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Ozet

Bilesen degisimi tabanli gériintii kaynastirma ydntemleri literatiirde en fazla kullanilan
goriintli  kaynastirma yoéntemleri arasindadir. Bu ydntemler konumsal detaylari
iyilestirmedeki basarilarina ragmen girdi ¢ok bantl gériintiilerin renk yapisini bozma
egilimindedirler. Bu durumun temel nedeni bu yéntemlerin girdi ¢cok bantli gériintiilerin
bantlarindan elde ettikleri yogunluk bilesenini optimize edememeleridir. Bu ¢alismada,
yogunluk bileseninin optimize edilebilmesi igcin metasezgisel guguk kusu arama
algoritmasindan yararlanan bir gériintii kaynastirma yéntemi 6nerilmistir. Onerilen
yaklasim en yaygin kullanilan bilesen degisimi tabanli kaynastirma yéntemlerinden biri
olan Gram-Schmidt (GS) yéntemi iizerinde uygulanmistir. Onerilen yéntemin renk koruma
performansi Yiiksek Gegirgen Filtreleme (HPF) ydnteminin yani sira popiiler bilesen
degisimi tabanli yéntemlerden olan Multiplicative (MCV), Brovey (BRV), Temel Bilesenler
Analizi (PCA), Ehlers (EHL), Modifiye edilmis Intensity-Hue-Saturation (MIHS), Synthetic
Variable Ratio (SVR) ve orijinal GS yéntemlerinin renk koruma performanslari ile iki test
bélgesinde niteliksel ve niceliksel olarak karsilastiriimistir. Elde edilen sonuglar énerilen
yéntemin yogunluk bilesenini basarili bir sekilde optimize ettigini ve bu nedenle de girdi
¢ok bantli gériintiintin renk igerigini kullanilan diger yontemlere oranla daha basarili bir
sekilde korudugunu géstermistir.

Anahtar kelimeler: Goriintii kaynastirma, Metasezgisel optimizasyon, Gram-Schmidt,
Guguk kusu arama algoritmasi, Pankromatik keskinlestirme, Bilesen dedisimi tabanli
goriinti kaynastirma

Abstract

Component substitution-based fusion methods are among the most widespread image
fusion methods in the literature. Despite the fact that these methods are very successful in
enhancing the spatial detail quality, they tend to deteriorate the spectral quality of the
input multispectral images. The main reason for this is that they are not so successful in
optimizing the intensity component produced from the input multispectral bands. In this
study, an image fusion method which utilizes metaheuristic cuckoo search algorithm was
proposed to optimize the intensity component used in fusion process. The proposed
method was applied on the Gram-Schmidt (GS) method, one of the most widely-used
component substitution-based image fusion methods. The colour preservation
performance of the proposed method was qualitatively and quantitatively compared not
only against that of the High-Pass Filtering (HPF) method, but also against those of popular
component substitution-based methods Multiplicative (MCV), Brovey (BRV), Principal
Component Analysis (PCA), Ehlers (EHL), Modified Intensity-Hue-Saturation (MIHS),
Synthetic Variable Ratio (SVR) and original GS in two test sites. The results showed that the
proposed method was successful in optimizing the intensity component and therefore
preserved the colour content of the input multispectral image more successfully than other
methods used.

Keywords: Image fusion, Metaheuristic optimization, Gram-Schmidt, Cuckoo search
algorithm, Pansharpening, Component substitution-based image fusion
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1. Giris

Son yillarda, yiksek konfiglirasyonlara sahip uydularin gelistiriimesi ile yerytzinin daha detayh bir sekilde incelenmesi
mimkin olmaktadir. Strekli gelisen uydu teknolojileri yiksek konumsal ve spektral ¢ozintrlakla gorintilerin
kullaniminin  yayginlasmasini  saglamaktadir. Yiksek spektral ¢o6zinUrlikli goérintiler yerylzi nesnelerinin
birbirlerinden daha basaril bir sekilde ayirt edilebilmesine olanak saglarken, yiiksek konumsal ¢éztnrlikli gérintiler
de hem yeryiizii nesnelerinin insan g6zl i¢in daha anlaml olmasini hem de bu nesnelerin konumlarinin daha hassas bir
sekilde elde edilebilmesini saglamaktadirlar. Uydularda daha fazla spektral bant tGretimini saglamak igin daha fazla sayida
algilayici kullanilmasi gerekmektedir. Bu durum algilayici bagina diisen enerji miktarini azaltacaktir. Enerji kaybini telafi
etmek icin daha biylk boyutlu algilayicilar kullanilmasi ise Uretilen spektral bantlarin konumsal ¢ézindrliklerinin
azalmasina neden olacaktir. Bu teknik kisitlamadan dolayr uydulardaki spektral bantlarin sayisi arttikca konumsal
¢Ozundrliik azalmaktadir (Yilmaz ve Gungor, 2016). Gorilintl kaynastirma teknikleri, yiksek spektral ¢ozlinlrlige sahip
olan yliksek konumsal ¢6ziinirlikli gérintiler Greterek bu probleme ¢6ziim sunmaktadirlar.

Goriintl kaynastirma, yiiksek konumsal ¢ozlnurlige sahip bir tek banth (pankromatik) goériintiiniin konumsal
detaylarinin diisiik konumsal ¢oziintrlikld bir cok banth gériintliye aktarilarak yiiksek konumsal ve spektral ¢ozinurlige
sahip bir ¢ok bantli goriinti Uretilmesini amaglamaktadir. Literatiirde birgok goriinti kaynastirma yontemi énerilmistir.
Basarili bir gorintl kaynastirma ydntemi konumsal detaylar aktarirken ¢ok banth gériintiniin renk yapisini da
korumaldir (Serifoglu Yilmaz vd., 2019). Goérintl kaynastirma yontemleri bilesen degisimi tabanli yéntemler, ¢oklu
¢Ozunurliik tabanl yéntemler ve renk tabanli yontemler olmak lizere ¢ baslik altinda toplanabilir (Serifoglu Yilmaz vd.,
2019). Bilesen degisimi tabanh kaynastirma yontemleri girdi ¢ok banth gorintiyli konumsal detaylarin renk
detaylarindan kolaylikla ayrilabilecegi baska bir uzaya donistiriir. Bu uzayda, girdi tek bant gorinti ile konumsal
detaylari barindiran bilesen yer degistirir. Orijinal uzaya ters donlisim gergeklestirilerek kaynastirilmis goriintli elde
edilir (Ghassemian, 2016). Bilesen degisimi tabanh kaynastirma yontemlerinin en biylk avantajlari konumsal detaylari
aktarmalarindaki basarilari iken, en buylik dezavantajlari ise konumsal detaylari aktarirken girdi cok bantli gériintiiniin
renk yapisini bozmalaridir (Xing vd., 2018; Ghahremani vd., 2019; Serifoglu Yilmaz vd., 2019). Bilesen degisimi tabanh
yontemlerin bir diger avantajlari ise fazla islem yuki gerektirmemeleri ve kisa zamanda sonug Uretebilmeleridir
(Ghahremani vd., 2019). Coklu ¢6zlnlrlik tabanh kaynastirma yontemleri ise girdi tek bant gérintiideki konumsal
detaylari wavelet (dalgacik), curvelet veya contourlet gibi bir coklu ¢ézintrlik donlisimi yontemi aracihigiyla gikartir
(Gogineni ve Chaturvedi, 2018). Cikartilan bu konumsal detaylar daha sonra girdi ¢cok bantl gériintiiye aktarilir (Xing vd.,
2018). Goklu ¢ozlnirlik tabanli kaynastirma yéntemleri girdi cok banth gériintiiniin renk yapisini korumada oldukga
basarili olmalarina ragmen girdi tek bantli gériintiinlin igerdigi konumsal detaylari aktarmada problem yasamaktadirlar
(Gogineni ve Chaturvedi, 2018). Bu yontemler kaynastirilmis gortintlideki konumsal detaylarin yutulmasina neden
olabilmelerinin yani sira, ayni zamanda goriintiyli bulaniklastirma egilimindedirler. Renk tabanli yontemlerin temel
amaci ise girdi ¢ok banth goérintiiniin renk yapisini kaynastirma isleminden sonra korumaktir. Bu yéntemlerde,
kaynastirilmis gériintideki renk kalitesi ile konumsal detay kalitesi arasindaki dengenin saglanmasi oldukga zordur. Renk
tabanh yontemlerin temel avantaji ise oldukga kolay uygulanabilir olmalaridir (Serifoglu Yilmaz vd., 2019). Goruldigu
Gzere, kaynastirilmis goriintilerin renk kalitesinin ve konumsal detay kalitesinin ayni oranda korunmasi oldukga guictir.
Her bir goriintli kaynastirma yonteminin keskinlestirilmis gériinti Gretirken renk yapisina belli bir oranda zarar vermesi
kacinilmazdir. Bu nedenledir ki, ‘en iyi goriinti kaynastirma yéntemi’ diye bir seyden s6z edilemez (Pohl ve van
Genderen, 2016; Yilmaz vd., 2020).

Gorintl kaynastirma yontemlerinin temel amaci kaynastirma islemine dahil olan girdi gorlntilerin bantlarinin
kaynastirilmis gorintiye katkilarinin basaril bir sekilde belirlenmesidir. Ancak, s6z konusu katki oranlarinin ne sekilde
belirlenmesi gerektigi hususunda kesin yargilar yoktur. Bu nedenledir ki, her bir kaynastirma yontemi girdi bantlari farkh
sekilde kullanmaktadir. Literatlirde az sayida ¢alisma metasezgisel optimizasyon algoritmalarindan yararlanarak girdi
¢ok banth goriintilerin spektral bantlarinin kaynastiriimis goriintiiye katkilarini  belirlemeyi amaglamaktadir.
Metasezgisel algoritmalar canlilarin birbirleri ile etkilesimlerinden esinlenilerek ileri suriilen populasyon tabanli arama
algoritmalaridir. Metasezgisel algoritmalar ¢6zim uzayinda olasilik temelli ancak bilingli bir yaklasimla arama
yapabilmektedirler. Amaclari, ¢6ziim uzayinda en uygun ¢6ziimi bulana kadar yeni ¢oziimler Gretmektir (Bir Yazilimcinin
GUnligu, 2019). Garzelli ve Nencini (2006a) Genellestirilmis IHS (Intensity-Hue-Saturation) yonteminde kullanilan
yogunluk bilesenini optimize etmek i¢in Genetik Algoritma (GA)’ (Holland, 1975) dan faydalanmistir. Garzelli ve Nencini
(2006b) ise GA’ dan faydalanarak a-trous donlsiimi tabanli kaynastirma yonteminin performansini iyilestirmislerdir.
Masoudi ve Kabiri (2014) IHS kaynastirma yonteminde kullanilan yogunluk bilesenini optimize etmek i¢in GA’ dan
yararlanmiglardir. GA aracihgiyla IHS kaynastirma yonteminin performansini iyilestiren diger ¢alismalardan bazilari ise
Lari ve Yazdi (2016) ve Niazi vd. (2016) tarafindan gergeklestirilmistir. Yilmaz vd. (2019) GA’dan faydalanarak SVR
(Synthetic Variable Ratio) kaynastirma yonteminde kullanilan yogunluk bilesenini optimize ederken, Yilmaz vd. (2020)
ise calismalarinda Gram-Schmidt (GS) (Laben ve Brower, 2000) kaynastirma yonteminin performansini GA ile optimize
etmeyi basarmislardir.
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Giincel literatlir incelendiginde metasezgisel algoritmalarin kaynastirma uygulamalarinda oldukca az kullanildigi
gorilmektedir. Metasezgisel optimizasyon algoritmalarindan yararlanilan calismalarda ise metasezgisel algoritma olarak
genellikle GA’ nin kullanildigi goriilmektedir. Oysa ki, GA metasezgisel optimizasyon algoritmalarinin ilki ve en basit
olanidir. Zaman igerisinde bircok gelismis metasezgisel algoritma gelistirilmistir. Koloni optimizasyonu (Dorigo ve Stiitzle,
2004), ari algoritmasi (Pham vd., 2006), yapay ari kolonisi (Karaboga ve Basturk, 2007), atesbocegi algoritmasi (Yang,
2009), guguk kusu arama algoritmasi (Yang ve Deb, 2009) ve simbiyotik organizma arama algoritmasi (Cheng ve Prayogo,
2014) bunlardan bazilardir. Simbiyotik organizma arama algoritmasi Serifoglu Yilmaz vd. (2019) tarafindan SVR
kaynastirma yonteminin performansinin iyilestirilmesinde kullanilmigtir.

Bilesen degisimi tabanli kaynastirma yontemlerinin performansi girdi ¢cok bantlh gérintiiniin bantlari ile Gretilen
yogunluk bileseninin hesaplanmasinda takip edilen metodolojiye baglidir. Basarili bir kaynastirma performansi igin
Uretilen yogunluk bileseni ile girdi tek bantl gorlintlnin istatistiksel olarak birbirine benzer olmasi gerekmektedir.
Elverissiz bir metodoloji girdi cok bantli gériintiniin renk yapisinin korunamamasina neden olabilmektedir. Bu nedenle,
girdi ¢ok bantli gorintinin her bir bandinin yogunluk bilesenine katkisinin hassas bir sekilde belirlenmesi
gerekmektedir. Bu c¢alismada, bilesen degisimi tabanl kaynastirma yontemleri tarafindan kullanilan yogunluk
bilesenlerinin optimize edilerek bu yontemlerin performanslarinin iyilestirilebilmesi igin guguk kusu arama algoritmasi
tabanli bir metodoloji 6nerilmistir.

Makalenin ana hatlari su sekilde 6zetlenmistir; 2. bolim guguk kusu arama algoritmasi ile ilgili teorik bilgi
saglamaktadir. 3. bolim ise ¢alisma kapsaminda kullanilan verileri, énerilen guguk kusu arama algoritmasi tabanh
gorinti kaynastirma yontemini ve kaynastirilmis goérintilerin renk kalitelerinin irdelenmesinde kullanilan metrikleri
tanitmaktadir. 4. bolim elde edilen goriintli kaynastirma sonuglarini aktarirken 5. béliim ise ¢alismadan elde edilen
genel sonuglari icermektedir.

2. Guguk Kusu Arama Algoritmasi

Yang ve Deb (2009; 2010) tarafindan guguk kuslarinin kulugka parazitligi gibi ilgin¢g Greme davranislarindan esinlenilerek
Onerilmistir. Guguk kuslari baska canlilara ait yuvalarda yumurtlamaktadirlar ve ev sahibi canlinin yumurtalarindan yavru
¢ikma ihtimali yuksek olanlari yuvadan atmaktadirlar. Bu algoritma (¢ temel ilkeye dayanir;

e Her bir guguk kusu bir seferde bir yumurtayi rastgele secilen bir yuvaya birakir.

o Yiksek kaliteli yumurtalar (¢6ziimlerin) gelecek nesillere aktarilir.

e Kullanilabilir konak yuva sayisi sabittir ve konak yuva sahibi birakilan bir guguk kusu yumurtasini 0-1 arahginda bir
olasilikla taniyabilir. Eger yumurtayi tanirsa ya onu disari atar ya da yuvayi terk ederek baska bir yuva insa eder.

Diger metasezgisel algoritmalarda oldugu gibi guguk kusu arama algoritmasinda da en iyi ¢6ziime ulasabilmek igin
global ve lokal arama yapilmaktadir. Bu nedenle, guguk kusu arama algoritmasi her bir iterasyonda global Lévy yiriyisi
(Lévy flight) ve lokal Lévy yirlylsu asamalarini gerceklestirmektedir. Lévy yirilyisd, yonleri rastgele olan ve adim
uzunluklari Lévy dagilimindan tiretilen rastgele yirayilslerdir. Bu yirtyls hayvanlar ve bocekler tarafindan
gerceklestirilir ve 90 derecelik ani donisleri takip eden dogrusal ylriyils serisi seklinde karakterize edilir. Normal
rastgele yilrlyislere kiyasla, Lévy ylrlylist biiyik olgekli arama alanlarini kesfetme konusunda daha verimlidir. Bunun
nedeni, Lévy yuriyuslerindeki varyanslarin normal rasgele yuriylsten cok daha hizli artmasidir. Lévy yurtyusleri, normal
rasgele yurlylise kiyasla optimizasyon algoritmasinin iterasyon sayisini 4 kata kadar azaltabilmektedir (Yang, 2014;
Mareli ve Twala, 2018). Lévy yiriiyls hareketi manevra parametresi (p,) kullanilarak kontrol edilmektedir. Lokal Lévy
yurlyisi su sekilde modellenmektedir (Yang, 2014);

xitt=x{ +as @ H(pa — &) ® (xf — x) (1)

Bu denklemde x]-t ve x| rassal permutasyonla segilen iki farkli ¢ézim adayini, H(u) birim adim fonksiyonunu, &
diizguin dagilimdan gelen rassal sayiyi, s ise adim buyukligini temsil etmektedir (Yang, 2014; Zeybekoglu, 2017). Global
Lévy yurlylsu ise su sekilde modellenmektedir (Yang, 2014; Zeybekoglu, 2017);

xftt =xf +al(s, 1) (2)
AL'(A) sin (%/1) 1 (3)
L(s,2) = 77 (5)50)0)
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Burada, a > 0 adim biyukligi 6lgekleme faktoriind ve A Lévy eksponentini gostermektedir. Gergek diinyada, eger bir
guguk kusu yumurtasi konak yuvadaki yumurtalara ¢ok benziyorsa konak canlinin bu yumurtalari fark etmesi daha
zordur. Dolayisiyla, uyumluluk fonksiyonu aday ¢éziimler arasindaki farkla iliskili olmalidir. Bu nedenle, Lévy yiriyisleri
rastgele secilen adim uzunluklarinda ve belli bir oranda hatal olarak gergeklestirmek en iyi ¢6ziimiin bulunmasina katki
saglamaktadir. Guguk kusu arama algoritmasi, yerel rastgele yiriyls ile global rastgele yiirlylis arasinda bir denge
kurdugu icin global optimizasyon problemleri i¢in oldukga kullanishdir (Mareli ve Twala, 2018).

3. Materyal ve Metodoloji
3.1 Kullanilan Veri

Bu calisma Trabzon’ da bulunan iki test bolgesinde gerceklestirilmistir. Birinci test bolgesi kirsal bir bolge olup 2012
yilinda WorldView-2 uydusu tarafindan gorintilenmistir. WorldView-2 uydusu 2 m konumsal ¢oziinirliige sahip olan
sekiz banth (kiyisal, mavi, yesil, sari, kirmizi, kirmizi kenar, kiziltesi 1, kizilotesi 2) bir ¢cok bantli gériintii ve 50 cm
konumsal ¢6ziinirlikli bir tek bantli gériintii sunmaktadir. ikinci test bélgesi ise kentsel bir bdlge olup 2003 yilinda
IKONOS uydusu tarafindan gériintiilenmistir. IKONOS uydusu 4 m konumsal ¢oéziinirlikli dort adet (mavi, yesil, kirmizi,
kizilétesi) spektral banda sahip olan bir ¢ok banth goérinti ve 1 m konumsal ¢dziinarlikli bir tek banth gorinti
Uretmektedir. WorldView-2 ve IKONOS uydu goriintllerinin radyometrik ¢ozlinlrlGgt 11 bit’ tir. Bu calismanin
gerceklestirildigi test bolgeleri Sekil 1’ de gosterilmistir.

30°E 35°E 40°E 45°E

40°N

35°N
35°N

Test bolgesi 1 Test bolgesi 2
Sekil 1. Test bolgeleri
3.2 Onerilen Goriintii Kaynastirma Yéntemi

Onerilen gériintii kaynastirma yéntemi GS ydntemine metasezgisel guguk kusu arama algoritmasinin entegre edilmesi
prensibine dayanmaktadir. Laben ve Brower (2000) tarafindan ileri siirtilen GS yontemi literattirde siklikla kullanilan
istatistik tabanli bir kaynastirma yéntemidir. Bu yontem kovaryans degerlerinden faydalanarak girdi bantlar arasindaki
korelasyonu ortadan kaldirmaktadir (Laben ve Brower, 2000; Pohl ve van Genderen, 2016). GS ydnteminin ilk agsamasi
girdi ok banth gériintiiniin bantlarini kullanarak yeni bir diisiik ¢6zinurlikla yogunluk bileseninin Gretilmesidir.
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GS yontemi girdi cok bantli gériintiinln her bir bandini yliksek boyutlu bir vektor olarak kabul eder ve lretilen yogunluk
bileseni vektori ilk vektdr olmak Gzere biitin bantlara ait vektoérler ile yogunluk bileseni vektérini birlestirir. Daha
sonra, birlestirilmis veriye GS donlsiimi uygulanarak ortogonal vektorler elde edilir. GS algoritmasi projeksiyon
operatoriinid (Proj,) a ve b vektorleri igin su sekilde uygular (Pohl ve van Genderen, 2016; Yilmaz vd., 2020);

(alb)a
(ala)

Proj,(b) = (4)

Burada, a|b a ve b vektorlerinin i¢sel garpimini gdstermektedir. Bu operatdriin sonucu b vektériiniin a vektori ile
sarmalanmis cizgiye gore projeksiyonudur (Pohl ve van Genderen, 2016). GS yontemi ortogonal vektorleri su sekilde
Uretir (Pohl ve van Genderen, 2016; Yilmaz vd., 2020);

m-—1
G = by = ) Proj, (v) (5
=1

Burada, m = n + 1 (girdi ¢ok bantli gérintiinin bant sayisi + 1) olmaktadir. a4, a, ...a,, ise normalize edilmis
orthogonal vektorlerdir. Bu vektorler daha sonradan asagidaki sekilde ortonormalize edilerek ¢;, ¢, ... ¢, elde edilir (Pohl
ve van Genderen, 2016; Yilmaz vd., 2020);

am

llamll

(6)

Cm

GS donisiimiinden sonra girdi tek banth goriintl ilk GS bileseni ile yer degistirir. Son asama olarak, elde edilen
gorintiye ters GS dontsimi uygulanir ve kaynastiriimis bantlar elde edilir (Laben ve Brower, 2000; Pohl ve van
Genderen, 2016). GS yonteminin performansi dretilen yogunluk bileseninin istatistiksel 6zelliklerine baghdir. Bu
nedenle, arastirmacilar optimum yogunluk bileseni tretimi igin gesitli yontemler kullanmislardir. Laben ve Brower (2000)
yogunluk bileseninin girdi ¢ok banth gorintilerin bantlarinin ortalamasi seklinde Uretilebilecegi gibi bir algak gegirgen
filtre (low-pass filter) kullanilarak da Uretilebilecegini belirtmislerdir. Garzelli vd. (2008) yogunluk bilesenini girdi
bantlarin agirlikh ortalamalari seklinde hesaplarken, Maurer (2013) girdi cok bantl gériintiiniin kovaryans matrisinden
girdi bantlar icin elde edilen agirlik degerlerinden faydalanarak yogunluk bilesenini Gretmistir. Pohl ve van Genderen
(2016) dogrusal regresyon, en kiiclk kareler yontemi veya algilayicilarin spektral duyarlilik egrileri kullanilarak optimum
yogunluk bileseninin Uretilebilecegini belirtmislerdir. Yilmaz vd. (2020) ise yogunluk bilesenini GA’” dan faydalanarak
bulduklari bant agirliklarini kullanarak tGretmislerdir.

Bu calisma kapsaminda ise yogunluk bileseninin Uretimi metasezgisel guguk kusu arama algoritmasindan
yararlanilarak gergeklestirilmistir. Bu algoritmanin amag fonksiyonu olarak GS kaynastirma yontemi kullanilirken,
uygunluk fonksiyonu olarak ise Erreur Relative Globale Adimensionalle de Synthese (ERGAS) (Wald, 2002) metrigi
kullanilmistir. Bu calisma kapsaminda ERGAS metriginin kullaniimasinin nedeni bu metrigin kaynastiriimis gorintilerin
renk kalitelerinin degerlendirilmesinde basarisini ispat etmis olmasidir. Bir kaynastiriimis gorintiiniin ERGAS degeri ne
kadar kiguk olursa renk kalitesi de o kadar iyi olmaktadir. ERGAS metrigi su sekilde hesaplanmaktadir (Wald, 2002);

N
h |1~ (KOH(k)

ERGAS = 100 NZ (W)z (7)

k=1

Burada, h ve [ sirasiyla girdi tek banth ve ¢ok bantli gérintiinin konumsal ¢oztnurluklerini, u(k) girdi gok bantli
goruntiinin k. bandinin ortalamasini, KOH(k) girdi ¢ok bantli gorintinin k. bandi ile kaynastiriimis goriintiiniin k.
bandi arasinda hesaplanan karesel ortalama hatayi ve N ise toplam bant sayisini temsil etmektedir.

Guguk kusu arama algoritmasinda 25 adet konak yuva kullaniimistir. Her iki test bolgesi icin de minimum bant agirhg
0, maksimum bant agirhigi ise 1 olarak belirlenmistir. Konak yuva sahibinin birakilan bir guguk kusu yumurtasini bulma
olasilig1 0.25 olarak belirlenirken, maksimum iterasyon sayisi ise 100 olarak belirlenmistir. Literatlirde guguk kusu arama
algoritmasinda kullanilan parametrelerin kestirimi ile ilgili kesin kabuller olmadigindan bu degerler deneme yanilma
yoluyla elde edilmistir. Algoritma her bir iterasyonda girdi ¢cok banth gorintinin bantlari ile optimum bant
agirhklarindan dretilen yogunluk bileseni kullanilarak elde edilen kaynastirilmis bantlar arasindaki ERGAS degerini
minimize etmeye calismaktadir. Onerilen gériintii kaynastirma yéntemi MATLAB ortaminda programlanmistir.
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Onerilen ydntem 1. test bolgesinde optimum renk kalitesi icin en uygun bant agirliklarini 0.72, 0.76, 0.83, 0.79, 0, 0.31,
0.46 ve 0.24 olarak belirlerken 2. test bolgesinde 0.04, 0.11, 0.34 ve 0.80 olarak belirlemistir.

3.3 Kaynastirilmis goriintiilerin renk kalitelerinin irdelenmesi

Calisma kapsaminda Gretilen biitlin kaynastiriimis gértintiilerin spektral kaliteleri hem niteliksel hem de niceliksel olarak
irdelenmistir. Niteliksel incelemede kaynastiriimis gortintilerin renk igeriklerinin gérsel olarak girdi cok bantl goriintiye
ne oranda benzedigi incelenmistir. Niteliksel incelemede ise literatiirde siklikla kullanilan KOH, ERGAS, Structural
Similarity (SSIM) (Wang vd., 2004), Spectral Angular Mapper (SAM) (Alparone vd., 2006), Universal Image Quality Index
(ulQl) (wang ve Bovik, 2002) ve Information Content Weighted Structural Similarity (IWSSIM) (Wang ve Li, 2011)
metriklerinden faydalanilmistir. Bu metrikler Wald vd. (1997) tarafindan onerilen ve oldukga yaygin olarak kullanilan
protokollerden ilki dikkate alinarak hesaplanmistir. Bu protokole gore, boyutlari girdi cok bantli gériintiiniin boyutlarina
indirgenmis olan kaynastirilmis gorinti girdi ¢ok banth gorintiyle mimkin oldugunca 6zdes olmalidir. Ayrica,
literatirdeki bazi yaklasimlar ise kaynastirilmis gorintilerin renk kalitesinin, kaynastirilmis gorintiiniin boyutuna
yukseltilen girdi ¢ok bantli goériintliniin referans olarak kullanilarak irdelenmesi gerektigini gdstermistir (Liu vd., 2015;
Jagalingam ve Hegde, 2015; Serifoglu Yilmaz vd., 2019). Bu nedenle, bu galisma kapsaminda s6z edilen metrikler girdi
cok bantli goriintiler ile boyutlari indirgenmis sonug gorintileri arasinda hesaplandigi gibi kaynastiriimis gérintiler ile
kaynastirilmis goriintiiniin boyutuna ytkseltilen girdi cok bantli gériintller arasinda da hesaplanmistir.
Calisma kapsaminda kullanilan metriklerin matematiksel ifadeleri asagida verilmistir;

1 n
KOH = E;(CBG(k)L- _ KGR, (8)

(2uepy + €1) (204, + C,)

SSIM = (9)
(w2 + 12+ ¢ )(o2+02+C,)
xl
SAM £ arccos (i> (10)
lxll; - Iyl
4 o
uIQl = — “;‘”y =~ (11)
(”x + “y)(ax + Gy)
IWSSIM, = ZiWj,ic(xj,ivyj,i)s(xj,iryj,i) (12)

X Wi i

Burada, CBG girdi ¢cok bantli gorlntiyl, KG kaynastirilmig gorintliyl, n goriintideki toplam piksel sayisini, x girdi
¢ok banth gorinttideki bir piksel vektoriini, y kaynastiriimis goriinttideki bir piksel vektériini, p ortalama islemini, C;
ve C, C; = (Y;L)? ve C, = (Y,L)? seklinde hesaplanan iki sabit degeri, o varyansi ve - ise i¢sel carpim islemini ifade
etmektedir.

4. Bulgular ve irdeleme

1. ve 2. test bolgeleri icin Uretilen kaynastirilmis goriintller sirasiyla Sekil 2 ve Sekil 3’ de gosterilmistir. Adil bir
karsilastirma olmasi agisindan bu sekillerde gosterilen biitiin kaynastirilmis gorintiler gergcek bant kombinasyonunda
ve herhangi bir kontrast germe islemi uygulanmadan gosterilmistir. Sekil 2’ de goruldigu Gzere 1. test bolgesinde gorsel
olarak girdi cok bantli gériintlye en yakin renkleri 6nerilen GK-GS yontemi tretmistir. EHL, SVR ve HPF yontemleri ise 1.
test bolgesinde girdi cok bantli gériintliniin renklerine yakin renkler treten diger yontemlerdendir. GS ve PCA yontemleri
gorsel olarak kabul edilebilir renkler Gretmislerdir. Ayrica, MIHS, BRV ve MCV yontemleri 1. test bolgesinde girdi ¢ok
bantli gérintlinlin renk icerigini yliksek oranda bozmuslardir. GK-GS yéntemi renk koruma basarisini 2. test bolgesinde
de gostermigstir. Sekil 3’ de goruldigl Gzere bu yontem 2. test bdlgesinde en yiiksek renk koruma performansini
gostermistir. SVR ve PCA yontemleri ise 2. test bolgesinde GK-GS yonteminden sonra en tutarli renk igerigini
Uretmislerdir. EHL yontemi 2. test bolgesinde yesil alanlarin spektral icerigini koruyamamasina ragmen yol sinifina ait
spektral icerigi koruyabilmistir. Sekil 3° de gorilduglu tzere, GS ve HPF yontemleri ile 2. test bolgesi icin Uretilen
kaynastirilmis gortintiler ortalama renk kalitesindedir.



Volkan Yilmaz | Tiirk Uzaktan Algilama ve CBS Dergisi, Cilt: 1, Sayi: 1, Sayfa: 1-12, Mart 2020

1. test bolgesinde oldugu gibi 2. test bolgesinde de MIHS, BRV ve MCV yontemleri renk icerigini koruyamamislardir.
Niteliksel degerlendirme kaynastirma yontemlerinin basarisi hakkinda ylizeysel bir genel bakis sunar ve sadece analistin
bakis agisina degil, ayni zamanda monitériin teknik 6zelliklerine de baglidir (Serifoglu Yilmaz vd., 2019). Bu nedenle
kaynastirilmis gortntilerin kaliteleri niceliksel olarak da irdelenmelidir.

)
e

v
i

.

‘)
E‘

"
-

\\

-~
. ®
el

SVR sonucu GS sonucu GK-GS sonucu

Sekil 2. 1. test bolgesi icin elde edilen kaynastirilmis gortntiler
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SVR sonucu GS sonucu GK-GS sonucu

Sekil 3. 2. test bolgesi icin elde edilen kaynastiriimis gérintiler
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Girdi cok banth goruntiler ile indirgenmis boyuttaki sonug gorintileri arasinda hesaplanan metrik degerleri Tablo 1’ de
gosterilmistir. Bu tabloda her bir metrik icin elde edilen optimum deger kalin gosterilmistir. Tablo 1’ de gorildiGgi Gzere
Onerilen GK-GS yontemi ile Uretilen goriinti 1. test bolgesinde en iyi KOH, ERGAS, SSIM ve SAM degerlerini vermistir.
Bu bolgedeki en iyi UlQI ve IWSSIM degerleri ise HPF yontemiyle elde edilen goriinti tarafindan elde edilmistir. Tablo 1’
e gore, GS, SVR ve EHL yontemleri 1. test bolgesinde renk kalitesini ortalama seviyede korumuslarken, PCA, BRV ve MCV
yontemleri en kot metrik degerlerini alarak renk yapisini en fazla bozan yontemler olmuslardir. 2. test bolgesinde ise
en iyi SSIM, SAM, UlIQl ve IWSSIM degerlerinin elde edilmesini saglayan GK-GS yontemi bu bdlgede renk kalitesini en
fazla basariyla koruyan yéntem olmustur. Bu test bolgesinde en iyi KOH ve ERGAS degerlerini ise SVR yontemiyle Uretilen
kaynastirilmis gérinti vermistir. Ayrica, bu bolgede, GK-GS ve SVR yontemlerinden sonra en basarili sekilde renk yapisini
koruyan yontemler HPF ve GS yontemleri olmustur. Tablo 1’ e gére, PCA, BRV ve MCV yéntemleri 2. test bélgesinde renk
icerigini korumada en basarisiz yontemler olmuslardir. Bu durum gorsel inceleme sonuglarini dogrulamaktadir.

Tablo 1. indirgenmis boyuttaki kaynastirma sonuglari igin elde edilen metrik degerleri

Test bolgesi  Yontem KOH ERGAS SSIM SAM uiQl IWSSIM
Optimum  Kiglk Kuigiik 1 0 1 1
MCV 1.30E+05 8.50E+03 3.10E-05 1.718  2.50E-05 4.80E-05
BRV 392.595 23.362 0.316 1.687 0.040 0.094
PCA 576.558 22.760 0.724 15.119 0.444 0.479
EHL 94.018 25.625 0.913 12.355 0.759 0.864
1 HPF 31.618 2.387 0.978 2.067 0.821 0.949
MIHS 88.067 5.600 0.835 4.644 0.242 0.405
SVR 60.741 14.621 0.920 7.634 0.751 0.853
GS 45.690 3.008 0.956 2.732 0.770 0.882
GK-GS 22.988 1.675 0.985 1.384 0.820 0.932
MCV 1.60E+05 1.00E+04 1.70E-05 2.994  1.70E-05 3.10E-05
BRV 308.970 20.392 0.321 2.905 0.160 0.206
PCA 64.470 4.268 0.878 3.855 0.782 0.865
EHL 103.232 6.815 0.886 6.467 0.807 0.888
2 HPF 58.508 3.871 0.909 4.393 0.839 0.898
MIHS 63.112 4171 0.883 3.208 0.786 0.863
SVR 54.443 3.600 0.915 3.094 0.855 0.914
GS 60.830 4.024 0.895 3.720 0.813 0.892
GK-GS 55.265 3.651 0.916 2.730 0.858 0.923

Tablo 2. Orijinal boyuttaki kaynastirma sonuglari icin elde edilen metrik degerleri

Test bolgesi  Yontem KOH ERGAS SSIm SAM uiQl IWSSIM
Optimum  Kigik Kaguk 1 0 1 1
MCV 1.30E+05 8.70E+03 2.60E-05 1.065 1.60E-05 3.00E-05
BRV 392.124  23.323 0.320 1.064 0.041 0.122
PCA 577.997 22.823 0.728 15.046 0.368 0.484
EHL 93.073 25.651 0.923 12.356  0.542 0.749
1 HPF 44.686 3.311 0.975 1.853 0.398 0.630
MIHS 86.597 5.490 0.849 4.417 0.296 0.503
SVR 64.265 14.921 0.920 7.606 0.451 0.651
GS 50.492 2.942 0.965 2.396 0.483 0.726
GK-GS 29.147 1.944 0.987 1.154 0.513 0.764
MCV 1.70E+05 1.10E+04 1.30E-05 1.772 1.20E-05 2.10E-05
BRV 306.219  20.219 0.376 1.772 0.164 0.211
PCA 75.472 5.015 0.877 3.408 0.508 0.599
EHL 113.019 7.466 0.859 6.028 0.483 0.574
2 HPF 85.577 5.671 0.870 4.159 0.502 0.605
MIHS 76.247 5.044 0.867 2.258 0.474 0.570
SVR 79.579 5.275 0.880 2.892 0.519 0.615
GS 80.090 5.331 0.870 3.428 0.495 0.588
GK-GS 70.972 4.674 0.901 3.044 0.578 0.657
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Kaynastiriimis goérintiler ile kaynastiriimis gorintinin boyutuna yikseltilen girdi ¢cok bantli gorintiler arasinda
hesaplanan metrik degerleri Tablo 2’ de gosterilmistir. Bu tabloda her bir metrik icin elde edilen optimum deger kalin
gosterilmistir. Bu tabloya gore, 1. test bdlgesinde en iyi KOH, ERGAS, SSIM ve IWSSIM degerleri GK-GS yontemiyle
Uretilen kaynastiriimis gériinti tarafindan elde edilmistir. Ayrica, bu bdlgede en iyi SAM degerini BRV sonucu alirken, en
iyi UlQl degerini ise EHL sonucu almistir. Tablo 2’ ye gore, 1. test bolgesinde GK-GS ile Uretilen kaynastirilmis goriintiiden
sonra en basarili metrik degerlerini alan kaynastiriimis gorintiler GS ve HPF yontemleri tarafindan dretilmistir. PCA,
BRV ve MCV ydntemlerinin sonuglari bu bolgede de en koéti metrik degerlerini almislardir. Tablo 2’ de gorildiugu Gzere
2. test bolgesinde GK-GS yénteminin sonucu SAM harig butiin metriklerden optimum degeri almistir. Bu bolgede en iyi
SAM degerini BRV ve MCV sonuglari elde etmistir. Tablo 2’ ye gore 2. test bolgesinde renk kalitesini koruyan diger
yontemler PCA ve SVR yontemleridir. HPF ve GS yontemleri renk icerigini kabul edilebilir derecede koruyabilmislerken,
MCV, BRV ve EHL yontemleri renk icerigine en fazla zarar veren yontemler olmuslardir.

MCV yontemi girdi cok banth gérintiiniin her bir bandini girdi tek banth gérintiyle ¢arparak kaynastiriimis bantlari
Uretmektedir. Bu durum piksel vektoérlerinin yonlerinde fazla degisiklige neden olmazken biyikliklerinde carpici
derecede uzamalara yol agarak renk yapisini bozmaktadir. Benzer bir durum BRV yontemi icin de gegerlidir. BRV yontemi
girdi goriintiiniin her bir bandini esit agirlikta kabul etmek suretiyle toplayarak bir yogunluk bileseni elde eder. Elde
edilen yogunluk bileseninin girdi cok bantli gériintiiniin her bir bandina boliinmesi ve elde edilen sonucun girdi tek banth
gorintiyle carpilmasiyla da kaynastirilmis bantlari Giretir. Béylece, sonug gri degerler normalize edilemediginden dolayi
renk yapisinda ciddi bozulmalar meydana gelir. Buradan da anlasilacag Uzere, girdi ¢cok bantli gériintinin her bir
bandinin kaynastirma isleminde esit derecede 6nemde olmasi mantikli degildir. SVR yontemi bu probleme ¢6zim
bulmak igin gelistirilmistir. Bu yontem girdi cok banth ve tek bantli gorlntiler arasinda regresyon analizi uygulayarak
her bir bant igin bir agirlik kestirimi yapar. Sonuglardan da goriilecegi (izere SVR yoéntemi MCV ve BRV yontemine oranla
daha mantikh sekilde bant agirliklarini hesapladigi igin renk kalitesini korumada bu ydntemlere gére daha basarih
olmustur. Bu galisma kapsaminda kullanilan GS yontemi kullandigi dusiik ¢ézinirlikli yogunluk bilesenini girdi cok
bantli gorintlinin bantlarinin ortalamasi seklinde hesaplamaktadir. Yogunluk bileseninin bu sekilde hesaplanmasi
Uretilen bu bilesenin ortalama ve standart sapma degerlerinin girdi tek bantli gériintiniinkilerden daha farkli olmasina
yol actigi icin GS yontemi her iki test bolgesinde de renk bozulmalarina neden olmustur. Calisma kapsaminda kullanilan
MIHS yontemi de yogunluk bilesenini girdi ¢cok banth gorintiiniin bantlarinin ortalamasi seklinde hesaplamistir. Bu
durum renk igeriginde ciddi bozulmalara yol agmistir. GS yéntemine oldukga benzer olan PCA yontemi de girdi cok banth
gorlintlyl aralarinda korelasyon olmayan bilesenlerden olusan farkli bir uzaya donistiirme mantigina dayanir. Elde
edilen ilk bilesen girdi tek bant gorintiyle yer degistirir ve ters PCA donusiimi ile kaynastirilmis goriintii elde edilir
(Kwarteng ve Chavez, 1989). PCA donisimi ile dretilen ilk bilesen istatistiksel olarak girdi tek bantli gériintiiye benzer
olamayabilmektedir. Bu nedenden dolayi da performansi gériinttiden gériintliye degisebilmektedir. EHL yontemi girdi
cok bantli gérintliyl gergek renk uzayindan IHS uzayina dondstirir. Ardindan, elde edilen yogunluk bilesenini ve girdi
tek bant goriintlyd Fourier donilisim ile frekans uzayina dontstirdr. Bu uzayda, yogunluk spektrumuna disik gecirgen
filtre ve girdi tek bant spektruma da ytiksek gecirgen (high-pass) filtre uygular. Elde edilen her iki filtrelenmis veriye de
ters Fourier donusimi uygulanir ve elde edilen goérintiler toplanarak yeni bir yogunluk bileseni elde edilir.
Kaynastiriimis goriintii bu yeni yogunluk bileseni kullanilarak uygulanan ters IHS donlisimu ile dretilir (Ehlers, 2004;
Klonus ve Ehlers, 2007). Bu kaynastirma yontemi uygulanirken frekans uzayinda yliksek gecirgen ve alcak gecirgen
filtreleme yapilmasi renk kalitesinin ve konumsal detay kalitesinin belli oranda korunmasini saglamistir. EHL yénteminin
performansini arttirmak icin farkh yliksek gecirgen ve algak gecirgen filtreler kullanmak mimkindir. Ancak, bu durumda
da optimum renk kalitesi ve konumsal detay kalitesi arasindaki dengenin kurulmasi giiclesecektir. HPF yontemi girdi tek
bantli goriintiideki konumsal detaylari bir yiiksek gegirgen filtre yardimiyla iyilestirir ve elde ettigi iyilestirilmis konumsal
detaylari girdi cok banth gorintiye aktarir. Bu yontemin performansi kullanilan filtrenin boyutuna ve icerigine baglidir.
Filtrenin boyutu arttirilarak daha keskin goriintiler Gretilebilir, ancak, bu durumda da renk kalitesi bozulur.

Onerilen GK-GS yéntemi her bir iterasyonda girdi ¢ok banth goriintiiler ile kaynastirilmis goriintiler arasinda
hesaplanan ERGAS degerlerini minimize etmeye calistigindan optimum renk kalitesinin saglanmasina neden olmustur.
Guguk kusu arama algoritmasi Lévy ylirliylisini gerceklestirirken rastgele adim uzunluklarindan faydalanir ve her bir
Lévy adimi belli bir oranda hatali olarak kabul edildiginden dolayl bu algoritmanin parametre uzayindaki arama
kapasitesi oldukg¢a yiksektir. Bu nedenlerden dolayr guguk kusu arama algoritmasi optimum bant agirliklarinin
belirlenmesinde oldukga basarili olmustur. Guguk kusu arama algoritmasinin bir diger avantaji ise global ve lokal
aramada oldukga basarili olmasidir. Bu nedenle de goriintii kaynastirma problemleri icin olduk¢a uygundur. Konak yuva
sayisi ve konak yuva sahibinin birakilan bir guguk kusu yumurtasini bulma olasiligi igin tanimlanan degerler degistirilerek
renk kalitesinin daha da arttirilmasi mimkindir, ancak bu durumda da konumsal detaylarin aktarimindaki basari
dusecektir. Guguk kusu arama algoritmasinda kullanilan parametre degerlerinin belirlenmesi oldukca glictlir. Optimum
parametre degerlerinin belirlenmesi icin genel kabuller olmadigindan kullanicilar parametre degerlerini belirlemek icin
deneme yanilma yontemini kullanmak zorundadirlar. Guguk kusu arama algoritmasinin ¢alisma siiresinin fazla olmasi
bu algoritmanin bir diger dezavantajidir.
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5. Sonug¢

Bu calisma kapsaminda bilesen degisimi tabanl gorinti kaynastirma ydntemlerinin renk koruma basarilarinin
arttirilabilmesi icin metasezgisel guguk kusu arama algoritmasi tabanli bir kaynastirma yéntemi gelistirilmistir. Onerilen
metodoloji yaygin olarak kullanilan bilesen degisimi tabanh goriinti kaynastirma yontemlerinden biri olan GS yéntemi
Uzerinde uygulanmistir. Onerilen ydntemle elde edilen kaynastiriimis goriintiilerin renk kalitesi literatiirde siklikla
kullanilan MCV, BRV, PCA, EHL, HPF, MIHS, SVR ve orijinal GS yontemleriyle elde edilen kaynastirilmis gériintilerin renk
kaliteleriyle niteliksel ve niceliksel olarak karsilastirilmistir. Karsilastirmalar sonucunda 6nerilen yéntemin girdi ¢cok banth
goruintinun her bir bandina mantikh bir sekilde agirlik kestirimi yaptigi ve dolayisiyla da ¢ok banth gériintiiniin renk
icerigini korumada diger yéntemlere oranla daha basarili oldugu sonucuna variimistir. Onerilen yéntemin dezavantaji
guguk kusu arama algoritmasinda kullanilan parametrelerin belirlenmesinin glic olmasi ve bu algoritmanin calisma
siiresinin uzun olmasidir. Tablo 3 6nerilen GK-GS yonteminin avantajlarini ve dezavantajlarini géstermektedir. Gelecek
calismalar guguk kusu arama algoritmasi araciligiyla daha basarili renk korunumunun saglanmasina yonelik olacaktir.

Tablo 3. Onerilen GK-GS yénteminin avantajlari ve dezavantajlari

Avantajlar Dezavantajlar

e Basarili yogunluk bileseni optimizasyonu saglar. e Calisma surresi uzundur.
o Rastgele adim uzunluklu Lévy yiriyilsl sayesinde e Parametre kestirimi gligtir.

parametre uzayindaki arama kapasitesi oldukga

yuksektir.
e Literatlirdeki birgok bilesen degisimi tabanh

gorinti kaynastirma yoOntemine goére daha

basarili renk korunumu saglar.

Tesekkiir

Calisma kapsaminda kullanilan uydu gériintiilerinin saglanmasinda Karadeniz Teknik Universitesi, Harita Mihendisligi
Bolimine katkilarindan dolayi tesekkiiri borg bilirim.
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Abstract

Maintenance and rehabilitation of the road are very serious actions. Therefore, road
conditions should be inspected accurately before taking these actions. Manual and visual
inspection in the field is the traditionally used method to monitor road conditions.
However, it is time-consuming, labor-intense and costly. In addition, the traditional
inspection method is unsafe directly for the inspectors and indirectly for primary users of
the road, such as pedestrians and drivers. In this study, the unmanned aerial vehicle (UAV)
was used to inspect the road condition. UAV technology is becoming a valuable tool for
collecting data efficiently and accurately. The proposed method involved three steps. First,
several images were acquired from a UAV flight. Then, these images were used to generate
a three-dimensional (3D) point cloud, digital surface model and orthomosaic. Finally, road
distresses were detected and measured from two-dimensional (2D) and 3D data. The
measurements obtained from the proposed methodology were compared against the
measurements obtained from the traditional inspection method. It was found that both
measurements produced similar results. In conclusion, the use of the UAV measurement
technique was found to be suitable for detecting road distress. Given the advantages of
the proposed methodology, it can also be inferred that UAVs can be used instead of the
traditional inspection method.

Keywords: UAV, DSM, Orthomosaic, Road distress, Rut, Pothole

Ozet

Yolun bakimi ve iyilestirilmesi cok dnemli eylemlerdir. Bu nedenle, bu eylemler yapiimadan
once yol kosullari dogru bir sekilde incelenmelidir. Arazideki manuel ve gérsel olarak
yapilan inceleme, yol durumunu izlemek igin geleneksel olarak kullanilan yéntemdir.
Ancak, bu, zaman alici, yogun emek isteyen ve maliyetli bir yéntemdir. Buna ek olarak,
geleneksel inceleme ydntemi sadece denetleyiciler igin degil ayni zamanda yayalar ve
sdrtictiler gibi yolun birincil kullanicilari igin de giivenlik problemi olusturur. Bu ¢alismada,
yol durumunun incelenmesi icin insansiz hava araci (IHA) kullaniimaktadir. IHA teknolojisi,
verileri verimli ve dodru bir sekilde toplamak igcin 6nemli bir ara¢ haline gelmektedir.
Onerilen yéntem iic adimdan olusur. ilk olarak, iHA ucusundan bircok gériintii elde edilir.
Daha sonra, gériintiiler, li¢ boyutlu (3B) nokta bulutu, sayisal yiizey modeli ve ortomozaik
olusturmak igin kullanilir. Son olarak, iki boyutlu (2B) ve 3B verilerden yol bozukluklari
tespit edilir ve élciiliir. Onerilen metodolojiden elde edilen éiciiler, geleneksel inceleme
ybénteminden alinan 6lgiilerle karsilastirilmistir. Her iki 6l¢iimden de nispeten benzer
sonuglar elde edilmistir. Sonug olarak, IHA élciim tekniginin kullanimi yol bozukluklarini
tespit etmek igin uygundur. Onerilen yéntemin avantajlari géz 6éniine alindidinda,
geleneksel inceleme yéntemi yerine iHA'nin kullanilabilecedi sonucuna varmak olduk¢a
glivenilirdir.

Anahtar kelimeler: IHA, SYM,Ortomozaik, Yol bozukluklari, Tekerlek izi, Cukur
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1. Introduction

Imaging and analysis studies with unmanned aircraft vehicle (UAV) are carried out by different disciplines such as
agricultural applications, urban mapping, topographic mapping, mining, coastal management, forestry and many other
disciplines (Bugday, 2018; Doshi et al., 2015; Feng et al., 2015; Gulci, 2019; Johansen et al., 2019; Ochoa and Guo, 2019;
Pijl et al., 2019; Tomastik et al., 2019). Besides, current practices and regulations for civil engineering are summarized
by Yildizel and Calis (2019). Thus, UAV systems become a valuable supporting tool for researchers and practitioners who
deal with problems in many fields in fast decision-making, maintenance, and improvement of the applications. One of
the areas that lately starts to use UAV technology is transportation engineering. Maintenance and rehabilitation of the
road are very serious activities and the compressive data collections regarding the condition of the road are necessary
to decide whether or not these actions are needed.

Traditionally, an assigned person goes out there and monitor the condition of the road. However, the traditional
inspection methods are time-consuming, labor-intense and unsafe not only for drivers but also for other users of the
road (Kim and Ryu, 2014; Saad and Tahar, 2019; Tan and Li, 2019). Today, some major software and application
developers promote some civilian mobile applications. Users of the road provide information about road conditions,
thanks to these mobile applications (Saad and Tahar, 2019). However, this information is limited and does not provide
detailed information regarding road conditions. Over the years, new technologies and approaches are also introduced
to inspect road conditions more effectively (Kim and Ryu, 2014).

Road inspection methods can be classified into three methods, namely, vibration-based method, two-dimensional
(2D) image-based method and three-dimensional (3D) model-based method. In the vibration-based method, vibration
due to road roughness is analysed in real-time. However, complete detail of the road is not inspected and the equipment
for this method is costly (Eriksson et al., 2008). In the 2D image-based method, several images are processed by
traditional image processing algorithms to inspect road conditions. Similarly, several technologies such as laser scanner,
Kinect sensor and stereo vision are used to produce a 3D model of the road surface to inspect road conditions (Gezero
and Antunes, 2019; Neupane and Gharaibeh, 2019). However, these methods are very expensive and require a long
post-processing time (Kim and Ryu, 2014; Yadav and Singh, 2018).

UAV technology is also introduced to monitor road conditions. Several studies produce 3D models of road surfaces
using UAVs. Zhang (2008) proposed a strategy for monitoring unpaved road conditions and developed a UAV based
remote sensing system for obtaining road image and collecting road condition parameters. Inzerillo et al. (2018)
proposed a semi-automated technique for diagnosing the road pavement distress with the use of structure from motion
(SfM). Saad and Tahar (2019) and Tan and Li (2019) also developed a 3D model of the road surface from UAV images
and then they used a software to detect road distress in the paved road. The authors stated that the proposed
approaches are convienent to inspect road conditions.

In this study, we focus on the detection of road distress namely, rut and pothole on the paved road surface from
point clouds, digital surface model (DSM) and orthomosaic obtained by UAV images. The main objective and
contribution of this study are to inspect road condition using 3D model produced from low-cost UAV systems. The
advantage of this approach over traditional inspection methods is that it is performed in normal traffic flow.

The remainder of the study is organized as follows. First, the study area is presented. Then, the proposed
methodology is summarized. The results are discussed in the next section. Finally, the conclusion and final remarks are
summarized in the last section.

2. Study Area

The study area is located in Artvin, Turkey. Figure 1 presents the study area and the location of the selected road. The
local road that connects Artvin Coruh University Seyitler Campus and several areas such as the biggest high school in
Artvin, a large-extent housing area and main Police Station etc. was selected. The inspected road, which was
approximately 100 meters long, included several potholes and ruts.
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Figure 1. a) Location of the study area and b) selected road presented on the orthomosaic

3. Material and Methods

This study comprised four basi steps. The first step is to make traditional measurements in the field to which the
proposed UAV-based method was compared. The next three steps are related to the proposed methodology in this
study. Firstly, a UAV flight was conducted over the study area to capture the complete detail of the study area. Then,
the images obtained from the flight were processed through an image processing software to generate
photogrammetric products. The image processing step involved image alignment (initial processing), dense point cloud
generation (point cloud and mesh), DSM and orthomosaic production (DSM- DTM and orthomosaic), as seen in Figure
2. In the last step, several road distresses were detected and measured from orthomosaic and DSM data using Global
Mapper Software.
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Figure 2. The overall methodology and image processing flowchart
3.1. UAV Device and Data Acquisition

DJI Phantom 4 RTK (P4RTK) mini UAV was used to investigate the selected road in this study. It is a low weight platform
of 1391 g and has a flight time of about 25-30 minutes. It uses GPS, GLONASS, BeiDou and Galileo positioning systems.
The camera of UAV has a 20 M CMOS sensor that offers 5472 x 3648 image resolution (Peppa et al., 2019). Ground
sampling distance (GSD) is calculated as H/36.5 cm per pixel, where H denotes flying altitudes in the meter unit. The
average flight altitude was around 5.5 m. It was important to capture images close to the ground to produce high-
resolution data. Extra attention was paid not to fly close to the wires, buildings and vehicles in the flight area.

The production of photogrammetric data from UAVs is a preferred technology today. Thus, a wide range of software
has been developed for flight planning, monitoring and communication between the operator and the UAV.
Furthermore, automatic flight software do not require human control except for security reasons. Operation plans are
prepared by selecting the region whose map will be produced. Then, the overlap and flight heights are set in parallel to
the demand for high-resolution data.

In order to improve the image alignment accuracy and to acquire a detailed point cloud, in addition to the nadir
(vertical) image, oblique image capturing can be performed. Figure 3 summarizes image acquisition types, which can be
done with the UAV. The nadir direction image means that the direction of the lens is perpendicular to the ground or
object. In this study, the oblique images were captured by adjusting the camera angle to 60° degrees. Therefore, several
images that give great detail condition of the road were obtained.

Since Fixed ground control point (GCP) marking method requires intense labor, it is not preferred in this study.
Instead of indirect georeferencing of the reconstructed model, direct georeferencing methods is preferred. To do that,
the images must always be geotagged with the GNSS/INS (Global navigational satellite systems and inertial
measurement unit) data for the camera location and orientation of each image.
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Figure 3. Image acquisition types: vertical and oblique images
3.2. UAV Data Process

For 3D modeling, different software packages that follow the standard structure from motion (SfM) workflow of oblique
images and nadir direction images have been used in many studies Javernick et al. 2014). Some of the widespread SfM
software packages are the Agisoft Metashape, Pix4DMapper, 3Df Zephyr, SURE, MicMac (MM), VisualSFM (VSFM), and
ContextCapture. There are differences in the agorithims used in these softwares, specifically in image processing and
matching step as well as some parameter setting. However, most of the software produce similar results in the
alignment of the images, the production of dense point clouds, and the generation of a triangulated network in DEM
and orthomosaic. In general, the only input data required by these software to perform 3D model generation are
acquired images. If GCPs or GNSS/IMU data are available, this data contributes to the positioning of the generated maps.

In the study, the Pix4DMapper (www.pix4d.com) software was used to process acquired UAV images. In the first
part of the 3D reconstruction process, the software prepares the images to match extracted features for bundle block
adjustment using variations of the Scale Invariant Feature Transformation (SIFT) algorithm (Lowe, 2004).

Subsequently, the image locations and orientations are determined in the bundle block adjustment by evaluating
the detected and matched key points after the image alignment process. Multi-view stereo (MVS) algorithms are used
to produce detailed object surface geometries in high-dense 3D point cloud and triangular mesh models. Different
algorithms are implemented in different software and these software do not provide detailed information on this step
since they are commercial software. However, the semi-global matching (SGM) based stereo method is commonly used
to achieve accurate, pixel-based matching with high stability. With the Pix4DMapper software, more than 20 million
points were reconstructed in the dense point cloud production step.

Since the orthomosaic is a 2D map, the orthomosaic generation is different from photo stitching. Each pixel on this
map contains the location and RGB color information. The orthomosaic has a uniform scale. Thus, 2D measurements,
such as distance and area on the orthomosaics are possible. It does not contain camera distortion and therefore, it
corrects the different scales based on the distance. The orthomosaic production is based on the orthorectification
process, which uses undistorted images and DSM data.

3.3. Detection and Measurement of Road Distress

It is possible to measure the surface distress from any computer-aided design (CAD) or geographical information system
(GIS) based software. In this study, the Global Mapper software was used to detect several ruts and potholes. Then, the
features of ruts and potholes on the road surface were measured on a 3D DSM and 2D orthomosaics.
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Four different features, namely, diameter, perimeter, length and depth were measured using the Global Mapper
Software. Specifically, diameter, perimeter and depth were used for four potholes while length and depth were used
for ruts. Firstly, a polygon was drawn manually on the 3D model and 2D orthomosaic for the detection of the pothole
as shown in Figure 4. Then, the perimeter of the pothole was calculated as the sum of the length of each line that
encloses the polygon. The diameter of the pothole was also measured as the maximum distance from one corner to
another. In addition, the length of the rut was measured as the maximum distance with road distress.The depth of the
potholes and ruts were calculated from the DSM profiles as shown in Figure 5 and Figure 6, respectively. In these figures,
yellow lines represent the direction of profile. Road slope should be taken into account when taking the direction of
profile. For this, it is possible to benefit from the contour lines. Thus, the profile following the contour line is taken and
the slope factor is eliminated. Rut and pothole depths on the profile were obtained more accurately.

609.63 m
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608.14 m

050m 075m 100m

Figure 4. a) DSM and b) orthomosaic based pothole measurements
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Figure 5. Pothole detection and measurement
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Figure 6. a) Rut length, b) profile perpendicular to the slope of the road and c) depth measurement on profile
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4. Results and Discussions

Four potholes and seven ruts were detected in the study area. Four measures, namely diameter, length, perimeter and
depth were measured manually in the field using a ruler and tape meter. The measures obtained from both field and
Global Mapper Software are presented in Table 1. In addition, the accuracy assessment was conducted to compare the
measurements obtained from the field and Global Mapper Software. Equation 1 shows the error (E) between two types
of measurements.

E=M Software M Field (1)

where Mg .o IS @ measurement obtained using the Global Mapper Software and |\/|,:ield is a measurement

obtained from field inspection. A positive error value means that the measurements obtained from the Global Mapper
Software are greater than the measurements from field inspection while a negative error value means that the
measurements obtained from the Global Mapper Software are lower than the measurements from field inspection.
Zero error value is obtained when two types of measurements are equal to each other.

Table 1. Differences between measurements from field inspection and from the Global Mapper Software for
diameter, length, perimeter and depth of the road distress.

Road Distress  Road Distress DlameteErr(rr:r) Error LengthE(rr?gr Error
ID Type Field UAV (m) (%) Field UAV (m) (%)

Distress 1 Rut - - - - 9.200 8.895 -0.305 -0.033
Distress 2 Pothole 4420 4.411 -0.009 -0.002 - - - -
Distress 3 Rut - - - - 1.800 1.748 -0.052 -0.029
Distress 4 Rut - - - - 4400 4.201 -0.199 -0.045
Distress 5 Rut - - - - 3.400 3.350 -0.050 -0.015
Distress 6 Pothole 1.030 1.015 -0.015 -0.015 - - - -
Distress 7 Pothole 0.890 0.893 0.003 0.003 - - - -
Distress 8 Pothole 0.760 0.761 0.001 0.001 - - - -
Distress 9 Rut - - - - 6.500 6.345 -0.155 -0.024
Distress 10 Rut - - - - 1.900 1.946 0.046 0.024
Distress 11 Rut - - - - 9.900 9564 -0.336 -0.034

Road Distress  Road Distress Perlmettlazrrig}) Error Depth érrT:z)r Error

ID Type Field UAV (m) %) Field UAV (m) (%)

Distress 1 Rut - - - - 0.092 0.093 0.001 0.011
Distress 2 Pothole 6.550 6.250 -0.300 -0.046 0.094 0.088 -0.006 -0.064
Distress 3 Rut - - - - 0.035 0.072 0.037 1.057
Distress 4 Rut - - - - 0.111 0.104 -0.007 -0.063
Distress 5 Rut - - - - 0.040 0.035 -0.005 -0.125
Distress 6 Pothole 3.280 2.958 -0.322 -0.098 0.077 0.074 -0.003 -0.039
Distress 7 Pothole 2720 2.854 0.134 0.049 0.079 0.092 0.013 0.165
Distress 8 Pothole 2.250 2514 0.264 0.117 0.069 0.065 -0.004 -0.058
Distress 9 Rut - - - - 0.091 0.092 0.001 0.011
Distress 10 Rut - - - - 0.030 0.044 0.014 0.467
Distress 11 Rut - - - - 0.060 0.072 0.012 0.200

When it comes to diameter, the error between two types of measurements ranges from 0.1 cm to 1.5 cm. These
errors are considered small when taking into account the advantages of using the Global Mapper Software over field
inspection. Similarly, a range from 0.1 cm to 3.7 cm was obtained when measuring the depth, which is also considered
small. On the other hand, the errors are higher for length and perimeter. Specifically, a range from 2.0 cm to 15.5 cm
was obtained for length and a range from 13.4 cm to 32.2 cm was obtained for the perimeter. It is most likely to have
human-error in field inspection. For example, the shapes of the four potholes are irregular. It is hard to detect the
boundary of these potholes in field, which leads to relatively higher human-error.
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To assess the differences between two types of measurements, the root mean square error (RMSE) is also reported in
Table 2. RMSE is defined as the following equation;

N
Z (M Software M Field )2

RMSE =4[ (2)
N-1

where N is the number of observation and Mg, .. and M4 are described as above.

Table 2. The root mean square error (RMSE) for diameter, length, perimeter and depth of the road distress

Sample Size (N) RMSE

Diameter 4 0.010
Length 7 0.076
Perimeter 4 0.301
Depth 11 0.009

These RMSE values were also consistent with the conclusions above. Smaller RMSE values were obtained when
measuring the diameter, length and depth while larger RMSE values were obtained for the perimeter.

In addition to these discussions, a commonly used hypothesis test, so called t-test, was applied to statistically testing
whether the mean of the differences between two types of measurements is equal to zero. The null hypothesis, Hp and
alternative hypothesis, Ha are as follows;

HO : zuerror = O

. 3)
HA ) /uerror # O

where U, is the mean of the differences between two types of measurements. The null hypothesis is rejected

when the absolute value of the test statistic |tiest| is greater than or equal to the critical t-value. The t-test results are
shown in Table 3 for four different scenarios. For example, the four errors obtained when measuring diameters were
used for the t-test. The test statistic |test| is 1.1785 and the critical t-value is 2.7764 at 5% significance level. Since the
test statistic is higher than the critical t-value, the null hypothesis is refused to reject. t-test is refused to reject for all
scenarios. This means that both measurement types produce statistically similar results.

Table 3. The t-test results at 5% significance level

| teest | Critical t values Decision
Diameter 1.1785 2.7764 Refuse to reject null
Length 0.599 2.3646 Refuse to reject null
Perimeter 0.3525 2.7764 Refuse to reject null
Depth 1.2047 2.201 Refuse to reject null

The observations show that the measurements obtained using the Global Mapper Software are similar to those
obtained from the traditional inspection method. In addition, the errors obtained in this study are similar to those
obtained by Saad and Tahar (2019) and Tan and Li (2019). Given the advantages of using the Global Mapper Software
over the traditional inspection method, it can be concluded that the Global Mapper Software produces reasonable
measurements and they can be used instead of the traditional inspection method.
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5. Conclusion

In transportation engineering, road condition inspection is a challenging process and requires a complete detailed
picture of the road before taking maintenance or rehabilitation actions. However, traditional inspection methods are
time-consuming, labor-intensive and unsafe for all users of the road.

UAV is a lately growing technology used in many fields, including transportation engineering. This study used the
UAV data to detect road distress. Specifically, UAV was operated over the study area to evaluate the road condition
through several images. Then, the Pix4dDMapper software, a commercial image processing software, was used to
produce the photogrammetric products. The image processing step involved image alignment, dense point cloud
generation, DSM and orthomosaic production. Finally, several road distresses were detected and measured from the
orthomosaic and DSM data using the GIS-based Global Mapper Software.

The measurements obtained from the Global Mapper Software were compared against the measurements from the
traditional inspection method. It was found that both measurements produced relatively similar results.

We can conclude that the use of the UAV measurement technique is suitable for detecting potholes and ruts on the
road surface. With the help of UAV images, detailed information about the road surface can be obtained from 2D and
3D data. In addition, it is easier to determine the ruts and potholes on the road surface in the office environment than
to measure in the field because 3D model production is automatic, fast, safe and high resolution.
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Ozet

Klasik RGB gériintiilerine gére uydu gériintiilerinin derin 6§renme amaclh kullanimlarinda
oénemli problemler bulunmaktadir. Uzaktan algilanmis gériintiiler igin etiketli egitim verisi
eksikligi bu problemlerden biridir. Uydu gériintiileri igin yetersiz etiketli egitim verisi
sorununun ¢6ziimiinii dogru ve kisa siirede saglayabilecek en 6nemli yontemlerden biri
kitle kaynak kullanimidir. Bu ¢alismada yiiksek ¢6ziinlirliiklii uydu gériintiileri icin etiketli
verilerin kitleler tarafindan toplanmasini saglamak amaciyla olusturulan web platform
tanitilmaktadir. Bu platform dinamik bir yapida olup ayni anda farkli kullanicilarin da
kullanabilecegi sekilde tasarlanmistir. Platformda kullanicilar Diinya yiizeyini kapsayan
Google uydu althgi kullanilabildigi gibi veri tabanina eklenecek gériintiiler lizerinden de
etiketli veri olusturabilmektedir. Bu sayede yiiksek ¢6ziiniirliiklii uydu gériintiileri igin
Diinya ¢apinda gériintiilerden ¢ikarilabilecek biittin siniflara ait (bina, yol, orman, akarsu,
findik, cay, gemi, ucak vb.) etiketli verilerin hazirlanmasi miimkiin olmaktadir. istenen
egitim siniflarinin tanimi ve kullanicilarin platformu efektif kullanmalari amaciyla yardim
dokiimanlari web platforma eklenmistir. Kullanicilar gériintiiler iizerinden poligon aract ile
yardim dokiimaninda belirtilen siniflari ¢evirebilmektedir. Daha sonra kullanicilar
tarafindan bu siniflara etiket dederi verilmektedir. Olusturulan etiketli verilerden dogru ve
yanlislarin tespit edilebilmesi amaciyla veri dodrulama modiilii de web platforma
eklenmistir. Bu modiilde kullanicilar 6nceki kisilerin cevirdikleri ve etiketledikleri siniflari
yardim dokiimanindan kontrol ederek puanlandirmaktadir. Sonugta en yiiksek puan alan
dogru etiketli veriler secilmektedir.

Anahtar kelimeler: CBS, Uzaktan algilama, Uzamsal analiz, Kitle kaynak

Abstract

Compared to conventional RGB images, new problems arise in the use of satellite images
for deep learning. The absence of labeled training data for remotely sensed images is one
of these problems. One of the methods that can solve the problem of insufficient labelled
data available for satellite images in a short time and accurately is crowdsourcing. This
study introduces a web platform created to ensure that the labelled data for high-
resolution satellite images can be collected by the masses. This platform has a dynamic
structure and is designed to be used by different users simultaneously. In order to create
tagged data, users can use Google Earth satellite images covering the entire Earth’s
surface as well as new images added to the database. In this way, it will be possible to
generate labelled data for all types of classes (buildings, roads, forests, streams, hazelnuts,
tea, ships, planes, etc.) that can be extracted from images around the world. Help
documents have been added to the web platform to identify training classes for users,
enabling them to use the platform effectively. Users can use the polygon tool to create
descriptive fields for the classes specified in the help document to create labels. Data
verification module has also been added to the web platform in order to determine the
correct and incorrect labels. In this module, users verify and score the labels created by
other people using the help document. As a result, the correctly labelled data with the
highest score are selected.

Keywords: GIS, Remote sensing, Spatial analysis, Crowdsourcing
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1. Giris

Uzaktan algilama (UA), insanlarin Diinya’yi daha iyi anlamalarini saglayan bir kapi agmistir. Son teknolojik gelismeler,
mevcut uydu goérintilerinin miktarini 6nemli 6lglide arttirmistir. Bu veri kiimelerinin biyik olcekli ve farkli tiplerdeki
yaplilari, gériintl analizinde yeni zorluklar ortaya ¢ikarmaktadir (Maggiori vd., 2016). Uzaktan algilanmis yliksek uzamsal
¢Ozunurlikli verilerden degerli bilgiler en iyi sekilde nasil elde edilebilir? Siirekli artan veri tiirleri ve hacmi ile nasil basa
cikmaliyiz? Bu sorularin ¢dziimii (izerine uzaktan algilama alaninda yogun bir calisma vardir. Ornegin, uzaktan algilanmis
goruntuler kullanarak otomatik arazi 6rtusi siniflandirma yontemlerini gelistirmek igin blyik ¢aba harcanmistir (Zhang,
2018). Geleneksel yontemler uzaktan algilanmis goruntilerin spektral, dokusal ve geometrik 6zelliklerine odaklanarak
gorinti nesnelerinin 6zelliklerini cok fazla miidahale ile yakalayabilmektedir. Son 20 yilda, K-NN, Rastgele Orman (RO),
Yapay Sinir Aglari (YSA) ve Destek Vektor Makineleri (DVM) gibi basarili ydntemler arazi 6rtiisi siniflandirmada yogun
olarak kullanilmistir (Carranza-Garcia vd., 2019). Doku ekleme, 6zellik ¢ikarma, indeksler, yardimci veriler, goriinti 6n
islemleri gibi gesitli yontemler ile zenginlestirilen gorintiler Gzerinde bu siniflandirma yontemleri ile daha yiliksek
dogrulukta siniflandirma yapilmaktadir (Akar ve Giingdr, 2015). Cok yakin bir zamanda, derin égrenme (DO) teknikleri,
goriintli tanima gibi birgok alanda vazgecilmez hale gelmistir (He vd., 2016). DO (izerine yapilan ¢alismalar, bu yaklasimin
onceki makine 6grenme yaklasimlarini geride biraktigini géstermektedir (Chen vd., 2014). UA gorevleri igin CNN,
Otomatik Kodlayici ve Derin inang Aglari gibi cesitli DO mimarileri analiz edilmistir (Chen vd., 2015). Son yillarda yapilan
calismalar, goruntiler Gizerinde CNN’lerin genellikle daha iyi bir performans sagladigini gostermistir (Li vd., 2018).
DO’niin en 8nemli 6zelliklerinden biri temsili ve ayirt edici dzellikleri hiyerarsik olarak 6grenilebilmesidir (Arel vd., 2010).
Bu sayede DO, klasik makine égrenmesi ydntemleri gibi dnceden 6zelliklerin belirlenmesine ve insan miidahalelerine
¢ok bagimli olmak yerine, genelleme yeteneklerini gelistirmek icin Ust diizey 6zellik temsillerini otomatik olarak
6grenmektedir (Li vd., 2018).

Yeterli egitim verisi, derin 6grenme yontemleri ile gérinti siniflandirma basarisinda anahtar rol oynamaktadir. Fakat
uzaktan algilamada egitim veri kiimeleri, bilgisayarli gorme alanindaki gériinti veri kiimelerinden ¢ok daha azdir (Li vd.,
2018, Song vd., 2019). Bu durum, uzaktan algilanmis egitim verilerinin hazirlanmasinin ¢cok daha fazla zaman alici
olmasindan, uzaktan algilanmis gorintiler Gzerine derin 6grenmeye dayal arastirmalara odaklanmis bilim insanlarinin
sayisinin goreceli daha az olmasindan ve bunlarin da ¢ok azinin UA egitim veri seti Gretimi icin ugrasmakta olmasindan
kaynaklanmaktadir (Song vd., 2019). Bazi ¢alismalarda (6rn: Yu vd., 2017; Ghaffar vd., 2019), yetersiz egitim verisi
sorununun ¢6zimd igin veri arttirma teknikleri kullanilimaktadir. Veri arttirma teknikleri ile egitim 6érnek buyuklugi ve
cesitliligi arttinimaktadir. Bununla birlikte, veri arttirma yontemleri karmasik ve buyik derin 6grenme modellerinin
egitiminde uygulandiginda yetersiz kalmaktadir. Song vd. (2019) tarafindan uzaktan algilanmis gériintiilerin CNN ile
siniflandirilmasi Gzerine yapilan kapsamli arastirmada uzaktan algilamada yetersiz egitim verisi eksikligine deginilerek,
bu sorunun dinya capinda UA topluluklarinin dikkatini cekmesi gerektigi ve UA egitim veri kiimelerinin gelistirilmesi icin
bazi girisimlerin ve tesviklerin saglanabilecegi ortaya konulmaktadir. Bu durum UA uygulamalarinda DO’niin tam
potansiyelinden yararlanilamamasina neden olmaktadir (Kemker vd., 2018). Bu sorunun ¢6ziimi amaciyla, ylksek
uzamsal ¢ozindrlikli uydu goriintilerinde etiketli egitim verilerinin olusturulabilmesini kitle kaynak ile saglayabilecek
bir web platform olusturulmustur. Bu platform, Saralioglu ve Gungor (2019) tarafindan siniflandirma sonrasi dogrulugu
degerlendirme igin kitle kaynagin kullaniimasi amaciyla olusturulan web platformun (www.crremotesensingapp.com)
derin 6grenme icin etiketli veri olusturmayi saglayacak sekilde modiillerin eklenmesi ile gelistirilmistir. Web platform
ayni anda pek cok kullanicinin etiketli veri tretebilecegi sekilde olusturulmustur. Egitim verileri goriintller Gzerinden
poligon araciyla gizilmektedir. Daha sonra cizilen poligonlara kullanicilar tarafindan yardim dokiimaninda tanimlanan
egitim siniflarina gore etiket degeri girilmektedir. Olusturulan verilerin dogruluklarinin kontroli igin veri dogrulama
modili web platforma eklenmistir. Bu modiilde, dnceki modiilde Gretilmis olan etiketli veriler kullanicilarin ekranina
gelmektedir. Kullanicilar, bu verilerin dogruluklarini altik gériintiide dogru sinifa ve konuma denk gelmeleri ile kontrol
ederek puanlandirmaktadir. Dogrulamalari yapilan bu verilere esik deger uygulanarak dogru olanlarin segimi ve
yanliglarin elenmesi saglanmaktadir. Sonug veriler GeoJSON formatinda kaydedilmektedir.

2. Materyal ve Metodoloji

2.1. Kitle Kaynak Yontemi

Resmi kayitlara gore kitle kaynak (crowdsourcing) terimini ilk kez 2006 yilinda Howe "Wired" dergisindeki makalesinde
kullanmasina ragmen, belirli bir sorunun ¢6zimu igin kitlelerin kullanimi fikri ytzyillar dncesine dayanmaktadir
(Thenkabail, 2016). Web 2.0 teknolojileri sayesinde web sitesi ile kullanicilar arasinda etkilesim miimkiin olmustur. Bu

sayede kitle kaynak kullanimi yayginlagsmistir. Kullanicilar, web sitelerinde igerik olusturma, fotograf yikleme, blog
olusturma, forum, wiki ve diger web servislerini kullanma imkanlarina sahip olmuslardir.
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Bu sayede kitle kaynak uygulamalari hizl bir sekilde artmaya baslamistir. internet, Diinya lizerindeki neredeyse her
yerden katkida bulunanlarin ise alinmasina, kaynaklarin kolaylkla paylasiimasina ve sonuglarin hizlica iletilmesine izin
vermektedir. GUnamizde kitle kaynak sitelerinden en bilindik olanlardan biri “Amazon Mechanical Turk”
(https://www.mturk.com/) web sitesidir. Bu platform, baslangicta bir fotograftaki nesneleri tanimlamak ve listelemek
gibi insanlarin bilgisayarlardan daha iyi yapabilecegi pek ¢ok gorev oldugu fikrine dayanarak ortaya ¢ikmistir. Wikipedia,
I-Stock Photo, innocentive.com, OpenStreetMap kitle kaynak ile gergeklestirilmis diger biylk projelerdir. Kitle kaynak
yazilim alaninda da agik kaynak projeleriyle ortaya ¢ikmistir. Linux isletim sisteminden, Firefox web tarayicisina, Python
programlama diline ve Apache sunucu yazilimina kadar bilisim diinyasinin altyapisinin blyilk bir kismi, kendini
drgitleyen ekipler tarafindan olusturulmustur. iki yil boyunca binlerce kodlayicinin Linux'u iyilestirme cabalarina
katilmasiyla bliylk bir topluluk olusturulmustur. Ganimuzde Linux milyonlarca kisisel bilgisayarda bulunmasinin
yaninda, stiper bilgisayarlardan cep telefonlarina kadar gesitli platformlarda kullanilmaktadir. Ayrica Linux agik kaynak
yazilim projelerinin yayginlasmasini saglamistir (Howe, 2008). Kitle kaynak ile ¢ok bliylk boyuttaki projeler kigilik
parcalara ayrilmakta ve kitlelerden bu kiiclik ve kendi basina ¢ok basit olan isleri yapmalari istenmektedir.

2.2. Derin Ogrenme Amagh Egitim Verisi Olusturma i¢in Web Platform

Web platform, On Kisim (Front-End), Javascript, html, CSS, Bootstrap ve Arka Kisim (Back-End) C#, jQuery ve cesitli
kitliphaneler kullanilarak olusturulmustur. Veri tabani olarak MSSQL kullanilmistir.  Site alan adi
“www.crremotesensingapp.com”, satin alinmistir. Proje Visual Studio ortaminda hazirlanmistir. Althk haritalar ve gizim
araglari icin OpenlLayer kitlphanelerinden faydalaniimistir. Web sunucu olarak ISS sunucusu kullaniimistir. Sekil 1'de
web platformun genel yapisi gosterilmektedir.

Veri y Uydu Gorunta Altliklar

Sunucu ISS Server

7 88 "\

Gorintileme 6 Veri Girigi

istemci

Sekil 1. Web platformunun mimarisi
2.2.1. Kullanici Kayit Kismi

Web platformunun kullaniimasi asamasinda, kullanicilardan kayit olmasi istenmektedir. Bunun igin istenen gerekli
bilgiler; ad, soyad ve e-mail adresidir. Ek olarak cep telefonu bilgisi de istenmektedir. Fakat bu kismin doldurulmasi
zorunlu tutulmamustir. Kullanici web platformuna kayit olduktan sonra yonetici girisiyle siteye girildiginde kayit istegi
gonderen kullanicilar listelenmektedir. Bu durumda istek gonderen kisilerin onaylanmasi yapilabilmektedir. Onay iglemi
yapilmadan kullanicinin sisteme girmesine izin verilmemektedir. Kayit yaptiktan sonra lyeligi aktif olmadan sisteme giris
yapmaya cahlisan kullaniciya “kullanici aktif degil” seklinde mesaj génderilmektedir. Sekil 2’de kullanici kayit kismi ve web
platformunun giris gériintlsi gosterilmektedir.
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Q,
-

CR Remote Sensing Application

( Kullanici Kaydi )

Sekil 2. Kullanici kayit girisi ekrani

2.2.2. Egitim Amagh Etiketli Veri Seti Uretimi

Bu bolim derin 6grenme amagli veri seti olusturulmasi icin kullanicilarin veri olusturabilecegi ve olusturulmus verilerin
dogrulamasinin yapilabilecegi sekilde hazirlanmistir. Bu kissimdaki buton ve mendilerin kullanimi Sekil 3’'te gésterilen ve
web platforma eklenilen “Veri Olusturma Yardim Dokiimaninda” gosterilmektedir.

Sekil 3’de goriuldigu gibi etiketli veri Gretimi asamasinda, web platformu Uzerinde kullanicilarin yapacagl temel
islemler poligon gevirme araci, se¢im araci, diizenleme araci ve silme araci ile gergeklestirilmektedir. Siniflandirma bilgisi
penceresi ise sinirlari belirlenmis olan nesnelere etiket bilgisi atamada kullanilmaktadir. Asagida web platformda
kullanilan araglar tanitiimaktadir.

e Poligon Araci: Poligon araci web platforma ekli gériintiiler Gzerinde veya Google uydu goruntileri althigi tizerinde

egitim amaciyla toplanacak siniflarin giziminde kullaniimaktadir.

e Secim Araci: Se¢im araci ¢izilmis poligonlardan diizenleme yapma, silme veya sinif etiket degeri vermek igin hangi

poligonda islem yapilacagini belirtmek amaciyla kullaniimaktadir.

e Dizenleme Araci: Segilen bir poligonu diizenlenmesi igin aktif hale getirmektedir.

e Silme Araci: Secilmis bir poligonu silmektedir.

Bunlarin disinda “Siniflandir” butonu Sekil 3’te gorildigu gibi “siniflandirma bilgisi” penceresini agmaktadir. Bu
pencerede secili poligonun hangi sinifa ait olduguna dair etiketleme islemi yapiimaktadir. “Orman, Findik, Gélge, Toprak,
Cay, Bina, Yol” siniflari icin kolaylik agisindan dogrudan butonlar tanimlanmistir. Bunlarin disinda bir sinifa ait etiketleme
yapilmasi istendiginde “Diger” butonuna tiklanir. “Diger” butonu tiklandiginda kullaniciya yeni bir pencere agilmaktadir.
Bu pencerede kullanici eger isterse etiket vermek istedigi farkh sinif adlarini tanimlayabilmektedir (6rn: ugak, gol, deniz,
vb.). Bu buton web platformunun dinamik yapida olmasini saglamaktadir. Kullanicilarin “Diger” butonu ile girmeleri
istenilen siniflarin, web platformunda yardim dokiimani kisminda tanimlanmasi gerekmektedir.  Ornegin web
platformunda otomatik tanimli bir sinif olmayan gél sinifi icin, “Diger” butonuna basilarak agiklama kismina “Gol”
girilmesi gerektigi yardim dokiimaninda belirtiimelidir. Aksi durumda kullanicilarin bu sinift “GOL, GOL, Gél, gél...” gibi
farkh sekillerde olusturmalari miimkiin olacaktir.
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Siniflandirma Bilgisi penceresi: Se¢ilmis poligonun belirlenen sinifa atanmasini saglar.

Siniflandirma Bilgisi

Class Degeri: mﬁrd:v Golge | Toprak | Cay | Bina | Yol

.— Poligon Secim Araci: Egitim verisi toplanmak istenilen alanlarin sinirlarinin ¢izilmesini saglar.

. Secim Aracli: Poligon Uzerinde sinif girigi, dizenleme, silme gibi islemlerin yapilmasini saglar.

.— Duzenleme Araci: Secilmis bir poligonun duzenlenmesini saglar.

- Silme Araci: Secilmis bir poligonun veya poligonlarin silinmesini saglar.

-— Uretilen etiketli veriler veri tabanina aktarilir.

Siniflandirma Bilgisi penceresini acar.

Sekil 3. Veri olusturma yardim dokumani

2.2.3. Egitim Verilerini Tanimlayan Yardim Dokiimani

Kullanicilarin etiketli egitim verilerini olusturabilmesi ve hangi siniflari neye gore isaretleyeceklerinin gosterilmesi
amaciyla Sekil 4’te goruldigi gibi 6rnek yardim dokimani hazirlanip web platformda “Yardim” kismina eklenmistir. Veri

¢izimi icin 6rnek siniflarin farkli ¢oztintrliklerde altlik uydu goriintilerinde nasil goriindikleri gosterilmistir.
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Gortintiilenen resmin sol {ist kdgsesinde Worldview katmani isaretli
olmalidir. Diger katmanlari kapatabilirsiniz. Goriintii fizerinde bir
nokta tikladiginda, o nokta ig¢in 1l'den 7'ye kadar bir sinif degeri
girilmelidir. Her bir noktanin sinif de§erini belirlerken, WorldView
katmanina gbre deJer girigi yapiniz.

- B .
- Findik Siuf degeri = 2
u Golge Suuf degeri = 3
Toprak Sinf degeri=4
Cay Sinf degeri =5
Bina Suuf degeri =6
Sif degeri =7
. Orman
« Findik
o - Golge
' * Toprak
Cay
¢ Bina

Sekil 4. Yardim dokiimani

Yardim dokiimaninda her bir sinifa ait yliksek ¢ozUnurlikli uydu goriinti pargalarinda farkli yakinlasma seviyelerinde ve
orneklerde siniflarin nasil goérindigli gosterilmektedir. Sag tarafta 7 sinifin veri tabaninda tutuldugu rakamlar
gosterilmektedir. Kullanicilardan web platformunda bir noktaya tikladiklarinda, bu noktanin sinifini temsil eden rakami
acllan pencerede girmesi istenmektedir. Bu gorev insanlar icin oldukga kolay olan benzer gorintileri eslestirme
islemidir. Ayrica bina, yol, toprak, gblge siniflari zaten herkesin higbir agiklamaya ihtiya¢ duymadan ayirt edebilecekleri
siniflar olusturmaktadir. Bunun disinda orman, findik ve gay siniflarinin da goriinti Gzerinde nasil bir dokuya sahip
olduklari yardim dokiimaninda gésterilmistir. istenilen diger siniflar icin bu sekilde yardim dokiimanlari olusturulup web
platforma eklenmelidir.
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2.2.4. Uydu Gorintii Pargalari ile Etiketli Egitim Verisi Olugturma

Kullanicilarin etiketli egitim verilerini olusturabilmeleri icin “Veri Secme” modili yukarida bahsedilen poligon gcevirme,
diizenleme, silme ve se¢me araglarini icermektedir. Calisma veya proje amaciyla yiksek ¢ézlnUrlukli uydu gorintileri
temin edilmisse ve bu goriintiler Gizerinden kullanicilara etiketli veri olusturulmasi isteniyorsa bu durumda “Veri Segme”
modiili kullaniimaktadir. ilk olarak, yiiksek ¢dziintirliiklii gériintiiler kolaylik saglanmasi amaciyla pargalara ayrilmakta
ve koordinatli olarak web platform veri tabanina galismayi yaptiracak kisi tarafindan eklenmektedir. Bu islemden sonra
kullanicilar “Veri Segme” modiliine giris yaptiklarinda ilk basta web platforma eklenen yiiksek ¢ézindrlikli gorinta
parcalari rastgele olarak kullanicilara otomatik olarak gonderilir. Sisteme giren her bir kullanici bir gérinti pargasini
gormektedir. Bu gorintiler Gzerinde poligon cizimleri yapildikca ve bu cizimler kullanicilar tarafindan sisteme
kaydedildik¢e goriintl parcalarinin islem sayisi artmaktadir. Daha sonra kullanicilara goriintilerin gonderim sirasi en az
islem yapilan goriintl pargasi olacak sekilde devam etmektedir. Clinki rastgele génderme durumunda, bazi gérintiler
kullanicilara hi¢ gonderilmezken diger goérintiilerin de daha fazla gdonderimi problemi ortaya g¢ikmaktadir. Tim
gorintiler tGzerinden etiketli veri toplanabilmesini saglayabilmek amaciyla bu siralama izlenmistir.

Sinflandirma Bilgisi

Sekil 5. Etiket degerlerinin kullanicilar tarafindan olusturulmasini saglayan etiket veri girisi penceresi

Sinif sinirlari belirlenip cizildikten sonra kullanici gcevirdigi poligonlara etiket degeri vermektedir. Daha sonra ilgili sinif
secilmekte ve bu pencerede “Kaydet” butonuna basilarak veri olusturma isi tamamlanmaktadir. Batiin yapilan islemler
tamamlandiginda web platformdaki “Kaydet” butonuna basihp tim siniflarin veri tabanina kaydedilmesi
saglanmaktadir. Ayrica veri olusturmada fikir alinabilmesi amaciyla Google Haritalar uydu goérintisia althgl da bu
modiilde kullanicilarin ilgili butonu aktif hale getirmesiyle kullaniimaktadir.

2.2.5. Olusturulan Etiketli Egitim Verilerinin Kontrolii

Kullanicilar tarafindan olusturulan verilerin dogrulugunun tespiti, yanlis verilerin ayirt edilmesi ve sonug dogru egitimli
veri setine ulasilabilmesi amaciyla “Veri Dogrulama” modili olusturularak web platformuna eklenmistir. Bu modil
yukarida bahsedilen “Veri Segme” modiiliinde kullanicilar tarafindan olusturulan egitim verilerinden dogru ve yanhs
olanlari ayirt etmeyi saglamaktadir. Kullanici tarafindan “Veri Dogrulama” modiili agildiginda, kullanicinin karsisina bir
uydu gorlntl pargasi ve bu pargaya ait ¢izili poligonlar gelmektedir. Kullanicilara gelis sirasi yukarida anlatildigi gibi en
az islem yapilana gore gerceklesmektedir. Kullanicilar bu gorinti Gzerindeki poligonlari kontrol etmektedir. Kullanici
tarafindan bir poligona tiklandiginda Sekil 6’da gosterildigi gibi bir pencere agilmaktadir.
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Veri Durumu Dogrulama

Class Degeri : 7

Veri Durumu : Yanhs

Sekil 6. Veri dogrulama isleminin kullanicilar tarafindan yapilmasini saglayan pencere

Bu pencerede (zerinde islem yapilan sinifa ait etiket degeri ve “dogru”, “yanlis” seceneklerini iceren iki adet buton
bulunmaktadir. Her bir sinifa ait etiket degeri “orman=1, findik=2, gblge=3, toprak=4, ¢ay=>5, bina=6, yol=7 ve diger=8"
seklindedir. Bu degerler yardim dokiimaninda (Sekil 4) gosterilmektedir. Kullanicinin isaretledigi poligon birden fazla
sinifi icerecek sekilde cizilmisse bu durumda etiket degerine bakilmaksizin yanhs butonu kullanici tarafindan
isaretlenmektedir. Eger poligon ¢izimi dogru ise yani tam olarak ilgili sinifi kapsayacak sekilde ¢evirme yapilmissa
kullanici tarafindan bu sefer sinif etiket degeri dogrulugu kontrol edilir ve bu deger de dogru ise “dogru” butonuna,
yanlis ise “yanlis” butonuna basilir. En son “Kaydet” butonu ile yapilan islemlerin veri tabanina aktarimi saglanmaktadir.
Web platformunun yoneticisi tarafindan veri tabaninda en yiiksek puan alan etiketli veriler secilerek dogru etiketli egitim
verileri secilebilmektedir.

2.2.6. Google Uydu Goriintiileri Althgindan Etiketli Veri Olusturma

“Serbest Veri Segme” moduli web platformun dinamik olarak derin 6grenme amacgli etiketli veri seti olusturulmasinda
kullanilabilmesini saglamaktadir. icerigi temelde “Veri Segme” modiilii ile aynidir. Sadece bu modiile ilk girildiginde,
kullanicilara web platformuna eklenmis uydu gériinti pargalari gosterilmez. Onun yerine kullaniciya altlik olarak Google
Haritalar uydu goriintiisi althigi gésterilmektedir. Kullanici poligon ¢evirme araciyla bu altlik Gzerinden Dlnya lizerindeki
herhangi bir yere ve sinifa ait bir cevirme yapabilmektedir. Sekil 7’de Google Harita uydu atligindan Prag sehrinde bina
sinifi igin gevrilen bir poligon gosterilmektedir.

Anasayfa = Serbest Veri Segme

. o .

Kaydet

Sekil 7. Serbest veri segme modiila
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Daha sonra sec¢im araciyla ¢evirme yapilan poligona kullanici tarafindan tiklanir ve veri girisi penceresinin agiimasi
saglanir. Bu kissimda kullanici sinif etiketi icin yukarida bahsedilen siniflarin disinda siniflandirma yapmak istiyorsa “Diger”
secenegini isaretlemelidir. Bu segenek isaretlendiginde agiklama kismi gelir ve bu kisma kullanici cevirmis oldugu poligon
sinifinin adini yazar. Ornegin akarsu, deniz, araba, gemi, havaalani vb. En son “Kaydet” butonuna basilarak biitiin etiketli
verilerin veri tabanina aktariimasi saglanmaktadir. Diger secenegi ile etiketlenen verilerin hem sinif degerleri hem de
acitklamalari veri tabanina kaydedilir. Sekil 8de gol sinifi icin kullanilabilecek poligon c¢izimi ve etiket degeri
gosterilmektedir.

Siniflandirma Bilgisi

Class Degeri : Orman | Findik | Goélge | Toprak | Cay | Bina | Yol jisli:Sg

Gol

Sekil 8. Serbest veri segme modiili ile gél sinifi olusturulmasi
2.2.7. Olusturulan Serbest Etiketli Egitim Verilerinin Kontrolii

“Serbest Veri Dogrulama” moduli de “Veri Dogrulama” modila ile aynidir. Sadece bu modiile ilk girildiginde,
kullanicilara web platformuna eklenmis uydu goriinti parcalari gosterilmez. Onun yerine kullaniciya altlik olarak Google
Haritalar uydu gorintisa althgr gésterilmektedir. Bu althk izerinde kullanicilar serbest veri segme moddli ile siniflara
ait cevrili poligonlari goérmektedir. Kullanicilar tim Dinya capindaki genis alandan istedikleri cevirili siniflarin
kontrollerini saglayabilmektedir.

3. Sonuglar ve Oneriler

Bu calismada yilksek uzamsal ¢ozlinlrlikli uydu goruntilerindeki yetersiz etiketli egitim verisi sorununu ¢dzmek
amaciyla olusturulan web platformu tanitilmistir. Bu web platformu sayesinde uydu gérintilerinde goz ile ayirt
edilebilen tiim nesnelerin etiketli egitim verilerinin olusturulmasi mimkin olmaktadir. Web platformu bu islemlerin
yapilabilecegi sekilde dinamik bir yapida hazirlanmistir. Ayrica web platformu, kitleler ile uydu goriintilerinin
siniflandirilmasi ve herhangi bir siniflandirma algoritmasi ile siniflandirilan goriintiideki hatalarin kitleler yardimiyla
bulunarak duzeltilmesi gibi cesitli amaglar icin de kullanilabilmektedir. Yiksek ¢ozinirlikli uydu gorintilerinden
etiketli verilerin Uretimini saglamak derin 6grenme yontemlerinin uydu gorintilerindeki siniflandirma basarisini
arttiracaktir. Glinimiizde pek ¢ok alanda basariyla uygulanan derin 6grenme yontemleri uzaktan algilama alaninda da
kullanilmaya baslanmistir. Fakat uydu gorintileri icin ¢ok az sayida egitim verisi olmasi derin 6grenme yontemlerinin
potansiyellerinden tam olarak yararlanilamamasina neden olmaktadir. Biiyik 6lcekli calismalarda etiketli veri olusturma
bir kisi veya kiiclk bir toplulugun yerine getiremeyecegi bir gérevdir. Bu sorun genis kitlelerin katilabilecegi bir web
platformunun etiketli veri iretilmesinde kullanimi ile ¢6zilebilir. Kitlelerin olusturduklari ham etiketli veriler yanhsliklar
icerebilmektedir. Bu nedenle hazirlanan platformda verilerin kontroliiniin yapilmasini iceren bir modil eklenmistir. Bu
sayede hatasiz etiketli verilerin olusturulmasi mimkin olmaktadir. Olusturulan web platformu etiketli egitim verisi
sorununun nasil ¢ozllebilecegini gdstermektedir.
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Abstract

Image fusion is one of the most common techniques used to enhance the interpretability
and functionality of remotely sensed data. The aim of this study was to improve the
performance of the SVM (Support Vector Machines) classifier with the aid of texture
features (TF) extracted from fused images. As a first step, the spatial resolution of the
WorldView-2 MS (multispectral) imagery was increased by fusing it with a WorldView-2
PAN (panchromatic) image using the PCA (Principal Component Analysis), WSB (Wavelet
Single Band), GS (Gram-Schmidt), BRV (Brovey), EHL (Ehlers), HCS (Hyperspherical Colour
Space), HPF (High-Pass Filtering) and MCV (Multiplicative) algorithms. A PCA transform
was then applied on all fused images. The first principal component obtained from each
fused image was used to extract the Gabor TFs. As a final step, extracted Gabor TFs were
combined with the original MS image. Resultant images were classified with the SVM
algorithm to investigate to what degree the used methodology affect the classification
accuracy. The results showed that the GS fusion-based Gabor TFs provided the greatest
classification accuracy increase with 19.3%, whereas the PCA fusion-based Gabor TFs
resulted in the second best classification accuracy increase with 18.7%.

Keywords: Texture feature extraction, Image fusion, Gabor texture features, Principal
component analysis, Image classification

Ozet

Goriintli kaynastirma, uzaktan algilanan verilerin yorumlanabilirligini ve islevselligini
artirmak igin en yaygin olarak kullanilan tekniklerden biridir. Bu ¢alismanin amaci Destek
Vektér Makineleri (DVM) siniflandirma algoritmasinin performansinin kaynastiriimis
gériintiilerden elde edilen doku &zellikleri yardimiyla iyilestirilmesidir. Bu amagla, ilk
asama olarak bir WorldView-2 ¢ok banth gériintiisii bir WorldView-2 pankromatik
goriintlist ile PCA (Principal Component Analysis), WSB (Wavelet Single Band), GS (Gram-
Schmidt), BRV (Brovey), EHL (Ehlers), HCS (Hyperspherical Colour Space), HPF (High-Pass
Filtering) ve MCV (Multiplicative) yéntemleri kullanilarak kaynastirilmistir. Daha sonra her
bir kaynastirilmis gériintiiye Temel Bilesenler Analizi uygulanmstir. Her bir kaynastiriimis
goriintii icin elde edilen birinci temel bilesen Gabor doku 6zelliklerinin ¢ikartiimasi amaciyla
kullanilmistir. Son asama olarak da elde edilen doku ézellikleri girdi ¢ok bantli gériintiiye
eklenmistir. Elde edilen bu gériintiiler DVM algoritmasiyla siniflandirilarak kullanilan
metodolojinin siniflandirma dogrulugunu ne derece etkiledigi incelenmistir. Sonug olarak,
GS yéntemiyle elde edilen Gabor doku O6zelliklerinin %19.3 artis ile siniflandirma
dogrulugunu en fazla oranda arttiran doku ézelligi oldugu ve PCA yéntemiyle elde edilen
Gabor doku ézelliklerinin ise %18.7 artis ile siniflandirma dogrulugunu en fazla oranda
arttiran ikinci doku ézelligi oldugu tespit edilmistir.

Anahtar kelimeler: Doku 6zellik ¢ikarimi, Gériintii kaynastirma, Gabor doku ézellikleri,
Temel bilesenler analizi, Goriintii siniflandirma
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1. Introduction

Image classification, which is one of the most widely-used techniques that increases the interpretability of the features
on the image, categorizes image pixels with respect to their spectral features, i.e. spectrally similar pixels are assigned
to the same class. Image classification is implemented for a wide range of purposes, including land use classification
(Johnsson, 1994), geological mapping (Ricchetti, 2000), burned area mapping (Gitas et al., 2004), mapping crops and
forest areas (Zabala et al., 2006), weed detection in crops (Eddy et al., 2006), imaging urban areas (Omkar et al., 2007),
marine habitat mapping (Laurer and Aswani, 2008), crop identification (Yang et al., 2011), flood hazard assessment
(Shaker et al., 2012), ocean mapping (Almendros-Jiménez et al., 2012), mapping riparian vegetation habitats (Kollar et
al., 2013), land cover mapping (Damodaran and Nidamanuri, 2014), detection of land cover changes (Dube et al., 2014),
mapping agricultural tillage practices (Ran et al., 2015), rice lodging assessment (Yang et al., 2017), and point cloud
filtering (Yilmaz et al., 2018).

Image classification is a complex task and its success depends on several factors. Since bad atmospheric conditions
and sensor malfunctions may affect the quality of the satellite imageries, atmospheric and radiometric corrections
should be conducted to the imageries prior to classification, if necessary. Another important factor that plays a
significant role in the success of a classification process is the experience of the analyst, especially when conducting
supervised image classification that relies on the training pixels (signatures) collected by the analyst. Improper collection
of signatures may lead to the confusion of the classes in the classified image. Spatial resolution of the image to be
classified also affects the performance of the classification procedure employed. Since lower-resolution imageries are
hard to interpret by the human eye, it may be very hard to collect signatures on this kind of imageries. Image fusion
may provide an efficient solution to this problem. Since image fusion aims to produce spatially enhanced images by
combining the spatial detail content of a panchromatic (PAN) image with the colour features of a lower-resolution
multispectral (MS) image, it increases the interpretability of the images and makes it a lot easier to collect signatures
for classification. The success of a classification process depends also on the spectral resolution (i.e. the ability to record
the electromagnetic energy in a large number of spectral bands with narrow spectral band intervals) of the image to be
classified. Images of higher spectral resolution are more effective in distinguishing land cover features, especially
features with similar colour characteristics. On the other hand, classification of lower spectral resolution images requires
some additional procedures to improve their classification performances. In this context, incorporating texture
information to the classification process is a reasonable approach to enhance the performance of classification methods.

Until today, a great deal of effort has been made to use the texture features in image classification process to achieve
better classification results. Baraldi and Parmiggiani (1995) incorporated six (energy, contrast, variance, correlation,
entropy and inverse difference moment) of the Grey Level Cooccurrence Matrix (GLCM) texture features introduced by
Haralick et al. (1973) into the classification process. Kurosu et al. (2001), Rao et al. (2002), Podest and Saatchi (2002),
Butusov (2003), Sambodo et al. (2010), Hermosilla et al. (2010), Pathak and Dikshit (2010), Devi and Rekha (2013), Nanni
et al. (2013) and Yilmaz (2019) are just some of the other studies where the use of GLCM texture features was
investigated to achieve more accurate classification results. Augusteijn et al. (1995) performed image classification by
using the texture features extracted from cooccurrence matrices, texture-tone analysis, grey level differences, Fourier
spectrum and Gabor filters. Chen et al. 1997, incorporated the intensity and texture information into the classification
process. In the study, the authors employed a wavelet transform to extract the fractal dimensions as texture features.
Low et al. (1999) made use of texture features average intensity, second moment of intensity histogram and fractal
surface dimension in an artificial neural network classifier. Nyoungui et al. (2002) improved the classification accuracy
by using texture features derived from first-, second-, and third-order statistics is spatial domain, texture features
obtained from the texture spectrum, and texture features obtained from the grey level difference vector. Angelo and
Haertel (2003) utilized the Gabor texture features in supervised image classification. Lloyd et al. (2004) indicated that
the texture features extracted from variograms could be useful in increasing the classification accuracy. Zhang et al.
(2004) increased the classification accuracy by using grey level cooccurrence texture features derived with geostatistical
analysis. Jin et al. (2012) increased the classification accuracy by using multi-temporal texture features. Akar and Glingor
(2015) integrated the GLCM and Gabor texture features into the random forest classifier to improve its performance.
Yilmaz (2019) enhanced the performance of the support vector machines (SVM) classifier by using the GLCM texture
features extracted from image segments obtained from fused images.

This study aimed to increase the SVM classification accuracy by integrating the Gabor texture features extracted
from fused images. To this aim, the Gabor texture features derived from the results of various popular image fusion
methods were integrated into the SVM classifier to see which fusion method provided the texture features that led to
the greatest overall classification accuracy increase.

The reminder of this paper is as follows: Section 2 will give brief theoretical background for the image fusion methods
used in this study. Section 3 will give information about the Gabor feature extraction process, whereas Section 4 will
briefly explain the SVM classifier. Section 5 will introduce the study area and the methodology followed in this study.
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The results regarding which fusion methods achieved the best texture features leading to the greatest classification
accuracy increase will be given in Section 6. Finally, the conclusions drawn from this study will be given in Section 7.

2. Image Fusion

Image fusion combines the spatial characteristics of a high-resolution PAN band and colour features of low-resolution
MS bands to produce spatially enhanced images. Fused images increase the interpretability of the images, enabling the
users to extract meaningful information from the surface of the earth. Fused images have a wide variety of application
areas, including topographic map updating (Pohl, 1996), RGB representation (Tsagaris and Anastassopoulos, 2005),
building database updating (Poulain et al., 2011), visual display (Peli et al., 1999), land cover change detection (Zeng et
al., 2010), marine monitoring (Du et al., 2003), mapping (Acerbi-Junior et al., 2006), flood plain mapping (Kedzierski et
al., 2014), coastal monitoring (Yang et al., 2012), vegetation monitoring (Johnson et al., 2013) etc. A large number of
image fusion approaches have been developed so far. Following are some brief information about the theories of the
image fusion methods used in this study.

e The MCV method, which is the simplest of all, performs fusion by multiplying the input PAN and MS bands
(Crippen, 1989). The BRV method calculates an intensity band by summing all MS bands. The ratio between each
MS band and intensity band is multiplied by the PAN image to produce the fused bands (Hallada and Cox, 1983).

e The HPF method injects the spatial details enhanced by a high-pass filter into the MS image (Schowengerdt,
1980).

o The PCA method applies a PCA transformation of the input MS bands to de-correlate the image bands. The first
principal component, which includes the majority of the total variance (i.e. spatial information), is then replaced
by the input PAN image. The fused image is obtained through an inverse PCA transformation (Chavez and
Kwarteng, 1989). The GS method, a statistical method like the PCA, combines the MS bands with a PAN band
simulated from the MS bands, simulated PAN being the first band. A GS transformation is applied on this
combined data. Then, the first GS component is replaced by the histogram-matched PAN band. An inverse GS
transformation results in the fused image (Laben and Brower, 2000).

e The EHL method applies a high-pass filter on the panchromatic spectrum obtained from the Fast Fourier
Transform (FFT) of the PAN image and a low-pass filter on the intensity spectrum obtained from the FFT of the
intensity component generated through the IHS transformation of the MS bands. An inverse FFT is applied on
both filtered spectrums and the results are summed to form a new intensity. Finally, an inverse IHS
transformation with the new intensity results in the fused image (Ehlers, 2004; Klonus and Ehlers, 2007).

o The HCS method first simulates a smoothed PAN image and transforms the input data from native colour space
to hyperspherical colour space. The intensity of the MS image is matched to those of the squares of the original
and smoothed PAN image. Then, a new intensity component is generated using the squares of smoothed PAN,
original PAN and MS intensity. Finally, an inverse transform is employed to produce the fused image (Padwick et
al., 2010).

e The WSB method generates an approximation band from successive Discrete Wavelet Transformations (DWT).
The generated approximation band is replaced by the input PAN image. An inverse DWT gives the fused bands
(Hill et al., 2002; Yilmaz and Gungor, 2016; ERDAS IMAGINE Field Guide 2013).

3. Gabor Texture Feature Extraction

Texture information increases the meaningfulness of images. The Gabor filters, which are widely used to extract texture
information from images, are a group of wavelets, each of them being able to acquire the energy at a given frequency
and a given direction (Zhang et al., 2000). The Gabor filters provide optimal localization properties in both frequency
and spatial domain, which makes them suitable for texture extraction (Yang et al., 2003; Huang et al., 2010). The Gabor
transformation defines any signal as a summation of orthogonal frequency-shift and time-shift Gaussian functions. The
Gabor space is obtained by convolving the image with a filter bank that includes various rotations and scales. Texture
information is retrieved from the statistics of the filtering results (Akar and Gilingor, 2015). The 2-D Gabor filter was
given by Petkov and Wieling (2008) and Akar and Giingor (2015) as;

x'? +y?y'? x
Ir6.9.0y (X, ¥) = exp (— T) cos (2717 + (p)

x' =xcosf + ysinf
y' = —xsinf + ycos6
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where, 8 defines the orientation, 1 is the wavelength of the filter, y is the spatial aspect ratio and ¢ is the phase offset.
4. SVM Classification

The SVM method is based on the identification of decision boundaries, called hyperplanes, to optimize the boundaries
between classes based on the sample pixels defined, thereby minimizing the possibility of misclassification between the
pixels. The method was first designed to solve linear classification problems which can be labelled as {-1, + 1} to separate
the two classes. In linear problems, the hyperplanes must have the highest level of aperture (i.e. margin) to effectively
separate two classes. More specifically, the SVM method is based on the definition of the optimal hyperplane that
maximizes the distance between the hyperplane and sample pixels (Vapnik 1995; 1998). Pixels on the optimal
hyperplanes form support vectors and are used to classify the unknown pixels in the image (Ozdarici Ok and Akyiirek,
2013). Linear planes are often insufficient to solve real life problems. The concept of non-linear hyperplanes was
developed for such cases. According to this concept, in order to ensure the best separation between classes, the data
is transformed into the Euclidean space, also called multidimensional Hilbert space (Ozdarici Ok and Akyiirek, 2013).
This transformation is done through the use of some kernel functions including the linear, polynomial, sigmoid and
radial basis function kernels. These functions enable the transformation into a new higher dimensional space, where
distinction between classes is more possible (Mathur and Foody, 2008). Among all, radial basis function is the most
preferred one due to its efficiency in achieving high classification accuracy (Huang et al., 2002; Melgani and Bruzzone,
2004). Various multi-class approaches have been developed for cases where more than two classes should be separated.
The One-Against-All approach forms an SVM for each class. Each SVM is trained to separate the samples of one class
from the samples of all other classes (Milgram et al., 2006). On the other hand, the One-Against-One approach forms
an SVM for each pair of classes. Let n be the number of classes in a problem, n(n-1)/2 SVMs are trained to separate the
samples of a class from those of another (Milgram et al., 2006).

5. Application

5.1 Study Area

This study was conducted in the Surmene province of the city of Trabzon, Turkey. The study area was captured by the
WorldView-2 satellite, which produces an 8-band MS image and a PAN image with spatial resolutions of 2 m and 0.5 m,
respectively. The imageries produced by this satellite have a radiometric resolution of 11 bits. The location of the study
area and Surmene province can be seen in Figure 1. As seen in the figure, the study area is a rural area covered by
various types of vegetation and a certain amount of urban features.
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Figure 1. Study area
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5.2 Methodology

Since the input images were atmospherically and radiometrically corrected, no preprocessing correction procedures
were conducted before fusion. As the very first step, the spatial detail content of the WorldView-2 MS image was
increased by fusing it with the WorldView-2 PAN image by means of the PCA, WSB, GS, BRV, EHL, HCS, HPF and MCV
methods. The ERDAS IMAGINE software was used to apply all fusion methods except the GS, which was applied with a
MATLAB script. All fusion methods were applied with default settings.

The next step was to apply a PCA transform on the fused images in order to de-correlate their bands. Since the first
principal component of the transformed images contained the majority of the variance (i.e. spatial detail) of the fused
bands, the Gabor TFs were extracted on them. The extracted TFs were combined with the original MS bands, which
were upsampled to the size of the fused bands. When applying the Gabor transform, a scale of 5, a rotation of 8 and a
window size of 39 were found to be efficient for texture features extraction. These parameter values were obtained by
trial and error. It is important to note that, it was, of course, possible to extract the Gabor TFs from any PAN image
without applying image fusion. However, the texture features are not only based on spatial features, but also on colour
features. This is the reason that the TFs were extracted from the fused images in this study.

As the final step, the original MS image and the combined images were classified by the SVM method to investigate
whether or not the followed procedure led to an increase in the classification accuracy, compared to the original MS
image. The reason for using the SVM classifier in this study is because it has been proven to be one of the best classifiers
in the literature (Bigdeli et al., 2012; Mathew and Anto, 2017). All images were classified into eight classes (i.e. tiled roof
building, concrete roof building, road, soil, shadow, tea, hazelnut and tree) using the same signatures. The classification
accuracy of each classified image was determined with respect to the reference control points that were randomly
distributed over the study area. The actual class of each control point was identified by examining it on the high-
resolution fused images. The overall classification accuracy of each classified image was calculated based on the number
of the correctly classified control points. To conduct a robust classification performance evaluation, the number of the
control points should be adequate to test the whole study area. This study used the multinomial distribution approach
(Congalton and Green, 1999) to estimate the minimum number of control points required to compute the overall
classification accuracy. This approach estimates the minimum number of required control points (N) as;

N = S
" 4p? (2)
S=a/k

where, k is the total number of classes, a is the confidence interval and b is the desired accuracy. This study
considered the confidence interval as 96%. Since each classified image consisted of 8 classes, S was computed as 0.005
(S = 0.04/8). x2 distribution table revealed that the probability level of 0.005 corresponds to 7.87 in one degree of
freedom, hence, N was determined as 1229.7 (7.87/(4 X 0.042)). Considering this, 2045 control points were decided
to use to compute the classification accuracy of each classified image.

6. Results and Discussion

Figure 2 shows the images produced by the fusion methods used. As seen in the figure, all methods achieved to increase
the spatial detail content to some degree. On the other hand, the WSB, GS and EHL methods produced images whose
colour content was similar to that of the original MS image. The PCA, BRV, HCS and HPF methods presented moderate
spectral consistency and the MCV method caused significant colour distortions, which can be seen in Figure 2.

The component substitution-based image fusion methods such as the BRV, PCA, GS and MCV are known for their
success in enhancing the spatial detail quality. The MCV method injects the spatial details through the multiplication of
the input MS bands by the input PAN band, which ensures a sharper image but increases the magnitudes of the pixel
vectors after fusion, distorting the colour characteristics. The same is true for the BRV method, which sums all input MS
bands to simulate an intensity component that is used to normalize the fusion results. The BRV method causes increases
in the magnitudes of the pixel vectors, but not as much as the MCV does. This is why the BRV method achieved more
realistic colours than the MCV method (see Figure 2).

The PCA method applies a PCA transform to the input MS image relying on the hypothesis that the first principal
component of the transformed data includes the same amount of spatial detail content as the input PAN band. The first
principal component is then replaced by the input PAN band. This procedure is successful in sharpening the images most
of the time. But for some input MS images, it may produce blurry images or images with pixel block effects.
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This happens when the first principal component does not include a reasonable amount of total variance (i.e. spatial
detail content), which was the case in this study. It should be noted that the total amount of the variance contained in
the first principal content varies from image to image.

For some input images, the first principal component contains almost all of the variance information, whereas less
variance information may be contained in the first principal component of another images. If the input MS and PAN
images are highly correlated, then the PCA method is expected to present a good performance in both spectral and
spatial manner.

MS + EHL TFs MS + HCS TFs MS + HPF TFs MS + MCV TFs

Figure 2. Classification accuracies of the original MS image combined with the image fusion-based TFs

The GS method is very similar to the PCA method. The difference between these two is that the GS method uses a
lower resolution intensity image simulated from the input MS bands. The users may obtain the intensity band either by
averaging the input MS bands or by linear combination of the input MS bands. It is also possible to define another lower
resolution intensity image acquired from a different sensor. The success of the GS method depends on the statistical
relationship between the lower resolution intensity image and input PAN band. If they have statistically similar
characteristics, then the fusion result is expected to be spectrally and spatially more consistent.
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This study used an intensity component obtained by averaging the input MS bands. Since the input images were
acquired from the same sensor, the produced intensity component had similar statistics as the input PAN band. Also,
the histogram matching applied between the intensity component and input PAN band ensured further resemblance
between the statistical properties of both images. As seen in Figure 2, the GS method did not only preserved the colour
features, but also injected the spatial details properly.

The EHL method applies a high-pass filter on the PAN spectrum and a low-pass filter on the intensity spectrum in
the Fourier domain. This approach enabled the EHL method to better retain the colour features and enhance the spatial
details of the PAN band. It is a well-known fact that, in most cases, filtering an image in the Fourier domain enables the
extraction or enhancement of required features with less information loss, compared to the spatial domain. This was
the case in this study. Hence, the new intensity component obtained by summing the inverse FFTs of both filtered
spectrums helped transfer the spatial details without deteriorating the colour features of the input MS bands. The
ERDAS IMAGINE software used to apply the EHL fusion method offers five window function for filtering in the Fourier
domain; namely Ideal, Bartlett, Butterworth, Gaussian and Hanning. Our observations revealed that the Hanning filter
achieved the best compromise between the colour and spatial detail quality of the fusion result. Hence this filter was
used to filter the PAN and intensity spectrums in the Fourier domain. The ERDAS IMAGINE software allows the users to
produce fused images with extreme colour or spatial detail quality. Since this study aimed to increase the SVM
classification accuracy with the help of the Gabor texture features extracted from the fused images, both the spectral
and spatial quality were important to us, therefore, we sought the best balance between the colour and spatial detail
quality.

The WSB method applies DWT on the input PAN band until the spatial resolution of the input MS image is achieved.
Each DWT results in four subbands (one approximation subband containing the colour information and three high
frequency subbands containing the spatial content in horizontal, vertical and diagonal directions) with two times coarser
spatial resolution. Since the spatial resolution of the input PAN band is four times better than that of the input MS
image, two successive DWTs were applied on the input PAN band. These two DWTs caused a spatial detail loss to some
degree. Another disadvantage of the DWT is that it extracts the spatial detail content in only horizontal, vertical and
diagonal directions (Yilmaz et al., 2020), which led to a spatial detail loss in other directions in this study. As seen in
Figure 2, the WSB method produced a blurry image despite its colour preservation success. Actually, this was expected
because the multiresolution analysis based fusion methods have been proven to keep the colour content and
deteriorate the spatial features (Gogineni and Chaturvedi, 2018; Serifoglu Yilmaz et al., 2019).

The HPF technique employs a high-pass filter on the input PAN image to enhance its spatial details. The ERDAS
IMAGINE software used to implement this technique identifies the size and content of the high-pass filter with respect
to the spatial resolution ratio (R) between the input images. Since the spatial resolution of the input PAN band was four
times better than that of the input MS image, the software recommended to use a 9x9 high pass filter whose elements
were set to -1 except the centre element, which was set to 80. The ERDAS IMAGINE software allows the users to define
their own high-pass filters. Since, the efficiency of texture features has a strong relationship with the spatial detail
quality of the image, we employed a 11x11 high pass filter on the input PAN band to further sharpen the fusion result
at the expense of colour distortion, which can be observed in Figure 2. The HPF image, which is a function of R, is
weighted relative to the global standard deviation of the MS bands (ERDAS IMAGINE Field Guide, 2013). The weight is
calculated using the R and standard deviations of the filtered PAN band and input MS bands. This procedure enabled
the crispness of the fusion result.

Table 1 shows the classification accuracies of the original MS image combined with the image fusion-based TFs. As
seen in the table, all methods provided TFs that achieved to increase the classification accuracy.

Table 1. Classification accuracy of the classes

Data Accuracy  Accuracy Increase

MS 77.6%

MS + PCA-extracted TFs 92.1% 18.7%
MS + WSB-extracted TFs 82.4% 6.2%
MS + GS-extracted TFs 92.6% 19.3%
MS + BRV-extracted TFs 89.0% 14.7%
MS + EHL-extracted TFs 87.8% 13.1%
MS + HCS-extracted TFs 87.6% 12.9%
MS + HPF-extracted TFs 89.4% 15.2%
MS + MCV-extracted TFs 79.4% 2.3%
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As also seen in Table 1, combining the MS image with the GS- and PCA-based TFs increased the classification accuracy
from 77.6% to 92.6% and from 77.6% to 92.1%, which led to an increase of 19.3% and 18.7%, respectively. The HPF and
BRV were found to provide third and fourth best TFs. The TFs obtained from the WSB and MCV methods were found to
lead to the smallest classification accuracy increase.

7. Conclusions

This study aimed to integrate the Gabor texture information extracted from the fused images into the SVM classifier to
increase its performance. For this purpose, the PCA, WSB, GS, BRV, EHL, HCS, HPF and MCV fusion techniques were used
to fuse a WorldView-2 MS image with a WorldView-2 PAN image. The first principal components of the PCA
transformation of the fused images were used to extract the Gabor texture features. The extracted features were
combined with the original MS image and the combined data were classified by the SVM algorithm. The results showed
that all fusion techniques used yielded images that were useful to extract efficient Gabor texture features. The GS and
PCA methods were found to provide the most efficient Gabor texture features, as they increased the SVM classification
accuracy by 19.3% and 18.7%, respectively. On the other hand, the WSB and MCV methods yielded the texture features
that led to the least classification accuracy increase. Future studies will focus on utilizing more advanced image fusion
approaches to produce more efficient texture features, providing a greater classification performance.
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Ozet

Yersel lazer tarama teknolojisi, geomatik miihendisligi basta olmak (izere endiistriyel
tasarim ¢alismalari, madencilik ve altyapi ¢alismalari, sehirlerin modellenmesi ve dizayni,
mimari restorasyon ve belgeleme ¢alismalari vb. bir¢ok farkli calismada siklikla kullanilan
énemli bir teknolojik gelismedir. Gergeklestirilmis bu ¢calismada Bodazici Universitesi
Kandilli kampdisii icinde yer alan Bilim Tarihi Koleksiyonu (Tarihi Sismoloji Binasi) binasinin
yersel lazer tarama aleti kullanilarak 3 boyutlu olarak modelinin ¢ikarilmasi ve mimari
olarak dékiimantasyonunun yapilmasi amaglanmistir. Bu amag dogrultusunda ¢alisma
6ncesi bina cevresinde istiksaf yapilip yersel lazer tarama aletinin ve istasyonlarin
konumlari nokta bulutlarinin birlestiriimesindeki hatayr en aza indirmek igin ¢alisma
bélgesinde homojen olarak dagilmistir. Tarihi Sismoloji binasininin lazer tarama cihazi ile
toplamda 17 istasyon noktasina kurularak 6lgiimii yapilmis ve elde edilen nokta
bulutlarindan binanin 3 boyutlu modeli olusturulmustur. Taramalar sonucu istasyonlarin
dengelenmesi gergeklestirilmis ve yatayda 3.7 mm., diiseyde 1.5 mm. ortalama uzunlukta
ise 4.1 mm. hata bulunmus ve hata sinirlari iginde kaldigi gériilmiistir. Bu ¢alisma
tniversite icin baslangi¢ olup, iniversitenin Kandilli Kampiisii basta olmak iizere diger
kampdisleri igerisinde yer alan farkh kiiltiir varliklarinin belgelenmesi ¢calismalarinda yersel
tarama teknolojisine basvurulmasi amaglanmaktadir.

Anahtar Kelimeler: Yersel lazer tarama, Mimari dokimantasyon, Nokta
bulutu, Faro, Tarihi sismoloji binasi

Abstract

Terrestrial laser scanning, one of the main subjects of geomatics engineering, is an
important technological development that is frequently used in many different studies
including industrial design studies, mining and infrastructure studies, modeling and design
of cities, architectural restoration and documentation studies etc. In this study, it is aimed
to modelling and documenting the architectural Science History Collection (Historical
Seismology Building) building located in the Kandilli Campus of Bodazigi University by using
a terrestrial laser scanning tool. For this purpose, before the study, a reconnaissance survey
was performed around the building and the positions of the terrestrial laser scanner and
the stations were homogeneously distributed in the study area to minimize the error that
may arise when combining point clouds. The Historical Seismology Building was measured
by terrestrial laser scanning device from 17 stations and a 3D model of the building was
produced from the obtained point clouds. All scanned stations of the point clouds were
adjusted and errors of 3.7 mm, 1.5 mm and 4.1 mm were found in horizontal direction,
vertical direction and average length, respectively. This error was found to be within the
error limits. This study is just a start for the university, and it is aimed to apply terrestrial
technology in the studies of documenting different cultural assets within the campuses of
the university, especially Kandilli Campus.

Keywords: Terrestrial laser scanning, Architectural documentation, Point cloud, Faro,
Historical seismological building
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1. Giris

Teknolojide son yillarda yasanan hizli gelismeler, jeodezik 6lgme aletlerinde de etkisini gostermektedir. Lazer tarama
teknolojisi, diinyada birgok ¢alisma grubundaki bilim insanlari tarafindan ¢alismalardaki verimliligi arttirmak, zaman ve
maliyet tasarrufu elde etmek igin 6zellikle son yillarda siklikla basvurduklari yontemlerin basinda gelmektedir. Lazer
teknolojisindeki arastirmalar 1960l yillarin basina kadar uzanmakta ve bu konuda yapilan bilimsel ¢calismalar teknolojik
gelismeler ile birlikte gesitlilik kazanmaktadir. Gergeklestirilen bilimsel arastirmalarin sonucu olarak ortaya ¢ikmis olan
lazer tarama teknolojisinin 6l¢lim araci olarak kullaniimasi ise 1990’li yillarin ortalarina rastlamaktadir.

Yersel lazer tarama teknolojisi ile ilgili literatlir incelendiginde ¢ok farkli ¢alisma alanlarinda kullanildigi bilgisine
rastlanmaktadir. Ginimuzde, lazer tarama teknolojisi geomatik miihendisligi basta olmak Uzere, endustriyel tasarim
¢alismalari, madencilik ve altyapi ¢alismalari, sehirlerin modellenmesi ve dizayni, mimari restorasyon ve belgeleme
¢alismalari, arkeolojik calismalar, olay yeri inceleme, sanal gergeklik uygulamalari, imalat kontroli, tersine mihendislik,
deformasyon galismalari, sinema endustrisi vb. bir ¢ok calismada siklikla kullanilan énemli bir teknolojik gelismedir.
Mimari belgeleme ve dékiimantasyon islemleri kulttrel mirasin korunmasi ve siirdurilebilmesi igin 6zellikle mimarlarin
siklikla bagvurduklari yontemlerin basinda gelmektedir. Kiltirel mirasin belgelenmesinde farkli yontemler
kullanilmaktadir.

Kaltar varhklarinin korunmasi ve gelecek nesillere ulastiriimasi icin yapilmis ¢calismalardan bir tanesi de Duran (2003)
tarafindan gergeklestirilmistir. Tamamlanan doktora tez ¢calismasinda tarihi niteligi bulunan eserlerin gelecek kusaklara
aktarilmasi ve 6zgin hallerini iceren dékiimantasyonunun yapilmasi ve olusmus ve olusacak hasarlari tespit edilebilmesi
icin fotogrametrik yontemler ile ¢alismak olduk¢a 6nemli oldugu belirtilmistir. Grussenmeyer vd. (2008) tamamlamis
olduklari ¢calismada takeomaetri, klasik fotogrametri ve yersel lazer tarama teknolojilerini ele alarak bu yontemlerden
kalturel mirasin dokiimantasyonu igin nasil veri toplandigi konusuna deginmislerdir (Grussenmeyer vd., 2008). UNESCO
Diinya mirasi listesinde yeralan Karabuk ilinin Safranbolu tarihi ilgesi sinirlari dahilinde yer alan binalardan farkli 6zellikte
binalar secilerek 6nce yersel fotogrametri yontemi ile roleveleri hazirlanmis daha sonra ise 3 boyutlu modelleri
olusturulmustur (Arca vd., 2011). Konya Sircali Medrese Tac kapisi ile Konya Karatay Medresesi Tag kapisinin yersel
fotogrametri kullanilarak mimari olarak doékiimantasyonu kolaylikla tamamlanmis olup calismada bu yéntemin
kullanilabilirligi arastirilmistir (Korumaz vd., 2011). Sille Aya-i Eleni kilisesi yersel fotogrametri yontemi kullanilarak
mimari dékiimantasyonu yapilmis ve 3 Boyutlu modeli g¢ikartilmistir. Kilisenin dis cephelerinin giziminde Autocad
programindan yararlaniimistir (Bége, 2013). Kugak’in tamamlamis oldugu yiksek lisans ¢alismasinda Karlruhe Teknoloji
Enstitlisi SUd kampiisi sinirlar dahilinde yer alan Chinese Tea House yapisinin yersel lazer tarama yontemi ile elde
edilen nokta bulutlarindan 3 boyutlu modeli yapilarak sayisal hali mimari dokiimantasyonda kullanilmak Gzere
hazirlanmistir (Kugak, 2013). Katar islami ve Arkeoloji Mirasi projesi kapsaminda Hafen City tiniversitesi tarafindan Al
Zubarah kalesinin de yersel fotogrametri kullanilarak belgelenmesi ve farkli yazilimlar kullanilarak degerlendirilmesi
calismasi basari ile gergeklestirilmistir (Kersten vd., 2015). Kivang (2019), yapmis oldugu yiksek lisans tez calismasinda
kiltirel mirasin belgelenmesi calismasinda klasik fotogrametrik yontem ve yersel lazer tarama teknolojisi ile
karsilastirma yapmistir. Her iki ydntemin birbirine gore avantajlari ve dezavantajlari oldugunu ve birbirini tamamlayan
teknikler oldugunu belirtmistir (Kivang, 2019). Lazer tarama teknigi ile Glasgow’un Unlu King’s Tiyatrosunun ile
Birmingham yakinlarindaki Holly Lodge Lisesi’nin tim &lgimleri nokta bulutlarindan yararlanilarak tamamlandi. Klasik
fotogrametri teknigi ile bu iki yapinin tim 6lgimleri glinlerce siirecek iken yersel lazer tarama teknigi tim ol¢timler 3
glinde tamamlandi ve zaman ve maaliyet tasarrufu saglandi (FARO Bilgi Bankasi, 2019a). Aksaray ili sinirlari dahilinde
yer alan Kizil Kilisenin sayisal fotogrametri teknigi ile 3B modelinin olusturulmasinda nokta bulutlarindan yarralaniimistir.
Bu ¢alisma tlrinin kiltiirel mirasin dokiimantasyonu galismalarinda birgok avantaji oldugu belirtilmistir (Ulvi vd., 2020).
Klasik 6lgme yontemleri ile yersel lazer tarama teknolojisinin giktilari karsilastirildiginda, stireg, performans, dogruluk ve
maliyet analizleri agisindan lazer tarama ydnteminin daha avantajli oldugu gorilmektedir.

Gergeklestirilen galismanin amaci, liniversitenin birden fazla kampiisi ve bu kampuslerin icerisinde yer alan tarihi
nitelikte olan binalarin sirasi ile yersel lazer tarama aleti ile taranip 3B dijital verisinin alinip envanterlerinin
olusturulmasidir. Bu arastirmanin konusu ise, tarihi sismoloji binasinin bu ¢alisma kapsaminda yersel lazer tarama aleti
ile taranip 3B dijital verisini elde etmek ve mimari olarak envanterinin olusturulmasini saglamaktir. Boylelikle, Bogazigi
Universitesi Kandilli Kampiisii icerisinde yeralan Tarihi Sismoloji Binasina ait yapisal ve dijital verilerin literatiirdeki
bilinmeyenlerini tamamlayarak alanina katki saglamasi da amaglanmistir.

2. Calisma Bolgesi
Gergeklestirilen calisma igin istanbul ili sinirlari iginde yer alan Bogazigi Universitesi Kandilli Kampiisii segilmistir. Kandilli
Kampdisii istanbul ilinin Anadolu yakasinda yer almaktadir (Sekil 1). Kampusiin tarihgesi incelendiginde, bilimsel

calismalarina Anadolu yakasi icadiye tepesinde 1911 yilinda basladigi gériilmektedir.
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Kamps igerisinde birgok tarihi bina bulunmaktadir. Bu tarihi binalar igerisinden Bilim Tarihi Koleksiyonu binasi (Tarihi
Sismoloji Binasi) yersel lazer tarama uygulamasi igin segilmistir. Bilim tarihi koleksiyonu binasinin insaatina 1930 yilinda
baslanmis ve 1934 yilinda tamamlanmistir. Gegmiste sismoloji binasi olarak kullaniimak (zere tasarlanmis olan kagir
bina 2 katli olup iki bolimden olusmaktadir. Birinci katin 6n tarafi biiro bolimi olup alt katta 3 st katta 5 oda olmak
Uzere 8 odalidir. Binanin ikinci bélimi ise sismograflarin bulundugu Kav bélimi olup biiyik bir salon ve 4 odadan
olusmaktadir (Bogazici Universitesi, 2019) (Sekil 2). Tarihi sismoloji binasi 2006 yilinda yapilan restorasyon sonucu Bilim
Tarihi koleksiyonunun sergilendigi binaya donistUrilmuistar.

Sekil 1. Calisma bélgesi (Uskiidar/istanbul)

Sekil 2. Bilim tarihi koleksiyonu - tarihi sismoloji binasi

3. Calisma Prensibi

Nesnelerin, yapilarin ve alanlarin dogrudan ve temas olmaksizin hassas ve otomatik olarak li¢ boyutlu olarak tim
detaylarini icererek koordinatlarinin mesafe olcimi ile hesaplanmasi islemi yersel lazer tarama teknolojisi olarak
adlandiriimaktadir. Yersel lazer tarama teknolojisi 6zellikle miihendislik islerinde kullanilmasinin yani sira mimari olarak
da kiltirel mirasin kayit altina alinmasi ve dékiimantasyonunda son yillarda siklikla basvurulan yontemlerden biridir.
Yersel lazer tarama teknolojisinde Glgme yontemleri temelde 3 farkl sekildedir. Bu yéntemler ugus zamanli, faz
karsilastirma ve triangulasyon yontemidir. Kiltlr varliklarinin belgelenmesi ¢alismalarinda 6zellikle miize vb. yerlerde
yeralan kiguk heykellerin, objelerin taranmasi sirasinda yakin mesafe yersel lazer tarayicilar kullanilarak tiggenleme
metodu ile 3 boyutlu modelleme yapilmaktadir.
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Tarihi binalar, arkeolojik alanlar ve buylk alanlarin mimari olarak dékiimantasyonunun yapilmasi ve belgelenmesi
islemleri icin ise uzun mesafeli yersel lazer tarama aletleri kullanilmaktadir. Uzun mesafeli tarayicilarin calisma prensibi
faz karsilastirma metodu olup lazer isini gidis-gelis zamani ile islem yapan tarayicilara basvurulmaktadir.

Bu calismada kullanilan yersel lazer tarama aleti olan FARO Focus 350S’nin g¢alisma prensibi ise faz karsilastirma
yontemidir. Faz karsilastirma yonteminde, tarama aleti ile nesne arasindaki uzunluk, yayilan ve yansiyan dalgalar
arasindaki faz farkindan hesaplanmaktadir (Sekil 3). Faz karsilastirma yonteminin matematiksel formili Formil 1'de
verilmistir. Bu formule goére, D lazer tarayici ve nesne arasindaki mesafe olup, c isik hizi, © faz farki, f ise frekansi
belirtmektedir. Tarihi Sismoloji binasinin taranmasi sirasinda FARO Focus 350 S yersel lazer tarayici kullaniimigtir. FARO
Focus 350 S, buyukligi, kompakt sekli ve genisletilmis tarama menzili nedeniyle dis mekan uygulamalari igin
tasarlanmistir (FARO Bilgi Bankasi, 2019b). Faro Focus 350 S normal sartlar altinda 25 metreye kadar 1 mm. dogruluga
sahip olup 0,6-330 m. arasi veri alabilmektedir. Ayrica tarayici, diiseyde 300° yatayda 360° doniip veri alabilmektedir.
Cihaz 1 saniyede 976000 nokta alabilirken bir taramada 198 adet fotograf cekebilmektedir. Uygulamada kullanilan yersel
lazer tarama aletinin tiim teknik 6zellikleri tablo 1'de detayl olarak verilmistir (Sekil 4).

Yayilan

ﬂg Yansiyan
M

D
Sekil 3. Faz karsilastirma yonteminin gésterimi

c.6

D=m (1)

Tablo 1. FARO Focus 350 Yersel lazer tarama aletinin teknik 6zellikleri

Tipi/Yontem Faz karsilastirma

Pil Omrii 4.5 saat

Agirhik 5.2 kg

Boyut 240%x240x100 mm
Menzil 0.6-330 m i¢ ve dis alan

122000/244000/488000/976000

Olgme Hiz: nokta/saniye

Goriig Alani Diisey 300°/ Yatay 360°

Hata Sinin +1 mm 10 m ve 25 m mesafede.

Sicakhk 5-40° C sicaklikta en iyi calisma
performansi

Nem Maksimum % 90

Yersel lazer tarama islemi sirasinda belirlenmis istasyonlarin Ustline konulmak Uzere hedefler kullaniimaktadir.
Uygulama sirasinda kullanilacak hedeflerin ozellikleri, tarama yapilacak yere gore konumlari ve geometrik
konfiglirasyonlari 6nem arz etmekte olup farkli tasarim ve tipte hedefler bulunmaktadir (Glimis, 2014). Bu referans
hedefler kiire, kagit veya prizma seklinde olabilmektedir. Uygulamada kiire seklinde referans hedefler kullaniimistir
(Sekil 4).
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Sekil 4. Uygulamada kullanilan a) Faro focus 350S lazer tarayici b) Hedef referans kireler c) Arazide 6lgiimler sirasinda
referans hedef olan kirelerin konumlari d) Referans hedef kiirelerin planimetrik gésterimi

Yersel lazer tarama aletleri, taranacak nesneyi veya yapiyi diisey ve yatay yonde taramaktadir. Bu tarama sirasinda her
bir tarama icin, tarayicidan taranan hedefe olan egik mesafe ve bu dogrultunun aletin yatay ve diisey eksenleriile yapmis
oldugu acilar 6l¢iilmektedir. Bu o6lgiimlerin disinda lazer isininin taranan objeden yansima siddeti de tarama aletine
kaydedilmektedir (Altuntas, 2017). Bu tarama sekli ile nokta bulutlari olusmaktadir.

4. Uygulama

Tarihi sismoloji binasinin yersel lazer tarama aleti ile mimari olarak belgelenmesi c¢alismasi 4 asamada
gerceklestirilmistir. islem adimlarini gésteren is akisi Sekil 5’te verilmistir.

Tarama Oncesi Planlama Uygulama

* istiksaf  Hedeflerin yerlestirilmesi

» [stasyon konum ve sayisinin .| e Detaylialantaramasi
belirlenmesi

Veri isleme |

* Gereksiz verilerin temizlenmesi Y 3B diiital
* Nokta Bulutlarinin apinin Ijita

renklendirilmesi envanterinin olusturulmasi

¢ Yapinin 3B nokta bulutunun
olusturulmasi

Sekil 5. Mimari dokiimantasyonda yersel lazer tarama is akisi

Tarama islemine baslamadan 6nce yapi etrafinda istiksaf calismasi yapilmis ve istasyonlar ile lazer tarayicinin optimum
olarak konumlari belirlenmistir. Bu islemde hatanin en aza indirilmesi igin referans kiireler ¢alisma alanina homojen bir
sekilde dagilmis olmasina dikkat edilmistir.
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Calisma alaninda taranacak objelerin, yapilarin veya alanlarin konumlarindan ve gevresel etkilerden dolayi yersel lazer
tarama aletini kurmakta zorluklar ve kisitlamalar olabilmektedir. Bu sorunlarin ortadan kaldirilmasi icin yapinin ¢evresine
tesis edilecek istasyonlarin homojen olarak kurulmasi gerekmektedir.

Calismada o6lgiimi yapilan tarihi sismoloji binasinin 3 cephesinin 6l¢limi icin herhangi bir sorunla karsilasilmazken
arka cephenin olciminde kisitlamalar ortaya g¢ikmistir. Binanin 6n, sag ve sol cepheleri agik, genis olup herhangi bir
kisitlayici nesne, yapi bulunmamaktadir ancak binanin arka cephesi depo bolimii ile birlesik olarak insaa edildiginden
Ol¢limleri yapabilmek i¢in depo bélimuiniin gatisina alet ve referans hedefler kurularak tarama islemi gergeklestirilmistir.
Sekil 6’ta ¢atiya kurulum yapildiktan sonra elde edilen nokta bulutu gérilmektedir.

Sekil 6. Nokta bulutlarindan trretilmis binanin kisitlayici arka cephesi

17 adet istasyon kurulumu ile tamamlanmis olan tarama islemi sirasinda 276,512,777 adet nokta Olglilmis olup bu
noktalardan birbirlerinden bagimsiz nokta bulutlari elde edilmistir. 17 adet istasyon kurulmasi ve tarama islemi ardisik
lazer taramasidir ve bu tiir lazer taramalari bindirmeli olup bindirme orani % 30’tur (Altuntas, 2017). Her bir bagimsiz
nokta bulutunun birlestirilmesi icin minimum 3 adet referans kiirenin ortak olmasi sarti ile FARO Scene yazilimda 6nce
manuel olarak isaretlenen ortak hedefler ile iki bagimsiz nokta bulutu birlestirilmistir. ikinci adimda ise hassas
dengeleme metodu ile Scene yazilimi otomatik olarak referans kirelerini tespit edip nokta bulutlarini birlestirmistir.
Daha sonra ise 17 adet bagimsiz taramanin birlestirilmesi islemi yapiimistir. Boylelikle, biitiin istasyonlardaki bagimsiz
nokta bulutlari birbiri ile ortak referans kiireleri ile jeoreferanslanarak tek bir nokta bulutu verisi elde edilmistir (Sekil 7).

Tarihi eserlerin ve binalarin, tarihi dokuya zarar vermeyecek sekilde tiim detaylarinin alinmasi igin yersel lazer tarama
teknolojisi kullanilarak farkli noktalardan ¢ok sayida tarama yapilir. Her tarama sonucunda elde edilen nokta bulutlarinin
koordinatlari, tarayici alet merkezli lokal koordinatlardir. Gergeklestirilen bu ¢alismada tarihi sismoloji binasinin 3
Boyutlu dijital modelinin olusturulmasi igin 17 kez istasyon noktasina yersel lazer tarama aleti kurulmus ve nokta
bulutlari elde edilmistir. Elde edilen nokta bulutlarinin koordinatlari lokal koordinatlar olup biitiin nokta bulutlari lokal
koordinat sisteminde birlestirilmistir.

Sekil 7. Uretilen nokta bulutu
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FARO Focus 350 S yersel lazer tarama aletinin icinde nesneyi tararken tarayiciya entegre kamerasi bulunmakta ve bu
kamera ile tarama yapilirken ayni zamanda 0&lgllen nesnenin fotograflari da kaydedilmektedir. Yersel Lazer tarama
uygulamalarinda yer alan ¢oéztintrlik kavrami, ardarada gelen iki nokta arasindaki mesafedir (Gimds, 2014). Bu sebeple
gerceklestirilen tarama isleminde, taranan objeye bagli olarak uygun ¢ézlnirlik secilmelidir. Dustk ¢ozinarlik ile daha
az nokta bulutu elde edilirken, yiiksek ¢oziinirlikte daha fazla detay ile daha fazla nokta bulutu elde edilmektedir.
Uygulamada ilk olarak disik ¢6ziiniirlikte (1/8 oraninda) tarama yapilmig ve tarama sirasinda resim ¢ekme 6zelligi
kapatilmistir. ikinci asamada ise yiiksek ¢éziiniirliikte (1/4 oraninda) tarama yapilarak resim gekim modili agilmis ve
ayrica binanin HDR formatinda 70 megapiksel ¢ozlinurlikli resimleri de alinip kaydedilmis ve renkli nokta bulutlari
Uretilmistir (Sekil 8).

Taramalar sonucu elde edilen nokta bulutlarinin birlestirilmesi sonrasinda taramaya esas olan Tarihi Sismoloji
binasinin disinda bircok fazla ve gereksiz nokta bulutlari olusmustur. Ug boyutlu modellemede kullaniimayacak olan bu
veriler Faro'nun Scene yazilim yardimi ile temizlenmistir. Temizleme islemi manuel olarak yapilmis ve taranan bina
cerceve icine alinmis, cerceve disindaki nokta bulutlari da silinmistir. Birlestirilmis ve temizlenmis nokta bulutlarinin
dengelemesi Scene yaziliminda gergeklestirilmistir. Scene yaziliminda dengeleme igin maksimum hata siniri 20 mm.
verilmis ve istasyonlarin dengelenmesi sonucu yatayda 3.7 mm., diseyde 1.5 mm. ortalama uzunlukta ise 4.1 mm. hata
bulunmus ve hata sinirlari iginde kaldig gorilmustir.

Sekil 8. Tarihi Sismoloji Binasinin nokta bulutlarindan olusturulmus 3 boyutlu gorseli

5. Sonuglar ve Bulgular

Glinimuzde, deformasyon 6l¢melerinden sinema endustrisine kadar bir¢ok alanda kendisine yeni uygulama alanlari
kazanan, 6l¢me islemine yeni bir boyut katan yersel lazer tarayicilar, birgok arastirmanin konusu olmaktadir. Yersel
fotogrametri, yersel lazer tarama teknolojisi, mobil lazer tarama, LIDAR, modern metodlar olup cesitli bilim insanlarinin
son yillarda siklikla basvurduklari yontemlerdir.

Gergeklestirilen bu calismada istanbul ili Bogazigi Universitesi Kandilli Kampdis sinirlari icinde yer alan Tarihi sismoloji
binasinin Yersel Lazer teknolojisi kullanilarak yiksek ¢éziinirlikli 3 boyutlu dijital gériintlsi elde edilmistir.

Tarihi, anitsal ve kiltlrel eserlerin dokiimantasyonu ve réleve calismalari uzun yillardir klasik fotogrametrik
yontemlerle yapiimaktadir. Ancak gelisen teknoloji ile yersel lazer tarama teknolojisi, klasik yontemlere gére kullaniciya
zaman, tasarruf, dogruluk olarak avantajlar sunmaktadir. Kiltirel mirasin dékiimantasyonu galismalarinda, obje, yapi
veya alanda meydana gelebilecek deformasyon, hasar veya eserin timuyle yikilmasi gibi hallerde dijital olarak eserlerin
kayit altina alinmasi yersel lazer tarama teknolojilerinin 6nemini géstermektedir.

Tarihi sismoloji binasinin elde edilen sayisal 3 boyutlu, yiksek ¢oztnurlikli verilerinin multidisipliner ¢alismalarda
da kullanilmak lzere dokiimantasyonunun yapilmasi ve saklanmasi énemli bir gelismedir. Kampis sinirlari dahilinde
Tarihi Sismoloji binasi disinda da eski ve tarihi binalar bulunmaktadir. Gelecek ¢alismalarda ise bu binalarin yersel lazer
tarama teknolojisi ile yuksek ¢6zlinUrlikli ve 3 boyutlu nokta bulutlar Uretilerek sayisal formattaki hali dijital
kiitiphanede muhafaza edilmesi ve gerekli olmasi halinde ise multidisipliner galismalarda kullaniimasi amaglanmaktadir.
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Abstract

Remote sensing is the art of acquisition of information about any objects (such as the
Earth) without making any physical/close contact. Remote sensing has many vital civilian
and none-civilian applications. Interferometric Synthetic Aperture Radar (InSAR) is a radar
technique used in geoscience and remote sensing to measure the Earth surface
deformation from 800 km above the Earth. In particular, Permanent/persistent/point-like
Scatterer Interferometry (PSl) is a powerful remote sensing technique, which is able to
measure the deformation on the Earth’s surface over temporal baselines. This technique
was developed to estimate the temporal characteristics of the Earth’s deformation rates
from multiple radar images acquired over time (series). This paper reviews InSAR and PSI
techniques, and explains the current state of the art and potentials of the available radar
remote sensing techniques. One case study is examined, pertaining to well-known
deformation problem in the Mexico City area.

Keywords: Remote sensing, Mexico City, InSAR, PSI, ENVISAT-ASAR, GPS

Ozet

Uzaktan algilama, yeryiiziindeki objeler hakkinda herhangi bir fiziksel temas olmaksizin
bilgi elde etme sanatidir. Uzaktan algilamanin birgok sivil ve resmi uygulama alanlari
vardir. Interferometrik Sentetik Agiklikli  Radar teknigi (InSAR) yer yiizeyi
deformasyonlarinin élgiilmesi amaciyla yer bilimleri ve uzaktan algilama alanlarinda
kullaniimaktadir.  Ozellikle, Sabit sagicilar (Persistent Scatterers Interferometry: PSl)
interferometri teknigi ise, yer yiizeyindeki deformasyonlari zamansal bazda 6lcme
yetenedine sahiptir. Bu teknik, ¢ok zamanh radar gdériintiilerinden yer yiizeyine iliskin
deformasyon oranlarinin  zamansal  karakteristiklerinin  belirlenmesi  amaciyla
gelistirilmistir. Bu makalede, InSAR ve PSI teknikleri agiklanmakta ve en son
gelistirilen/kullanilan  tekniklerin  kullanilabilirligi  analiz  edilmektedir. ~ Makale
kapsaminda, Mexico City’ye iliskin 6rnek bir ¢alisma incelenmistir.

Anahtar kelimeler: Uzaktan algilama, Mexico City, InSAR, PSI, ENVISAT-ASAR, GPS

1. Introduction

Radar ElectroMagnetic (EM) waves are barely influenced by clouds and/or atmosphere, except for very heavy rain
and/or tornados, etc.; therefore, radar remote sensing is known as a unique tool for monitoring the Earth’s surface
deformations in almost all conditions. The word Radar, an acronym for “RAdio Detection And Ranging”, refers to a
specific band of EM waves as well as an engineering system. An engineering system has three functionalities: a
transmitter, a receiver, and a processing system. In the radar system, antenna is a device for coupling energy between
the outgoing and transmission lines. In remote sensing, different kinds of antennas exist such as disk like, spiral, or series
of antennas etc. The Synthetic Aperture Radar (SAR) is a specific kind of side looking radars mounted on an aircraft,
satellite, or even on the ground devices. EM signals are sent to the Earth’s surface orthogonal to the orbit direction, and
the backscattered EM waves are collected from the scatterers.
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The SAR system was primarily tested for ocean studies on the Seasat satellite in June 1978. The SIR-A, SIR-B, Cosmos-
1870, ALMAZ-1, ERS1&2, JERS, SIR-C/X-SAR, ENVISAT, RADARSAT1&2, ALOS, CosmoSktmed, TerraSAR-X, and Sentinel
were the other SAR systems that launched one after another.

The launch of ERS-1 in July 1991 initiated a new era of Interferometric Synthetic Aperture Radar (InSAR) with which
we are now acquainted. When the radar antenna moves forward in a specific trajectory, it allows to record the very
high-resolution radar images with the help of advance signal processing. SAR interferometry has earned a considerable
reputation in environmental science, oil and gas industries, engineering, and Earth surface deformation etc.
Interferometry concepts, phase information, and tracking of transmitted and received EM waves are the fundamental
concepts of the methodology. SAR data are acquired either by two antennas or by using repeated pass acquisition in
the same orbit. Earth surface displacement monitoring with INSAR methodology is also possible with repeated pass
arrangement. For deformation mapping of an area, two InSAR coherence images, one taken before and one taken after
the deformation, would be suffice. It is enough to measure the phase attributes of the target during the time period.
This approach works better for urban areas (man-made objects), as the backscattered EM signals are more stable during
this period. Since the InSAR is a side-looking system, geometric distortion (such as layover, foreshortening, and shadows)
of acquired images is one of the main limitations of the technique. The cost-effectiveness and availability of the INSAR
data are two important advantages of these kinds of systems for monitoring the man-made targets.

Permanent Scatterer Interferometry (PSI) is one of the greatest inventions in the field of satellite remote sensing,
which uses SAR image time series. This technique is a more advanced implementation of the well-known Differential
Interferometric Synthetic Aperture Radar (DInSAR) approach, which has been employed for more than 20 years for
monitoring the Earth’s surface deformation and/or man-made structures. The InSAR time series methods work better
on man-made structures or urban areas, where the radar backscatters are more abundant. In the original DINSAR
approaches, radar coherency, geometrical decorrelation, and phase delay of the atmospheric effects on radar signals
are three important limitations. Man-made targets such as, buildings, highways, railways, pipelines, etc. remain
coherent for a long temporal baselines (Ferretti et al. 1999, 1999, 2000, 2001; Usai and Hanssen 1997). The PSI or PS
(Permanent Scatterer) was developed to overcome the coherency problems of backscatterers in repeated pass (i.e. time
series of) SAR interferometry.

The PSI technique was developed by some researchers in the university of Milan in Italy (Ferretti et al. 2000, 2001).
A number of other similar methodologies have been developed as time passed. The Small BAseline Subset (SBAS) is
another similar well-known time series radar interferometric approach (Berardino et al. 2004; Lanari et al. 2004; Pepe
et al. 2005 and 2007). The difference between these two approaches is: in the PS approach, all InSAR coherence images
are employed regardless of their spatial baseline variations; whereas in the SBAS methodology, some of them are
ignored due to high spatial baseline arrangements. Geometric and temporal de-correlation errors of the InSAR
approaches are more important in the SBAS, compared to the PS data analysis (Berardino et al. 2004; Lanari et al. 2004).
The SBAS generates much more radar interferograms than the PS approaches. The SBAS and PS approaches also have
different unwrapping procedures: the interferograms are unwrapped first spatially and then temporally in the SBAS,
and the opposite is done in the PS data analysis. Disconnected clusters of generated interferograms may sometimes
occur in the SBAS approaches. However, in the SBAS approaches, not only permanent scatterers can be used, but also
distributed scatterers, with much moderate coherence, can be included in the analysis. For all of the abovementioned
differences between SBAS and PSI techniques, a number of researches tried to proposed the innovative solutions in
order to benefit from the advantages of both methods. The one great example for the minimization of the temporal
baselines and employment of the InSAR coherence images with the SBAS approach was provided by Pepe et al. 2011.
Mora et al. 2003 presents another similar approach. Hooper et al. 2004 gave a geophysical approach and Crosetto et al.
2005 discussed on a stepwise linear deformation with least square adjustment models. The Interferometric Point Target
Analysis approach was given by Werner et al. 2003 and stable point networks approach was presented by Crosetto et
al. 2008. In Ferretti et al. 2000, the PSI and small baseline analysis were combined heuristically: multiple imageries’
pixels were employed within a certain radius to measure spatially correlated parameters. Ferretti et al. 2011 explained
the SqueeSAR approach, which is capable of employing the PS and distributed scatterers approaches. This approach
helped monitor rural areas where the coherency was limited. Contribution of fully polarimetric INSAR data was
heuristically discussed by Navarro-Sanchez and Lopez-Sanchez 2013.

In PS technique, a large number of coherence images are used to estimate the changes on the Earth’s surfaces in
temporal domain. Historical deformation time series of the radar backscatterers, and the height of those scatterers are
the results of PS techniques. In the PS approach, the pixels with high radar coherency during the temporal baseline are
exploited. In general, more than 20 InSAR imageries are used to estimate and remove the atmospheric errors. In the PS
data analysis, a master image is selected considering specific criteria (among K imageries), and (K - 1) interferograms
are produced with respect to the master image.
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Then, with a number of different models, permanent scatterer candidates are selected. Final permanent scatterers can
be produced through further refinements made on the selected permanent scatterer candidates (Kampes, 2005).
Temporal changes in height for the Earth surface’s, and the height of each PS with respect to a reference point, are the
outputs. In man-made areas, the PS approaches can achieve an average of 100 PSs/ km? (points densities) with low
resolution satellites such as ERS1/2 and ENVISAT-ASAR, and an average of a couple of thousands PSs/km”2with high
resolution sensors like TerraSAR-X and Cosmo-SkyMed data. Since the permanent radar scatterers are limited, the
rural/vegetated areas might not be explored properly with the PS techniques. The PS approaches need a minimum
amount of InSAR coherence images for phase unwrapping steps, which could severely influence the degree of
correctness of the selected PS candidates. PS (and SBAS too) is basically a relative approach, which means all of the
calculated time series for InSAR time series points are measured with respect to a pre-defined reference point;
Continuous Global Positioning Systems (CGPS) or leveling methodologies can help rectify this problem (Kampes, 2005).
Another drawback of the PS is the observation geometry of the satellite: PS deformation measurements are given along
the satellite line of sight direction; therefore, the measured deformation rates are just the projection of the deformation
vector onto the SAR look direction, not absolute deformation in vertical or horiziontal directions.

2. Application of InSAR for the Earth surface monitoring review

In this section, we discuss some of the most essential applications of INSAR approaches in environmental science. Several
important InSAR applications have been carried out by research communities, academic, and specialized companies;
and have been reported in the scientific journals (see, for example www.npagroup.com, www.altamira-
information.com, and www.gamma-rs.ch).

One of the most elegant and important applications of the radar monitoring is about man-made areas. Huge areas
can be monitored through high-resolution InSAR coherence images with proper revisiting schedules. The estimation of
the deformations on the Earth surface with InSAR data is currently done for several cites around the Earth. For example,
in the PanGeo monitoring project (http://www.pangeoproject.eu/eng/project_overview), more than 52 european cities
of the Europe in which 13% of these cities have a metropolitan population, were under this kind of monitoring
continually.

PanGeo gives online deformation data based on the InSAR techniques for possible geohazard problems. However,
PanGeo data are generated based on low-resolution INSAR coherence images, and no detail information in their area is
given. For instance, these datasets might not be very helpful for studying a single building or a bridge. Dixon et al. 2006
presents a detailed study on a single target with INSAR coherence images of C-band. In Zerbini et al. (2007), the Bologna
region and Po Plain (Italy) are the test sites for their INSAR work using the ERS and RADARSAT data. In Osmanoglu et al.
2011, deformation in Mexico City metropolitan area due to water extraction was investigated with the C-band ENVISAT
data. Telerilevamento Europa (www.treuropa.com) runs a big program for monitoring the deformation that occurs due
to oil and gas extractions.

Tectonic/Fault deformation surveillance based on InSAR coherence images is also one of the prominent uses of the
the InSAR remote sensing approaches. Lyons and Sandwell (2003) show that fault creeping measurements based on ERS
INSAR data might be translated to the fault’s future activities.

Landslide surveillance is one of the most important subjects of the INSAR remote sensing studies (see some examples
in Colesanti and Wasowski, 2006, and Kimura and Yamaguchi, 2000).

In the Netherlands, INSAR remote sensing monitoring of dikes and dams is a common task for water defense systems
evaluation (see Hanssen et al. 2008).

In Lazecky et al. 2017, the bridge deformation was found with the use of very high resolution X-band imageries. In
Hanssen et al. 2015, RADARSAT-2 images were employed to monitor the railway deformations in the entire Netherlands,
for a temporal baseline between 2010 and 2015.

Finally, in Poreh et al. 2016, the bridge movements in Campania (ltaly) area were studied with high (spatial)
resolution X-band Italian CosmoSkyMed imageries. They concluded that most of the movements on the railways were
related to periodical/temporal changes of the temperature, and that the bridge was safe to run the trains.

3. A case study: monitoring the subsidence in the Mexico City

In this section, subsidence of Mexico City area due to excessive water withdrawal is discussed. This study focuses on
this problem utilizing the InSAR and Continuous Global Positioning Systems (CGPS). Fifty-two ENVISAT and nine
permanent GPS stations from Mexico City area were used to monitor the subsidence of Mexico City’s area. The radar
data covers a time span of 2002-2010, and the GPS data covers a time span from 1998 to 2012. Based on the InSAR
data, a maximum of 352 mm/yr deformation in LOS direction is measured.
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Figure 1. a) Mexico City topography map and installed CGPS stations in the metropolitan area. White rectangle shows
the InSAR data coverage area in descending mode. b) 3D view of the study area with Landsat ETM+ imagery from
25/11/2005. c) 3D representation of Mexico City area (Poreh and Pirasteh, 2019)

Mexico City’s (see Figure 1 and 2) subsidence began in the 1840s and expanded in the 1930s and 1950s. The Mexico
City’s soil comprise highly compressible clays, and the mechanism of the subsidence in Mexico City lacks enough natural
water recharge, and consequently, compaction of the soil layers. The compaction of the overlying geological layers plays
also a crucial role in the deformation mechanism.

Much of the deformation occurs in the irrecoverable, heavily pumped area, and results are loss of aquifer storage
and damages on engineering structures. This subsidence accelerated since the 1950s, and several correlated structural
damages were observed in the study area. More than 20 million (http://www.unesco.org) inhabitants in the Mexico
City area are facing this extraordinary land subsidence problem (see Figure 2). For instance, in Mexico City’s cathedral

which took more than 250 years to build, one side is deformed nearly 2.44 meters deeper than the other side, and it is
leaning to the left side.
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Figure 2. Surface deformation in Mexico City area (The Geodesy Lab)

Figure 1 shows the study area with GPS station locations and InSAR data coverage. Nine GPS stations (Figure 4) and
thousands of PSs form ENVISAT-ASAR imageries have been used. The GPS data are from the University of Mexico City,
and employed as ground truth and/or calibration tool for the InSAR data. Given more than eight years of GPS and InSAR
data overlap, the two independent methodologies provided a picture of deformation in the Mexico City and its
surrounding area for the first decade of the 21st Century.
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Figure 3. Some of the generated differential interferograms (from 51 interferograms) for Mexico City study area.
Image 05.05.2006 is selected as the master image. Image acqusition time, temporal (Btemp), and perpendicular
(Bperp) baselines are given on top of the interferograms

Image 05/05/2006 has been selected as the master image to minimize the effectiveness of the spatio-temporal
baselines. The InSAR coherence images cover an area (Figure 1) of around 62 kmx56 km and are centered over the
Mexico City downtown. Some of the differential interferograms (from 51 interferograms) are given in Figure 3. Three
well-known PSl/unwrapping approaches of ILS, bootstrapping, and periodogram results are given in Figure 5. As can be
seen, there are not significant differences between the methodologies, and all of them presented similar results
(sometimes the number of PSs (radar reflectors) are slightly different). Deformation rates and its extensions can be
measured with the InSAR approaches. GPS data also can be used for calibration and InSAR data evaluation. If reference
point of INSAR data is selected with the help of GPS measurements, then absolute deformation rates can be conducted
over the study area.
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Some of the widely used packages/softwares for InSAR and/or PS| processing are listed as: DORIS, ROI-PAC,
ScatterersTM, GMTSAR, GAMMA, SARscape, PulSAR, DIAPASON, RAT (RAdar Tools), StaMPS, MintPy-Miami InSAR time-

series software, and SNAP ESA’s InSAR software.

UPEC UJAL UIGF

UTEO

Figure 4. North, east, and vertical components of deformation based on GPS stations (Poreh and Pirasteh, 2019)
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Figure 5. PSI deformation rates for Mexico City area for temporal baseline of 2002-2010 with a) Bootstrapping, b) ILS,
and c) Periodogram approaches
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4. Discussion and Conclusions

Monitoring the Earth surface based on radar remote sensing and InSAR time series is discussed in this study. The
characteristics, benefits, and disadvantages of each InSAR time series techniques are highlighted. Since phase
measurements are used in the InSAR systems, the wavelength characteristics of the radar systems are essential. L-band
(24 cm), C-band (5.8 cm), and X-band (3 cm) are among the most common radar wavelengths. EM waves tend to interact
with objects similar in size to the EM wavelengths. Meanwhile, surfaces appear rougher for shorter wavelengths.
Compared to the shorter wavelengths (X-bands), longer EM waves (L-bands) are able to penetrate the vegetation, dry
soils, and ice more deeply.

The most important practical point of InSAR data analysis is the availability of radar images for generation of
interferograms. Given the limited re-visiting radar data and InSAR geometric problems, InSAR time series approach can
not always be used for real-time monitoring porposes, and must be used parallel to the other surveillance methods.

In the case study, the deformation of Mexico City area is discussed. The extraction of groundwater from central part
of Mexico City causes significant land deformation in the metropolitan area. We address the mechanism of this
deformation based on GPS and InSAR coherence images. While several recent studies pointed out the potential of using
INSAR data to assess the deformation rates in Mexico City area, we must stress that in some cases the unwrapping errors
might cause significant errors in estimation of deformation rates; meanwhile, combination with other independent
geodetic techniques such as GPS is essential. GPS stations were also used for calibration of InSAR time series. Three
different InSAR unwrapping techniques show similarity on intensities and extension of the deformation rates. The
combination of InSAR and GPS observations holds promise for high resolution mapping of Mexico City area deformation
because of on groundwater depletion. GPS has a low resolution (only nine stations) data, but they measure the absolute
deformation rates (i.e., absolute deformations in the north, east, and vertical); InSAR has high resolution, but not direct
measurements: INSAR data is a relative method. The increasing coverage of the study area, high revisiting periods, and
availability of InSAR data will encourage land subsidence/deformation mapping at InSAR scale of applications.
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