimaciligimin temel bilesenlerinden birisi olan ugaklar yiiksek satin alma
maliyetleri nedeniyle havayolu isletmeleri i¢in en 6nemli maliyet kalemlerinden birisi
olmaktadir. Bu nedenle yatirim sermayesinin geri kazanilmasi siireci ancak uzun vadede ve
farkli ugak alternatifleri arasindan piyasa kosullar1 ile havayollarinin gereksinimlerini en iyi
sekilde karsilayan ucak tip (ler)inin se¢imi ile tamamlanabilecektir. Farkli ugak alternatifleri
arasindan filoya dahil edilmesi gereken ucgak tip (ler)inin se¢imi havayollarinin kurumsal ve
operasyonel performanslarini, kapasite gelistirmelerini ve siirdiiriilebilirliklerini etkileyen
stratejik bir karardir. Mevcut literatiir, ugak tipi se¢iminde c¢esitli niceliksel ve niteliksel
faktorlerin 6nemli bir rol oynadigi ve bu durumun da filo planlamacilar agisindan yiiksek
karmasiklik diizeyinde bir problem oldugunu gdstermektedir. Bu noktadan hareketle bu
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arastirmada, havayolu isletmelerinin yatirim planlari igerisinde ¢ok biiyiik bir yere sahip olan
ucak tipi se¢imi planlarinin daha dogru yapilabilmesine yardime1 olmak ve literatiire katki
saglayabilmek icin genis govdeli yolcu ucak tipi se¢imi problemi ele alinmistir. Karar
problemindeki belirsizlik ve sozel ifadelerin daha iyi modellenebilmesi, ¢calismada bulanik
CKKYV yontemlerinin kullanilmasina sebebiyet vermistir. Bu baglamda farkli bulanik kiime
uzantilart ve degisik CKKV yontemleri incelenmis, bulanik kiimelere gorece yeni bir
yaklasim olmasi ve ugak se¢im alaninda bir ¢alisma bulunmamasi sebebiyle aralik degerli
Pisagor bulanik kiimeler ve bu tip karar problemlerinde yaygin kullanimi ve giivenilirligi
nedeniyle bulanik AHP-TOPSIS yontemleri tercih edilmistir. Calismada kriter agirliklarinin
hesaplamasinda aralik degerli Pisagor bulanik AHP, alternatiflerin kriterler agisindan
degerlendirilmesinde ise aralik degerli Pisagor bulanik TOPSIS yontemleri kullaniimistir.

Aralik degerli Pisagor bulanik AHP-TOPSIS metodolojisinin ucak se¢im probleminde
uygulanmasi sonucunda;

e [VPF-AHP yontemi kullanilarak satin alma maliyetinin ugak se¢iminde en dnemli
kriter oldugu tespit edilmistir. Satin alma maliyetinin ardindan ise sirayla koltuk
kapasitesi, yakit tiiketimi, igletme ve yedek parga maliyeti, menzil ve maksimum
kalkis agirh@/MTOW kriterleri gelmektedir.

e Metodolojinin ikinci asamasini olusturan IVPF-TOPSIS yontemi ile alternatif ucak
tipleri siralandiginda, A350-1000 ugak tipinin ideal ¢6ziime en yakin alternatif
oldugu sonucuna varilmigtir. Diger alternatiflerin ideal siralamasi ise su sekilde tespit
edilmistir:  A350-900, A330-900, B787-9 Dreamliner, A330-300, B787-10
Dreamliner, B787-8 Dreamliner, A330-800.

Bu calismada ugak tipi seciminde literatiirde heniiz kullanilmamis bir model kurularak bu
alanda aralik degerli Pisagor bulanik AHP-TOPSIS teknigi bu probleme uygulanmistir. Bu
kapsamda gergeklestirilecek gelecek calismalarda alternatif ucak sayisi ve kriter sayisinin
arttirilmasi modeli destekleyecektir. Metot igerisinde bilgisine basvurulan uzman sayisinin
daha arttirilmasi kriter 6nemlerinin belirlenmesinde 6nemli bir fayda saglayacaktir. Ayrica
olusturulan bu model, farkli sektorlerde de uygulanabilecek ve gergeklestirilen bu ¢alisma
benzeri CKKYV problemlerine uygulanma asamasinda rehberlik edebilecektir.

Bu uygulamada onerilen yontemlerin gelecek calismalarda farkli bulanik kiimeler ile
gelistirilmesi ve var olan yontemlerle kiyaslanmasi saglanabilir. Bu ¢aligmada CKKV
yontemlerinden yalnizca iki tanesi kullanilmistir. Gelecek caligmalarda TOPSIS yerine
VIKOR ya da WASPAS gibi baska CKKV yontemlerinden de yararlanilabilir. Ayrica tip-2
bulanik kiimeler ya da resim bulanik kiimeler de kullanilabilir. Bu bulanik kiimeler
kullanilarak elde edilen sonuglar bu ¢alisma sonuglariyla karsilastirilabilir ya da ¢alismada
kullanilan aralik degerli bulanik kiimeler yerine iicgensel ya da yamuk bulanik kiimeler
kullanilarak da ¢alismalar yeniden ele alinabilir.
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Abstract

The First World War was characterized by trench warfare, rendering infantry charges ineffective against
integrated defence systems comprising barbed wires, rifles, machine guns, and howitzers. The introduction of
new war machines, such as tanks and chemical weapons on the ground and aircraft in the air, reshaped the
nature of warfare. Aircraft became imperative swiftly, and in the Second World War, it began to dominate
warfare. In this article, the air war in the Second World War was discussed according to the rise and fall of the
German air power after the theoretical developments mentioned in the first part. In the second part, the German
air activities in early operations were explained. The third part was particularized to how the change in the air
war on the extension and expansion of the war affected the German air power. The fourth part was on the
strategic outcomes of the German attitude toward aviation technology. There are not strong claims made in this
article; however, the interpretation of the subject aims to form the basis for further research.

Key Words: Second World War, Air War in Europe, Luftwaffe, Jet Fighters, Aviation Technology.
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Avrupa Uzerinde Hava Savasi: Luftwaffe Deneyiminin Kesfi

Oz

Birinci Diinya Savasi’na dikenli teller, tiifekler, makineli tiifekler ve obiislerden olusan entegre savunma
sistemini piyade hiicumlarmin delme sanst bulamadig1 siper savast hakim olmustu. Onlar1 destek amacriyla
karada tanklar ve kimyasal silahlar, havada ise ugaklar gibi yeni savas makineleri devreye sokuldu. Ugak hizla
zorunluluk haline geldi ve Ikinci Diinya Savasi'nda savasa hakim olacak sekilde yiikselmeye basladi. Bu
makalede, birinci boliimde teorik gelismelerden bahsedildikten sonra, Tkinci Diinya Savasi'ndaki hava savast,
Alman hava giictiniin yiikselis ve diisiisiine gore ele almmustir. Ikinci bolimde erken harekatlarda Alman hava
faaliyetleri anlatilmistir. Ugiincii boliimde hava savasmdaki degisimin savagin uzamasi ve yayilmasinin Alman
hava giiclinii nasil etkiledigine deginilmistir. Dordiincii boliimde Almanya'nin havacilik teknolojisindeki

tutumunun stratejik sonuglari ele alinmistir. Bu makalede giiglii bir iddiada bulunulmamaktadir; ancak konunun
yorumlanmasi daha sonraki aragtirmalara zemin olusturmay1 amaglamaktadir.

Anahtar Kelimeler: Ikinci Diinya Savasi, Avrupa Hava Savasi, Luftwaffe, Jet Avc1 Ugaklari, Havacilik
Teknolojisi.

JEL Smiflandirma: M10, L93, L94.

' Dog. Dr., Nigde Omer Halisdemir Universitesi Iktisadi ve idari Bilimler Fakiiltesi, burakcinar@ohu.edu.tr


https://orcid.org/0000-0002-6171-0802

INTRODUCTION

In the First World War, traditional infantry-based operations proved ineffective against
technological advancements. Infantry battalions seemed to disintegrate when faced with the
formidable defence systems comprising integrated barbed wires, rifles, machine guns, and
howitzers. The introduction of newborn tanks, though promising, was akin to infants
attempting to fulfil tactical obligations.

The emergence of air forces as a new branch of armies just before the Great War marked a
significant shift. Primitive aircraft showcased the dynamic potential for development,
outpacing progress in other branches during the early stages of the conflict. These aircraft
swiftly replaced balloons in reconnaissance missions and demonstrated versatility in
bombing or strafing ground targets.

Throughout the Great War, aircraft played multifaceted roles, serving in reconnaissance,
bombing, strafing, maritime patrol, and interception missions. Primitive bomber aircraft
conducted both tactical bombings and strategic operations, often in conjunction with
zeppelins. The widespread use of aircraft led to their evolution, prompting warring parties
to develop and produce thousands of diverse aircraft types during the war.

The First World War was the most exhaustive war up to that time. The restoration of Europe
restricted military development in the early interwar period, which hampered all army
branches. The development of aviation narrowed and largely shifted to civilian use, for postal
services, passenger transportation, air racing, or aerial acrobatics. Many adventurers tried
breaking records in the interwar period, making aviation popular in people’s eyes.

Late in the interwar period, the political situation got hot, and the development of military
aviation gained speed. In the latter part of the interwar period, the political climate
intensified, and military aviation witnessed a rapid acceleration in development. As the
Second World War approached, biplane technology came to an end, and modern monoplane
types emerged. On the eve of the war, the Germans achieved maiden flights with both rocket
and jet planes. Those developments in aviation indicated that the forthcoming war would be
beyond the First World War’s dynamism.

This research is based on analyzing some events in World War II aviation, focusing on the
German air power. It is divided into four parts. In the first, the effects of theories on the air
battles of the Second World War were explained. Second, the role of the air forces in the
first half of the war is expressed. This is to differentiate aerial struggles between two world
wars. Therefore, some cases in the Second World War are emphasised. The third part
includes how the air war changed during the extended war. The fourth is on technological
issues in the same period.

1. FLOATING THEORIES

Air Warfare was initially concentrated on the tactical targets supporting the ground units.
Initiating with preliminary considerations, it is contended that early perspectives suggest the
potential for utilizing air power in a strategic capacity, wherein its capabilities could propel
a nation towards achieving total victory. Strategic bombings began in the First World War,
when a German zeppelin dropped bombs on the east coast of England, killing or injuring
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twenty people in January 1915. On May 25, 1917, long-range German Gotha bombers began
to bomb Britain, stepping in as the first strategic bombers (Neillands, 2003: 12). However,
the volume and effect of early strategic bombings were not enough to win the war. Therefore,
many aviation experts believed coercive bombings could have ended the war by destroying
the enemy’s industries and breaking morale.

Italian General Giulio Douhet, stemming from an artillery background, stands as a
pioneering figure in the theoretical advancements of aerial warfare. He observed early
actions in aviation between 1908 and 1930 (Meilinger, 2020: 1), the period when the aircraft
were primitive to conduct decisive operations; nonetheless, he was capable of creating the
first universal claims on the strategic importance of owning an air power. In the Tripolitanian
War between Italy and the Ottoman Empire, Italian pilots began dropping small bombs by
hand. During the war in Tripolitania, Italian aircraft were also used for artillery spotting,
transportation of supplies and personnel, and bombing troops, supplies, and facilities, both
day and night (Meilinger, 2020: 3). Douhet focused on the bombing role of the aircraft much
more. In the early days of the First World War, he emphasised massive bombing and claimed
the importance of possessing a 500-bomber armada that could drop 125 tons of bombs daily
over enemy targets (Meilinger, 2020: 3-4). His first strategic claim was the bombing of
Istanbul with a bomber force that could drop 100 tons daily and force the Ottoman
government to open the Dardanelles to Allied shipping (Meilinger, 2020: 5). Alexander de
Seversky later remarked that such a type of attack, aiming at the heart of the octopus,
effectively paralyzes its tentacles (Seversky, 1978: 240). This strategic approach was
proposed by Seversky against Japan during the latter stages of the Second World War.

On the other hand, in Britain, Marshal of the R.A.F. Hugh Trenchard, was one of the early
defendants as well as an operator of strategic bombing in late World War II. He successfully
directed his Royal Flying Corps and later R.A.F. bombers to the targets in Western Germany
about at 320 km from the bases in France. One of his trainees was Arthur Tedder, a
prominent military air leader in the Second World War (Grant, 2004: 79-80).

In the interwar period, air forces mutually owned strategic bombing aircraft,
notwithstanding, tactical bomber production got the most shares. Major General Walther
Wever, Chief of Staff of the Lufiwaffe (German Air Forces, 1933-1946) in 1935-1936,
pointed out that the objective of an air force was to defeat enemy armed forces and outlined
its operational tasks in five clauses. The fifth clause, “to paralyze the enemy armed forces
by stopping production in the armaments factories” (Corum, 1977: 138), indicates the
significance of strategic bombing in Douhet’s way. Wever saw Luftwaffe as not a supportive
branch; conversely, he offered air forces as a strategic arm that could prevent enemy reserves
from reaching the front (Corum, 1977: 138). It is noteworthy that a primary factor
contributing to Germany's defeat on the Eastern Front was the Red Army's adept
management of strategic reserves.

In 1932, British politician Stanley Baldwin underlined the importance of strategic bombing,
telling the British House of Common that “there is no greater cause of that fear than the fear
of the air” and pointing out the appalling speed of an air attack. He also marked the dual role
of a transport aircraft in both civilian and military contexts (Lord President of the Council
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Stanley Baldwin’s speech, 1932). Five years after Baldwin’s speech, the air wing of the
German Legion Kondor put it into practice with a small-scale test in Guernica, Spain, in
1937, followed by medium-scale bombings of Rotterdam in 1940 and Belgrade in 1941, and
a large-scale bombing of London in 1940. The temporality and limitation of these bombings
stemmed from the fact that they were carried out by medium bombers, as the Luftwaffe had
not yet deployed a considerable number of strategic bombers. In contrast, the RAF and the
USAAF spearheaded the extensive production of strategic bombers.

Germans’ dealing with bombers’ roles restrained the evolution of the German air power.
Wever’s sudden death in 1936 and lack of strategic resources (Overy, 1981: 132) in Germany
formed the Luftwaffe’s near-future tendency to use tactical means rather than strategic ones
based on the production of smaller aircraft (Corum, 1977: 138; Macksey, 1978: 46-47).
Luftwaffe possessed strategic bombers, but they were never produced in a wide range.
Focused on the Blitzkrieg, the Germans tended to use air power to support the panzer units
as a part of their new method of combined arms operation. Nevertheless, if the war was not
out in 1939, Goring’s aim was to create a force of 2.400 medium and 800 heavy bombers in
1942 (Overy, 1981: 132).

The Germans displayed a reluctance to employ strategic bombing extensively, as they
prioritized the formation of large air units for tactical accomplishments. Nevertheless, they
intended to use air power for offensive purposes. Luftwaffe Major-General Helmuth Wilberg
prepared “Luftwaffe Regulation 16” in 1935; the primarily offensive nature of air power was
stressed: “From the start of the conflict, the air forces bring the war to the enemy” (Corum,
1977: 140). It rejected Douhet’s theory, as stated: “Attacks against cities made for the
purpose of inducing terror in the civilian populace are to be avoided on principle” (Corum,
1977: 143-144). Instead, the Germans made air power the second pillar of their new-born
theory, the Blitzkrieg, developed by General Heinz Guderian who announced in his 1937-
published book “Achtung Panzer!” It was based on a concentrated panzer assault on the
weakest point of the enemy’s defence, to penetrate it, fall back to the enemy concentration,
cut the enemy communication, and surround massive enemy units. This became the Third
Reich’s main instrument for expansion. To ease ground forces’ duties, panzer forces needed
immediate aerial close support; and the Sturzkampfgeschwader® units dominated the skies
by the beginning of the operation. This introduced the first efficient direct air-ground
collaboration at the tactical level, and it gave air power an important role. The interaction
between panzer platoons and Junkers Ju-87 Stuka dive-bombers was facilitated through UHF
antennas, and that resulted in heightened successes across tactical, operational, and strategic
levels. Assault aircraft underwent significant advancements in both armour and armaments,
enhancing their protection, firepower, and utilization of guns and rockets. The Germans
specifically developed the Hs-129 for anti-tank missions, and it entered into service in 1942.

The Superiority of air power means many things on a tactical level, but it is hard to say it is
the only winner. This thought was created by American military thinkers, like Harry A.

2 German dive-bomber squadron. According to the Luftwaffe’s organization, a Geschwader had 94 aircraft including a Stab (staff) with
four aircraft and three Gruppen. A Gruppe had 30 aircraft including a Stab (staff) with three aircraft and three Staffeln each with nine
aircraft. From the mid-war period several fighters Gruppen operated a fourth Staffel and, if all four had strengths of 16 aircraft; with three
aircraft of Gruppe Stab, each of those Gruppen were established at 67 aircraft (Price, 1997: 16-17).
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Sachaklian, William L. Mitchell, and Alexander P. de Seversky, who carried air dominance
to a geopolitical theory. The Wright Brothers before them, with their technical view, saw
their new machine make future wars impossible; they estimated the effects of the air war in
the future better than all other soldiers. Aviation technologies went far during the Second
World War, and the inauguration of early jets heralded the war in the near future as hard
enough that in a new total war, the belligerents could never ask for World War I-type attrition
in the air. Nevertheless, it has not been tested because the retaliatory effects of conventional
weapons were all shadowed by the rapid development of nuclear weapons. At least, the
geopolitical aspect of the world’s dominance via air power faded. The qualification of air
power is strategically more defensive than offensive, as the Wright Brothers said before.’
The inauguration of jets legitimated the Wright Brothers for the next war. Aircraft carrying
atomic bombs and ALBMs (Air-Launch Ballistic Missiles) equipped with nuclear warheads
make us think the aircraft can be more offensive. Having the most deterrence makes nuclear
weapons most defensive on a strategic level. Nevertheless, we should distinguish the terms
into two categories, the era of conventional weapons and the era of nuclear weapons. In
1962, during the Missile Crisis in Cuba, both sides proved they were not courageous enough
to put the military procedures into effect, even after mutual ultimatums.

The successes of all theories on aerial warfare in the Second World War can be subject to
arguable validity. The effectiveness, weighed against moral values and the impact on
humanity, becomes two questionable criteria. The debatable nature arises when considering
whether the strategic bombings were deemed fruitful, even if they came at the cost of tens
of thousands of civilian lives. As a part of the combined force, the air forces had their own
duties for one side; otherwise, it is hard to say for the losers. The Germans’ exertion in the
field and in R&D was not less than that of their enemies, and they had the same theoretical
approaches. However, the problem of losing the air war was not everything in Germany; the
country succeeded in the most production effort in 1944, while the massive bombings
increased its effect. The problem for Germany was basically two-front warfare between the
Soviet Union, which had the most powerful ground forces, and the United States, which had
the most powerful air force.

Beginning with Douhet, early aviators believed air power was properly used to lead armies
and navies to organise on a new basis, but that did not mean air power would replace them
(Overy, 1981: 15). The effect of air power on the sea was demonstrated during an exercise
in 1919 by William Mitchell, bombing the obsolete German battleship SMS Ostfriesland
(Correll, 2021). During the interwar period, the American, Japanese, and British aircraft
carriers were active. The Germans were aware of those developments, and they also planned
to build aircraft carriers, but they had to cancel. Nevertheless, the Germans could control the

3 Wright Brothers noted to history in 1917: When my brother and I built and flew the first man-carrying flying machine, we thought that
we were introducing into the world an invention which would make further wars practically impossible. That we were not alone in this
thought is evidenced by the fact that the French Peace Society presented us with medals on account of our invention. We thought
governments would realize the impossibility of winning by surprise attacks, and that no country would enter into war with another of equal
size when it knew that it would have to win by simply wearing out its enemy.

Nevertheless, the world finds itself in the greatest war in history. Neither side has been able to win on account of the part the aeroplane
has played. Both sides know exactly what the other is doing. The two sides are apparently nearly equal in aerial equipment, and it seems
to me that unless present conditions can be changed, the war will continue for years. Orville to C. M. Hitchcock, June 21, 1917,
http://www.smithsonianeducation.org/educators/lesson_plans/wright/flights future.html (19.10.2020).
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eastern side of the North Atlantic efficiently. However, by political means, the Germans
lacked air-sea coordination. Reichsmarshall* Hermann Goring, the owner of all German air
power, was very reluctant to give any air support to another branch of the armed forces.
Lacking substantial air power, the Kriegsmarine (German Navy, 1935-1945) found itself
unable to execute swift responses to incidents. This inefficiency significantly impacted the
effectiveness of sea battles involving the Kriegsmarine, leading to operational challenges for
both German U-boats and the High Seas fleet during the latter half of the war.

2. EARLY AIR OPERATIONS

Conditions of the First World War made the air war conventional. Air power displayed her
new-born capabilities with primitive machines; nevertheless, many military and political
leaders saw its importance and the bright future ahead. Countries without air power have not
had a chance to resist yet. However, development in aerial technologies in the interwar
period made the air force a leading branch of the armed forces.

German air power was a modern organisation that played a major role in the German
expansion in Europe. Germany’s anti-clockwise invasion of Austria, Czechoslovakia,
Poland, Denmark, Norway, the Benelux, France, Britain, North Africa, the Balkans, and
Russia was hampered only by the British efforts in the Battle of Britain. The scenario
resembled an extended air duel, wherein the Luftwaffe struggled to overpower the RAF,
hindering the preparation for a German invasion of Britain. This development highlighted
the constraints of German air power, suggesting that the efficiency of the Luftwaffe could
diminish with the prolonged duration of the war.

The extended war divided Luftwaffe’s power barely in three, among the east, the west, and
the south. However, the Luftwaffe had to send squadrons to Norway, Sicily, Sardinia, and
the Balkans due to security reasons, because it was responsible for the protection of all
European skies in 1941, a very large area compared to the end of the Battle of Britain.
German allies also had indigenous aircraft types, but they could not be matched with modern
German fighters and bombers as well as their opponents had. Germany’s factories
transferred some aircraft to strengthen her allies’ air power.

Before the USA entered the war, Germany and her allies had enough aircraft production to
overcome the British and Soviet aviation technologies. Even U.S. involvement in the war
could not break the German resistance in the air until February 1944.

2.1. Modern Air War Becomes Imperative

Blitzkrieg gave leading role to the panzer forces, as it made the head assistant of the panzers,
close-support aircraft. The conduct of operations with combined arms made the system a
little more complex; the actions of both panzers and air forces were prominent. Hence, the
Second World War changed the character of air warfare and made it imperative. Both in
Poland, Norway, and France, the Luftwaffe’s warplanes swept the skies and made it possible
to support the ground forces effectively. In Poland and France, the Luftwaffe conducted its
operations as part of the system integrated with the ground units. In Norway, the Lufiwaffe’s

* Reichsfiihrer is a unique rank for Herman Géring who was in charge after Hitler as well as the chief of the Luftwaffe.
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duty was expanded to actualize the landings along with the Kriegsmarine. After the landings,
the Luftwaffe would go back to the main role in which the German aircraft conducted
operations to support the ground units. However, the Luftwaffe’s role was expanded again in
the Battle of Britain by two steps. First, the Luftwaffe units were laid a burden on preparing
the preconditions for landings. Second, it had to support the German High Seas Fleet. After
the landings, Lufiwaffe’s role would be back to support the ground forces. The Battle of
Britain came after three campaigns in Poland, Norway, and France. Following a period of
wear and tear, the Luftwaffe's role experienced a resurgence. However, this miscalculation
marked the Germans' initial aerial delusion at the operational level, leading to strategic
consequences.

2.2. Differentiated Air Warfare

Due to light casualties, the campaign in Poland was successfully completed by the Luftwaffe.
After Poland, the Wehrmacht (German Armed Forces, 1935-1945) continuously forced its
limit during the first half of the war. The first high-risk operation was directed to Norway,
which required an overseas operation, while the German offensive to the Benelux and France
was very close. This brought a high-risk, strange air operation to Norway.

In Norway, the Germans had disadvantages in the beginning. Due to restricted capabilities,
the German plan was based on deception, surprise, and attack at once on key objectives such
as ports and airfields. Luftwaffe aimed to capture airfields in the hinterland to provide
immediate air support to both sea and ground units, secure Norwegian coasts, and provide
close support for further inland operations by April 9, 1940. There was a great problem:
Luftwaffe’s fighters could not have enough fuel to get back to Germany. The first fighter
waves, including Messerschmitt Bf-110s, were long-range fighters with two propellers and
two engines that would have landed on enemy airfields if the paratroopers had not captured
them so quickly. In fact, paratroopers and out-of-fuel German fighters captured those
airfields simultaneously in some cases (Bekker, 1975: 120-127).

Leveraging their initiative and geographical advantage, the Germans successfully occupied
Norwegian airfields. This strategic move facilitated easier operations in Norway, a region
not in close proximity to the British coasts. Possible urgent support from England by air and
sea would have taken time, which offered the Anglo-French landings disarray. The Allies
were not able to defeat the German forces in Norway, but they had some local successes that
could not clear the way to victory. When the Germans attacked France and the Benelux on
May 10, 1940, the Allies were in trouble on the main front. Lufiwaffe was able to overcome
its missions in France and led the panzer troops hastily forward. German aircraft proved their
worth in the system.

The Battle of Britain in 1940 and the Invasion of the Balkans were large-scale operations in
which the Luftwaffe played major roles. Luftwaffe conducted all of the operations during the
Battle of Britain; however, its failure concluded with the cancellation of the invasion of
Britain. In Yugoslavia and Greece, the Luftwaffe was able to sweep the skies after France.
Like Norway, Crete was a small-scale campaign for the Luftwaffe; however, the course of
events forced the whole operation to take place on its own. Probably, Crete left unfinished
another small-scale campaign in Malta.
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2.2.1. Battle of Britain

By Fall of France, Hitler aimed the British motherland, the second overseas activity after
Norway. It seems to have similarities to Norway, but nevertheless, it was all different. In
Norway, the Luftwaffe aimed just at tactical targets. In Britain, the morale of the British
people in defence was higher than that of the Norwegians. Britain had a powerful and some
experienced army, while the British defence industry was active and extensive.
Consequently, both strategic and tactical targets in Britain must have been targeted. The
Luftwaffe proved sufficient for conducting operations aimed at tactical targets; however, it
had never attempted operations against both strategic and tactical targets, particularly against
a major power.

Herein, operations in France were probably illusive for further offensive operations by the
Luftwaffe. France looked stronger than Germany on paper and had the second-largest army
after the Soviet Union in Europe. In France, the Blitzkrieg swept the Allied armies in one
and a half months, so the Germans did not need to overcome strategic targets. This provided
Luftwaffe's squadrons with a unique opportunity to focus on tactical targets, efficiently
supporting the ground vanguards. Within a mere three weeks, France succumbed, and the
subsequent three weeks marked the decisive blow. Despite fighting along with the British
and Belgians, France gave up because there were not effective French politicians or military
seniors in office, most were not long-sighted enough to catch the necessities of modern
warfare, both on land and in the air. However, in the First World War, France was the first
to own over 34,000 military aircraft (Gilmour, 2012: 24). The problem was those seniors’
views of the air force as a part of the army, instead of an independent branch, in the interwar
period. The role of the military aircraft was restricted to reconnaissance and ground support,
inherited from the First World War (Gilmour, 2012: 25-26). Production efforts in aviation
also remained limited. France reacted to the Germans when L’Armee de [’Air was far from
prepared. The Air Force was not able to encounter the Luftwaffe with a lack of modern
organization and tactical view, so the result was that the French ground forces were exposed
to a three-dimensional combined-arms assault that paralyzed operational and tactical
commanders (Higham & Harris, 2006: 43). However, L ’Armee de I’Air had owned 4,360
combat aircraft, including 790 new ones, on May 10, 1940, against the Luftwaffe’s 3,634.
The French aviation industry also delivered 1,131 aircraft, including 668 fighters, between
10 May and 12 June (Sutherland & Canwell, 2011: 5, 14).

Similar to the strategy in France, Hitler aimed to blitz the British mainland swiftly. The
occupation of Britain held greater significance than the fall of France, as it represented the
last formidable democracy in Europe, potentially serving as a crucial beachhead for future
endeavours. The British Royal Navy also had a strong fleet to defend the island, but at the
same time, it was disincentive in the Mediterranean. If Britain had fallen, the Royal Navy
counteracted that Germany secured its back to the North Atlantic for her further operations
to the east.

The German air campaign over Britain was immediately started after the French campaign.
The Luftwaffe carried the war to the British mainland; however, it gained nothing but
casualties. Britain was close to France. Nevertheless, the German fighters’ dogfight
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capability was limited over the southern British coasts, where they were rigged out by radar
installations that provided vital early airborne warning to the British squadrons. These were
exclusive targets for the German bombers, were less important in France. While the German
squadrons were on air, the British were aware of them, so they could easily estimate their
target zone, where they concentrated. When the British fighters went into a dogfight, their
German counterparts had a short time to deal with them because of their limited fuel.
Inevitably, the German Messerschmitt Bf-109 escorts were to go back home, leaving the
bomber formations alone, which were vulnerable to the British fighter squadrons. The
Luftwaffe had to fight slow medium bombers under the cover of fast short-range fighters
during the Battle of Britain (Overy, 1981: 43). On the other hand, the bulk of the British
fighter squadrons on the mainland were Spitfires and Hurricanes, which overrode the might
of Bf-110 long-range fighters.’ The Battle of Britain was the first fierce campaign for the
Germans.

The bombing of London was initiated in retaliation for the British nocturnal bombing of
Berlin, triggered by an incident where a German medium bomber mistakenly dropped its
bomb over London. Ironically, this shift in German strategy unintentionally altered the fate
of the operation. Because the Germans had not started landings, the Luftwaffe continued its
task on a strategic level alone. In other words, the Luftwaffe had a prior role in which, for
the first time, warplanes got ahead of panzers. Although the bombing of London diminished
the morale of London citizens and forced many of them to leave the city, that strategy did
not work and led Hitler to postpone landings.

The exaggeration of enemy casualties in the air led to misperceptions of strategy on the right
track. The Germans did wrong with the numbers during the Battle of Britain because they
failed to estimate their enemies’ numbers of production, pilot numbers, and operational
fighters. This was, perhaps, one of the reasons they lost the campaign. Even now, wrong
statistics can hamper a country’s material and spiritual outputs, dragging its economic,
social, military, or political areas into inefficiency. The British Bomber Command was also
victim to the same mistake in the late war, while they were bombing the German cities to
make the German people feel like giving up. Neither the Germans gave up, nor did the
German industry collapse. There again, the British bomber losses increased. Thus, wrong
statistics could lead to wrong tactics or strategies, which is an indispensable part of military
intelligence.

During the campaign, the Luftwaffe was the only branch responsible for preparing conditions
for both the Kriegsmarine and the Heeres (German Ground Forces). This campaign clearly
indicated the Luftwaffe’s limits. By the Battle of Britain, both sides attached more
importance to their aircraft production. Now, the Luftwaffe had to be organized for a two-
front war.

5 Destruction and damage percentage of the Bf-110 was the highest by far amongst all types of the German aircrafts during the Battle of
Britain (Murray, 1989: 57-58, tables IX-X)
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2.2.2. Meaning of Belgrade

Early in 1941, the Germans had to secure the Balkans, which threatened as a new front when
the Italians attacked Greece but failed. An Albanian-based Italian offensive into Greece was
repulsed. At the same time, the British pushed the Italian assault in Egypt back to Libya and
annihilated most of the Italian army in North Aftrica. This paved the way for some British
units to transfer to the Balkans to help Greece. Outcomes in the Balkans brought the German
response, who felt her nearer operations against Russia.

Air bombing was like carrying the horror strategy of ancient and medieval times into aerial
warfare. Strategic bombing primarily targeted industry and civilian morale. Luftwaffe had
also used horror bombings on Warsaw, Rotterdam, Paris, and London in 1940. The first three
had great effects because those attempts took part in the Polish, French, and Dutch army’s
collapse. Those bombings were used in parallel with ground movements to skip a stage and
reach total victory. The Luftwaffe’s role in this early strategy worked well, and three
countries surrendered after those bombings.

The bombing of Belgrade was mainly political; it was Hitler’s punishment and intimidation
operation that broke Yugoslavian morale; however, it did not have a direct effect on Greece’s
decision to surrender and put Turkey out of the war. It had a possible political effect on the
Turkish government, which preferred getting relations with Germany closer, which could
prevent Turkish collaboration with the Allies. A few days after the fall of Crete, Halder noted
concluding a nonaggression pact with Turkey on June 3, 1940 (Burdick & Jacobsen, 1988:
397), which came true on June 18.

The Germans were to account for the air forces of minor neutral countries, could have been
involved in the war. Switzerland and Sweden were inland countries in the Third Reich’s
Europe, so they were ineffective. Therefore, Turkey, Spain, and Portugal had importance if
they joined war on the Allied side. Among them, Turkey was the most important one, with
its geopolitical location as well as its good relations with the Allies. Turkey was so close to
Polesti Oilfields and South Russia as an airbase. Hitler knew that and wanted the British to
stay far from the Balkans, out of the bomber range of Romanian petroleum in 1940. His all-
time fears were the British bases in Thrace, nearby Ploesti Oil Refineries. In his secret letter
to Mussolini, Hitler had written Turkey’s special importance to be a trump for having
Bulgaria, on November 20, 1940. He added that they would try to come to an agreement
with Turkey (Ondes, 1976: 747). The Western Allies gradually increased military support
for Turkey during the war. Even Hitler prevented Ribbentrop’s further actions to press
Turkey to join the Axis in early 1941.

Germany swept the Balkans in half a month. On April 17, the Lufiwaffe bombed Belgrade
without hesitation. This was like the Mongolian horror strategy in the 13 century adapted
to aerial warfare. One intimidation address was Turkey, to take her on the Axis side, or at
least to hinder Anglo-Turkish collaboration. Turkey got anxious; however, the German
horror strategy did not directly take Turkey into action. Nevertheless, Turkey became more
cautious about supporting the British. This, perhaps, caused a postponement of Turkish
involvement in the war against Germany until February 1945. In other words, the
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punishment of the Belgrade people helped the decisiveness of the Turkish administrators to
be out of war.

2.2.3. Norway, Crete, and Malta

There were smaller overseas operations; two were to Norway and Crete, where the Luftwaffe
led to the victory, and one more to Malta, which was unfulfilled. All the highly risky air-
landing operations to Crete were close to disaster and achieved at a high cost, which made
Hitler reluctant to undertake similar further operations, which probably affected the launch
of combined arms operations against Malta.

In April 1940, Norway was the earliest operation that forced the Luftwaffe’s limits. The long-
range and potential of British naval aviation were two main obstacles to the tasks of the
Lufiwaffe. In the early stages, German air units shared maximum responsibility for the
operation with the Kriegsmarine. After the capture of key airfields, air operations in later
stages were off the ground. Hardly, Messerschmitt Bf-110s, German fighters with the longest
range, were very close to being out of fuel in the first hours. In one case, some Me-110s were
compelled to land before the German paratroopers captured Fornebu Airfield near Oslo with
losses (Bekker, 1975: 120-127). However, the Allies were a bit surprised to react at the time.
This eased the continuation of further operations in Norway.

In April 1941, the Germans invaded Yugoslavia and Greece simultaneously. However, the
capitulation of the Balkans and the evacuation of the British units that arrived in Greece were
not enough for Hitler, who desired to secure Germany’s back in Europe for the forthcoming
Operation Barbarossa.® Crete acted as a rallying area during the evacuation of Greece, like
a furuncle. Hitler ordered an invasion of Crete, as it was the last place to threaten European
soil. Operation Merkur’ was expedited and brought the Germans into such a condition that
it was the second highest risky air operation after Norway. Thousands of troops had to be
transported by air, while airborne operations would have been supported by seaborne
landings. However, seaborne landings were all hindered by the British supremacy in the East
Mediterranean, which laid the burden on the airborne troops. The Germans won both high-
risk operations in Norway and Crete against the British lack of sufficient naval support. The
occupation of Crete was very costly. Later, the US Army used the German experience in
Crete, adding its military doctrine to the revised FM 100-5 (Ross, 1992: 3).

At the beginning of June, there were not any beachheads or rallying areas around Europe.
Now Turkey, where the British tried to persuade them to procure a new stronghold, was
intimidated enough from the west that she could never be in a formation against Germany,
while the German air power in Greece and Bulgaria was nearby and strong. After the
Germans settled in those areas along with Turkey’s western coasts, they kept some air power
as a menace here. This went on until the accelerated evacuation of the German forces in
autumn 1944.

Malta meant more than Crete, with the most strategic point being the middle of the
Mediterranean. It was the closest island to both Europe and North Africa and historically

¢ Codename of the German invasion of Russia.
7 Codename of the German invasion of Crete.
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served as a naval base, a strong checkpoint, and a focal point for the invaders, e.g., the Arabs,
Normans, Turks, Spanish, French, and British. By 1814, the island had been under British
possession and had contributed to British interests in the Mediterranean for 150 years.

Demands from the Governor of Malta for defensive weapons began in the 1930s, dating back
to the Abyssinian Crisis in 1935. Then the island was defenceless and the possibility of the
threat of the Regia Aeronautica (Italian Air Forces) had emerged. The British Mediterranean
Fleet temporarily left Malta for Alexandria, Egypt, for about one year (Budden, 1996: 447).

The air battle over Malta in the Second World War was a strange action. The British, thanks
to their ability to possess Malta during the war, cleared the main shipping route between
Gibraltar and Alexandria and stressed the enemy supply route between Italy and Libya. This
determined the major problem of Axis logistics during the campaigns in North Africa. Malta
became an issue among Field Marshals Kesselring, Rommel, Italian military seniors, and
Hitler, who never trusted the Italian military. The British strengthened the air defence of
Malta during the first half of the war, and Malta-based air attacks hampered further Axis
movement in the Mediterranean theatre.

The air battle around the island was also like an extension of the Battle of Britain in a tight
region. For example, in the first week of October 1942, 114 Axis aircraft were shot down
for the loss of 27 Spitfires, and the trend continued (Budden, 1996: 465). In May 1943, the
surrender of the Axis forces in Tunisia signalled the end of the Air Battle of Malta. During
the battle, 2,700 Axis aircraft were shot down, resulting in the loss of 707 British aircraft
and damage to 735 (Budden, 1996: 466). The most dangerous period for the island was
October 11-19, 1942; the intensity of the Axis attacks at the top could check the Malta-based
attacks to the Axis shipping (Budden, 1996: 466). On the other hand, in August 1942, when
the Pedestal Convoy arrived, the island had just a 10-day supply (Budden, 1996: 447).

Those show that such an air struggle for Malta could prove Douhet’s claims of air power
could bring the opponents on her knees and have possibility at the operational level instead
of on a strategic level. On the other hand, at the strategic level, the Gulf War in 1990-1991
validated Douhet’s claims if there is an asymmetrical strength between the opposite sides.
Struggle between equal powers: it is hard to believe Douhet’s type was won by air power,
especially after Germany’s resistance during the late war.

3. CHANGING AIR BATTLES IN THE EYE OF THE WAR

The opening of the Eastern Front on June 22, 1941, brought Germany a historical fate in
which it divided resources across multiple fronts. Now, beside its offensive obligations in
Russia and North Africa, the Luftwaffe was also responsible for defending Norway, France,
and southern Italy. By the time in the North African Front closed in May 1943, the
disposition of the Luftwaffe was 50.7 % in the East Front, 16.5 % in the West Front, 14.9 %
in Germany, 13.5 % in Italy, and 4.4% in the Balkans. The Air Battle of Germany decisively
changed those ratios in five months; in October, the disposition of the Luftwaffe was 37.6 %
in the East Front, 18.8 % in the West Front, 24.8 % in Germany, 9.3 % in Italy, and 9.5 %
in the Balkans (Mandel, 1986: 136). This dramatic change clearly shows how costly air
battles over the German skies helped the Allied ground units battling on all other fronts.
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Different geographies, different climates, extended borders, and increasing depth depend on
evolving operations; all were prognostications for the near future. By late 1941, the
emergence of critical situations had damaged the German air power more, such as in
Demyansk, Stalingrad, Malta, and Tunisia. The Germans were not able to close any fronts
after 1941, but the Allies did it in North Africa in 1943, continued with Italy getting out of
the war, and laid the burden of defending the South European coasts to the Germans alone.
On the other hand, the Air Battle of Germany escalated in 1943.% As the war extended, the
Luftwaffe became unable to defend the indefensible.

3.1. Renewing Air Operations According to Changing Conditions

When the Germans attacked Russia, the greatest front in history opened and demanded the
most expanded military branches be operational. Campaigns in Russia were not similar to
previous ones in which the Blitzkrieg improved it as a suitable doctrine for the Germans.
Russian land was enormously wide and deep, which prevented the success of deep
penetration. Paris was about 350 km from the border, while Moscow was about 1.000 km,
nearly three times. The German High Command strategy was based on the annihilation of
the Soviet armies in huge pockets that could change the strategic depth in favour of their
own. This was done by four panzer groups well supported by the Luftwaffe’s squadrons.
German squadrons succeeded in making a surprise all over the front. According to the
Russians who accepted the Luftwaffe’s role in the early successes of the Barbarossa, the
Germans destroyed 1,200 Soviet aircraft, including 800 on the ground with many modern
ones, and raided over 66 airfields until noon on June 22, 1941 (Bekker, 1975: 341-342).
Until November 1941, the Germans seemed victorious. In late November, the battery of the
German machine alerted.

The fact is that; in history, the depth of the Russian geography compelled all army branches
of the invaders to exhaustion. Neither Karl XII of Sweden nor Napoleon could overcome
this situation. Although the broad plains in Russia were highly suitable for the Blitzkrieg
method, geographic depth maintained its advantage in favour of the Soviet armies, which
swarmed the re-established defence lines. After the Germans penetrated the first Soviet
defence line near the border in late June 1941, the Russians managed to establish it on the
road to Moscow three times in three and a half months. The Red Army strategy was clearly
to retard the German advance at all costs, to deal with the invincible German Army when it
was exhausted in early winter, and it worked.

The Germans achieved air superiority in the first hours and broke the Soviet air resistance
along with the border. During their advance deep into the Russian ground, the Luftwaffe went
on mauling the rest of the VVS’s (Voyenno-Vozdushnye Sily, Soviet Air Forces) air strength.
However, the Luftwaffe’s sorties had rarefied by October and sharply decreased next month.
Extended logistic lines, primitive conditions on the roads, and a lack of railway conveyance
hampered all logistic efforts that badly affected the Luftwaffe.

In 1941, air superiority and close-support missions were not enough for the armoured thrust,
and the German spearhead, Second Panzer Group, was first checked at Yelnya in early

¥ Note that; Germany had to keep some squadrons against a surprise attack from Turkey, even in 1944,
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August. When mud and snow in autumn restrained most of the aircraft sorties, air support
diminished both in the central and northern regions. Lack of air support made gaining ground
difficult, and the ground units began to stall. By late 1941, less than 30 % of the Luftwaffe
units were operational (Higham & Harris, 2006: 210). On December 5, the Soviet counter-
offensive overran many of the Germans exhausted in the line of battle and threw the Germans
back along the East Front. On the East Front, German air power was limited to tactical
targets. There were not enough strategic bombers like the He-177 Greif, the Fw-200 Kondor,
and the Ju-290. All were produced in limited numbers; He-177 and Ju-290 entered the
service in the middle of the war because of restricted materials and production capacity in
the first half of the war. Many of those bombers were allocated different roles other than
bombing, e.g., maritime patrol and transportation. Then Luftwaffe never conducted massive
air raids targeting dense production facilities beyond the Urals, as the same happened over
Britain.

After their first clear defeat, the Germans reorganized their divisions, and this paved the way
for the 1942 Summer Offensive, Operation Blau. The first objective was to capture
petroleum reserves in the Caucasus, which was very important for both panzers and aircraft.
The strategic demand of the German war machine was unveiled, and the German armour
columns with a two-prong attack advanced in the south third of the East Front. Three main
objectives were in the south; Maykop was 305 km from the frontline near Taganrog at the
start of the offensive, while Grozny was 685 and Baku was 1.160. In the north, Stalingrad
was 425 km east, and Voronej was 435 km north of Taganrog. However, the Germans had
not yet understood that the extensive lines of logistics were a second enemy. In early autumn
1942, the Luftwaffe units and panzer divisions were alerting in supply. The German advance
deep into the Caucasus totally failed when they were checked by the Russians at the west of
Grozny. In the north, the bulk of the German army was entrapped.

VVS squadrons were strong on the Eastern Black Sea coasts to protect the Soviet Black Sea
Fleet, so the Luftwaffe’s support for the German ground units fighting in the Caucasus was
on a vulnerable line to the front. Direct bomber flights from Crimea were not very possible
due to the Soviet air resistance as the frontline extended. This situation brought the Germans
back to the same condition as the year before, and the German war machine was exhausted
again. Mud and snow hampered the German advanced operations both in the Caucasus and
Stalingrad regions, giving way to the Soviet counter-offensive. The Soviet operational plan
was well-prepared and aimed for the same strategic result as the destruction of whole
German units in the south, possessing more than one third of the East Front. German air
losses in Stalingrad were also appalling and irreplaceable in a short time. The German retreat
was also quick and long, which increased material losses. Nevertheless, thanks to Field
Marshal Erich von Manstein’s efforts, the Germans withdrew, correspondingly decreasing
additional aircraft losses on the ground.
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Heavy losses in the Battle of Stalingrad, which nearly wiped out the German reserves, were
an occasion for the excess Luftwaffe ground crew to transfer to land warfare.” The concept
of the Luftwaffe Field Division, comprised of 200.000-250.000 men, barely stood on this
development. Until the end of the war, 21 Luftwaffe tield divisions were activated (Ellis,
1993: 135).

Russian air resistance was ineffective in the first year of the war in Russia, and the Germans
maintained their air superiority until 1944. This does not mean the Russian pilots were not
able to defeat their German counterparts. Lack of training and a couple of modern aircraft
compelled the Russians to a desperate counteraction. Beginning in late 1942, modern Soviet
aircraft and experienced crews raised the resistance. On the eve of the German offensive to
seal the Kursk pocket, Operation Zitadelle, in early July 1943, the VVS had the power to
attempt a pre-emptive raid on the German airfields, even if it was a failure. In 1944, Russian
air power made its presence felt all over the front. During all the Soviet operations during
the last year of the war, VVS was able to rule the skies.

3.1.1. Airlift Operations

In the Second World War, airlifts became imperative depending on the same circumstances.
It was first tried in the First World War, when the German Zeppelin Z.59 departed from
Bulgaria on November 21, 1917. It crossed Western Anatolia to the south and navigated to
German East Africa via Egypt. Its mission was to supply the German forces manoeuvring as
they were surrounded by the Allied forces in Sudan. That expedition was a failure (Banks,
1998: 285).

Successful German airlift experience dates back to the Spanish Civil War, in which the
Luftwaffe’s Junkers Ju-52 transports, escorted by six Heinkel He-51 biplane fighters, along
with Regia Aeronautica’s aircraft, transported General Francisco Franco’s troops from
Morocco to Spain in July-August of 1936. They carried 13.523 men and 258.548 kg of stores
in less than two weeks (Macksey, 1978: 49). In the Second World War, transports and
bombers were able to achieve longer range, endurance, and payload capacity, and their
production was now in higher numbers to make large-scale airlift operations possible.
During the war, airlift was a useful strategy on different levels. In Norway, North Africa, the
East Front, and the West Front, the belligerents applied to the airlift when there were
nonviable circumstances in logistics on the ground. This occurred at tactical, operational, or
strategic levels.

In the early Second World War, as the largest air transport force, the Luftwaffe could field
500 transports (Higham & Harris, 2006: 203). However, airborne operations were conducted
over the enemy air zone; if the resistance was high, directly proportional casualties were on
the rise. German planning was initially tactical and strategic surprise being attackers, as in
the Crete example. However, in Crete, some 350 German aircraft were lost or damaged,
more than half were transporters, while Colonel General Franz Halder indicated in his diary
on May 28, 1940, that 170 unserviceable out of 600 transporters were totally lost. Halder

® Luftwaffe Field Division concept was also backed by Goring, who claimed all about the air in Germany was his possession with
political reasons. However, because the Luftwaffe officers of those divisions could not comprehend the ground warfare, command of
those divisions were transferred to the Heeres in late 1943.
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noted, “Transport considerably depleted.” (The German Campaign in the Balkans, 2006:
141, Burdick & Jacobsen, 1988: 395). Other airlift operations were to surround units at
different levels; a division in Narvik, a corps in Demyansk, or an army in Stalingrad. In those
cases, urgent retreats brought some units into a situation that needed supply to endure.

The first airlift was at operational level to Narvik, north of Norway. Here, the German 3rd
Gebirgsjdger Division (equivalent to the mountain division), which had to leave the city,
hampered its logistic process. German transport aircraft supplied the division, which it could
resist until the British evacuated Norway.

The airlift actions of the Luftwaffe spilled over with high casualties and chaos. The reasons
behind major airlifts were Hitler’s unawareness in the conduct of military operations; he
forbade any tactical or strategic withdrawals when the Germans were exposed to the Soviet
counterattack after a deep penetration. Because the German area of operations in the east
was larger than other fronts, both tactical and operational levels also contained strategic
issues. For example, the retreat from Stalingrad to the Dnepr, losing the east of Ukraine, was
an important political and economic issue. Hitler was such a person that he never
comprehended the distinctness of the East Front, and stubbornly refused the withdrawal in
spite of the risk of destruction of all Army Group South, including the Seventeenth and First
Panzer armies retreating from the Caucasus.

On the East Front, large plains were very suitable for deep penetration that often ended up
with massive encirclements, reciprocally. One prominent example was the airlift to
Demyansk pocket, where the Soviet armies surrounded about 100.000 Germans, started on
February 20, 1942; the transporters carried 24.303 tons of stores for three months. It was a
successful large-scale airlift; the Russians failed to break the German resistance. However,
it was at a loss of 265 aircraft. A small-scale airlift to Kholm also followed Demyansk in the
same region (Bekker, 1975: 409-410).

Supplying about 100.000 Germans in Demyansk overshadowed the logical calculations of
250.000 surrounded men in Stalingrad. Soviet armies surrounded the bulk of the Germans
and her allies in Stalingrad in late November 1942, which required the largest-scale airlift at
that time. Stalingrad was the deepest territory in the Russian soil, and the Soviet leaders
prepared well against the pocket, which was populated by the Axis 22 or 3 times in
comparison with Demyansk (Hayward, 1997: 24). Goring told Hitler the Luftwaffe could
overcome to supply the encircled Axis units. His miscalculated statement dragged the
German Sixth Army in the pocket to a bad fate and capped it off in 22 months. The depth
of the battlefield was in favour of the Russian fighter squadrons’ resistance, and the Russian
ground units raised it, advancing. By this way, the Lufiwaffe’s losses rose to 488 transports
and bomber aircraft (Bekker, 1975: 450). However, it was far to supply 250.000 men in the
pocket. Some confusion on expended words among Hitler, Géring, and Colonel General
Hans Jeshonneck, Luftwaffe’s Chief of the General Staff, airlift capability to Stalingrad
pocket became an illusion. Other seniors of the Luftwaffe’s grand units supporting the Army
Gorup South were aware of the situation and attempted warnings to military leaders, both
local and GHQ. Hitler was a philodox and preferred to believe Goring’s assurance and
Jeshonneck’s unstudied first accounts. He continued to be a slave to his own emotions and
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insisted on maintaining airlift to the pocket instead of the Sixth Army’s breakthrough back
(Hayward, 1997: 22-24, 30-31, 35).

In the same month when the Battle of Stalingrad began, the last phase of the North African
campaign was also started by Operation Torch, the Allied invasion of Morocco, Algeria, and
Tunisia under the Vichy French. The Germans quickly reacted and occupied Tunisia before
the Allies, and all Axis forces in North Africa were withdrawn here. This brought an overseas
logistics issue as large as in Stalingrad within the same month. Tunisia was the last foothold
of the Axis armies in North Africa, so that level of supply was strategic. Unlike Stalingrad,
the Axis forces were defending a larger area using geographical conditions efficiently; by
this means, a large part of the hinterland made the airfields useful. German and Italian air
units replenished the ground forces in Tunisia and extended the campaign in North Africa
for about six months. Luftwaffe losses were heavy again, including casualties during the
Battle of Malta.

3.1.2. Effects of Geographical Expansion

On the East Front, long distances required the development of aircraft types to a certain
extent. Especially long-range fighters were necessary in Russia. While the Bf-109s lacked
range; their domestic rivals, the FW-190s, could go far. Nevertheless, both were not able to
overcome the needs of the Blitzkrieg as in the early times. Nevertheless, the German pilots
felt comfortable because their enemies’ aircraft was not able to counterbalance. However,
German air power in the centre of gravity was exhausted in the first winter.

While the opponents on the East Front had been focused on tactical targets, the situation on
the West Front made air campaigns in the region utterly different. The West Front opened
on September 3, 1939, when the Allies declared war on Germany. There were not any serious
actions until May 10, 1940, the day the Germans launched “Case Yellow”.!° During the
campaign, the Luftwaffe barely focused on the tactical targets to clear way for the armour
thrust and successfully supported the panzers. The plains at close distances here were gifted
with close air support. However, during the Battle of Britain, the Luftwaffe went on targeting
the points with dual functions, both tactical and strategic, like radar stations, shipping, and
airfields at a distance. In France, the German aircraft fought over the land, which was hastily
occupied. However, this was not the same in Britain. During the course of the campaign, a
German bombing misdirected to London, a strategic target, spelled the RAF (Royal Air
Force) squadrons to resist. So that air campaign in Britain was a failure, and landing on the
island was postponed.

After the Battle of Britain, the Germans focused on the east, and especially the invasion of
Russia yielded no result. On the other hand, it gave the British armament enough time to
build-up. RAF bombers followed Douhet under the influence of Air-Vice Marshal Sir Arthur
Harris, C-in-C Bomber Command, and began bombing the German cities at night in the
middle of the war; however, this attempt was far from obtaining a strategic result. The British
were not able to conduct daylight bombings because their fighters were insufficient both in
numbers and in range. They were not superior to their German counterparts, either. Air

12 Codename of the first phase of invasion of France and the Benelux.
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warfare on the West Front effectively started after the USAAF (United States Army Air
Force) fighter and bomber squadrons deployed in Britain in large numbers. Americans
undertook daylight bombings with their more capable fighters and bombers, while the British
maintained their ability to attack German cities by night.

Aerial defence is vital if a country has dense industry-directed war output. This is the
strategic defence that could neutralize the outcomes of Douhet’s theory of strategic bombing.
The Germans prepared the air defence of Europe with radar webs and fighter squadrons.
Strategic bombing was conducted through continuous and long-term attacks on non-military
targets. Supporters saw it as a war-winning weapon through starving economic resources
and undermining national morale (Overy, 1981: 15). Allies gave priority to the strategic
bombing to hamper German arms production heavily as well as to break the psychological
power of the people. None of them were coercive enough because of two means; German
resistance in the air was strong despite heavy losses, and the German people endured the war
under the strength of a fearful organization of the Nazi regime. The Germans had also
transferred some of their military output to underground factories. Later, the American
reckoning on coercive bombing would also not work in North Vietnam, either. As in
Germany in 1945, occupation of the region was necessary in the Vietnam War, too.

Allied tactical bombings were limited to the campaign in North Africa and increased slowly.
After the Axis surrendered in Tunisia on May 13, 1943, the Allies launched a quick
deployment to land on the Italian coasts. On the Italian Front, the Allied air forces mostly
focused on the tactical targets, while strategic bombings to South Germany, Romania, and
Hungary were also arranged. The advance in Italy, easily checked by the Germans, obliged
the opening of the West Front. To actualize the Overlord,!' the Allies had to break the
Luftwalffe’s resistance in Western Europe. This led to the Allies arranging a one-week costly
operation in the middle of February 1944, which drew the Luftwaffe fighter power on their
own, and mutual heavy losses ended the Luftwaffe threat to upcoming landings. By this
means, the Allies began to concentrate on the tactical targets in France. When the Allies
overwhelmed the Luftwaffe in the air, they could also concentrate both strategic and tactical
targets together easier until the end of the war.

4. MILITARY TECHNOLOGY

The technical abilities of air machines are the prerequisites for tactics, strategies, and theories
of air war. Basically, planes fly and attack from altitude. Therefore, in the Tripolitanian War,
Italian pilots began to drop small bombs by hand. The Ottomans, who did not have any
airplanes at that time, developed primitive anti-aircraft tactics, which caused aircraft
upgrades. Italian aircraft were short-range machines, were not durable, and could not carry
many bombs because of the limited power of their engines. Early planes had only limited
roles as reconnaissance, strafing, and very light bombing.

Thirty years after the Tripolitanian War, a bomber was an aircraft obligated to particularly
bomb, along with its abilities in shape, size, and devices attached for its task. Bombers in the
Second World War were generally categorized as light, medium, and heavy according to

' Codename of the Allied invasion of France.
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their weight, which was a result of their large wingspan and fuselage, engines, armed
equipment, and payload capacity. A medium bomber could deliver about 2,000 kilograms
of bombs to the target. This increase occurred in 25-30 years and enabled dense and more
efficient bombing methods. The development of well-protected heavy bombers with a
payload between 5.000-10.000 kilograms brought major cities as primitive targets for
massive raids. USAAF (United States Army Air Force) commissioned two main strategic
bombers to carry the weight of daylight bombing against Germany; the B-17 Flying Fortress
could deliver 2.724-5.800 kg of bombs to targets in various ranges, while the B-24 Liberator
did 3.629-5.443 kg (Gunston, 1990: 200, 204).

Galland offered the characteristics of a good fighter in order: speed, manoeuvrability,
acceleration, climbing, and a stable platform of weapons (Cunningham, 1978: 17). Fighters’
qualities involved manoeuvrability, speed, acceleration, firepower, amount of ammunition,
and range; all could be developed for the contest with rivals. The Germans developed the
Bf-109, a qualitative fighter, in the early war, which had been approved in the Spanish Civil
War by 1937. Its advanced types continued their successes in the campaigns in Poland,
Benelux, and France. However, the Bf-109 technically failed during the Battle of Britain
because its operational range was so short that Bf-109 groups were not able to escort the
bombers deep into England. Both sides learned from the Bf-109s’ deficiencies. The Germans
produced new fighters like the Focke Wulf FW-190 with extended range and increased later
Bf-109 types of operational range continually. On the other side, the USAAF requested long-
range fighters to escort heavy bombers, and it was concluded with the delivery of P-51
fighters with external fuel tanks. The range issue of the German fighters became apparent
after Germany invaded Russia. Thus, the German fighters suffered from the range both in
the west and in the east while they were in offensive positions. This clearly shows that the
Luftwaffe was not ready for deep offensive actions against major powers.

The combat radius of the American heavy bomber B-17 Flying Fortress, which was the most
difficult one for the German fighters to shoot down, had a range of approximately 800 km
in late 1941, and the combat radius of the Army Air Corps’ best fighter was around 320 km.
The best American fighter could stay aloft for 70-90 minutes at most, while the B-17 could
endure more than five hours (Hammel, 1994: 2). Hence, the USAAF could not support the
British bombers over Germany effectively; it also could not overwhelm the Japanese
expansion because the American fighter pilots had the same problem as their German
counterparts experienced in the Battle of Britain. Offensive plans by both tactical and
strategic bombers required long-range escort fighters. So, both the Americans and the
Germans experienced the question of long-range fighters in a year after they entered the war.

In 1942, the US bombers could eventually reach targets nearly 1.750 km from their bases in
England, but the fighters could still fly only 400 km in one direction and no farther (Hammel,
1994:9). Thus, those bombers could raid Berlin just on paper, daring that this could be fatal.
The British Bomber Command resumed bombing Berlin at night. On the night of February
15-16, 1944, they dispatched 891 bombers and dropped 2.642 tons of bombs; however, at a
cost of 43 bombers, only 320 Berliners died (Neillands, 2003: 12). Allied air supremacy
provided a broad area to escort medium and heavy bomber formations with P-51s in 1944.
The P-51D’s maximum range was 2.093 km with external tanks (Gunston, 1990: 242). Later,
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Goring attributed, he understood the fact that they lost the war to the occurrence of the
American fighters over Berlin after the first daylight raid on Berlin, on March 4, 1944 (Astor,
1998: 255-256).!2 The combat range of the FW-190 A-8 was about 400-500 km, introduced
in 1944, while the Bf-109 G-6 was the same introduced in early 1943. Messerschmitt Me-
262 Schwalbe, the first jet fighter to enter the Lufiwaffe’s service with a one-year delay in
late 1944, had a far greater operational range than the FW-190 and Bf-109 variants. Me-
262’s range gave their own shelters built deep into Germany against increasing airfield raids.

4.1. Effects of Technological Expansion

There were two revolutionary achievements in aviation technologies during the Second
World War. The first was the delivery of the aircraft with jet propulsion. The second was the
use of rocket propulsion in several subfields of aviation. Both were mainly addressed to the
successes of the German scientists, which accelerated the acquisition of both technologies
into the battle. German jets Me-262 and Arado Ar-234 Blitz and the rocket-powered aircraft
Messerschmitt Me-163 Komet entered service in late war, while serial production of another
jet, Heinkel He-162 Salamander, was started but never used. Allies also ended the war partly
with the use of similar weapons; the British Gloster Meteors were commissioned only for
hunting the V-1 cruise missiles, and the American P-80 Shooting Star was delivered too late
for the dogfights. The Germans were the only ones to standardized jet and rocket aircraft
and create tactical and strategic perspectives. Those jets were the first fruits of the new-born
aerial technology and brought along initial problems like overheating short-lived engines,
however, among them, Me-262 went into serial production and delivered service in higher
numbers.

4.1.1. Strategic Failure of Technological Success in Rocketry

As the first rocket engine aircraft in the service, the Me-163 Komet was the outcome of a
revolutionary step; however, it was far from carrying the air power to the strategic result. It
improved a rocket-propelled engine was not very suitable for the air war. It was not useful
because of very short time of endurance, just eight minutes, and also suffered high attrition
through accidents; nevertheless 370 were in the service. This aircraft could only climb very
fast to the ceiling, observe the bomber formations, and attack them only twice in a nosedive.
Komets could use air-to-air rockets or cannons. It seems impossible to shoot down because
of their high velocity; they reached at a top speed of 960 km/h. Me-163 had some
psychological effect on the US bomber crew (Gunston, 1990: 72-73). About 300 Komets
entered the service. However, Me-163s credited only nine victories at a cost of 14 in action,
and 80 % were lost during takeoffs and landings (Hess, 1996: 19). Luftwaffe also used rocket
technology on heavily loaded air transports to carry out their takeoff with heavy loads.

Rocket engines are more efficient in use with delivery vehicles against strategic targets. As
a part of aerial warfare, Second World War rocketry had three aspects: “on air”, “to the

12 "When did you know that the Luftwaffe was losing control of the air?" General asked after the war Goering told Spaatz. "When the
American long-range fighters were able to escort the bombers as far as Hanover," Goering replied, "it was not long before they got to
Berlin." Goering said he could not believe his eyes when he saw them over his capital. Goering then observed: "The reason for the
failure of the Luftwaffe against the Allied Air Forces was the success of the American Air Forces in putting out a long-range escort
fighter airplane which enabled the bombers to penetrate deep into Reich territory and still have a constant and strong fighter cover.
Without this escort the air offensive would never have succeeded." From: “Mustang”, Air Force Magazine, March 1964, 80-86, p. 85.
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ground”, and “out of the atmosphere”. The Germans developed air-to-air, air-to-ground, and
anti-shipping versions of the aircraft for tactical use. They also developed the V-1 cruise and
the V-2 ballistic missiles and used them in thousands by 1944. V-1 was introduced in
strategic bombing by June 13, one week after D-Day, where the Luftwaffe resistance in
Western Europe was softening up. In one sense it was good timing because the German
propelled fighter force could not stop the Allied daily bombing after the Big Week!? in
February. Those missiles did not require any pilots, which the Luftwaffe suffered both in
training and numbers, so that the V-1s may have been perceived as a saver weapon.
However, it was just a terror weapon with a high CEP (circular error probability); the V-1
was not efficient enough to create an effect on the British industry. The US industry, which
dominated the Allied production, was already out of range. V-2 was more developed as the
first ballistic missile operating out of the atmosphere, but it was also far from saving the
condition. Although it was the most revolutionary and effective weapon after the atomic
bomb, the V-2 was an expensive solution for bombing cities, with a great CEP and each
missile worth about $50.000 (Peterson, 1995b: 666).

In the first half of the war, the Germans focused on tactical objectives so that they did not
need those expensive weapons. However, they continued investment in the missile research,
which could give an opportunity to retaliate the Allied bombings of the German cities
without any casualties. When a B-17 was shot down over enemy territory, all ten of its crew
members became KIAs, MIAs, or POWs. V-1 and V-2 missiles were unpiloted, provided
that their operational use was without any human casualty. On the other hand, targeting
equipment helped navigators of a B-17 had a chance to find primary targets over a large area,
while those missiles at that time were making blind strokes. V-missiles’ effects were limited
as much as the British night bombings on the opponents’ psychology.

However, history shows a powerful air force is not an only weapon for a major power give
up. Its winning effect is remained limited with only minor powers. Nevertheless, advances
in rocket technology earned the Germans an advantage not wasting more pilots on terror
bombing in 1944. If the V-missiles were used in the early stages of the war, the Germans
could use them for strategic bombings in the area where the Germans were absolutely lack
of, thus the Luftwaffe could direct all the frontier squadrons to the tactical targets. In 1944,
it was too late. Major General Dr. Walter Dornberger, responsible for development of the V-
2 missiles, revealed to Hitler that the military value of those missiles very limited (Overy,
1981: 105). On the other hand, the V-2 missiles alone were at a cost of production of over
24,000 fighters (Murray, 1989: 287). All information on the V-missiles shows the effective
role of those weapons in the Second World War remains limited; however, under those
circumstances, it was also exciting.

4.1.2. Jet Relations

Production and use of rocket technology in the late war were completely a waste. On the
contrary, jet technology had the potential to be a turning point. The most revolutionary

13 Big Week was between 20 and 25 February 1944, in which the Allied air forces undertook the Luftwaffe at all costs. Allies succeeded
in breaking the German air resistance in the air what the Germans could not do in the Battle of Britain and skies in the West Europe
cleared for the Overlord.
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advance in the air during the war was clearly jet-engine aircraft. During the Second World
War, German scientists were able to carry military technology beyond their age. Just a few
days before the outbreak of the Second World War, the Heinkel He-178, the first jet-
propelled aircraft in history, made its maiden flight. Despite its impracticability, this
symbolized the German aviation advanced in leap, could provide the Lufiwaffe a rapid
aircraft for both offensive and defensive means in the short term. This way, the Lufiwaffe
could have three main advantages. First, jet fighter squadrons could react quickly to bombing
raids. They could catch them even over the English Channel because this type of interception
would keep bombers away from targets. Second, jet fighters had a great superiority in both
level run and climbing speed, which made them able to thrust into bomber formations,
escalating the Allied fighter escorts. This was the only solution to stop the American daylight
bombing, which was causing major damage to the German heavy industry. Third, jet fighter
squadrons were tending to be hastily directed to another point by their overwhelming speed
and long-range capability. This could restrict Allied deceptions by blunting the German
radars. Thus, the Germans had caught the opportunity of range for developing strategic air
defence.

In late 1944, some Me-262 and Ar-234 jet units were operational. Me-262 was the only
weapon that could have won the war in the air on behalf of the Germans. Owning the Me-
262 means that a decisive attack straight to the bombers with a short arrival time and
outrunning the escorts became possible. The time the jets entered the service in numbers,
their strategic usage was stonewalled by tightened space by the Allied advances from the
east, west and south as well as shortages of both fuel and trained pilots.

The Germans could not take advantage of the jet fighters until 1944, when it was too late.
By the time Heinkel He-280 production phase had been abandoned, the Me-262 was the only
jet fighter to deal with massive American daylight bombing. Although the Me-262 was ready
for service, Hitler’s decision to convert it to the blitz-bomber (Heaton, 1997: 51) postponed
its production as a high-speed interceptor, and the Me-262 began to rise not before the end
of 1944, when the German aviation fuel was very limited in stock. On November 2, 1943,
Hitler directly involved the production of the aircraft, to be fitted out as bombers (Ziegler,
2004: 50). The worse, he did not forget it and asked it of Field Marshall Erhard Milch, Chief
of German Aircraft Production, in a meeting on May 23, 1944, and after he had not hear
what he had wanted, he gave full responsibility to produce the so-called bomber-blitz to
Goring (Price, 1997: 349-350). This postponed the Me-262 entering the service in massive
numbers, and the Germans could deploy only 220 (Vat, 1997: 198) out of 1.433 produced
(Gunston, 1990: 74). Me-262 production had been planned to reach 1.250 aircraft per month
by April 1945 (Wright, 1968: 91); this number could also finish Allied daylight bombings,
even in early 1945, if there was enough fuel and experienced pilots. If half of those produced
were operational in late 1943 or about 18 jet fighter wings in full strength. This statistic
doubles General Adolf Galland, a famous German ace and Inspector General of Fighters,
laid down as a condition that a 300 operational Me-262 could stop the daylight bombing
(Cunningham, 1978: 19). According to Galland and Milch, to stop massive daylight
bombings, they needed four times more piston-engine fighters against the bombers (Bekker,
1975: 512-513). In his book “The First and the Last”, Galland saw the development of the
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Me-262 as a leap in aviation technology, and he wrote that he would rather have one Me-
262 than five Bf-109s (Galland, 1990: 261).

Under 1943 conditions, a Me-262 operator airfield could defend more area with a large
radius, had the shortest arrival time that a propeller aircraft could never do. The Americans
tightly packed the formation of bombers with the well-defended B-17s was the best solution
until the long-range fighters’ escort. However, statistics on casualties in 1943 show it was
not a war winning solution. While the Me-262 was not operational in numbers in 1943, the
German pistol-engine fighters engaged them, and the American casualties were not low.

Hitler did not pay attention to the Lufitwaffe experts and Albert Speer, the Minister of
Armaments and War Production, and his wrong decision caused a considerable loss of time.
Me-262’s postponement dragged its mass production to a period of lack of jet fuel and
trained pilots. The reality was that the Luftwaffe had just 30.000 tons of petroleum in March
1945, and it could not receive further supplies until autumn (Lucas, 1987: 100). In 1945,
very few could operate together. Nevertheless, they showed their ability to penetrate the
defence of massive fighter escorts to the bombers, due to their superior speed and
acceleration.

4.1.3. Production Efficiency

Governments set the production balance during wartime. They decided the production
priorities considering the volume of the economy, raw materials, manpower, research and
development level, and capabilities of the armed forces, as well as the situation of the country
in wartime. During the Second World War, the Lufiwaffe’s power was a good example of
the inefficient use of a qualitative force. Two factors led to this. First, the Germans were not
prepared for the all-out-war when the Allies declared war on September 3, 1939.
Mismanagement of the German economy until late 1942 constrained efficient output, which
limited arms production. Second, the German government was all influenced by Hitler,
resulting in all settings of his mind in military doctrines. As per usual, the arrangement of
wartime output is related to the military demands, which were submitted by the military
authorities who witnessed the facts on the front. The “Hitler effect” broke it and output was
set to Hitler’s desire. This dragged the Luftwaffe to overcome impracticable duty when
Germany was overwhelmingly defensive on the ground by July 1943. Hitler persisted in
offensive actions that affected aircraft output. On the other hand, there was also a debate
among the Luftwaffe seniors on the production of tactical and strategic bombers until 1942,
which was solved when the V-missiles became operational.

In the German aviation industry, the main problem was reflecting the governmental view of
the industry in general based on the short-term German economic development, which was
barely corrupt. This put off the aviation industry an efficient mobilization to realize
qualitative-quantitative balance in aircraft production. When the war broke out, the German
industry was nearly in full capacity. However, the Germans failed to expand their industrial
complexes, so that the construction of facilities declined for three years after a peak of 1938-
1939, while their British enemies succeeded it between 1940 and 1942 (Overy, 1981: 161).
On the eve of the war, Fritz Todt, former Reich Minister of Armaments and War Production,
also cut funds for the German industry, just after the first expansion of the aviation industry
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between 1935 and 1938 (Overy, 1981: 165). A second expansion was planned by 1941;
however, it was not fast enough under conditions of war (Overy, 1981: 166).

The largest producer in Germany was Junkers, which had only two factories in 1944 and
over 10.000 employees; one had 14.000 and the other had 12.000. In Britain, 12 factories
had over 10.000 employees, including two firms with 25.000 each, while in the majority of
the aviation factories in the United States had 20.000-40.000 employees. Both in Germany
and Britain, small firms were adopted in aircraft production. Governmental contracts with
British firms were 12.000, while they were 17.000 in Germany (Overy, 1981: 168). Some
components were produced at small workshops; thus, production sometimes could be slowed
due to component shortages (Overy, 1981: 170). The rise in air raids over the German cities
by 1943 caused some temporary interruptions in aircraft production. The United States was
the only country with an industry far from the frontlines and was out of hazard. This shows
that American economic mobilization was more efficient than all the European countries.
Besides, Williamson Murray’s determination is so important that he said the Germans lost
the air war over Europe in 1943 and 1944, between July 1940 and December 1941, due to
aircraft output, aircraft losses, and aircrew replacement (Murray, 1989: 92).

CONCLUSION

The organization of the Lufiwaffe and high numbers of aircraft production in the Interwar,
show that the Germans exercised due care for the air power. With the availability of modern
combat aircraft, the Germans, ahead of their three major opponents in Europe, built two-
thirds more aircraft than the British between 1937 and 1939. German aircraft production
doubled that of the British, tripled that of the French, and was nearly equal to that of the
Soviets between 1933 and 1939 (Hooton, 1999: 279, Appendix 5). Investment in the air force
was a strong reason for quick German dominance in Europe. However, in 1939, Germany
was ready for only a limited war, not an all-out war, which necessitated the expansion of the
war over time. A second reason that terribly affected the course of war on a strategic level
was political; the ghost of the two-front war strategy brought the Luftwaffe, in particular,
into division after the attrition of the early campaigns. German production capacity was far
from meeting Lufiwaffe’s demands. In 1942, the Russians were able to produce 25.000
aircraft for one main front; while the Germans only produced 15.000 for three major fronts,
including a growing number of defence aircraft, for the Reich itself (Overy, 1981: 71).

When the Germans had enough power to rule the skies, they occupied the heart of Europe.
The first phase of their supremacy was invasion, based on ground forces engaged with air
support. However, occupations brought expansion, and protecting much area with ground
forces was not easy. Here, air power was an important factor for the defence as much as it
was very important for the offense. However, the Germans failed to stabilize their strategies
on air after early conquests. First, the Battle of Britain proved the limits of the German air
power, led by geography and production capabilities. After the Battle of Britain, they needed
defensive doctrine for the western risks, but they ignored it. This caused them to fall off
balance in 1943, when simultaneous and incessant attacks on the ground from the east and
on the air from the west occurred. Even in late 1943, the Luftwaffe was relying on Zerstorer
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units with slow fighters carrying heavy armament, which were vulnerable to fighter escorts,
to stop the USAAF’s daily bombings.

Geographical expansion also imposed new obligations on the Luftwaffe. Risky deep
operations sometimes created new demands by the ground units, which ended up in such
airlifts as in Demyansk, Kholm, and Stalingrad. Failure or success, all airlift operations were
costly.

The Germans had prioritised tactical bombing. They went on ignoring strategic bombing and
used air power for its prior goals as reconnaissance and close support. Development and
serial production of the German ill-developed strategic bomber He-177 Greif was late and
produced in limited numbers. Although Goring decided its wide production in mid 1944, it
was cancelled in two months. Germans saw strategic bombing as punitive rather than long
exhaustive campaign, like the Assyrian or the Mongolian horror strategy in the Ancient or
Medieval times. On the other hand, production of strategic bombers in high numbers could
suspend the German military output to affect productions of panzers, U-boats, fighters and
tactical bombers. The fact is that the German industry was not ready for war in 1939; it grew
in expected maturity in 1943.

Luftwaffe was also the air force using technology ahead of their opponents. German
propelled aircrafts were qualitative served the purpose, and their upgrades maintained during
the war. German jets entered the service as the fastest aircraft of the war, ironically, the
Germans failed to make them instruments of taking strategic results. This shows the most
criteria lying behind the German ineffectualness were not production statistics or R&D, but
mismanagement and doctrinal short-sightedness. In the early war, strategic bombings were
unrecognized and limited to a few punishment attacks like London and Belgrade. By this
way, the Germans ignored the destruction of the British industry, which they engaged its
output in the fronts, in North Africa and Malta as well as in the East Front, owing to lend-
lease. V-missiles could be a solution, but they were introduced to the war very late. V-2s
were fired at targets for the last eight months of the war. On the other hand, the Allies carried
the German rehearsal with 40-ton bombing in Guernica, to the 2.000-3.000-ton bombing of
the German cities in a few years. The Germans were not able to eliminate the issue of
unbalanced strategic bombing.

Efficiency necessitates meeting the requirements at the right time. Luftwaffe was expected
to be a well-managed branch, if Hitler and Goring were not the decision-makers. There were
also dualities influential over the aircraft production and doctrine rooted back to the late
interwar years. Perhaps it was a time that everybody had taken up to find a way of victory
being offensive, nobody exercised due care to the possibility of the air force being defensive.
This thought was placed by Hitler’s attitudes, hard to replace even in early 1945.
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Oz

Insansiz Hava Araglarinin (IHA) otonom navigasyon yapabilmesi, Global Navigation Satellite System (GNSS-
Kiiresel Navigasyon Uydu Sistemi) ile sunulan konumlarinin dogru olarak belirlenmesine baglidir. Ugus
esnasinda konum belirlemek ve cevresel oryantasyon igin IHA lar genellikle GNSS, Inertial Measurement Unit
(IMU, Ataletsel Olgiim Birimi-AOB), jiroskop ve ivmedlger gibi elektronik ekipmanlarla donatilmistir. Ancak,
kotii hava kosullari, engellerin veya arazilerin varligi, uydularm elverigsiz konumu, aldatma (spoofing) ve
karistrma (jamming) nedeniyle GNSS sinyali kaybolabilir veya bozulabilir. Bu gibi GNSS sinyali kaybolma
veya bozulma durumlarinda, AOB tek basina giivenilir IHA konum bilgisi saglayamaz hale gelmektedir.
Ozellikle yeterli goriisiin olmadig1 ve manuel kullanim ile IHA’nim kalkis noktasma getirilemedigi durumlarda
GNSS sinyalinin kaybolmasi biiyiik kayiplara neden olmaktadir. Bu ¢aligmada, yapilan GNSS bagimsiz ucus
ve navigasyon ¢aligmalarina yer verilmistir. Hibrit navigasyon ¢oziimlerinin kullanilmasinin GNSS bagimsiz
THA uguslarinda biiyiik dSneme sahip oldugu goriilmektedir.

Anahtar Kelimeler: ITHA, GNNS-bagimsiz, navigasyon.
JEL Smiflandirma: M10, M19.

Global Navigation Satellite System (GNSS) Independent Navigation for
Unmanned Aerial Vehicles (UAYV)

Abstract

The ability of Unmanned Aerial Vehicles (UAV) to perform autonomous navigation depends on the accurate
determination of their positions provided by the Global Navigation Satellite System (GNSS). For position
determination and environmental orientation during flight, UAVs are usually equipped with electronic
equipment such as GNSS, Inertial Measurement Unit (IMU), gyroscope and accelerometer. However, the
GNSS signal may be lost or distorted due to poor weather, obstacles or terrain, the unfavorable position of
satellites, spoofing and jamming. In such cases of GNSS signal loss or deterioration, the IMU alone becomes
unable to provide reliable UAV location information. Especially in cases where there is not enough visibility
and the UAV cannot be brought to the take-off point by manual operation, the loss of the GNSS signal causes
great losses. In this paper, GNSS independent flight and navigation studies are included. It is seen that the use
of hybrid navigation solutions has great importance in GNSS independent UAV flights.

Key Words: UAV, GNSS-independent, navigation.
JEL Classification: M10, M19.
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GIRIS

[HA'lar hem sivil hem de askeri uygulamalarda genis kullanim alanlarina sahiptir (Benini,
Mancini ve Longhi, 2013). Birgok savunma, kesif ve gozetleme operasyonu igin IHA’lar
merkezi bir rol oynamaktadir (Russell vd., 2020). Bu araglar insanlar i¢in diisman
ortamlarinda  yer  alan  ulasilmasit  imkansiz  veya  tehlikeli ~ gorevleri
gerceklestirebilmektedirler (Benini, Mancini ve Longhi, 2013). ilk dronlar, radyo iinitesi
tarafindan yer istasyonu ile insan operatorii tarafindan kontrol edilmekteydi. Ancak
giiniimiizde IHA'lar daha karmasik sistemlere sahip olup, dnceden programlanmis ugus
planlari ile otonom olarak ucabilmektedir (Balamurugan, Valarmathi ve Naidu, 2016).

Navigasyon, zamana gore dnceden tanimlanmis bir referansa gore olan bagil konum, hiz ve
oryantasyon olarak tanimlanabilir (Veth, 2006). IHA'larin otonom navigasyonu, yaygin
olarak GNSS ile saglanan konum belirleme olayina baghdir (Rady, Kandil ve Badreddin,
2011). IHA’lar GNSS'e dayali agik ortam engel tammali ucusta iyi performans
gostermektedir (Perez-Grau vd., 2018). Ancak ¢ogu durumda, bir dronu bir verici ile manuel
olarak kontrol etmek i¢in bir insanli pilota ihtiya¢ vardir ve yeterli acik GNSS kosullari
altinda otonom gorev icrasi kismen miimkiin olmaktadir (Bi vd., 2017).

Ticari IHA'larin ¢ogu uygun durum (konum, hiz ve durus) tahmini elde etmek i¢in Inertial
Navigation System (INS, Ataletsel Navigasyon Sistemi-ANS) ve GNSS bilgi flizyonunu
kullanirlar. Bazi kiigiik ve mikro IHA'lar, kisitli alan, boyut, agirlik, gii¢ ve maliyet nedeniyle
sensor kullaniminda siirlamalarla karsilasmaktadir ve bu IHA’lar magaralar, tiineller,
kentsel ve dogal alanlar, kanyonlar ve sehir merkezi alanlar1 gibi zorlu ortamlarda gorev
yapmaktadir (Zahran, Moussa ve El-Sheimy, 2018). Otonom bir IHA ucusu sirasinda konum
ve yon belirlemek icin genellikle GNSS ile birlikte ii¢ jiroskop ve ii¢ ivmedlgerden olugan
AOPB’yi kullanmaktadir (Rady, Kandil ve Badreddin, 2011). THA boyutundan bagimsiz
olarak, GNSS, AOB tarafindan sergilenen sapmayi sinirlandirmada hayati bir rol oynamakta
ve araca mutlak konum bilgisi saglamaktadir (Zahran, Moussa ve El-Sheimy, 2018). Ancak,
gergek ¢alisma ortamlari dinamik olan bu ortamlar kismen bilinmektedir ve genellikle GNSS
erisimsizdir (Mohta vd., 2018). GNSS sinyali; kapali ortamlarda, yer altinda, kentsel ve
dogal kanyonlarda, koti hava kosullari, engellerin veya arazilerin varligi, uydularin
elverigsiz konumu, aldatma ve karnistirma nedenleriyle kaybolabilmekte veya
bozulabilmektedir (Rady, Kandil ve Badreddin, 2011; DeFranco vd., 2014). Genel olarak,
GNSS sinyalinin zayif oldugu ya da bu sinyale erisim olmayan ortamlarda, navigasyon
sorunlart nedeniyle otonom uguslar engellenmektedir. Bu durum gorev icrasinda 6nemli
zorluklara yol agmakta veya en azindan IHA nin kabiliyetlerini sinirlayan manuel kullanimi
gerektirmektedir (Causa vd., 2018).

Konumlandirma i¢in yalnizca GNSS'ye giivenmek, sinyal karistirma veya platformun ele
gecirilmesi acisindan giivenlik sorunlarina neden oldugundan, potansiyel olarak savunmasiz
bir sistemle neticelenebilmektedir (Perez-Grau vd., 2018). Bu sartlardaki IHA
kullanimlarinda GNSS’in olmamasi navigasyon ve karar mekanizmalari igin IHA'ya monte
edilmis disa duyarli sensorlerin kullanimini gerektirmektedir (Sampedro vd., 2019).
[HA'larin otonom navigasyonunda genellikle yerlesik AOB kullanilir. AOB, ii¢ ivmedlgere
ve baglangi¢ noktasindan dogrusal hareketi ve acisal hareketi bulmak i¢in jiroskopa sahiptir.
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Ancak AOB 6lciimleri zaman iginde birikmis hatalardan zarar gérmektedir. Bu sapma
hatalar1 ¢ok kii¢iik bile olsa zamanla birikerek biiyiik bir degere ulagsmaktadir (Balamurugan,
Valarmathi ve Naidu, 2016). IHA durum tahmin ¢oziimiindeki (konum, hiz ve durus) bu
sapmalar yiizinden AOB tek basma giivenilir IHA konum bilgisi saglayamaz hale
gelmektedir. Bu durum ise IHA konumunun dogru olarak belirlenmesinde hatalara yol
agmaktadir. THA 6zellikle, pilotun goriis alanindan ¢iktiginda ve manuel olarak kalkis
noktasima IHA’nin geri getirilemedigi durumlarda bu konum belirleme hatalar1 yiiziinden
hayati derecedeki kotii sonuclarla karsilagilabilmektedir (Rady, Kandil ve Badreddin, 2011).

Geleneksel olarak, birikmis hatayi telafi etmek i¢in GNSS konum 6lgiimleri, AOB &lgiimleri
ile birlestirilir. Ancak GNSS sinyalleri her yerde mevcut degildir ve diisman bolgelerinde,
bina yapilarinda ve su kiitlelerinde kesintiye ugramakta veya erisimsiz hale gelmektedir.
GNSS, erisimsiz ortamlarda navigasyon i¢in gérsel odometri ve Simultaneous Localization
and Mapping (SLAM-Es Zamanli Lokalizasyon ve Haritalama) gibi alternatif yontemler
yaygin olarak kullanilan tekniklerdir (Balamurugan, Valarmathi ve Naidu, 2016). GNSS
erisimsiz ortamlarda navigasyon ¢aligmalari {izerinde ¢ok ¢aligilan bir teknolojik alan olarak
karsimiza ¢ikmaktadir.

1. YONTEM

Bu c¢alismada IHA’larin  GNSS-erisimsiz ortamlardaki navigasyon segenekleri
arastirilmistir.  Literatiirde yer alan GNSS-bagimsiz navigasyon tekniklerine ve
caligmalarina yer verilmistir. Literatiir taramasinda uluslararast dergiler, uluslararasi
sempozyum/konferans sunum ve bildiri kitapgiklari, North Atlantic Treaty Organization
(NATO-Kuzey Atlantik Antlagmasi Orgiitii) Teknik Raporlari, ulusal dergiler ve internet
kaynaklar1 kullanilmistir.

Caligma kapsaminda GNSS-bagimsiz navigasyon konusundaki ilgili arastirma
sonuglarindan 6nce GNSS ve GNSS erisimine engelleyici durumlar, olaylar ve cihazlar
hakkinda yapilan literatiir aragtirmasi sonuglarina ¢alismanin 6n kisminda yer verilmistir.
GNSS-bagimsiz navigasyon ana konusu ile ilgili literatiir aragtirmasinda ise 6ncelikli olarak
GNSS-bagimsiz navigasyon konu basligi altinda yapilan genis kapsamli derleme ¢aligmalari
analiz edilmistir. Bu analiz ¢alismalar1 sonucunda konu {izerinde yiiksek uygulanabilirlige
sahip spesifik bagliklar tizerinde literatiir taramalar1 gerceklestirilmistir ve bu ¢alismalardaki
ortak ve yenilik¢i uygun caligmalar kapsama dahil edilmistir.

2. KURESEL NAVIGASYON UYDU SISTEMLERI (GNSS)

Uydu navigasyonu, otonom cografi mekansal konumlandirma saglamak icin uydulari
kullanan bir sistemdir. Bu sistem uydu navigasyon cihazlarinin, uydulardan radyo ile bir
goriis hattt boyunca iletilen zaman sinyallerini kullanarak yiiksek hassasiyetle (birkag
santimetreye kadar) konumlarini (boylam, enlem ve irtifa/rakim) belirlemesine olanak tanir.
Sistem, konum saglamak, navigasyon yapmak veya alic1 takilmis bir cihazin konumunu
izlemek (uydu takibi) i¢in kullanilabilir. Sinyaller ayn1 zamanda elektronik alicinin mevcut
yerel zamani yiiksek bir hassasiyetle hesaplamasina izin verir, bu da zaman
senkronizasyonuna olanak tanir (Satellite Navigation, 2024).
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Kiiresel kapsamaya sahip bir uydu navigasyon sistemi, GNSS olarak adlandirilabilir
(Satellite Navigation, 2024). Giiniimiizde hassas konum bilgisi liretilmesi amaciyla tiim
diinyay1 kapsayacak sekilde tasarlanmis 4 (dort) kiiresel ve yerel ihtiyaclar1 karsilamaya
yonelik planlanmis 2 (iki) bolgesel konumlandirma sistemi bulunmaktadir (Pirt1, Gliindogan
ve Simsek, 2022). Amerika Birlesik Devletleri'nin (ABD), kiiresel konumlandirma sistemi
Global Positioning System (GPS-Kiiresel Konumlandirma Sistemi), Rusya'nin kiiresel
konumlandirma sistemi Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS -
Kiiresel Uydu Konumlandirma Sistemi), Cin'in kiiresel konumlandirma sistemi BeiDou ve
Avrupa Birligi'ne ait kiiresel konumlandirma sistemi Galileo tamamen ¢alisir durumdaki
sistemlerdir. Japonya'nin bolgesel konumlandirma sistemi Quasi-Zenith Satellite System
(QZSS-Quasi Zenith Uydu Sistemi), GPS'ten bagimsiz uydu navigasyonu ile GPS'in
dogrulugunu artirmak i¢in GPS uydu tabanli bir biiyiitme sistemidir. Hindistan bdlgesel
konumlandirma uydu sisteminin (Indian Regional Navigation Satellite System (IRNSS- Hint
Bolgesel Navigasyon Uydu Sistemi)), uzun vadede kiiresel bir siiriime ge¢cmesi
planlanmaktadir (Satellite Navigation, 2024). GNSS’a ait iligkin temel bilgiler Tablo 1’de
sunulmustur.

Tablo 1. Kiiresel Navigasyon Uydu Sistemlerinin Karsilastirilmasi

Kurucu Kapsam | Rakim (m) Uydu Sayisi
GPS ABD Uzay Kuvvetleri | Kiiresel 20.180 32
GLONASS Roskosmos Kiiresel 19.130 24
Galileo GSA ve ESA Kiiresel 23.222 30
. .. 21.528
BeiDou CNSA Kiiresel 35736 35
. 32.000
QZSS JAXA Bolgesel 40.000 4
IRNSS/NaviC ISRO Bolgesel 36.000 8 (7 tanesi yoriingede)

Kaynak: Pirt1, Giindogan ve Simsek, 2022

GPS’i en gelismis ve yaygin olarak kullanilan GNSS’dir (Schmidt, 2019). GPS, (aslen
Navstar GPS), ABD hiikiimetine ait olan ve Birlesik Devletler Uzay Kuvvetleri tarafindan
isletilen uydu tabanli bir radyo navigasyon sistemidir. Dort veya daha fazla GPS uydusuna
engelsiz bir gorilis hattinin oldugu, Diinya {izerinde veya yakininda herhangi bir yerdeki bir
GPS alicisina cografi konum ve zaman bilgisi saglayan GNSS’lerden biridir. Diinyanin her
yerindeki askeri, sivil ve ticari kullanicilara kritik konumlandirma yetenekleri saglar. GPS
sistemini olusturan ABD hiikiimeti, kontrol edip ve idamesini saglasa da, GPS alicis1 olan
herkes sisteme iicretsiz olarak erigebilir. GPS projesi, 1960'larin siniflandirilmis miithendislik
tasarim caligmalar1 da dahil olmak tizere ge¢misteki birka¢ fikri birlestirerek Onceki
navigasyon sistemlerinin sinirlamalarinin iistesinden gelmek icin 1973'te ABD Savunma
Bakanlig1 tarafindan baslatilmustir. ilk prototip uzay araci 1978 yilinda firlatilmis ve 24
uydudan olusan kiimelenme 1993 yilinda faaliyete gegmistir (Global Positioning System,
2024). Gergek zamanl kinematik yaklasimiyla GPS kullaniminda 1 cm'ye kadar yiiksek
konumlandirma dogrulugu elde edilebilir (Pavlenko vd., 2019).

GLONASS, Rusya Federasyonu'nun sahip oldugu ve islettigi kiiresel bir GNSS'dir.
Tamamen islevsel durumda olan sistem 24+ uydudan olusur (Other Global Navigation
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Satellite Systems, 2021). GLONASS, askeri ve sivil kullanicilar i¢in radyonavigasyon-uydu
hizmetinin bir pargasi olarak ¢alisan bir Rus uydu navigasyon sistemidir. GPS’e bir alternatif
sunar ve kiiresel kapsam ve karsilastirilabilir hassasiyetle calisan ikinci navigasyon
sistemidir. Hem GPS hem de GLONASS" destekleyen uydu navigasyon cihazlari daha fazla
uyduya sahiptir. Bu durum 6zellikle binalarin bazi uydularin goriisiinii engelleyebilecegi
yerlesim alanlarda cihaz konumlarin daha hizli ve dogru bir sekilde sabitlenebilecegi
anlamina gelmektedir. GPS sistemlerine GLONASS takviyesi, yiiksek enlemlerde (kuzey
veya giiney) konumlandirmay1 da iyilestirmektedir. 12 Ekim 1982'den baslayarak, 1995'te
uydu sisteminin tamamlanmasina kadar, ¢cok sayida roket firlatma ile sisteme uydular
eklenmistir. GPS sinyali almanin sorunlu olabilecegi enlemlerde (kuzey veya giiney),
GLONASS'm yoriingesi, onu 0zellikle yiiksekte kullanim i¢in uygun hale getirmektedir.
Kiiresel kapsama alanina sahip tamamen islevsel bir uydu sistemi 24 uydudan olusurken,
Rusya topraklarini kapsamak i¢in 18 uydu gereklidir. Konum sabitlemesi i¢in alicinin en az
dort uydunun menzilinde olmasi gerekmektedir (Glonass, 2023).

Galileo, Avrupa Birligi tarafindan European Space Agency (ESA-Avrupa Uzay Ajansi)
araciligiyla olusturulan, European Union Agency for the Space Programme (EUSPA-
Avrupa Birligi Uzay Programi Ajansi) tarafindan isletilen, 2016 yilinda yiirtirliige giren ve
merkezi Prag’da (Fucino (italya) ve Oberpfaffenhofen (Almanya) iki yer operasyon merkezi
ile birlikte) bulunan kiiresel bir navigasyon uydu sistemidir. 10 milyar avroluk proje Italyan
astronom Galileo Galilei'nin adin1 almistir. Galileo'nun amaglarindan biri, Avrupali siyasi
ve askeri yetkililerin operatdrlerinin herhangi bir zamanda devre dis1 birakilabilecek veya
bozulabilecek ABD GPS veya Rus GLONASS sistemlerine giivenmek zorunda kalmamalari
icin bagimsiz bir yliksek hassasiyetli konumlandirma sistemi saglamaktir. Temel (diisiik
hassasiyetli) Galileo hizmetlerinin kullanimi {icretsizdir ve herkese aciktir. Tamamen
sifrelenmis, yiiksek hassasiyetli bir hizmet ise devlet tarafindan yetkilendirilmis kullanicilara
iicretsiz olarak sunulmaktadir. Galileo, 1 m hassasiyet i¢inde yatay ve dikey konum
Olctimleri saglamak iizere tasarlanmigtir. Harekat sistemine dahil olan ilk uydu 21 Ekim 2011
tarihinde firlatilmistir (Galileo (satellite navigation), 2023). Galileo sistemi, 3 adet yoriinge
lizerinde yer alan 30 adet uydudan olusmaktadir. Bu uydular 23.222 km yliksekte
konumlandirilmistir. Her bir yoriingede 8 islevsel ve 2 adet yedek uydu bulunmaktadir (Pirti,
Gilindogan ve Simsek, 2022). Galileo sistemi, yayin efemerisi kullanildiginda 1 m'den daha
disiik bir dogruluga (GPS: 3 m) ve uydu yoriingeleri ve saatler i¢cin gercek zamanl
diizeltmeler kullanildiginda uzayda 1.6 cm’lik sinyal araligi hatasina (GPS: 2.3 cm,
GLONASS ve BeiDou: 4-6 cm) sahip olarak GPS'ten daha yiiksek bir dogruluga sahiptir.
Sistem, ABD (GPS), Rusya (GLONASS) ve Cin'in (BeiDou) daha askeri odakli
sistemlerinin aksine, oncelikle sivil kullanima yoneliktir. Avrupa sistemi yalnizca olagan
dist durumlarda (silahli bir ¢atisma gibi) askeri amaclarla kapatilabilir (Galileo (satellite
navigation), 2023).

BeiDou veya BeiDou Navigation Satellite System (BDS-BeiDou Navigasyon Uydu
Sistemi), Cin Halk Cumhuriyeti'nin sahip oldugu ve islettigi kiiresel bir GNSS'dir. BDS
resmi olarak 2020 yilinda devreye alinmustir. Isletim sistemi 35 uydudan olusmaktadir. BDS,
daha once pusula olarak adlandirilmaktadir (Other Global Navigation Satellite Systems,
2021). BDS, askeri ve ticari amagli bir uydu navigasyon sistemidir. Iki ayr1 uydu sisteminden
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olusur. Resmi adi BeiDou Uydu Navigasyon Deney Sistemi olan ve ayn1 zamanda BeiDou-
1 olarak da bilinen ilk BeiDou sistemi, 2000 yilindan baglayarak, 6zellikle Cin ve komsu
bolgelerdeki kullanicilar i¢in sinirli kapsama ve navigasyon hizmetleri sunan ii¢ uydudan
olugmaktadir. BeiDou-1, 2012'nin sonunda hizmet dis1 birakilmistir. Resmi olarak BeiDou
Navigasyon Uydu Sistemi olarak adlandirilan ve ayn1 zamanda COMPASS veya BeiDou-2
olarak da bilinen sistemin ikinci nesli, Aralik 2011'de 10 uyduluk kismi bir sistemle
yoriingede Cin'de faaliyete ge¢mistir. Aralik 2012 tarihinden itibaren Asya-Pasifik
bolgesindeki miisterilerine hizmet vermektedir. 2015 yilinda Cin, kiiresel kapsama igin
iiciincii nesil BeiDou sistemini (BeiDou-3) piyasaya siirmiistiir. ilk BDS-3 uydusu 30 Mart
2015'te firlatilmus olup, 27 Aralik 2018'de BeiDou Navigasyon Uydu Sistemi kiiresel hizmet
vermeye baslamistir. Sistem, Rusya'nin GLONASS"', Avrupa Galileo konumlandirma
sistemi ve ABD'nin GPS'ine bir alternatif sunarak, zamanlama ve navigasyon i¢in tam
kiiresel kapsama alani saglamaktadir (BeiDou, 2024).

IRNSS, Hindistan hiikiimeti tarafindan sahip olunan ve isletilen bolgesel bir GNSS'dir.
IRNSS, Hindistan bolgesini ve Hindistan anakarasinin 1500 km c¢evresini kapsayacak
sekilde tasarlanmis otonom bir sistemdir. Sistem 7 uydudan olusmaktadir. 2016'da
Hindistan, IRNSS'yi Navigation Indian Constellation (NavIC, "denizci" veya "navigator"
anlamina gelir) olarak yeniden adlandirmistir (Other Global Navigation Satellite Systems,
2021).

QZSS, Japonya Hiikiimeti'nin sahibi oldugu ve QZS System Service Inc. (QSS) tarafindan
isletilen bolgesel bir GNSS'dir. QZSS, Dogu Asya ve Okyanusya'da kapsama alanini
iyilestirmek icin GPS't tamamlamaktadir. Japonya, QZSS hizmetlerinin resmi olarak
2018'de 4 operasyonel uyduyla basladigini ilan etti ve otonom yetenek i¢in uydu sistemini
yakin zamana kadar 7 uyduya genisletmeyi planlamaktadir (Other Global Navigation
Satellite Systems, 2021).

3. GNSS KARISTIRICILAR (JAMMER)

GNSS kiiresel kapsama alani, hafif alicilar, yiiksek dogruluk ve diisiik maliyet gibi ¢ekici
ozelliklerinden dolayr IHA'lar igin énde gelen konumlandirma ¢dziimiidiir. Fakat, GNSS
potansiyel sorunlara sahiptir. GNSS'nin diisiik sinyal-giiriiltii oran1 nedeniyle bu tiir konum
sistemleri hem karistirmaya (jammimg) hem de aldatmaya (spoofing) yatkindir (Gryte vd.,
2019). GNSS uydularindan ¢ok uzak mesafelerden saglanan isaretlerin platformlara ¢ok
disiik seviyelerde, hatta sistemlerin giiriiltii tabanlarinin bile altinda ulasmalari, GNSS
isaretlerinin bilerek veya yanlislikla karistirilmasini veya aldatilmasini miimkiin kilmaktadir
(Mutluer ve Unal, 2021). Bu sorunlarin iistesinden gelmenin bir alternatifi, yedekli
konumlandirma sistemlerini kullanmaktir. Boyle bir yedekli kullanim ayn1 zamanda GNSS
kullanic1 ekipmanlarindaki donanim veya yazilim tek nokta hatalarinin ya da GNSS
sinyalleri ile ilgili sorunlarin (sinyal engelleme, giines riizgarlar1 gibi) azaltilmasina da
yardimc1 olmaktadir. {HA'larin daha sik kullanilmasiyla birlikte, GNSS'e alternatif
cozlimler, giivenli ve siirekli operasyonlar i¢in daha 6n plana ¢ikmaktadir (Gryte vd., 2019).

Karistiricilara ait temsili gorseller Sekil 1'de sunulmustur. Yiiksek giiclii karistiricilar,
yaydiklar1 yiiksek gii¢ nedeniyle bulunmasi ve saldir1 diizenlenmesi kolay hedeflerdir.
Diistik giice sahip karigtiricilar1 bulmak ise zordur. Bu karistiricilara karsi alict i¢indeki
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gelismis karistirma onleme teknolojisi, antenin iyilestirilmesi veya bir ANS/karigtirma
yapilamayan cihaz entegrasyonu ile 6nlem alinmasi énemlidir (Schmidt, 2019).

ERP= Equivalent Isotropic Radiated Power (Esdeger izotropik Yayilan Giic)

E 1 WERP
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Sekil 1. Karistirict Ornekleri (Schmidt, 2019) (Yeniden diizenlenmistir).

Gerekli karistirma onleme sinir1 ve karistiricr giicli arasindaki dengeyi belirlemek ig¢in
Sekil 2’deki hesap teknigi oldukga yararlidir (Schmidt, 2019).
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Sekil 2. GPS Karistirma Hesaplar1 (Schmidt, 2019) (Yeniden diizenlenmistir).

Karistirmaya karst alinabilecek onlemlerde kullanilan teknikler asagidaki sekilde
Ozetlenebilir (Schmidt, 2019):

e Diisiik maliyetli, yiiksek dogruluklu AOB'ler,
e Uzayda sinyallerin iyilestirilmesi,

e Artirtlmis dogruluk,

e Mcode ve Mspot,
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o Gelistirilmis alicilar,

e AOB ile derin entegrasyon

e Aldatmaya kars1 koruma teknikleri,

e Daha yliksek karistirma 6nleme elektronigi,

e Daha yiiksek performansli, daha diisiik maliyetli uyarlanabilir antenler,
e Dijital hiizme-olusturma,

e Modern algoritmalar.

GPS'in askeri kullanimlar arasinda navigasyon ve zamanlama uygulamalar1 yer almaktadir
ve GPS frekans bantlarindaki karistirma biiyiik bir biiyiik endise kaynagidir. GPS sinyali
Diinya iizerinde 12500 mil uzaklikta parlayan 25 watt'lik bir ampule benzetilebilir ve dig
kaynaktan Diinya'ya gelinceye kadar ¢ok zayiflar (yaklasik 1.6x10°'® watt). Bir alicimin arka
plan giriiltiisiinde bir GPS uydusundan gelen sinyali alma ve bu sinyale kilitlenme
yeteneginin bir Ol¢iisi, arka plan giiriiltlisii veya karistirma sinyali (J) giliciiniin, alicinin GPS
sinyalinin islemeye devam edebildigi uydu sinyal (S) giiciine maksimum oranidir. Genellikle
karistirma-sinyal oran1 (J/S) olarak adlandirilan bu oran birden oldukca biiyiiktiir. Ornegin
Defense Advanced GPS Receiver (DAGR-Savunma Gelismis GPS Alicisini) kullanarak,
sivil L1 C/A GPS sinyalini yakalamak i¢in gerekli maksimum J/S 250'dir. P(Y) sinyalini
yakalarken ise, maksimum J/S ¢ok daha biiyiiktiir (2500'e kadar ulagmaktadir) (Schmidt,
2019).

Alici, P(Y) sinyalini yakaladiginda GPS sinyalinden 12600 kata kadar daha giiclii sinyal
karistirma durumunda bu P(Y) sinyaline kilitli kalabilir. Ancak karistirict yaklasik olarak
sadece 2x107!'? watt’tan daha biiyiik bir giice gerek duydugu icin alicinin yaninda yer alan
bir karistirici, alicinin GPS sinyaline Kkilitli olarak kalmasinda 6nemli bir tehlike
olusturmaktadir. Kisisel koruma cihazlar1 ve karistiricilar (tipik olarak 300 watt) bu gii¢
seviyesini kolayca asabilir. Bu nedenle, kanstirma yapilan bir ortamda GPS
kullanilamayabilir (Schmidt, 2019).

GPS sinyalinin zayiflamasina agaclar, binalar veya anten yonii neden olabilmekte ve
dolayisiyla parazit olmadan bile sinyal/giiriiltii oran1 azalmaktadir. Bu sinyal kayb1, kasitl
karistirma ve parazit olmadan bile etkin karistirma/sinyal (J/S) oraninda bir artisa neden
olabilir (Schmidt, 2019).

Amerika Savunma Bakanlig1 yeni uydular satin alarak ve onlar1 kontrol eden sistemleri
iyilestirerek GPS’i her zaman modernlestirmektedir. Bir GPS alicisinin dogrulugu, uydulara
gonderilen verilerdeki hatalardan, uydular tarafindan yayimnlanan verilerden, atmosferik
etkilerden ve diger hata kaynaklardan etkilenebilir. Askeri alicilar mevcut uydulari
kullanarak rutin olarak 3 m dogruluktan daha 1yi bir dogruluk saglamaktadirlar ve gelecekte
de bu alicilarin Blok III GPS uydular kullanarak 1 metreden daha iyi (0.15 m) dogruluk
saglamasi beklenmektedir (Schmidt, 2019).

Askeri sistemler icin GPS'teki bir bagka 6nemli gelisme daha giivenli olarak tasarlanmis ve
mevcut Y-kodundan daha iyi karistirma direncine sahip M-kodunun kullanim1 olacaktir.
Daha yiiksek gii¢lii bir sinyale sahip olan bu sistem (mevcut sinyal seviyelerinin +20 dBW
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lizerinde) sinyal karigtirma direncini artirmak amaciyla bir operasyon alani lizerinde yerel
kapsama alani i¢in mevcut olacaktir (Schmidt, 2019).

4. GNSS ERIiSIMSIiZ ORTAMLARDA iHA NAVIGASYONU

Kiigiik otonom IHA'larm birgok alanda kullamlmasi, IHA’larm 3B (Boyut) kartezyen
uzayda tamimli bir yolu takip etmesini veya tanimlanan bir konuma gitmesini
gerektirmektedir. Tipik olarak, bu nedenle, bir GNSS alicis1 kullanilarak elde edilen IHA
konum bilgisi normal durumlarda yeterli olmaktadir ve GNSS’in giiclii olmas1 6zellikle
kolluk kuvvetleri ve savunma uygulamalari i¢in biiylik 6nem arz etmektedir (Unicomb vd.,
2017). IHA navigasyonunda konum, hiz ve durus tahmini igin en yaygin yaklasimlar AOB
ve GNSS verilerinin flizyonunu esas almaktadir (Vetrella vd., 2015). Ancak, agik gokyiiziine
erisim olmayan ortamlarda, GNSS uydusuna erisim olmayabilir veya sinirli sayida uyduya
ulasilabilir. Bazi durumlarda ise goriis hatt1 olsa bile, GNSS karistirmasi veya haberlesme
enterferans1 nedeniyle GNSS uydu sinyallerine erisimde giicliikkler olmaktadir. GNSS
erisimsiz ortamlarda konum tahmin modunda ANS tarafindan sergilenen hizli sapma
nedeniyle ANS/GNSS entegre ¢oziimii glivenilmez hale gelmektedir (Zahran vd., 2018).
GNSS performansi uydunun geometrisine oldukca bagli oldugu i¢in ve daha 6nemlisi radyo
sinyali yolu iizerindeki engellerden kaynakli parazit girdiler ve emilim nedeniyle IHAlarin
GNSS erisimsiz sartlar altinda gorev yapabilme yetenegine sahip olmasi gerekmektedir
(Vetrella vd., 2015).

Otonom araclarin en zorlu yeteneklerden biri karmasik ortamlarda, 6zellikle de GNNS
erisimsiz ortamlarda navigasyon ve gorev icrasidir (Qin vd., 2019). IHA otonom
operasyonu, bir gorevi lokalize etmek ve planlamak i¢in temel olarak GNSS kullanimina
dayanir, ancak GNSS’in smirlandirildigi veya olmadigr ortamlar sik karsilasilan bir
durumdur (Vanegas vd., 2019). Kapal1 ve oldukc¢a kentsel ortamlarda navigasyon, GNSS'in
performans gosteremedigi bir ‘“navigasyon boslugu”dur ve alternatif navigasyon
tekniklerinin kullanilmasi, bu boslugu doldurmanin potansiyel yollarindan biridir. Herhangi
bir sistem gibi navigasyon sensdrlerinin de giiclii ve zayif yonleri vardir. Ornegin, GPS ¢ok
iyi derecede dogruluga sahiptir, ancak uydu sinyallerinin kaybi nedeniyle kesintilere
ugramaktadir. Atalet sensorleri yalnizca karigtirma yapilamayan yergekimi ve platform
dinamiklerine dayanir, ancak zamanla biiyliyen ve sonunda kabul edilemez hatalar
sergilerler. GPS'teki yetersizlikler (navigasyon boslugu) Sekil 3'te gosterilmistir. Sekildeki
yatay eksen kentsel/kapali ve kirsal/agik ortamlar arasindaki siirekliligi temsil etmektedir.
Dikey eksen yer seviyesinden uzaya kadar yaklasik yiiksekligi temsil etmektedir (Miller vd.,
2011).
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Sekil 3. Navigasyon Boslugu (Miller vd., 2011) (Yeniden diizenlenmistir).

GNSS erisimsiz ortamlarda gelistirilmesi gerekli navigasyon sistem gereksinimlerini su
sekilde 6zetlenebilir; (a) belirsiz bir gorev stiresini destekleyen, (b) ger¢cek zamanli 3B bolge
performans destegi olan, (¢) kentsel ortamlarda ve yerlesim ve ¢ogu ticari binalarin iginde
lokalizasyonu destekleyen, (¢) bilinmeyen (haritalanmamis) veya kismi olarak bilinen (kismi
olarak haritalanmamis) ortamlardaki operasyonlar1 destekleyen, (d) gili¢ kesilmesi
durumlarinda lokalizasyonu destekleyen ve ayr1 bir baslangig bolgesi gerektirmeyen, (e)
bireysel tekil kullanict istasyonlari destekleyen, (f) gecici bir kayiptan sonra yeniden
navigasyon yetenegi elde eden, (g) diisilk maliyetli ve diisiik agirlikli, (§) kullanicinin
hareket etmesini gerektirmeyen, (h) belirli bir diizeyde biitiinliik, dogruluk, kullanima hazir
olma ve taktik gorev gereklilikleri ile tutarli hizmet siireklilige sahip sistemlerdir (Miller vd.,
2011).

Engellere yakin olarak giivenli bir sekilde IHA kullanimi icin hizli reaksiyon siirelerinin
gerekli oldugu durumlarda insan operatdrler i¢in bazit GNSS’siz senaryolar ¢esitli sorunlar
teskil etmektedir. Harici hareket izleme sistemlerinin yardimiyla IHA kullanimi kolaylagsa
da IHA uzaklastiginda veya harici lokalizasyon siirdiiriilemediginde yine kullanim zorluklar:
ortaya ¢ikmaktadir (Lu, 2022). Ayrica GNSS, aldatma, karistirma ve gevresel etkilere karsi
savunmasiz kalabilmekte, kapali i¢ mekanlarda kesintiye ugramakta ve kanyon, ormanlik
alan gibi bdlgelerde gilivenilirligi azalmakta ve hava kosullarindan da kolaylikla
etkilenebilmektedir (Gyagenda vd., 2022; Wang vd., 2012; Wang vd., 2013). Sistemin bu
eksiklikleri GNSS'den bagimsiz navigasyon ¢oziimlerinin gelismesine neden olmustur.
Insansiz kara tasitlar1 ile baslayan GNSS bagimsiz navigasyon ¢dziimleri bu araglar icin
belirli bir olgunluk seviyesine ulagmistir. Ancak hava araglarindaki uygulama iki boyut
yerine li¢ boyutlu ortamin devreye girmesi nedeniyle daha sinirli bir seviyededir (Gyagenda
vd., 2022). IHA'min agik bir gokyiizii goriise sahip olmasi kosuluyla (giivenilir bir GNSS
konumlandirmast elde etmek i¢in) IHA’lar GNSS yol noktalarini (way-point) iceren
onceden tanimlanmus rotalara programlanabilmektedir (Vanegas vd., 2019). Ancak IHA'lar
icin hareket planlama problemi, bu araglarin hizli, karmasik ve belirsiz dinamiklere ve yiik
sinirlamalarina sahip olduklar1 3 boyutlu uzayda gergek zamanli navigasyon yapmalari ve
stirekli ¢evre ile etkilesim i¢cinde olmalar1 nedeniyle olduk¢a zordur (Liao vd., 2016).

62



Hiz, bas istikameti, irtifa ve konum IHA navigasyonunu etkileyen en dnemli parametrelerdir
(Gyagenda vd., 2022). Bu bilgiler ugus kontrol birimi i¢in gerekli girdilerdir (Gryte vd.,
2019). Navigasyon ve kontrol ¢éziimiinde yiiksek diizeyde dogruluk ve gilivenilirlige ihtiyag
duyuldugu i¢in otonom inis, en karmasik ve kritik asamadir. Bir mobil platforma otonom
inis i¢in bir navigasyon sistemi uygularken aracin konum, hiz ve durusunu d6lgmek ve
belirlemek i¢in coklu sensorlerin geri bildirimine sahip olmak gereklidir (Alarcon,
Santamaria ve Viguria, 2015).

4.1. GNSS-Erisimsiz Ortamlardaki Navigasyon Teknikleri

Navigasyon, derinlemesine analiz edilmesi gereken kritik 6neme sahip bir konudur. Dig
ortamlarda, IHA lar GPS gibi uzay tabanli uydulardan yararlanarak lokalizasyon yapabilir.
Ancak uydu navigasyon sisteminin hassasiyeti 6zellikle sivil uygulamalar basta olmak iizere
siirlidir. GPS ile elde edilebilen konum dogrulugu askeri uygulamalarda < 1 m ve sivil
uygulamalarda ise yaklasik 10 m’dir (Benini, Mancini ve Longhi, 2013). GNSS-erisimsiz
ortamlarda navigasyon, lizerine ¢alisilan en popiiler konulardan biridir ve ¢esitli teknikler bu
alan i¢in gelistirilmistir.

4.1.1. Atalet Navigasyon Sistemleri ve Sensorleri

[HA'ar kiiresel olarak bircok arastirmacinin, kurulusun ve hatta siradan kullanicilarmn
dikkatini ¢ekmistir. Platform {izerinde insan bulunmamas: nedeniyle, IHA'larin cevre ile
etkilesimini saglamak icin insan duyularina benzeyen ve ¢esitli durumlarda ortaya ¢ikan
insan reflekslerini taklit eden sensorlerle donatilmasi gerekmektedir. IHA'lar artik giinliik
yasamda ¢ok cesitli faaliyetlerde, askeri ve sivil uygulamalarda farkli alanlarda 6nemli bir
rol oynamaktadir ve insan hayatin1 tehlikeye atmadan tehlikeli gorevleri yerine getirerek,
zaman ve ig giicii tasarrufu saglamaktadir. Askeri veya sivil alanlarda icra edilen tiim gorev
durumlarinda, IHA'larin otonom olarak ¢alismasi gereklidir. IHA’larin insan miidahalesi
olmadan gorevlerini otonom olarak yerine getirmesi i¢in gozlem ve karar vermede
platformda bulunan yerlesik sensorler kullanilir (Zahran vd., 2018).

Kiiciik IHA'lardaki yerlesim siirlamasi nedeniyle, otopilot ve sensdrlerin boyut ve agirlik
acisindan kiigiik olmas1 ve IHA nin diisiik gii¢ tilketimi gerceklestirmesi gereklidir. Tiim
[HA'lar, boyutu, gorevi veya maliyeti ne olursa olsun, konum, hiz ve durus tespiti i¢in esas
olarak GNSS ile ANS’ye ihtiya¢ duyar (Zahran vd., 2018). Kiiresel koordinatlara erigim
olmayan durumlarda, bir IHA kendi ANS bilgisine giivenmelidir (Russell vd., 2020). GNSS,
mutlak hizi ve aracin konumu tahmin ederek, atalet sensdrlerinin birikmis hatalarini
sinirlandirabilmektedir. Ancak kiigiik IHA'larin GNSS erisimi olmayan ortamlardaki
otonomisinde ugus ortamina iliskin herhangi bir 6n bilgi olmaksizin ara¢ durumunun
belirlenmesi igin diger sensorlerin AOB ile fiizyonu gerekir. Bu otonomi gevrimigi bir harita
olusturan ve o harita {izerindeki 6 serbestlik dereceli konumu tahmin edebilen SLAM gibi
teknikler ile saglanabilmektedir (Wang vd., 2013).

[HA’lar tipik olarak Genisletilmis Kalman filtresi (GKF) kullamlarak, iic eksenli bir
ivmedlger, iic eksenli bir jiroskop, bir yerlesik AOB, ii¢ eksenli bir manyetometre, bir
yiikseklik sensorii, bir barometre ve optik akis sensorleri iceren ¢ok sayida sensorden elde
edilen bilgilerin fiizyonunu saglayan navigasyon birimlerinden olusur. Boyle bir sistem IHA
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durusunu yeterince dogru tahmin ederek, IHA'y1 kontrol etmeyi ve IHA stabilizasyonunun
saglanmasini miimkiin kilmaktadir. I[HA'nin kartezyen konumu ancak bir GNSS alicist
navigasyon Unitesine bagli oldugunda gdzlemlenebilir hale gelmektedir (Unicomb vd.,
2017; Shang vd., 2017).

ANS’ler karigtirllamaz birimlerdir. ANS’deki ana hata kaynaklari jiroskop ve ivmedlger
atalet sensorlerindeki hatalar, yanlis navigasyon sistemi baslatma durumlart ve
hesaplamalarda kullanilan yer¢cekimi modelindeki kusurlardir. Ancak, neredeyse tiim
ANS’lerde, en biiyiik hatalar atalet sensorlerinden kaynaklanmaktadir. Biiylik hatalar
jiroskoplar i¢in agisal oranlarin, ivmeodlgerler iginse belirli kuvvetlerin 6lgiimiinde ortaya
cikmaktadir. Her iki sistem i¢in de en biiylik iki hata genellikle jiroskop sapmasi i¢in
derece/saat oraninda dlciilen kararsizlik yanilmasi (veya ivmedlger yanilmasi i¢in mikro g)
ve algilanan atalet miktarinin parts per million (ppm-milyonda bir birim) cinsinden 6lgiilen
olcek faktorii kararliligidir (Schmidt, 2019).

GNSS erisimi olmayan ortamlar icin gerekli olan IHA navigasyon sensdrleri; durus
sensorleri, lokalizasyon sensorleri, irtifa sensorleri, haritalama sensdrleri ve engel tanima
sensorleri seklinde simiflandirilabilir. Bu sensorler i¢in baska bir siniflandirma da atalet
sensOrleri, gorii sensorleri, Light Detection and Ranging (LiDAR- Isik Tespiti ve Uzaklik
Tayini) sensorleri, radyo sensorleri, radar sensorleri ve akustik sensorler seklinde yapilabilir.
Sensor se¢im kriterlerinde dinamik aralik, hata 6zellikleri, bant genisligi, ara¢ faydali ytikii
kisitlamalari, ¢oziiniirliik, tepki siiresi, ¢alisma ortami, ugus ayarlari, hesaplama kaynaklari
ve gii¢ kullanilabilirligi dikkate alinmaktadir. Gorii sensorleri lokalizasyon, lokalizasyon ve
haritalama, gecis hiz1 tahmini, inis alan1 algilama, engel tanima, durum tahmini ve inis alani
tespiti ve inis uygulamalarinda kullanilmaktadir (Gyagenda vd., 2022). Laser Range Finder
(LRF-Lazer Mesafe Olger) tabanli yaklasimlarla karsilastirildiginda, kamera sistemleri
hafifligi ve diisiikk maliyeti nedeniyle rekabetci alternatiflerdir. Daha da 6nemlisi kamera
sistemleri dogal olarak 2B LRF sistemine gore daha fazla bilgi icermektedir (Qin vd., 2016).
Radarlar, pitot tiipleri, manyetometreler, LIDAR ve kameralar bagimsiz atalet sistemlerinin
yanlighgint ve ANS’nin sapmalarint azaltmak i¢in kullanilmaktadir. GNSS erisimsiz
ortamda dogru bir navigasyon ¢oziimiine ulasmak i¢in bu sensor verilerinin ANS ile fiizyonu
gereklidir. Her ne kadar bu fiizyon yontemlerinin avantajlar1 ve dezavantajlar1 olmasina
ragmen, bu yontemler hala bagimsiz konum belirleme ¢oziimiinden daha iyi performans
gostermektedir. Ayrica tiim bu yardimer yontemlerinin ekstra bir sensoriin eklenmesi gibi
ortak dezavantajlari vardir. Bu da, ekstra agirlik, ekstra giic tiiketimi, ekstra maliyet ve bu
sensorlerin ¢aligma siirlamalart nedeniyle ek kisitlama anlamina gelmektedir (Zahran vd.,
2018). Lokalizasyon kapsaminda ise yer seviyesinden yiikseklik dl¢lim teknikleri altimetre
ile 6l¢tim (sonar, barometre, lazer telemetri, radar) ve bilgisayar goriisii (stereo kamera ve
hareket yakalama sistemi) ile 6l¢iim siniflarina ayrilir (Gyagenda vd., 2022).

Bir AOB genellikle iki ortogonal sensér iigliisiinden olusmaktadir. Sensor iigliisiinden biri,
lic adet tek eksenli ivmedlgerden, diger sensor ligliisii ise li¢ adet tek eksenli jiroskoptan
olusur. iki sensér iigliisii nominal olarak paraleldir ve jiroskopun orijini ivmedlger iicliisiiniin
orijini olarak tanimlanir (Benini, Mancini ve Longhi, 2013).
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Bir eksen boyunca meydana gelen ivme agagidaki esitlik (1) ile ifade edilebilir, burada
termal kayma dikkate alinmaz:

Zo=Z+g+e;+5S,9 (1)

Esitlik (1)’de  Z,: Sensér ¢ikisinda olgiilen ivme; Z: Ivmenin (dikkate alinan noktadaki)
gercek degeri; g: Yercekimi ivmesi; €,: Sapma; S,: Olgek faktoriidiir (Benini, Mancini ve
Longhi, 2013).

Nesne tanima sorunu ile ilgili olarak, klasik bilgisayarli gorii algoritmalar1 genellikle
calisilan ortamin kosullarina (Orn; aydinlatma kosullar, arka plan cesitliligi, daginiklik vb.)
cok baglidir. Bu nedenle kesin bir nesne tespiti yapmak ve goriintii diizleminde olas1 hatalari
ortadan kaldirmak icin algoritma parametreleri her yeni ortam ele alindiginda tekrar
diizenlenmelidir. Ayrica, bu diizenleme prosediirii genellikle deneme-yanilma testleri ile
gergeklestirildigi i¢in oldukga zor bir gorev haline gelebilmektedir. Anlaml veri kiimeleri
iizerinde Ogretildiklerinde makine 6greniminin kullanimi ¢esitli ortamlarda ytiriitiilebilen
cok yonlii ¢oziimler saglayarak bu sinirlamalarin ve zorluklarin iistesinden gelebilmektedir.
Ancak, bazi makine 6grenimi modelleri nesne tanima igin IHA’lara uygun olmayan
(hesaplama kisitlar1 yiiziinden) ¢ok sayida parametreli derin modeller icermektedir
(Sampedro vd., 2019). IHA'larin engellerin dogasma bagl olarak farkli ¢arpismalardan
kacinma stratejilerini de benimsemesi gerekebilir. Reaktif ¢arpismayr dnlemek igin ugus
yoriinge planlayicisindan elde edilen sensor verileri gerekmektedir (Perez-Grau vd., 2018).

Radar iiretimindeki gelismeler ile kiiciik ve mikro IHA'larin navigasyonuna uygun mikro
radarlarin gelistirilmesi uygulanabilir hale gelmistir. Radarlar GNSS kesintisi sirasinda AOB
sapmasini sinirlamak i¢in kullanilabilir. Radarlar, LiDAR ile ayn1 dezavantajlara sahip olsa
da, ¢evresel degisikliklere kars1 daha az duyarli oldugu i¢in bazi agilardan kameralardan
veya LiDAR'dan daha pratik uygulamalara sahiptir (Zahran vd., 2018). Kiiciik IHA"lar igin,
cok agir olan lazer gibi geleneksel sensorler havada kisit teskil etmektedir (Zhang vd., 2016).
Lazer sensorlerin kullaniminda, kisith THA ¢alisma yiiksekligi (irtifa) ve veri iletimi icin
diisiik bant genisligi s6z konusudur (Mebarki ve Lippiello, 2014).

Kiigiik IHA'larin gercek agirligi, boyut yapisi, kinetik enerjisi ve GPS-karigtirmali ortam,
geleneksel navigasyon sensorlerinin kullanimini sinirlandirmaktadir. Bahsedilen bu durum,
zengin hareket kapasitesi ve c¢evre bilgileri iceren gorsel sensorlerin kullanimim
yayginlastirmaktadir. Optik akis teknikleri, navigasyon sorununa karsi bocek ve kus ucuslari
gibi dogal ¢oziimlerdir. Cesitli navigasyon alt gérevleri tek basina optik akisla veya mesafe
tahmini, hiz tahmini, dikey inis vb. dahil olmak iizere atalet Ol¢iimleriyle
gerceklestirilmektedir (Zhang vd., 2016).

4.1.2. Kalman Filtresi

Navigasyon algoritmalariyla ilgili olarak en yaygin kullanilan tekniklerde Kalman Filtresi
(KF) ve ozellikle de Genisletilmis Kalman Filtresi (GKF) kullanilir (Benini, Mancini ve
Longhi, 2013). Gorii ve atalet verilerinin flizyonu, GKF’nin uygulanmasi yoluyla
gerceklestirilir.  GKF, hesaplanan sistem parametrelerindeki hatalar1 tahmin eder.
Dogrusallastirma hatalarinin etkilerini en aza indirmek i¢in sistem parametreleri mevcut hata
tahminleri ortadan kaldirilarak periyodik olarak diizeltilir (Miller vd., 2011). Ancak, GKF
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gercek zamanli ara¢ konumu giincellemeleri saglamasina ragmen dogrusal olmayan
modellerle ¢oziimleme yaparken, dogrusallagtirmadan zarar gorebilecek dogrusal sistem
modellerini esas alir. Kalman Filtresi, cihaz ve bilinen en az {i¢ nokta arasinda yapilan
aralikli 6l¢timler temelinde bir mobil cihazin x ve y koordinatlarinin tahmini i¢in uygundur.
Kalman filtresi gibi GKF de kestirim ve tahmin olmak {izere iki adimda uygulanmaktadir.
GKF dogrusallastirma ile Bayes kuralimin optimalligine yaklasan bir plansiz durum
tahminidir (Benini, Mancini ve Longhi, 2013).

Ucus sirasinda, navigasyon durumu AOB mekanizasyon siireci aracilifiyla ivmedlger ve
jiroskop ham 6l¢timlerinden elde edilir. GNSS sinyali mevcut oldugunda, her iki sistemin
coziimleri arasindaki fark GKF'ye beslenir. GKF'den elde edilen ¢iktilar, ivmedlcer hatalart,
jiroskop hatalari, 6lgek faktorleri ve navigasyon durumunda tahmin edilen hatalardir. Filtre
durumu esitlik (2)’de yer alan 21 adet durumdan olusur:

8x = [6r" 6v™ 5" by dy 545517 ()

Sr™: Konum; 8v™: Hiz; &&™: Durus hata vektorii; b,: Ivme hatasi s,: Olgek faktorii;
dg: Jiroskop sapmast; Sy : Olgek faktoriidiir (Zahran, Moussa ve El-Sheimy, 2018).

Gorii destekli navigasyonun bir blok diyagrami Sekil 4'te gosterilmektedir. GKF'nin
tiiretilmesini saglamak i¢in temel 6l¢lim (goriintii diizlemindeki 6zelligin piksel konumu) ile
durum (kullanicinin konumu ve hizi) arasinda bir iliski kurulmalidir. Bu iliski dogrusal
degildir (Miller vd., 2011) ve genel ifadesi esitlik (3)’te verilmistir:

AV
 —— ANS NG VARTN .
o MEKANIZASYON DESTEKLI ANS YORUNGESI
DENKLEMLERI
-1 REFERANS
YORUNGE
. ANS .
DUZELTMELERI GENISLETILMIS
KALMAN
SZELLIK FILTRESI
"LOKASYON .
DUZELTMELERI
. FILTRE .
GORUNTOLER | STOKASTIK GUNCELLEMELERI
— |  OZELLIK

iZLEYICi

Sekil 4. GKF ile Gorii-Destekli Ataletsel Navigasyon Filtresi Blok Diyagrami (Miller vd.,
2011) (Yeniden diizenlenmistir).

Z(t) = h{pn(t), CN (1), yw(), TP }+v(t)  (3)

Esitlik (3)'te py: Navigasyon gercevesindeki kullanic1 konumu; C: gévde; yy: Navigasyon
cercevesindeki ozellik konumu; TP ix, Homojen kamera projeksiyon matrisi; v: Toplamsal
beyaz Gauss giiriiltiisii ve h: Dogrusal olmayan bir fonksiyondur.

4.1.3. GNSS-Erisimsiz Ortamlarda Gorii-Destekli Ataletsel Navigasyon Sistemi
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GNSS ara¢ konum bilgisini saglamak i¢in harici kaynaklara (uydulara) ihtiya¢ duyar, bu
nedenle GNSS kentsel alanlarda diizglin ¢alismaz, algak irtifalarda glivenilir degildir ve
uydu sinyal kesilmelerine maruz kalir. Ancak gori, piksel yapisindaki ¢éziimii ile zengin
bilgi saglar, pasiftir, hafif ve diisiik maliyetli donanim gerektirir. Ayrica islemci
teknolojisinde ilerlemeler yerlesik algoritmalarda biiyiilk 6neme sahip olan goriintli akis
hizinin gelismesini saglamistir (Mebarki ve Lippiello, 2014).

GNSS sinyalinin olmadig1 veya zayif oldugu ortamlardaki ugus i¢in olasi bir ¢oziim,
halihazirda mevcut olan navigasyon sistemini desteklemek icin bir gorii sisteminin
entegrasyonudur (Sekil 5). Bir lokalizasyon yontemi goriintiilerde 6nceden ¢ikarilmis bazi
ozellikleri algilamak icin ve dolayisiyla GNSS sinyali kayboldugunda IHA'nin konumunu
hesaplamak i¢in kullanilabilir. Bir Kalman filtresi de konum sensorlii atalet sensorlerinden
gelen sinyallerin fiizyonu i¢in degerlendirilebilir (GNSS veya GNSS'in mevcut olmadigi
durumundaki gorii sistemi). Gorii tabanl ¢dziimler ve video kameralar IHAlar igin standart
donanim haline geldigi icin caziptirler. Ayrica, kameralar renk ve doku gibi zengin bilgiler
saglar (Rady, Kandil ve Badreddin, 2011). AOB ve kameranimn temel &zellikleri, dogru
tahmin saglamak icin birbirleriyle ¢calismaya ¢cok uygundur. AOB'ler ideal olarak navigasyon
amaciyla segilir, ¢linkii 6l¢iim verilerini daha yiiksek bir 6rnekleme hizinda saglayabilir.
Ancak zamanla AOB 6l¢iimleri sapma gosterir ve hatalar birikir. Gorii sensorii diger sekilde
davranir, dl¢limler, yakalanan goriintiiniin islenmesi i¢in uzun siire gerekmesi nedeniyle
diistik 6rnekleme hizindadir ve 6l¢iim zamanla sapmaz. Gorii ve atalet sensorlerinin flizyonu
ile IHA'nin daha iyi bir durus tahmini saglanir (Balamurugan, Valarmathi ve Naidu, 2016).

AOB

—— - durum .
Jiroskoplar THA durumlar

114 EE—
) Filtre
Ivme 6lcerler Lvme

GNSS komum |konum

. goriintiiler |Lokalizasyon
Kamera metodu

Sekil 5. GNSS-Bagimsiz Navigasyon Mimarisi (Rady, Kandil ve Badreddin, 2011)
(Yeniden diizenlenmistir).

Gorii-destekli navigasyon, pasif sinyal navigasyonu i¢in miikkemmel bir ¢6ziimdiir. Bunun
nedenlerine bakilacak olursa, ilk olarak bircok hayvan, navigasyon i¢in gorsel bilgileri
kullanmaktadir. Aslinda, okiiler-vestibiiler sistem insanlar i¢in birincil navigasyon paketini
saglamaktadir. Ikincisi, optik sensdrler dogasi geregi yiiksek bant genisligine sahiptir. Bu
durum ¢ok hassas agisal ¢Oziinilirliik potansiyeline neden olmaktadir. Son olarak, dijital
goriintiileme sensorleri rahatga bulunabilir ve ara yiizlerle kolaylikla kullanilabilir, bu
avantajlar da onlar1 navigasyon potansiyelinin arastirilmasi i¢in ¢ok pratik bir ¢6ziim haline
getirmektedir (Miller vd., 2011).
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Gorii-destekli yontemler, ozellik-tabanli veya optik-akis tabanli olarak siniflandirilir.
Ozellik-tabanl1 yontemler, coklu gergeveler iizerindeki sahnede yer alan dzelliklerin (veya
“yer isaretlerinin”) karsiliklarin1 belirlerken, optik-akisa dayali yontemler tipik olarak
cerceveler arasindaki goriintliniin biitiin bir kismi i¢in karsiliklar1 belirler. Optik akig
yontemleri genellikle goreceli hiz belirlenmesi, agisal oranlar veya engellerden kaginmaya
odaklanarak temel hareket algilama igin dnerilmistir. Ozellik izleme-tabanli navigasyon
yontemleri ise hem sabit montajli goriintiileme sensorleri hem de gimbal-montajli
detektorler icin dnerilmistir (Miller vd., 2011).

Bircok 6zellik-izleme tabanli navigasyon yontemi hedef konumun bilgisinden (ya 6n bilgi
olarak, binokiiler stereopsis yoluyla ya da arazi homografisinden yararlanarak) yararlanir ve
ters yoriinge izdiislim problemini ¢ézer. Eger bolge hakkinda bir 6n bilgi yoksa, navigasyon
durumunun kestirimi tamamen olay yerinin tahmini ile iliskilidir. Ozellik-tabanl
gorii/ataletsel entegre navigasyonun temel konsepti, Sekil 6'da gosterilmistir (Miller vd.,
2011).
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Sekil 6. Goriintii-Destekli Atalet Algoritmasina Genel Bakis (Miller vd., 2011) (Yeniden
diizenlenmistir).

Algoritma su temel adimlardan olusur: ti zamaninda sistem, dijital goriintiileme cihazini
kullanarak bir ortam goriintiisii alir ve bu goriintiiyii 6zellik alan1 olarak adlandirilan bir
alanda bir dizi ayrik 6zellige donistiiriir. Ardindan hem navigasyon durumu hem de 6zellik
alan1 durumu bir sonraki goriintiileme olay1 olan ti+1’e ilerletilir. ti+1’de baska bir goriintii
yakalanir ve Ozellik alanina doniistiiriilir. Hem ti+; zamaninda yakalanan goriintii
cercevesinin Ozellik alani, hem de ilerletilmis 6zellik alanu, t; ile ti+1 an1 arasindaki 6zellikleri
birlestiren istatistiksel 6zellik uyum algoritmasina girdi olustururlar. Son olarak, yoriinge
hatast, bir Kalman tahmin edicisindeki bu iliskili 6zellikler kullanilarak tahmin edilir (Miller
vd., 2011).

4.1.4. Simultaneous Localization and Mapping (SLAM-Eszamanh Lokalizasyon ve
Haritalama)

Genel olarak, ucus icin gelistirilen sistemler ve algoritmalar tamamen bilinmeyen ortamlarda
3B ortamin haritasini ¢ikararak navigasyon ¢ozlimleri saglamak zorundadir. Bu ¢oziimler
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SLAM teknikleri olarak adlandirilir ve bu tekniklerde atalet verisi ile lazer ve/veya gorii
verilerinin fiizyonu kullanilmaktadir. Ozellikle gorsel SLAM’de ucus boyunca alinan
goriintiilerdeki es noktalar takip edilir (Vetrella vd., 2015). Esas olarak es zamanli ara¢ durus
tahminine ve harita olusumuna bagli olan SLAM, GNSS sinyali yoklugunda kullanilabilecek
alternatif bir yontemdir. SLAM, kameralar, sonar veya LiDAR gibi ¢esitli sensorlerin
kullanilmasiyla uygulanabilir (Zahran, Moussa ve El-Sheimy, 2018).

SLAM tekniginde, ¢cevreleyen ortam i¢in agsamali olarak tutarli bir canli harita olusturulur ve
bu canli haritada eslestirme yapilarak aracin durumu tahmin edilir. SLAM teknolojisindeki
ilerleme, ¢evredeki ortamin canli bir haritasin1 olusturmaya ve ayni zamanda gevresinin
yerlesik haritasin1 kullanarak aracin lokalizasyonuna olanak tanimistir. Bu lokalizasyon
teknolojisi ile aracin uzak ortamlara navigasyonu gergeklestirebilmektedir. Gorev ortaminda
hareket eden ve bilinmeyen goriintii 6zelliklerini yakalayan kamera monte edilmis bir araca
uygulanan bu yontem Sekil 7°de sunulmaktadir (Balamurugan, Valarmathi ve Naidu; 2016;
Whyte ve Bailey, 2006).

Sekil 7. SLAM (Balamurugan, Valarmathi ve Naidu, 2016) (Yeniden diizenlenmistir).
Sekil 7°de:
X = k anindaki ara¢ durum vektort,
Ui =k-1"den k’ya gitmek i¢in arag¢ kontrol vektor,
M; = 1. goriintli 6zellik yer vektorii’diir (Burada 1. goriintii 6zelliginin statik oldugu kabul
edilmektedir),
Zir =k aninda, i. goriintii 6zelligi ara¢ kamerasindan elde edilir.

SLAM adimlar asagidaki sekildedir:

1. Aracin ilk konumu X;-;‘in, ara¢ konumunun yiiksek belirsizligi ile birlikte haritada
onceden var olan goriintii 6zelliklerine sahip bir baslangi¢ oldugu varsayilir.

2. Arag¢ X;-; 'den Xi'yve hareket etmeye basladiginda, hareket modeli, yeni konumuna
iliskin yeni tahminler saglar ve ayrica yer belirsizligi bu sirada artar.

3. Arag hareketi sirasinda haritaya yeni 6zellikler M; eklenir ve mevcut 6zellik 6l¢iimii
giincellenir.

69



Gode vd., (2024) Insansiz hava araclar1 (IHA) igin kiiresel navigasyon uydu sistemi (GNSS) bagimsiz navigasyon. Journal of Aviation
Research, 6(1), 53-88.

4. Ongoriilen gdzlem ve gercek gozlem arasindaki fark hesaplanir.

5. Aracin mevcut durum tahmini giincellenir (Balamurugan, Valarmathi ve Naidu,
2016).

SLAM, kapali mekan IHA navigasyon uygulamalari i¢in standart bir teknik haline gelmistir
(Rady, Kandil ve Badreddin, 2011). Gorii yontemi, agirlik, maliyet ve bilgi a¢isindan kiigiik
[HA'larin otonom navigasyonu i¢in GNSS’e iyi bir alternatif olarak gériinmektedir. Gorii
sensorleri IHA'larin gdzetleme gorevleri igin yillardir kullanilmaktadir. Ayrica bu sensorler
kiiciik [HA'larin otonom navigasyon ve kontroliinde de énemli bir rol oynamaktadir. Gorii
Ol¢iimii ile SLAM’in kullanilmas1 c¢ok fazla ilgi goren uygulama olarak karsimiza
¢ikmaktadir. Gorsel 3B SLAM kismen yapilandirilmis ortamlarda gérev yapan IHA'lar igin
gelistirilmistir. Bu algoritmada arag, tiniform hareketli rijit bir govde olarak modellenmistir
ve ivme sistem giiriiltiisii olarak kabul edilir. Onerilen baska bir gdrsel SLAM sistemi,
yalnizca dogal gdzlem olarak yer isaretlerini alir. Bu sistemde IHA'nin hareketini tahmin
etmek i¢in homografi tabanli yaklasim kullanilmigtir ve yeni bir doniim noktast olan yer
isaretleri baglatma yontemi gelistirilmistir (Wang vd., 2013). LiDAR tabanlit SLAM, kii¢iik
ve mikro THA'lar ile kullanilmas halinde agirlik, maliyet, boyut ve gii¢ tiiketimi acisindan
bazi dezavantajlara sahiptir (Zahran, Moussa ve El-Sheimy, 2018).

SLAM ve odometri yaklasimlar1 kisa vadeli lokalizasyonda ve hatta dongii kayipsiz uzun
yoriingelerde iyi sonuglar vermistir (Perez-Grau vd., 2018). Ancak SLAM, genis alanlara
uygulandiginda hala sorunlarla karsilagilmaktadir (Rady, Kandil ve Badreddin, 2011).
Gorsel SLAM’e dayali robot lokalizasyonunu tahmin etmek i¢in monokiiler goriislii, atalet
sensorleri ile yiikseklik sensorlerinin (barometreler, ultrasonik sensorler veya lazerler gibi)
fiizyonunu iceren yaklagimlar bulmak ¢ok yaygindir. Bu yaklagimlar ayni1 bolge tekrar tekrar
ziyaret edildiginde ¢ok iyi calismakta, ancak bilinmeyen senaryolarda yiiksek hizli IHA
hareketlerinde genellikle basarisiz olmaktadir. Optik akis yaklasimlar1 da ayni sensorleri
kullanmaktadir, ancak sadece dogrusal hizlar1 tahmin etmeyi amaglar. Bu yaklasimlarin
goriintiilenen ortamin yaklasik olarak diizlemsel olmasi durumunda IHA'larda yukar1 ve
asagl bakan kameralar i¢in iyi performans gosterdigi goriilmiistiir. Ancak lokalizasyon
(odometri) i¢in hiz entegrasyonu hizla sapma gdstermekte ve bu yontemler uzun vadeli
lokalizasyon i¢in kullanilamamaktadir (Perez-Grau vd., 2018).

SLAM igerisinde homografi tabanli bir yontemde (Wang vd., 2013) ara¢ hareketi 6
serbestlik dereceli olarak hesaplamalarda kullanilmistir. Daha sonra, gorii 6l¢limiiniin
dolayli bir GKF tarafindan atalet sensorlerinin ¢iktisi ile flizyonu saglanmistir. Homografi,
6lcek, dondiirme ve 6teleme dahil iki goriintii arasindaki doniistimii belirtmek i¢in kullanilir
ve esitlik (4)’teki sekilde tanimlanir:

/17’71,2 = Hﬁll (4)

Esitlik (4)’te m,; ve mi,: Piksel koordinatlardaki iki ardisik cercevenin karsilik gelen
ozellikleri i¢in homojen konumlar; H: Homografi matrisi; ve A: 6l¢ek faktoriidiir.

Kiigiik bir IHA'nin iizerinde asag1 dogru bakan bir kamera ile uctugu varsayildiginda m; ve
my Sekil 8'de gosterildigi gibi diizlem II’deki sabit bir P noktasinin kamera
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koordinatlarindaki iki izdiislimiidiir. Ri2 ve #12 sirasiyla doniisiim matrisi ve yer degistirme
vektoriidiir ve her ikisi de aracin hareketini ifade etmek i¢in konum 1'in kamera
koordinatlarinda tanimlanmistir (Wang vd., 2013).

N, 7
A

Sekil 8. Bir Diizlemdeki Ayn1 Sabit Noktanin iki Gériiniimii (Wang vd., 2013) (Yeniden
diizenlenmistir).

4.1.5. Gorsel Odometri

Gorsel Odometri, bir veya daha fazla platform lizeri kamera tarafindan ¢ekilen goriintii dizisi
lizerinde hareketin neden oldugu sapmay1 analiz ederek navigasyon halindeki aracinin
konumunu ve yonelimini kademeli olarak tahmin eden bir prosediirdiir. Bu teknigin blok
diyagrami Sekil 9'da gosterilmistir (Balamurugan, Valarmathi ve Naidu, 2016).

Goriintii | | Goviinti | Ozelik _| Durum Konum ve
— Diizeltme > Dizisi »1 Diizeltme [~ »| Tahmini > Yonelim

Stereo Kamera

Sekil 9. Gorsel Odometri Blok Diyagrami (Balamurugan, Valarmathi ve Naidu, 2016)
(Yeniden diizenlenmistir).

Gorsel odometri, goriintli diizleminde yakalanan nokta 6zelliklerinin izlenmesi ile aracin
mevcut konumunu hesaplar. Yer degistirme, goriintii gercevelerinden kademeli olarak
hesaplanir. THA’ya monte edilen kamera ¢evrede ugmakta ve Sekil 10'da gdsterilen
gortintiiler her anlik k zamaninda sirayla alinmaktadir (Balamurugan, Valarmathi ve Naidu,
2016).
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Sekil 10. Gorsel Odometri Teknigi (Balamurugan, Valarmathi ve Naidu, 2016) (Yeniden
diizenlenmistir).

[HA (Kamera) konum doniisiimiiniin ardisik goriintiileri esitlik (5)'te gdsterilmistir,
Ty = [Ryck-1tix-1;0 1] (5)
Esitlik (5)’te R: Rotasyonel matrisi; ve t: Yer degistirme vektoriini gostermektedir.

Kamera poz seti C,.,, = [C,, ...., Cy] k=0 aninda ¢ekilen ¢ergeve ile ilgili olarak alinan arag
kamera doniisiimlerini igermektedir. Mevcut poz C,, tim kamera doniisiimlerinin
Ty, k=1....n, integralini alarak tahmin edilebilir ve esitlik (6) ile ifade edilir (Balamurugan,
Valarmathi ve Naidu, 2016).

Cn = Ch1Tyy (6)
4.2. GNSS-Bagimsiz Navigasyon Coziimlerinin Uygulama Alanlari

Otonom navigasyon tiim navigasyon bilesenlerinin birbirleri ile etkilesimli olarak
calismasini gerektirmektedir. Navigasyon sorunlarinin karmasikligi, yapilan arastirmalari
Tablo 2’de gosterilen GNSS-bagimsiz 6zel ¢oziim yollarina yoneltmistir. Bu arastirmalarda
lokalizasyon en biiyiik paya sahiptir (Gyagenda vd., 2022).

Tablo 2. GNSS-Bagimsiz IHA Navigasyon Arastirmalarmin Dagilimi

Arastirma Kapsami Yiizdelik Dagilim
Lokalizasyon %062
Tam Navigasyon %16
Yaklagma ve/veya inisg %11
Gegis Hiz1 %4
Engelden Kagma %3
Durum Tahmini %2
Hareket Planlama %1
Haritalama %1
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Burada Lokalizasyon “ben neredeyim?” sorusuna ara¢ konumunu tahmin ederek cevap
vermek olarak tanimlanabilir. Bu yetenek sadece navigasyon i¢in degil, ayn1 zamanda nesne
isleme, ¢oklu robot koordinasyonu, kesif ve haritalama i¢in de gereklidir. Lokalizasyon
teknikleri su sekilde 6zetlenebilir: LIDAR, SLAM, Gorsel SLAM, Gorsel Atalet Odometrisi,
Havadan Havaya Destek (GPS), ANS, Isaret Vericiler, Bilgi Tabanli Lokalizasyon, Radar
Odometri ve Hareket Yakalama Sistemi. Lokalizasyon tekniklerinin tam navigasyon
¢Oziimleri igerisindeki dagilimi Sekil 11°de sunulmustur (Benini, Mancini ve Longhi, 2013;
Gyagenda vd., 2022). Lokalizasyon teknikleri arasinda gorsel lokalizasyonun popiilerligi,
diisiik agirligi, gorii sensorlerinin diistik giig tiiketimi ve ¢evreyi iyi sekilde tanimlamasindan
kaynaklanmaktadir (Gyagenda vd., 2022).

= SLAM
= GORSEL ATALET ODOMETRI

= GORSEL DESTEKLI ANS

Sekil 11. Tam Navigasyon Coziimleri Arasindaki Lokalizasyon Tekniklerinin Dagilimi

Yapilan GNSS-bagimsiz navigasyon c¢aligmalardaki tam navigasyon (full navigation)
¢oziimleri Tablo 3’te sunulmustur. Tablo 3’ten goriilecegi iizere AOB modern
GNSS-bagimsiz navigasyon c¢oziimlerinin hepsinde kullanilmistir. Ayrica gorii %94
iizerindeki oranla en popliler atalet destekli metottur. Gelecekteki GNSS-bagimsiz
navigasyon ¢Oziimleri i¢in atalet-gorsel entegrasyonun biiylik bir dneme sahip olacagi
degerlendirilmektedir (Gyagenda vd., 2022).

Tablo 3. GNSS Bagimsiz Tam Navigasyon Coziimleri

Metot Ortam Lokalizasyon Referans
Gorili, lazer telemetri, .- . (Mohta vd.,
AOB Kismen bilinen kapali mekan LiDAR SLAM 2018)
Gorili, lazer telemetri, (Sampedro vd.,
AOB Kapali mekan 2B SLAM 2019)
Gorii, AOB Bilinmeyen, yapilandirilmamis | Gorsel SLAM (Valaeogf; vd,
i%r;, lazer  telemetri, Bilinen kapali mekan 2B SLAM (Bivd., (2017).
(Kuroswiski, de
Goriintii, AOB Bilinen dig mekan Gorsel-destekli ANS SO}}IVCll‘a, ve
1g2uemori,
2018)
Gorii, lazer telemetri, | Bilinmeyen karisitk dig ve (Tang vd.,
AOB kapali mekan 2B SLAM 2019)
Gorii, AOB, sonar Kapalt mekan ve dig mekan Gorsel SLAM (Vazl%nlté)v d,
TR . . . Vanegas ve
Gorii, AOB Kapali mekanda bilinen yap1 Gorsel Atalet Odometri G(()nzalei 2016)
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acik mekan

. (Leishman,
Gorii, sonar, AOB Kapal1 yap1 Gorsel SLAM McLain ve
Beard, 2014)
(Nieuwenhuisen,
Gorii, lazer telemetri, Droeschel, Beul
AOB Kapali mekan 2B SLAM ve Behnke,
2016)
- ~~ Yapilandirilmamas, kismen i .
Gort, sonar, AOB o Gorsel SLAM (Livd., 2013)
bilinen kapali mekan
C Yapilandirilmamis, bilinmeyen | | . (Bachrach,
Lazer telemetri, AOB Kapal d K LiDAR SLAM Prentice, He ve
apal1 ve dig mekan Roy, 2011)
Gorii ve AOB Karmagik kapali ve dis mekan | Gorsel SLAM (Sc}zlglll i)Vd"
Gorii ve AOB Bilinen kapali mekan Gorsel SLAM (Pere;b(l}g;u vd,
Gorii ve AOB Kismen bilinen kapalt mekan Gorsel SLAM (Oleyg:)l;%\;a vd,
Gorii ve AOB Karigik kapali ve agik mekan Gorsel Atalet Odometri (Lutz P., 2020)
Gorii ve AOB Karigik bilinmeyen kapalt ve Gorsel Atalet Odometri (Lin vd., 2018)

GNSS erisimsiz ortamlardaki arag/platform tipi 6zelinde gorsel navigasyon calismalarinin
0zeti Tablo 4’te sunulmustur (Balamurugan, Valarmathi ve Naidu, 2016):

Tablo 4. GNSS Erisimsiz Ortamlardaki Gorsel Navigasyon Caligmalari

Sl\lll;)a Arag Tipi Strateji Kullanilan Sensér Yil Referans
. (Fu, Carrio ve
1 AscTec Pelican Gorsel odometri Stereo kamera 2015 Campoy,
Quadrotor
2015)
5 Quadrotor (GTQ) GKF ile gorsel SLAM | AOB, sonar, taramal 2014 (ﬁ/f)ah‘(ir::n\:e
ve Lazer SLAM lazer ve kamera 2014)
3 Hexacopter GKF ile gorsel SLAM léagn}i;a monokitler 2014 (ifirzrglllza
AOB, monocular (Chambers
4 Mikrokopter GKF kamera, GPS, | 2014
. . vd., 2014)
barometrik altimetre
(Barrett,
5 Alt1 tekerlekli | Bayesian bilgi filtresi | AOB  ve  stereo 2013 Gennert, ve
insansiz yer aract (GKF) kamera Michalson,
2013).
(Sanfourche,
6 AscTec Pelican mikro | Gorsel odometri ve Sterco kamera 2013 Vittori ve
hava araci (MHA) SLAM Besnerais,
2013)
o Unscented Kalman (Angelino,
7 gﬁlﬁslatérverﬂerl ile Filter (UKF-Kokusuz | AOB, GPS ve kamera 2013 Baraniello, ve
Kalman Filtresi) Cicala, 2013)
AOB ve Red Green
Blue-Depth (RGBD-
8 | Quadrotor Sabit GKF Kirmiz1 Yesil Mavi- | 2013 | (Livd., 2013)
Derinlik)  odometri
(kinect)
(Mebarki,
Asctec Pelican AOB, monokiiler Cacace ve
? Quadrotor UKF kamera 2013 Lippiello,
2013)
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(Lynen,

AOB, basing sensorii Achtelik,
10 | AscTec Firefly MHA | GKF » DASING 2013 | Weiss, Chli ve
ve monokiiler kamera .
Siegwart,
2013)
Kalman filtreli gorsel | Monokiiler kamera ile
11 Quadrotor SLAM AOB 2013 | (Sawvd., 2013)
AOB ve Wide Video (Weiss
N Graphics Array Achtelik,
12 | Hexacopter I;EK“;;‘[“ filtreligorsel | wyvGA-  Genis | 2012 | Lynen, Chli ve
Video Grafik Dizisi) Siegwart,
monokiiler kamera 2012)
T - . Samadzadegan
13 Ugus ) verileri  ile GKF AOB, monokiiler 2012 ve Abdi,
simiilator kamera
2012)
Oskiper
Coklu stereo = ..
14 | koruyucu baslik takibi | GKF AOB ve monokiller | ,,,, | Samarasckera
stem kamera ve Kumar,
siste 2012)
Gazla c¢alisan radyo = ..
15 | kontrolli ~ model | GKF ile gorsel SLAM | OB, monokiiler | 5., | (Wang vd,
. kamera 2012)
helikopter test tezgahi
AOB, basmg sensorii, (@Z}ilst:lg;’
16 | Quadrocopter GKF ile gorsel SLAM | USB Firefly | 2011 Si :
monokiiler kamera legwart,
2011)
Gazla c¢alisan radyo . .. = .. (Wang, Wang,
17 | kontrollii model Gé(l:n tri ile gorsel ﬁegr?’ra monokiiler 2011 Liang, Chen,
helikopter odome © ve Wu, 2012)
Scout B1-100 | Onceden var olan | AOB ve monokiiler (Rady, Kandil
18 . . 2011 | ve Badreddin,
Helikopter haritalar1 kullanma kamera 2011)
(Chilian,
. .. . Stereco kamera ile Hirschmiiller
19 | Altrayakli paletli ara¢ | Gorsel odometri AOB 2011 ve Gorner,
2011)
Geographic
Information  Systems (Gu, Zh
Arag  verileri ile | (GIS- Cografi Bilgi | AOB, GPS, kamera £,
20 e . . Lo, 2 2010 Guo, Live
simiilator Sistemi) verilerini | ve GIS verisi
e e Chang, 2010)
kullanarak goriintii
kaydi
Ara verileri  ile (Kaiser, Gans
21 wae Gorsel SLAM Kamera 2010 ve Dixon,
simiilator
2010)
AOB, Stereo kamera,
S lazer mesafe oOlger ile (Bachrach vd.,
22 | Quadrotor GKEF ile gorsel SLAM monocular enkli 2010 2010).
kamera
) (Ahrens,
23 | HMAV GKF AOB ve Wi-Fi 2009 Levine,
kamera Andrews ve
How, 2009).
(Achtelik,
AOB ve  Wi-Fi Zhang,
24 | Quadcopter KF Kamera 2009 Kuhnlens ve
Buss, 2009).
= (Conte ve
25 | Yamaha — RMAX | oo i kayith KF AOB, GPS, Kamera | ;00 | ‘popery,
helikopter ve uydu goriintiileri 2008)
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Arag  verileri ile . Lazer tarayict ile (Soloviev,
26 simiilator Kalman filtresi AOB 2008 (2008)
. Epipolar  kisitlamay1 -
o7 | Sentetik MHA ‘ueus |\ o UKF | AOB ~ve stereo | 508 | (Taylor, 2008)
verileri ile simiilator . kamera
cercevesi
73 MHA ugus verileri ile | Iteratif kayit yontemi, | Monokiiler kamera ile 2007 (Andersen ve
simiilator UKF AOB Taylor, 2007)
29 MHA ugus verileri ile | GKF ile gorsel | Monokiiler kamera ile 2007 (Ready ve
simiilator odometri AOB Taylor, 2007)
(Cheviron,
. - Hamel,
30 Acr.Obatlk 23cc Df)grusa‘l olmayan AOB ve Webcam 2007 Mahony ve
helikopter gozlemci .
Baldwin,
2007)
Ara erileri  ile (Mourikis ve
31 wag v GKF Kamera ile AOB 2007 | Roumeliotis,
simiilator 2007)

4.3. GNSS-Erisimsiz Ortamlardaki Navigasyon ile Ilgili Yapilan Caligmalar

GNSS erisimsiz ortamlardaki lokalizasyon ve navigasyon sorunlarina yonelik ilk
yaklasimlarda optik akis tabanli kontrol yontemlerinden yararlanilmistir. Bu biyomimetik
yontemde ¢ok sayida hesaplamaya veya ortama yerlestirilen yapay arazi isaretlerine ihtiyag
duyulmaz. Daha sonralar1 hizla gelisen gdmiilii hesaplama yetenekleri yerlesik optik akis
hesaplamasini pratik ugus kontrolii i¢in miimkiin kilmigtir (Zhang vd., 2015)

GNSS sinyali mevcut olmadiginda konumu dogru sekilde belirlemek i¢in biyo-ilham alan
teknikler de arastinlmistir. Magara kirlangic1 da dahil olmak {iizere baz1 kus tiirleri,
yuvalarinin oldugu karanlik magaralarda zooloji literatiiriinde akustik yonelim olarak
adlandirilan yonelime dayali hareket sergilemektedir. Yarasalar tarafindan kullanilan
akustik radarin aksine, amag avin yerini tespit etmek veya engellerden kagmak degildir. Bu
benzersiz kuslar gorsel ipuglari olmadan yuvanin oldugu konuma tam olarak geri donmek
i¢in akustik sondaj (acoustics sounding) kullanir. Magara swiftlet’leri (bir kus tiirii) yankilar
isleyerek 1 ve 16 kHz arasinda civilti sesi yayar ve geri yansiyan akustik sinyal 6zelliklerine
dayali olarak 1 cm'den kiiclik engellerden kagarak ve bilinen yerleri tantyarak hem tanidik
hem de bilinmeyen ortamlarda siirekli olarak gezinirler. Yapilan c¢alismalar akustik
navigasyon davranisinin ortamda yer alan gii¢lii yansitici nesnelere karsi olan yayilma
gecikmesi hakkindaki gecici bilgilere dayandigini ileri siirmektedir. Akustik yonelimde
elektromanyetik kanal cevaplarina dayali navigasyon icin optimal problama bant genigligi
secildiginde kuslar tarafindan kisa sinyal kullaniminin, O6nemli sonuglart oldugu
goriilmektedir (DeFranco vd., 2014).

Kanal durum karsilastirmasi ile ilgili yapilan bir ¢alismada (DeFranco vd., 2014) bir yayilma
kanalinin konum iliskisinin kapali ve acik-kapali ortamlardaki haberlesme baglantisinda yer
alan bir hedef veya alici-verici hareketini algilamak ve Olgmek i¢in kullanilabildigi
belirtilmistir. Yapilan bu ¢alismadaki konsepte IHA ilk olarak belirli bir operasyon alam
lizerinde oOnceden tanimli ugus paternini takip eder ve GNSS veya diger harici
konumlandirma yardimcilarindan (haritalama asamasi) elde edilen konumlar boyunca
referans kanal durumu bilgilerini toplar. Daha sonra, IHA, GNSS kullanilabilirligi olmadan
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ayni genel bolgeden ucar ve konum belirlemek i¢in yayilma ortaminin (navigasyon agamast)
Olctlilen kanal durumu bilgilerini kaydedilmis bir veri tabani ile karsilagtirir. Kanal durum
karsilastirmasi, kayith kanal matrisi ve Ol¢iilen kanal matrisi arasindaki farka dayali uzay
matrisinde yer alan uygun bir norm kullanilarak yapilabilmektedir (DeFranco vd., 2014).

GNSS erisimsiz ortamlarda otonom IHA navigasyonu igin Ultra-Wideband (UWB-Ultra
Genis Bant) konumlandirma sisteminin kullanilmasi da arastirllmistir. Bu konu ile ilgili
yapilan ¢alismada (Tiemann, Schweikowski ve Wietfeld, 2015) kapali mekan
konumlandirma sistemi dokuz adet UWB diiglim noktasindan olusmaktadir. Sekil 12°de
gosterildigi iizere bu noktalardan sekiz tanesi degisen talepleri degerlendirmek iizere
sabitleme noktalar1 olarak gorev yapmaktadir. Bir diigim noktasi ise, dongiisel bir
programda sabit bir diiglim noktasi seti ile de8isen bir nokta olarak yapilandirilmistir.
GoOmiili bir sistem tizerinde yerlesik bir gercek zamanli GNSS benzetimi, ¢oklu koordinat
sistemlerinde konum bilgisi saglayarak basarili sekilde uygulanmistir.

@ Sabit diigiim noktalari

Caligma ortam sinirlart

Sekil 12. IHA i¢ Mekan Konumlandirma Senaryosunun Gésterimi (Koifman ve Bar-
Itzhack, 1999) (Yeniden diizenlenmistir).

GNSS sinyal kaybini telafi etmek ve bagimsiz ANS ¢6ziimii sapmasini azaltmak icin farkli
sensorler/yontemler kullanmilmistir. Signal of Opportunity (SoOP-Firsat Sinyali) GNSS
sinyalinin engellendigi durumlar i¢in alternatif ¢éziimlerden birisidir. SOOP esas olarak
GNSS uydulan olarak islev goren sabit isaretlerden gelen sinyallere baglidir. Bu sinyaller
Radio Frequency (RF-Radyo Frekansi) sinyalleri gibi navigasyon amacli degildir. Hafif,
diisiik gii¢ tiikketimi ve uygun maliyet nedeniyle kameralar gorii-tabanli veya gorii destekli
yaklasimlardaki GNSS sinyal kesintisi periyotlarinda en ¢ok kullanilan sensorlerden biri
olarak kabul edilir. Ancak durum tahmin performansini diigiirebilen eksik 6zellikler, stereo
kameralar kullanildiginda olusan kiigiik referans mesafeleri ve ¢evresel degisiklikler kamera
kullanim1 ile ilgili dezavantajlar olarak karsimiza ¢ikmaktadir (Zahran, Moussa ve El-
Sheimy, 2018).

[HAya ilave yiik getirmeyen, AOB hatalarim azaltan ve navigasyon ¢ziimiinii giiglendiren
bir yaklasimda ara¢ dinamik modelinden elde edilen ek bilgiler kullanilmistir. Bu
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yaklasimda GKF ile iki sistemin fiizyonu saglanmaktadir. Birinci sistem ara¢ durumunu
tahmin etmek icin kullanilan diisiik maliyetli AOB’ye (ivmedlger ve jiroskop) dayal1 sabit
ANS’dir. Ikinci sistem (yardimci) dinamik model durum denklemlerinden hesaplanan, IHA
govdesine etki eden kuvvet ve tork varyasyonlarindan olusan navigasyon durumlarini
tahmin eden ara¢ dinamik modelidir. Ara¢ dinamik modelinin yardimci sistem olarak
kullanilmast i¢in IHA dinamik parametrelerinin tiim IHA bilesenleri icerek detayli sekilde
modellenmesi gerekmektedir. (Koifman ve Bar-Itzhack, 1999).

GNSS erisimsiz bolgelerde ucus i¢in yapilan ¢alismada (Zahran, Moussa ve El-Sheimy,
2018) sensér gereksinimi olmaksizin tekrarli dinamik paternler kullamlarak IHA navigasyon
durug tahmini yapilmistir. Verilen bir eksen ve belirlenen modlara gore gérev boyunca (sifir-
hiz modu, sabit h1iz modu ve hizlanma/yavaslama modu gibi) dort pervaneli IHA igin tekrarl:
dinamik paternlerin belirlenmesinde makine 6grenimi siniflandiricist kullanilmistir. Daha
sonra GKF vasitasiyla daha iyi bir IHA durus tahmini yapmak icin belirlenen paterne gore
uygun sinirlar/glincellemeler navigasyon ¢oziimiinii giiclendirmek i¢in kullanilmigtir.

Son yillarda, Phased-Array Radio Systems (PARS-Fazli-Dizi Radyo Sistemleri), kiigiik
[HA'larda yedekli bir konumlandirma sistemi olarak diisiiniilmiistiir. PARS' yiiksek bant
genisligine sahip bir radyo iletisim araci olarak kullanimi birincil kullanim alanlarindandir.
[HA baglaminda bu sistemde canli video akis1 da dahil olmak iizere kullaniciya telemetri
verisi saglanabilmektedir. Bu sistem, yiiksek sinyal-giiriiltii orani, sifreli haberlesme
kullanim1 ve GNSS'den bagimsiz oldugu i¢in GNSS ¢dziimlerinin giivenlik agi1g1 yoniinii
tamamlamaktadir (Gryte vd., 2019).

Visual Teach and Repeat (VT&R- Gorsel Ogretme ve Tekrarlama) gibi otonom rota izleme
yontemleri, harici altyapiya veya veya dogru bir kiiresel konum tahmini gerektirmeksizin
yer robotlari i¢in uzun menzil navigasyonu saglamistir. VT&R'nin ugakta uygulanabilirligi
iki farkli durumda goriilmektedir: (1) “gorsel izleri kullanan” bir yontem olarak acil durum
dontslniin gerekli oldugu durumda kullanim ve (2) GNSS sinyalinin yetersiz oldugu
durumlarda bir tamamlayici veya birincil navigasyon sistemi olarak kullanim (Warren,
2018).

Google haritasindaki konumu kullanan navigasyon calismalar1 yapilmistir. Bu caligmada
(Shan, vd., 2015) Google haritasindaki mutlak bir konumu saglamak i¢in goriintii kaydindan
yararlanilmistir. Ancak 6l¢ek, oryantasyon ve aydinlatmadaki degisimler, yerlesik kamera
tarafindan haritaya goriintiiyii kaydetmek i¢in biiylik bir zorluk teskil etmektedir. Ayrica
Google haritast siirekli giincellenmedigi i¢in yerlesik ¢erceve ve harita arasindaki sahne
degisimleri mevcuttur. Bu sorunlar1 gidermek amaciyla goriintii kaydi i¢in gradyan model
ve Histogram of Oriented Gradients (HOG-Yonlendirilmis Gradyan Histogramlari)
kullanimi temel alinmistir. Eslestirme siirecini hizlandirmak i¢in kayar pencere aramasini
onleyen parcacik filtresi kullanilmastir.

GNSS verisini kullanmayi esas alan ¢alismada (Causa vd., 2018) en az iki IHA nin (bir "ogul
IHA" ve bir veya daha fazla "baba IHA") isbirligi i¢inde oldugu bir birlikte ¢alisma modeli
dikkate alinmustir. S6z konusu navigasyon konsepti Sekil 13'te gosterilmistir. Baba IHA(lar)
nominal GNSS kapsami kosullar1 altinda zorlu alanda ugus yapmaktadir, dolayisiyla standart
GNSS/ANS verisini kullanmaktadirlar. Bu IHA’larin rolii dogru bir veri baglantist
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araciligiyla bagil algilama ve bilgi ile ogul IHA navigasyonunu desteklemektir. Diger benzer
yaklasimlarda oldugu gibi, ogul ve baba(lar) IHA’lar arasinda Line of Sight (LOS-Gériis

Hatt1) olmasi gerekmektedir.

\,
GNSS UYDULARI LN

Sekil 13. isbirligine Dayali Navigasyon Senaryosu ve Konseptinin Goriiniimii (Causa vd.,
2018) (Yeniden diizenlenmistir).

GNSS-erisimsiz ortamlarda, emniyetli bir IHA kullanimi igin kablosuz konumlandirma
sistemi bir alternatif olarak diistiniilmiistiir. Farkli sensor tiirleri karsilagtirildiginda, lazer
tarayic1 veya kamera gibi optik sensorlerin kullanimi, performanslar1t hava durumuna ve
aydinlatma kosullarina bagli oldugu i¢in yeterince giivenilir degildir. Atalet sensorleri
zamanla bir sapma sergiledigi i¢in konumlandirmayi etkilemektedir. Radar teknolojisi, zorlu
cevre kosullarinda bile yliksek konumlandirma dogrulugu sagladig i¢in baska umut verici
bir ¢oziim haline gelmektedir. Sekil 14’te radar-tabanli kablosuz lokal konumlandirma
sistemi iizerinden kontrollii IHA lokalizasyonu ve inisi iceren konsept ¢alisma gosterilmistir.
Bu konsepte calismada IHA, radar transponderlerin yer aldig1 isaretcilerde yapilan dlgiimlere
gore konumunu belirlemektedir (Pavlenko vd., 2019).

iHA + Radar

ﬁ» Ucus voriingesi

2.

r.p.0

1
1
1
1
1
1
1
1
1
1

*\ Isaretgi-2 i
e §
4 . 2 ' Tnic ala
Isaretci-

Isaretc1-3

Sekil 14. Radar Tabanli Kablosuz-Lokal Konumlandirma Sistemi ile IHA Lokalizasyon ve
Inis Konsepti (Pavlenko vd., 2019) (Yeniden diizenlenmistir).

Siirti hareketi bir grup olarak bir arada kalabilmek i¢in bireylerin diizenli bir hareket i¢inde
diizenlenen sinirl ¢evresel bilgileri kullandiklar: toplu bir davranis sergilemesini saglar. Bu
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hareketi dogada baliklar, bocekler ve kuslar gibi canlilar tarafindan yaygin olarak gérmek
miimkiindiir. Siirii davranisi ilk olarak 1987 yilinda bir bilgisayarda Reynolds tarafindan
simiile edilmistir. [HA sistemlerinde de siirii seklinde ucus yapabilmektedir. Mevcut siirii
stratejileri genel olarak merkezi ve merkezi olmayan seklinde ikiye ayrilabilir. Merkezi
strateji siirii sistemlerinin davranislarini diizenlemek i¢in merkezi bir birim kullanir. Ancak
biiyiik 6lcekli sistemler i¢in bu strateji teknik olarak miimkiin olmayabilir. Merkezi olmayan
strateji ise biyolojik sistemleri veya dogal olaylar1 ilham kaynag olarak alan IHA’lar
arasindaki etkilesimi esas almaktadir. Tipik bir merkezi olmayan stratejide lider-takipci
esaslt yontemde bazi takim iiyeleri lider bazilar1 da takipgi olarak gorev yapmaktadir. Bazi
takim {iyeleri de hem lider hem takipgi olarak sistemde yer alabilmektedir. Siirii I[HA larin
GNSS erisimsiz ortamlarda kullanim1 i¢in de ¢esitli galismalar yapilmistir. Sekil 15°te GNSS
erisimsiz ortamlarda kullanilabilecek gorii-destekli lider-takipgi stirii sistemi (¢alismada
Onerilen) gosterilmektedir (Tang, vd., 2019)

Ak A*

v

Sekil 15. Bilinmeyen Ortamda Gorev Yapan Gorii-Destekli Siirli Sistemi (Tang, vd., 2019)
(Yeniden diizenlenmistir).
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5. SONUC

Yapilan kapsamli arastirmada (Gyagenda vd., 2022) uygulanan navigasyon tekniklerinin
genel olarak atalet, gorsel, LIDAR ve radyo navigasyonunu igerdigi goriilmektedir. Tam
navigasyon ¢oziimleri incelendiginde, %76 ile SLAM tabanli navigasyonun 6nemli bir paya
sahip oldugu goriilmektedir. Gorsel atalet odometrisi ve goriis destekli atalet
navigasyonunun pay1 sirasiyla %18 ve %6'dir. Glivenilirligi, atalet sistemlerinin yiiksek
giincelleme oranlar1 ve goriis tekniklerinin kalitesi ile atalet ve optik sistemlerin hibrit
kullanimmin GNSS bagimsiz IHA navigasyonunda onemli bir role sahip oldugu
goriilmektedir.

GNSS sinyali kesintisinde biiyiik faydalar1 olmasi ve AOB sapmalarmi azaltmalarina
ragmen tiim yardime sensorlerin IHA'ya daha fazla agirlik, giic, boyut, maliyet ve fiziksel
sinirlandirma etkisi bulunmaktadir. Bu agidan bakildiginda kiigiik/mikro IHA'lara getirilen
sinirlamalar1  dikkate alan alternatif yontemlerin kullanilmasinin ve gelistirilmesinin
gerektigi goriilmektedir.



Kullanima hazir otopilot sistemlerinin yaygmnligi sayesinde, IHA ugus kontrol ve bunlarla
ilgili yapisal tasarimlar tam teknoloji olgunluk seviyeleri ulagmis goziikmektedir. Odak
noktas1 artik algilama, lokalizasyon, hareket planlama ve haberlesme {izerine
yogunlagmistir. Makine 6grenimi, aktif goriis ve diger uyarlanabilir yapay zeka tekniklerinin
sensor hata modellemesinde ve anlamsal faaliyet alanin1 kavramak i¢in popiiler ¢éziimler
olabilecegi degerlendirilmektedir. Ayrica 5G haberlesme teknolojisinin yliksek hacimli
ger¢ek zamanli veri akisi 6zelligine sahip yerlesik veri odakli navigasyon sistemleri i¢in
onemli bir kolaylastirici olmasi beklenmektedir.
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7. CIKAR CATISMASI

Bu calismada isimleri belirtilen yazarlar, ¢alismada ele alinan konular veya materyaller
hakkinda herhangi bir mali veya mali olmayan ¢ikara sahip herhangi bir kurum veya
kurulugla herhangi bir baglantisi veya ilgisi bulunmadigini beyan ederler.
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Abstract

In this article, a comprehensive review of the integration of Unmanned Aerial Vehicles (UAVs) into shared
airspace is presented. By applying a systematic review methodology, the study clarifies the main challenges,
problems, and possible fixes related to safety, coordination, and regulatory frameworks. The results
demonstrate the critical role that several elements play in supporting the safety of UAV integration. These
elements include multi-layered airspace models, careful path planning, secure communication networks,
Conflict Detection and Resolution (CDR) strategies, and strong regulations. The paper explores the potential
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INTRODUCTION

The rapid evolution of Unmanned Aerial Vehicles (UAVs) has been driven by technological
advancements in control, miniaturization, and computerization, resulting in the emergence
of secure, lightweight, robust, and cost-efficient UAVs (Mohsan et al., 2023). This progress
has led to a substantial growth in the drone industry, with UAVs finding applications in
various sectors (Sharma et al., 2022). UAVs are now used for purposes such as wireless
coverage, military operations, agriculture, medical services, environmental monitoring,
climate research, and delivery and transportation (Adoni et al., 2023; Al-Shareeda et al.,
2023). By 2035, the global market for UAV's was projected to range between $74 billion and
$641 billion, driven by current applications and the potential growth of cargo and air taxi
uses (Wiedemann et al., 2023).

The integration of UAVs into traditional Air Traffic Management (ATM), primarily
designed for manned aircraft, poses a significant challenge (Tuncal & Uslu, 2021). This
integration necessitates the development of new procedures, technologies, and regulations
to ensure safe and efficient UAV operations. Moreover, the establishment of a robust
framework for managing UAV traffic in lower airspace, referred to as Unmanned Traffic
Management (UTM), is imperative to regulate the escalating number of UAVs effectively
(Davies et al., 2021; Volkert et al., 2019).

The projected increase in delivery drones and the expected growth of the commercial small
non-model UAVs worldwide have critical implications, challenges, and opportunities for
both ATM and UTM. The rising use of drones and air-taxis will lead to more congested
airspace, necessitating the implementation of UTM initiatives to ensure safe and efficient
operations (Chin et al., 2021). Challenges related to integrating UA Vs into the UTM concept
within the dynamic and congested airspace alongside manned aircraft include the absence of
an air navigation or air traffic control system, the risk of collisions between UAVs, the
possibility of unmanaged UAVs without centralized control, and potential threats to aircraft
and aviation infrastructure (Bolz & Nowacki, 2023; Rithic & Arulmozhi, 2023; Shan et al.,
2023). To address these challenges, the integration of UTM with existing ATM is necessary.
This integration allows for seamless coordination and communication between manned
aircraft and UAVs, ensuring their safe coexistence in shared airspace (Geister & Korn, 2013;
Kainrath et al., 2022; Raju et al., 2018). Integrating UTM with ATM is crucial for the safe
and efficient management of both manned and unmanned aircraft in shared airspace,
requiring the development of new procedures, technologies, and regulations to ensure safe
and efficient UAV operations while accommodating the growing number of UAVs (Barnhart
et al., 2021; Patrikar et al., 2022).

This paper aims to address a significant gap in the field of integrating UAVs into shared
airspace. While existing research delves into specific aspects of this intricate challenge, a
comprehensive framework that covers essential components and potential solutions is still
missing. This study addresses a crucial gap by offering a systematic review of essential
aspects concerning the integration of UAVs into airspace, training UAVs for dynamic
environments, handling UAV emergencies and crashes, and ensuring the security of UAV
communication and data transmission. By reviewing existing literature, pointing out
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limitations, and suggesting practical solutions, this work intends to help policymakers,
researchers, and entrepreneurs navigate the complexities of UAV integration. However, the
limitations of our focus, primarily on technological aspects, are acknowledged, and further
exploration of the broader socio-economic and legal implications is encouraged. It is
strongly believed that the transformative potential of UAVs will be unlocked and their
smooth integration into our skies ensured through collaborative efforts involving various
stakeholders, along with ongoing research and technological innovation.

1. METHODS AND MATERIALS

The methodology used in this study is a systematic review approach aimed at addressing the
research questions related to UAV technology and its impact. This approach follows a
systematic review process, which includes the formulation of research questions, the
selection of appropriate databases, a clearly defined search strategy, explicit inclusion and
exclusion criteria, rigorous quality assessment, and a comprehensive screening process
(Ahn, & Kang, 2018; Newman, & Gough,2020). This systematic approach ensures the
reliability and relevance of the literature selected for the review, facilitating a thorough
examination of the challenges and solutions in UTM. Ultimately, it contributes to the safe
and efficient coexistence of unmanned and manned aviation in shared airspace. The
systematic review process was structured as follows.

1.1. Research Questions and Selection Criteria

To guide the literature review process, a set of research questions (Q1-Q4) was formulated,
as presented in Table 1. These questions were carefully designed to investigate various
aspects of UAV technology and its integration into shared airspace.

Table 1. Key Themes and Research Questions

Key Themes Research Questions

Integration of UAVs into Airspace How can the integration of UAVs into shared airspace be
optimized?

Training UAVs for Dynamic How can UAVs be trained for safe navigation in complex

Environments environments?

Handling UAV Emergencies and How can UAV operators and technology be better equipped to

Crashes handle in-flight emergencies and crashes?

Security of UAV Communication and How can UAV communication systems be optimized for

Data Transmission maximum security and data transmission efficiency?

The selection of research questions in the study is logically based on the pivotal role they
play in addressing key challenges related to UAV integration into shared airspace, focusing
particularly on UTM and ATM aspects.

"Q1. How can the integration of UA Vs into shared airspace be optimized?" is a fundamental
question as it delves into the heart of UTM and ATM. Optimizing the integration of UAV's
is crucial for ensuring the safety, efficiency, and seamless coexistence of UA Vs with manned
aircraft in shared airspace. It involves the development of conflict detection and resolution
methods, airspace models, regulations, and communication networks, all of which are central
to the effective management of air traffic in a mixed environment.

"Q2. How can UAVs be trained for safe navigation in complex environments?" is essential
for the safe integration of UAVs into shared airspace. Training UAVs for complex
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environments involves the development of navigation and obstacle avoidance systems,
which are integral to UTM and ATM. It is imperative for UAVs to adaptively respond to
obstacles and changes in mission objectives to prevent accidents or incidents, ensuring the
safety of both manned and unmanned aircraft.

"Q3. How can UAV operators and technology be better equipped to handle in-flight
emergencies and crashes?" addresses the need for preparedness in handling emergencies,
which is a vital aspect of UTM. UAV operators and technology must be well-equipped to
respond to in-flight emergencies to ensure safe operations. Handling such situations plays a
key role in enhancing the overall safety and risk management within shared airspace.

"Q4. How can UAV communication systems be optimized for maximum security and data
transmission efficiency?" is paramount in the context of UTM and ATM. Communication
systems are the backbone of air traffic management, and ensuring their security and
efficiency is central to managing UAV operations in shared airspace. Optimization of
communication systems contributes to data exchange, tracking, and coordination of both
UAVs and manned aircraft.

In summary, these four questions have been selected for the study because they collectively
address core issues related to UTM and ATM, playing a pivotal role in the integration of
UAVs into shared airspace. The logical progression from optimizing integration, training
UAVs, equipping operators, and optimizing communication systems ensures a
comprehensive examination of the challenges and solutions in UTM, ultimately contributing
to the safe and efficient coexistence of unmanned and manned aviation.

1.2. Database and Search Strategy

Database Selection: Established academic databases, including IEEE, Science Direct,
EBSCO, and Web of Science, which are renowned sources for scholarly research, were
systematically explored to identify relevant research.

Systematic Keyword-Based Search Method: A systematic keyword-based search approach
was employed to identify pertinent publications. Specific keywords, as outlined in Table 2,
were employed, focusing on UAVs. These keywords were carefully chosen to facilitate a
comprehensive examination of all facets of UAV technology and its impact on shared
airspace.
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Table 2. Research Keywords

UAV UAV Obstacle Avoidance
UAV Collision Avoidance UAV Path Planning

UAV Collision Detection UAYV Regulations

UAV Communication UAV Restrictions

UAYV Conflict Detection UAV Safety

UAYV Conflict Management UAV Security

UAV Control UAV Navigation

UAV Data Security UAV Technology

UAYV Deployment UAV Traffic

UAV Emergency Landing System UAV Traffic Management
UAV Environment UAV Trajectory

UAV Flight UAV Trajectory Planning
UAV Incidents Unmanned Aerial Vehicles
UAV Integration Unmanned Traffic Management
UAV Networks UTM

1.3. Inclusion and Exclusion Criteria

Inclusion Criteria: While formulating the inclusion criteria, our objective was to classify
research papers closely relevant to UAV technology and its various dimensions.
Additionally, papers that provided insightful analyses of related fields, such as autonomous
systems, aviation, and communication, were considered for inclusion if they were deemed
pertinent to the core study issues.

Duplicates and Quality Assessment: To ensure the quality and originality of the selected
literature, a meticulous process was undertaken to identify and eliminate duplicate papers
found in multiple databases. Subsequently, the selected publications underwent a rigorous
assessment for both quality and significance. The final dataset was refined to exclude papers
that did not conform to established scientific standards or lacked a peer-review process, thus
ensuring the precision and consistency of the data gathered for this literature review.

1.4. Screening of Papers

Title Screening: In the initial phase of screening, papers were assessed based solely on their
titles to determine their alignment with the predefined criteria. The primary objective of this
phase was to identify papers that did not directly address the research questions.

Abstract Review: In an additional screening step, abstracts of papers for which the relevance
could not be ascertained from the title alone were carefully reviewed. This step ensured that
the selected papers were specifically focused on addressing the research issues.

1.5. Data Analysis

After completing the screening process, an extensive review and synthesis were conducted
on the chosen papers. To offer comprehensive analyses of the research questions, it was
necessary to gather and integrate data from the selected publications. The conclusions
presented in this study are drawn from the literature review, which is founded upon the
previously analyzed data.

2. RESULTS

Several critical aspects are covered in the findings of the systematic review. These
encompass the examination of procedural and regulatory necessities for seamless UAV
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integration into shared airspace, with an emphasis on airspace management and compliance
frameworks. Additionally, methods to train UAVs for adaptive navigation within dynamic
environments are explored, along with protocols for managing emergencies and unexpected
failures during UAV operations. Security measures for safeguarding UAV communication
channels and data transmission against potential vulnerabilities or threats are also
investigated.

2.1. Integration of UAVs into Airspace

UAVs have emerged as a transformative technology with vast potential in various industries,
but their integration into shared airspace alongside manned aircraft poses complex
challenges. As these autonomous systems proliferate, addressing concerns related to safety,
coordination, and regulations becomes pivotal. Here are some of the key strategies and
technologies that can facilitate the integration of UAVs into the airspace:

CDR methods:

An efficient and effective CDR system for UAVs can be designed using various methods
proposed in the literature. One approach involves utilizing a non-rigid hierarchical discrete
grid structure and coding method for spatial three-dimensional grids, which optimizes the
identification ability of grid vertices, edges, and faces. This optimization results in improved
conflict detection and path planning methods (Xue et al., 2023). Another method
encompasses the use of a Multi-Agent Deep Deterministic Policy Gradient Algorithm
(MADDPG) to train UAVs for path planning tasks under conditions of incomplete
information. This approach achieves fast and accurate dynamic path planning for multiple
UAVs (X. Wu et al., 2022). Furthermore, a conflict detection algorithm that considers the
immediate trajectory as a straight line can be applied with nonlinear mobilities, providing
acceptable performance in terms of false and missed alarms (Isufaj et al., 2022). In addition,
a Multi-Agent Reinforcement Learning (MARL) approach based on graph neural networks
can be used to model multi-UAV conflict resolution, allowing cooperative agents to
communicate and generate resolution maneuvers (Yang et al., 2021). CDR methods are
essential for solving conflicts, such as possible collisions, between UA Vs of different service
providers in shared airspace. State-of-the-art algorithms, such as ORCA, have been adapted
for UAV operations to address practical considerations, including navigation inaccuracies,
communication overhead, and flight phases (Ho et al., 2018a; 2018b).

Rule-based conflict management (RBCM):

RBCM plays a crucial role in resolving conflicts and ensuring safe UAV operations within
shared airspace. This approach involves applying deconfliction methods sequentially based
on predefined rules. The first stage of RBCM occurs during the generation of flight plans,
where potential conflicts are identified and avoided as part of a strategic deconfliction
process (Alharbi et al., 2020). The second stage, known as pre-tactical deconfliction,
addresses conflicts by introducing ground delays to the UAV, effectively resolving issues
(Acevedo et al., 2020). In the third stage, tactical deconfliction is employed, and UAVs
temporarily hover or loiter in the last waypoint before the conflict area until the conflict time
window elapses (Radanovic et al., 2019). This rule-based strategy, which differs from
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existing approaches, emphasizes the sequential application of deconfliction methods (Ho et
al., 2018a). The design of this approach incorporates realistic airspace constraints and
considers potential airspace modernization concepts (Isufaj et al., 2022).

Multilayer low-altitude airspace models:

Theoretical models of airspace, depicted as intricate multilayer networks comprising nodes
and airways, offer valuable insights for grappling with the intricate challenge of UTM (Labib
et al., 2019a). In the pursuit of designing a multilayer model tailored to low-altitude airspace
for UAVs, the literature presents various approaches. One method entail dividing the
airspace into distinct air corridors that safely circumvent buildings and obstacles. This is
accomplished by mapping structures using USGS Lidar data and simulating the coordination
of UAV systems as perfect fluid flow, complete with streamlines produced by solving the
method known as the Laplace partial differential equation (El Asslouj et al., 2023). An
alternative approach involves representing airspace as a weighted multilayer network,
incorporating nodes and airways. This framework facilitates the abstract representation of
UAV traffic and proves to be invaluable for conducting experimental simulations and
validation (Labib et al., 2019b; Shrestha et al., 2022). Through the integration of these
distinct methodologies, the development of a comprehensive multilayer low-altitude
airspace model tailored to UAVs becomes feasible. Such a model holds the potential to
significantly contribute to the secure and efficient administration of UAV traffic.

Path planning schemes:

Efficient pre-flight mission planning techniques and collision-avoidance algorithms are
instrumental in establishing conflict-free flight paths for UAVs prior to their missions.
Automating the path planning process, specifically tailored for collision avoidance,
contributes significantly to ensuring both efficiency and safety in flight paths (Lamba et al.,
2021). Path planning strategies for UAVs encompass a range of techniques and algorithms.
One approach involves the utilization of advanced artificial intelligence techniques, notably
RL, to enable UAV navigation in unstructured environments (Z. Liu et al., 2023). An
alternative approach combines clothoid curves and graph theory to optimize trajectory
planning for fixed-wing UAV formations in order to prevent collisions (Chronis et al., 2023).
Furthermore, the application of genetic algorithms serves to compute the most efficient path
distribution schemes, enhancing material distribution efficiency in critical scenarios (Blasi
et al., 2023). Real-time conflict detection and intelligent resolution methods, including the
multi-agent deep deterministic policy gradient algorithm, offer dynamic path planning
solutions for multiple UAVs (Xue et al., 2023). Moreover, an integrated air-ground
collaborative unmanned system path planning framework is a viable solution, wherein
UAVs play a pivotal role in path planning for ground-based Unmanned Ground Vehicles
(UGV5s), particularly in search and rescue missions (Y. Sun et al., 2022).

Secure and reliable communication networks:

Establishing a secure and reliable communication network is paramount to effectively utilize
hundreds or even thousands of UAVs simultaneously. Traditional satellite-based UAV
communication systems exhibit limitations, including slow data transmission links, even
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when dealing with only a small drone fleet. Overcoming these constraints can be achieved
through the strategy of local data storage on each individual drone during its mission,
subsequently consolidating the collected intelligence upon its return (Bian et al., 2013).
Various approaches have been proposed in the literature to design a secure and reliable
communication network for UAVs. One approach center on the deployment of UAV relay
networks, employing Q-learning algorithms to minimize the number of nodes and ensure
communication reliability (W. Wang et al., 2023). Another approach addresses collision
avoidance during UAYV flight by breaking down reliable UAV services into sub-problems
and leveraging interpretable artificial intelligence frameworks for transparent and
trustworthy decision-making (Quan et al., 2023). Additionally, the design of secure
Integrated Sensing and Communication (ISAC) systems for UAVs entails tasks such as
tracking and predicting the location of legitimate users, formulating trajectory design
problems, and developing efficient iterative algorithms for optimal solutions (J. Wu et al.,
2023).

Regulations and guidelines:

Regulations and guidelines governing UAV operations, including flight restrictions in
sensitive areas and safety requirements, should be seamlessly integrated into existing
aviation regulations. This integration is crucial to ensure uniformity and safety within shared
airspace (Cmar&Tuncal, 2023; Ho, 2018a; 2018b). Designing UAV regulations and
guidelines necessitates a tailored approach, accounting for specific applications,
measurement objectives, and an assessment of measurement uncertainty (Balestrieri et al.,
2021). It is imperative to confront critical challenges, including privacy, safety, security,
public inconvenience, and trespassing. Comparing these regulations against predefined
criteria is essential to identify any potential shortcomings (McTegg et al., 2022).
Additionally, the formulation of guidance laws, based on robust feedback linearization
principles, can ensure the autonomous navigation of UAVs towards predetermined
waypoints, even in the presence of external disturbances like wind gusts (Y.Y. Chen et al.,
2014). The development of comprehensive national legislation becomes paramount,
particularly in distinguishing between the recreational and commercial utilization of UAV's
and attributing responsibility to the pilot for any accidents or incidents (Cracknell, 2017).
Aligning UAV regulations with a country's specific needs and applications is fundamental
in facilitating the effective use of UAVs and promoting overall progress (Shrestha et al.,
2019).

Trajectory coordination:

Equipping UAVs with decision capabilities to update their trajectories (4D contracts) when
facing unpredictable events or when priority trajectories are added to the airspace can help
improve coordination and deconfliction into shared airspace (Picard, 2022). Trajectory
coordination for UAVs can be designed by employing multiple UAVs coordinated by a base
station to help ground users offload their sensing data (Gong et al.,2023). The trajectory
planning aims to collect all ground users' data, while the network formation optimizes the
multi-hop UAV network topology to minimize energy consumption and transmission delay
(J. Xu et al., 2022; Shi et al., 2022).
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In conclusion, the successful integration of UAVs into shared airspace requires a
multifaceted approach that encompasses conflict detection and resolution methods, rule-
based conflict management, the development of multilayer low-altitude airspace models,
advanced path planning schemes, secure communication networks, and robust regulations
and guidelines. Furthermore, trajectory coordination mechanisms are crucial in enhancing
coordination and deconfliction among UAVs. By leveraging these strategies and
technologies, we can ensure that UAV operations not only coexist safely with manned
aircraft but also contribute to the growth of industries and applications that benefit from the
use of UAVs. As the UAV market continues to evolve, these integrated approaches are
essential for optimizing their integration into shared airspace.

2.2. Training UAVs for Dynamic Environments

Training UAVs to navigate complex, dynamic environments and dynamically adjust their
flight trajectories when confronted with unforeseen obstacles or alterations in mission
objectives can be accomplished through a range of methodologies. These strategies empower
UAVs to effectively respond to unexpected challenges or shifts in their mission goals,
thereby enhancing their overall performance and safety within intricate and ever-changing
environments. Here are some of the approaches that have been explored:

RL algorithms:

RL algorithms, including Deep Q Learning, Actor-Critic (AC), and Advantaged Actor-Critic
(A2C), have found applications in training UAVs for automatic obstacle avoidance and the
optimization of avoidance decision-making models in complex scenarios (Han et al., 2019;
Zhang et al., 2023b). These RL algorithms employ modular learning, where intricate tasks
are decomposed into simpler components, allowing individual learning before
interconnecting them and safe navigation and avoidance of dynamic obstacles (Z. Xu et al.,
2022). UAVs can be trained using Deep Reinforcement Learning (DRL) algorithms to
autonomously adapt their flight trajectories in complex environments and in response to
changes in mission objectives (Ye et al., 2023). This approach accelerates learning and
facilitates the transfer of information between modules (Choi et al., 2023).

Combining RL with Multi-Objective Evolutionary Algorithms (MOEAs):

The RL and MOEAs has emerged as a promising strategy for enhancing autonomous UAV
navigation in large-scale complex environments (An et al., 2023). This integration seeks to
generate a diverse set of non-dominating parameters for the reward function, ultimately
leading to versatile decision-making preferences, improved convergence, and enhanced
performance. RL algorithms have been tailored to combine with multi-objective
evolutionary algorithms for UAV applications. One approach involves the utilization of a
decentralized partially observable Markov decision process (Dec-POMDP) model and
multi-agent RL, specifically employing a parametrized deep Q-network (P-DQN) for the
action space. The QMIX framework aggregates local critics of each UAV, contributing to
an effective combination (Yin, & Yu, 2021). Another avenue of exploration is the
amalgamation of evolutionary strategies with the off-policy DRL algorithm TD3. This
innovative approach incorporates a multi-buffer system to enable unhindered exploration in
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the policy search space, contributing to the effective convergence of algorithms (Altin, 2020;
Callaghan, 2023). Furthermore, a genetic algorithm-based K-means (GAK-means)
algorithm is proposed for cell partitioning, complemented by Q-learning-based deployment
and movement algorithms to facilitate 3-D positioning and dynamic movement of UAVs (X.
Liu et al., 2019). These approaches represent a concerted effort to harness the synergies
between RL and evolutionary algorithms for UAV applications, paving the way for
improved performance and navigation in complex environments.

HRL algorithms:

HRL offers a dynamic approach to adapting UAV reward functions for obstacle avoidance,
reducing training convergence time, and enhancing efficiency and precision in large-scale
3D complex environments (G. Li et al.,, 2023). To implement HRL for UAVs, DRL
techniques are combined with human expertise. In HRL, humans play a pivotal role in
defining reward functions and decision-making related to problem-solving and deploying
learned solutions (Taylor, 2023). In tasks involving continuous action spaces, a Q value-
dependent policy (QDP)-based HRL algorithm can be utilized. Here, human experts
selectively provide guidance to the agent during the early stages of learning, significantly
improving learning speed and performance in continuous action space tasks (B. Luo et al.,
2023). Furthermore, trajectory design mechanisms are employed to optimize the energy
efficiency of UAV- aerial base stations in 3D space, where RL algorithms like multi-armed
bandit with upper confidence bound contribute to this optimization (Arani et al., 2021).

Heuristic dynamic reward functions:

Designing heuristic dynamic reward functions is instrumental in guiding UAV navigation
and enhancing obstacle avoidance capabilities, particularly in scenarios like ultra-low
altitude flight in complex environments for missions (Zhang et al., 2023a; 2023b). The
design of heuristic dynamic reward functions for UAVs can encompass various approaches.
For instance, incorporating situational information such as angle and speed can address the
challenge of sparse rewards, thereby aiding convergence (Xie et al., 2022). Another strategy
involves constructing and estimating simplified trajectories to the target using third-order
Bezier curves, applicable in both two-dimensional and three-dimensional virtual
environments (Tovarnov & Bykov, 2022). Furthermore, the redesign of reward functions
based on the state space and the acquisition of status information through vehicle cameras
can enhance agent learning efficiency and convergence in image-based end-to-end vehicle
following methods (Xiao et al., 2022). The concept of heuristic reward function design
involves providing additional rewards beyond those supplied by the underlying Markov
Decision Process, expediting the learning system's progress (Wei et al., 2004).

Combining neural networks with Interfered Fluid Dynamical System (IFDS):

The integration of neural networks and IFDS has been proposed for real-time obstacle
avoidance within three-dimensional dynamic complex environments, wherein the neural
network is utilized to adapt the coefficients of the IFDS in response to the environmental
conditions (Y. Wang et al., 2020). To enhance UAV performance, neural networks can be
combined with IFDS. One approach involves the utilization of neural networks to
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dynamically modify the IFDS coefficients based on the surrounding environment (Celestini
et al., 2022). This enables UAVs to flexibly adjust their flight trajectories to circumvent
obstacles in intricate three-dimensional settings (Y. Wang et al., 2020). Another approach
entails the use of neural networks to mitigate inversion errors in the control system arising
from uncertainties in UAV and actuator dynamics (Wijnker et al., 2019). By employing
neural networks to compensate for parameter uncertainties and disturbances, this approach
enhances the robustness and accuracy of attitude and trajectory control (Xiang et al., 2016).
These amalgamations of neural networks and IFDS hold promise for optimizing UAV
trajectories and ensuring safety in dynamic environments (J. Sun et al., 2021).

In conclusion, the training of UAVs for safe navigation in complex environments is
achievable through a spectrum of strategies, including RL algorithms, the integration of RL
with MOEAs, HRL, heuristic dynamic reward functions, and the combination of neural
networks with IFDS. These methodologies empower UAVs to dynamically adapt their flight
trajectories in response to evolving scenarios, ensuring their ability to navigate safely in the
presence of unforeseen obstacles. By harnessing the power of these training approaches,
UAVs are better equipped to excel in intricate, ever-changing environments, enhancing their
performance and safety in diverse applications.

2.3. Handling UAV Emergencies and Crashes

In the ever-evolving realm of UAV technology, the imperative of ensuring safety and
efficiency has gained paramount importance. This section casts a spotlight on a spectrum of
pivotal elements within UAV systems, spanning from crafting emergency landing
procedures and real-time monitoring and communication solutions to the development of
collision avoidance systems and robust mechanisms for investigation and reporting. Each of
these facets addresses distinct challenges and advances, collectively contributing to the
enhancement of safety and performance in the realm of UAVs.

Emergency landing procedures:

In terms of flight safety, the landing is the most important aspect of a routine flight
(Saragyakupoglu et al., 2020). UAVs should be equipped with robust emergency landing
procedures to ensure their safe descent in the event of system failures or other emergencies.
Various approaches can be employed to design these emergency landing procedures, each
catering to specific challenges and safety considerations. One approach involves leveraging
depth maps obtained from RGB-d cameras to identify suitable landing platforms,
particularly in intricate ground environments (Bu et al., 2022). Another innovative method
utilizes real-time semantic segmentation networks to classify terrain and determine optimal
landing spots based on safety evaluations (T. Wang et al., 2023). DRL is another promising
avenue to detect secure landing sites and autonomously guide UAVs to a safe landing, while
considering various safety constraints (Bartolomei et al., 2022). Additionally, a waypoint
path planning method based on terminal velocity prediction can be employed to chart a
secure landing path for UAVs during emergencies (Kim et al., 2020). Furthermore, an offline
semi-automated approach may be adopted to identify suitable emergency landing sites along
UAV flight paths, with considerations for factors such as surface type and prevailing wind
conditions (Ayhan et al., 2018).
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Real-time monitoring and communication:

UAYV operators must be equipped with real-time monitoring and communication capabilities
to effectively respond to emergency situations. Designing real-time monitoring and
communication solutions for UAVs involves the integration of various technologies, each
contributing to improved situational awareness and decision-making. One innovative
approach is optimizing UAV trajectory design to serve as both downlink transmitters and
radar receivers. This allows for real-time tracking and predictive location assessment based
on delay measurements extracted from sensing echoes (J. Wu et al., 2023). Another avenue
leverages the fusion of UAV technology with modern 4G/5G communication networks. Key
technologies such as multi-base station relay, antenna optimization, and PTZ measurement
and control are harnessed to meet real-time and remote interaction requirements effectively
(Q. Lietal., 2022). Furthermore, the integration of Software-Defined Networks (SDN) with
Digital Twin (DT) technology offers capabilities for real-time monitoring, network
performance analysis, and virtualization. This revolutionary combination transforms the
design, implementation, and maintenance of software-defined UAV networks, enhancing
their agility and adaptability (Abir & Chowdhury, 2023).

Collision avoidance systems:

UAVs are required to be equipped with collision avoidance systems that enable them to
detect and evade other aircraft or obstacles, especially when faced with potential collision
scenarios (Lamba et al., 2021). Developing collision avoidance systems for UAVs involves
diverse methodologies and technologies to enhance their safety measures. One such
approach involves the use of Computational Fluid Dynamics (CFD) simulation software to
analyze the impact of integrating anti-collision devices on UAVs. This analysis delves into
their hovering capabilities, flow field characteristics, and aerodynamic configurations (X. Li
et al., 2023). An alternative methodology is the combination of DRL with global planning to
establish a hybrid collision-avoidance mechanism. This hybrid system is geared towards
real-time navigation in intricate environments, ensuring efficient obstacle avoidance (C.
Zhang et al., 2023). Furthermore, an intelligent game theory-based collision avoidance
method is employed, characterized by the design of a suitable controller through a pay-off
function. The purpose is to achieve a stable positioning of UAV's without collision incidents
(Maurya et al., 2022). In addition to these approaches, the Force Field Protocol (FFP) is
introduced, incorporating artificial potential fields and wireless communication. FFP serves
to autonomously detect and maintain a safe separation distance between UAVs, enhancing
collision avoidance (Wubben et al., 2023). Lastly, genetic algorithms play a vital role in the
autonomous collision avoidance process. These algorithms are instrumental in optimizing
collision avoidance paths, thus ensuring the safety of UAV flights (Y. Sun & Dang, 2022).

Investigation and reporting:

UAYV operators should be required to investigate and report any emergencies or crashes to
the appropriate authorities for further analysis and improvement of safety measures.
Procedures and mechanisms that can enhance the investigation and reporting of UAV
emergencies or crashes by operators include the use of data field analysis and natural
language processing algorithms to automate the analysis of reported issues and extract
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keywords from reports (Khan et al., 2022). The Human Factors Analysis and Classification
System (HFACS) can be combined with an Analytical Hierarchical Process (AHP) decision-
making model to assess the risk of accidents and identify causes. Clear regulations and
procedures for reporting and analyzing UAV incidents are necessary to improve the safe
integration of unmanned and manned aviation (Alharasees et al., 2022). Additionally, raising
awareness among UAV users about the need to report incidents and involving them in the
investigative process can contribute to the assessment and development of strategies for
integrating manned and unmanned aviation (Konert & Kasprzyk, 2021).

In conclusion, the safe integration of UA Vs into shared airspace demands a holistic approach
that encompasses various critical elements. Robust emergency landing procedures, real-time
monitoring and communication solutions, advanced collision avoidance systems, and
effective mechanisms for investigation and reporting are vital components of this approach.
By combining these strategies, UAV operators and technology can better prepare for and
respond to in-flight emergencies and crashes, thereby contributing to the overall safety and
efficiency of UAV operations within shared airspace. As the UAV industry continues to
evolve, the continued development and implementation of these measures are essential for
the seamless coexistence of unmanned and manned aviation.

2.4. Security of UAV Communication and Data Transmission

In an era marked by the increasing demand for secure and efficient communication within
UAV networks, a multitude of challenges and innovative solutions have come to the
forefront. This section delves into several critical aspects of UAV communication systems,
addressing issues such as limited bandwidth, Line-of-Sight (LoS) vulnerabilities, covert
communication, quantum security, and resilience to attacks. These challenges have
prompted the development of diverse strategies and technologies aimed at enhancing the
security and effectiveness of UAV communications.

Limited bandwidth:

Traditional satellite-based UAV communication systems have notable limitations, including
slow data transmission links, even in scenarios involving a limited number of drones (Bian
et al., 2013). This restricted bandwidth poses challenges for the real-time transmission of
collected information, necessitating alternative strategies. One approach involves storing
data locally on each drone during its mission and consolidating this information upon the
UAVs' return. The limited bandwidth available for UAVs can be addressed through the
utilization of various techniques aimed at enhancing communication security and data
transmission. Techniques such as wireless power transfer, physical layer security, and
trajectory optimization play a crucial role in maximizing system utility, improving secrecy
rates, and minimizing information eavesdropping. Moreover, deploying multiple UAVs can
optimize coverage and offloading, considering various user tasks and preferences related to
residual energy and processing delay (Lu et al., 2022). For further enhancement, a joint
optimization approach can be applied, considering wireless charging duration, trajectory,
and transmit power. This optimization accounts for factors such as limited battery capacity,
maximum flying speed, and energy-harvesting causal constraints (Tang et al., 2021).
Furthermore, the optimization of trajectory, flight duration, and user scheduling can
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significantly improve energy efficiency while considering constraints related to
eavesdropping rate and outage probability for secure data transmission (X. Chen et al.,
2023).

LoS vulnerabilities:

UAV-assisted communication frequently relies on LoS air-ground channels, which are
susceptible to attacks by malicious users (Jiang et al., 2021). This heightened vulnerability
of LoS channels necessitates the development of techniques to ensure secure communication
in such scenarios. To address LoS vulnerabilities for UAVs and enhance secure
communication and data transmissions, various approaches have been proposed in the
literature. One strategy involves optimizing the UAV's trajectory and flight duration to
maximize energy efficiency and ensure the freshness and security of transmissions (X. Chen
etal.,2023). Another method focuses on robust trajectory planning, considering the presence
of multiple jammers and imperfect power and location information. The objective here is to
maximize the worst-case Signal-to-Interference-plus-Noise Ratio (SINR) (Lingyun et al.,
2022). Moreover, telemetry performance between UAVs and ground control stations can be
analyzed to assess Received Signal Strength Indicator (RSSI) values and identify factors that
may lead to degraded performance, such as voltage drops and interference from cellular base
stations (Chasanah et al., 2022). Furthermore, a dual-UAV aided secure dynamic ground-to-
UAV communication system can be designed. This approach involves optimizing UAV
trajectories and ground devices transmit power to maximize the sum secrecy rate (Kang et
al., 2022).

Covert communication:

Covert communication, which aims to conceal the existence of transmissions, is a critical
requirement for enhancing security (Jiang et al., 2021). In UAV -assisted networks, achieving
covert communication is particularly challenging due to the open and broadcasting nature of
wireless channels. The development of effective techniques for covert communication in
UAV networks is an active area of research. One approach to achieving covert
communication in UAV networks leverages the high flexibility of UAVs for long-distance
covert transmission. This is accomplished by dividing the transmission into two phases and
optimizing transmit power and block length to meet the covertness requirement.
Furthermore, the UAV's location can be optimized to maximize effective throughput while
considering constraints related to transmit power and block length. Simulation results have
demonstrated the effectiveness of this UAV relaying scheme in ensuring covert transmission
(H. Luo et al., 2023). Another method involves the use of blockchain and digital twin
technology to enhance the security of UAV networks. By mapping physical UAVs into
Cyberspace, a virtual UAV network known as CyberUAV is created. In CyberUAV, a
blockchain consensus mechanism called Proof of Network Coding (PoNC) is employed to
ensure security. Analysis and simulations have illustrated the advantages of this approach in
terms of both efficiency and security for UAV networks (Lu et al., 2022).
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Quantum security:

As the demand for instantaneous and enhanced security continues to grow, researchers have
been delving into the potential of quantum cryptography to secure UAV communications
(Ralegankar et al., 2021). Implementing quantum security in practical UAV communication
systems, however, comes with significant challenges, primarily the need for robust and
efficient transmission protocols. Quantum security harnesses the principles of quantum
communication and cryptography to ensure the security of communication and data
transmissions for UAVs. Quantum communication, specifically Quantum Key Distribution
(QKD), provides an exceptionally secure method for transmitting cryptographic keys. This
approach safeguards the keys used for encrypting and decrypting UAV communications
from eavesdropping or interception. Notably, quantum cryptography can offer unconditional
security, protecting data and communications from potential threats posed by quantum
computers (Kumar et al., 2023). In addition to this, quantum technologies can be applied to
authenticate the identities of entities involved in UAV communication and establish secure
communication channels (Conrad et al, 2023). Furthermore, quantum secure
communication protocols, such as Quantum Secret Sharing (QSS), can be utilized to store
highly sensitive and confidential information (Abulkasim et al., 2022). By integrating these
quantum security measures, UAVs can attain robust protection for their communication and
data transmissions.

Resilience to attacks:

UAV communication systems must exhibit resilience to a range of potential attacks,
including jamming, eavesdropping, and data manipulation. One notable approach to
bolstering this resilience is the development of a Resilience Oriented Security Inspection
System (ROSIS), which is designed to enhance the security of data access and sharing among
Urban Air Mobility (UAM) systems, including aircraft and Air Traffic Service Providers
(ANSPs) (Wei et al., 2023). Another method involves the application of RL algorithms to
optimize the secure offloading of tasks to UAVs within multi-UAV-assisted mobile edge
computing systems. This optimization process considers factors like user task preferences
related to residual energy and processing delays (Lu et al., 2022; Wei et al., 2023).
Furthermore, defensive strategies can be employed to counteract jamming attacks and ensure
secure data collection in Internet-of-Things (IoT) networks. These strategies may include
the adoption of higher SINR thresholds and the utilization of intelligent UAV jammers (Lu
et al., 2022).

In summary, the multifaceted landscape of UAV communication systems presents various
challenges, from limited bandwidth and LoS vulnerabilities to covert communication,
quantum security, and resilience to attacks. Researchers and innovators continue to explore
cutting-edge solutions to address these challenges and fortify the security and efficiency of
UAV communications, paving the way for the continued integration of UAVs into our
evolving technological landscape.

3. CONCLUSION AND DISCUSSION
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The integration of UAVs into shared airspace is a multifaceted challenge, characterized by
complexities related to safety, coordination, and regulatory frameworks. A comprehensive
framework, as discussed earlier, encompasses various strategies, such as CDR methods,
RBCM, multilayer airspace models, path planning, secure communication networks, and
regulations. These elements, coupled with trajectory coordination, collectively enhance the
safe integration of UAVs into shared airspace, enabling them to harmoniously coexist with
manned aircraft across diverse industries. This integrated approach is pivotal for harnessing
the transformative potential of UAV technology.

The training of UAVs to navigate complex environments safely and adaptively respond to
unforeseen obstacles or mission alterations relies on a diverse array of methodologies.
Notably, the application of RL algorithms, both independently and in conjunction with
MOEAs, has exhibited promise in elevating UAV navigation capabilities. Furthermore, the
concept of HRL, which involves the integration of human expertise and guidance into the
learning process, offers dynamic adaptability for UAV reward functions and obstacle
avoidance. These methodologies collectively contribute to the enhancement of UAV
performance and safety within intricate and dynamic environments, empowering UAVs to
effectively address unexpected challenges and contribute to the field of autonomous UAV
navigation.

Ensuring the safe integration of UAVs into shared airspace demands a holistic strategy that
encompasses several critical elements. Robust emergency landing procedures, real-time
monitoring, communication solutions, advanced collision avoidance systems, and effective
mechanisms for investigation and reporting are pivotal components of this approach. By
amalgamating these strategies, UAV operators and technology can better prepare for and
respond to in-flight emergencies and crashes, ultimately contributing to the overall safety
and efficiency of UAV operations within shared airspace. As the UAV industry continually
evolves, the ongoing development and implementation of these measures remain
indispensable for the seamless coexistence of unmanned and manned aviation.

The evolving landscape of UAV communication systems introduces a diverse array of
challenges, including issues related to limited bandwidth, LoS wvulnerabilities, covert
communication, quantum security, and resilience to attacks. In response to these challenges,
researchers and innovators are actively exploring cutting-edge solutions to bolster the
security and efficiency of UAV communications. These advancements play a pivotal role in
facilitating the seamless integration of UAVs into our ever-evolving technological
environment. As the demand for secure and efficient communication within UAV networks
continues to grow, these pioneering efforts are instrumental in shaping the future of UAV
technology and its multifaceted applications.

In conclusion, this paper explores the complexities of incorporating UAVs into shared
airspace and reveals how complex this process is. The results are well-received by scholars,
policymakers, and business professionals, opening the door to important developments.

Firstly, our research emphasizes how crucial it is to have a thorough framework with
coordination and safety as its cornerstones. A variety of methods, such as risk-based collision
management, layered airspace models, and cooperative decision-making techniques, should
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serve as the cornerstone upon which this framework is constructed. Robust regulations and
secure communication networks also need to be deeply embedded in this framework.

Secondly, the research highlights the exciting possibilities for UAV training that come with
human-in-the-loop and reinforcement learning techniques. These advanced techniques
enable UAVs to operate in shared airspace more safely and effectively by enabling them to
maneuver through challenging environments with resilience and agility.

Thirdly, to ensure the safety of UAV operations, the research highlights the critical
importance of strong protocols, real-time monitoring, sophisticated collision avoidance
systems, and exhaustive investigative mechanisms. Depending on the environment can be
created and the smooth integration of UAVs into our skies can be aided by putting these
precautions into place.

Fourthly, the results show how UAV communication presents an intricate balance between
opportunities and challenges. Researchers are working hard to improve security and
efficiency because they know how important they are to the smooth coexistence of manned
aircraft and UAVs.

The study defines a useful framework for additional research in the field of UAV integration.
Future research efforts are directed by its insights toward the creation of resilient traffic
management systems, sophisticated Al-powered operations, and cutting-edge
communication technologies targeted to the particular requirements of UAV applications.
We hope that this work will act as a catalyst for the advancement of UAV integration into a
future marked by efficiency, safety, and harmony for researchers, policymakers, and industry

professionals.
Nomenclature MADDPG: Multi-agent Deep Deterministic Policy
Gradient Algorithm
A2C: Advantaged Actor-Critic MARL: Multi-Agent Reinforcement Learning
AC: Actor-Critic MOEA: Multi-Objective Evolutionary Algorithm
AHP: Analytical Hierarchical Process PoNC: Proof of Network Coding
ANSP: Air Navigation Service Provider QDP: Q Value-Dependent Policy
ATM: Air Traffic Management QKD: Quantum Key Distribution
CDR: Conflict Detection and Resolution QSS: Quantum Secret Sharing
CFD: Computational Fluid Dynamics RBCM: Rule-Based Conflict Management
DRL: Deep Reinforcement Learning RL: Reinforcement Learning
DT: Digital Twin ROSIS: Resilience Oriented Security Inspection
FFP: Force Field Protocol System
HFCAS: Human Factors Analysis and RSSI: Received Signal Strength Indicator
Classification System SDN: Software-Defined Networks
HRL: Human-in-the-loop Reinforcement Learning ~ SINR: Signal-to-Interference-plus-Noise Ratio
IFDS: Interfered Fluid Dynamical System UAM: Urban Air Mobility
[oT: Internet-of-Things UAYV: Unmanned Aerial Vehicle
ISAC: Integrated Sensing and Communication UGYV: Unmanned Ground Vehicle
LoS: Line-of-Sight UTM: Unmanned Traffic Management
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