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Tiirkiye LIDAR Dergisi
Turkish Journal of LIDAR

: Tiirkiye LIDAR Dergisi bilim ve teknolojideki gelismelere paralel olarak LIDAR alanindaki yeniliklerle
Dergi Hakkinda e : . . < 3
ilgili yapilan ¢calismalari yayinlayan ve Uluslararasi Indeks ve Veri tabanlarinda taranan bir dergidir.

Amag & Kapsam Tiirkiye LIDAR Dergisi,

4 Yersel, hava ve mobil LIDAR kullanim alaninda ulusal ve uluslararasi gelismeleri; Harita, Jeoloji,
Cevre, Maden, Sehir Planciligy, Ziraat vb. miithendislik alani, Arkeoloji ve mimarlik ile ilgilenen bilim
insanlarinin bilgisine sunmak,

#+ Konu ile dogrudan veya dolayli etkinliklerde bulunan bilim insanlari, arastirmacilar, mithendisler
ve diger uygulayicilar arasindaki bilgi ve deneyim paylasimini giiclendirecek ve hizlandiracak,
kolay erisilebilen, genis katilimli bir tartisma ortami saglamak ve bunlar1 yayma olanagi yaratmak,

4+ Tirkiye‘nin teknolojik ve ekonomik kalkinmasinda rol oynayabilecek mesleki gelismelere iliskin
sorunlarin daha etkin bir sekilde ¢6zlime kavusturulmasi agisindan biiyiik 6nem tasiyan kurumlar
arasl isbirliginin LIDAR verileri kapsaminda baglatilmasina ve gelistirilmesine katkida bulunmak,

Tiirkiye LIDAR Dergisinin kapsami;
v" Temel LIDAR Uygulamalari,
LIDAR ile uzaktan algilama ve sanal gerceklik (VR) uygulamalari,
LIDAR verileri ile Cografi Bilgi Sistemleri entegrasyonu,
LIDAR ile Endiistriyel 6lgmeler,
LIDAR ile deformasyon él¢meleri,
LIDAR ile madencilik 6l¢meleri,
LIDAR ile Sehircilik ve ulasim planlari caligmalart,

LIDAR ile tarim uygulamalari,

SN N N N NN

LIDAR ile hidrografik uygulamalari,

AN

LIDAR ile yapilan tiim multidisipliner calismalar,
Yayinlanma Siklig1  Yilda 2 say1 (Haziran-Aralik)
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Kentsel Yesil Alan Kalitesinin LIDAR Nokta Bulutu Verileri Kullanilarak Haritalanmasi

Derya Giil¢in12

1 British Columbia University, Forestry Faculty, Department of Forest Resources Management, Urban Forestry Research in Action, BC

V6T 1Z4, Vancouver, Kanada

2 Aydin Adnan Menderes Universitesi, Ziraat Fakiiltesi, Peyzaj Mimarligi Béliimii, Aydin, Tiirkiye

Anahtar Kelimeler
Kentsel Peyzaj

LIDAR

Uzaktan Algilama

Kentsel Vejetasyon Indeksi
Kentsel Ormancilik

0z

Yap1 yogunlugu ve vejetasyon karakteristiklerini dikkate alan kentsel peyzaj ¢alismalarinda,
i¢ boyutlu veri kullanilarak yesil alanlarin mekansal baglantiligin kentsel yesil alan kalitesi ile
nasil biitiinlestirilecegi konusunda yapilmis calisma oldukg¢a sinirlidir. Bu arastirma, son on
yilda yapilasma hizinin yiiksek oldugu bir kampiis alani ve yakin ¢evresinde yiirttilmiistiir.
Arastirmanin temel amaci, kentsel yesil alanlarin mekansal dagilimini, baglantililik konsepti
cercevesinde analiz etmek ve yasam kalitesi ile iliskilendirmektir. Arastirma kapsaminda,
LiDAR (Light Detection and Ranging) nokta bulutu verileri kullanilarak hem yapi hem de
vejetasyon Kkarakteristikleri dikkate alinmis, nokta basina diisen hacim hesaplamalari
yapilmis ve kentsel vejetasyon indeksi (KVI) haritasi olusturulmustur. Mekansal baglantililig1
saglayan habitat tinitelerinden merkez ve koridorlar morfolojik mekansal patern analizi ile
belirlenerek KVl ile iliskilendirilmistir. Sonug haritasi, kampiis alanindaki yesil alanlarin yakin
cevresindeki dogal alanlarla bir biitiin olarak ele alinip tasarlandigini géstermektedir.
Arastirma alanindaki yesil alanlarin %60,1'inin ¢ok yliksek; %10,39’'unun yiiksek,
%12,22’sinin orta, %7,16’siin diisiik, %9,29’unu ¢ok diistik kalitede oldugu belirlenmistir.
Herhangi bir kalite degerine sahip olmayan yesil alanlar ise, arastirma alaninin %0,83’tinii
olusturmaktadir. Buna ek olarak, hizli yapilasmaya karsin kentsel yesil alanlarin arastirma
alaninda goreceli olarak dengeli dagildig1 g6zlemlenmistir. Bu ¢alismanin 6zgiin yoni, LiDAR
nokta bulutu verileri kullanilarak kentsel yesil alanlarin kalitesinin nasil haritaya
aktarilabilecegini gdsteren bir yontem akisi sunmasidir.

Mapping the Spatial Quality of Urban Green Spaces Using LiDAR Data

Keywords

Urban landscape
LiDAR

Remote Sensing

Urban Vegetation Index
Urban Forestry

ABSTRACT

Studies on how to map the spatial connectivity of urban green spaces using three-dimensional
data that take into account life quality and vegetation characteristics are limited. This research
was carried out on a campus and its environs where the construction rate of new buildings
was high in the last decade. The main purpose of the research was to map the spatial quality
of urban green spaces associated with the ecological connectivity. Within the scope of the
research, both building density and vegetation characteristics were taken into consideration
by using LiDAR (Light Detection and Ranging) data, the volumes of buildings and vegetation
types were computed, and an Urban Vegetation Index (UVI) map was created. Core and bridge
areas that provided spatial connectivity were determined by MSPA (Morphological Spatial
Pattern Analysis), and they were associated with UVI. The results suggest that the green spaces
in the campus area were designed to enhance connectivity with the natural areas surrounding
the campus. It was determined that 60.1% of the green spaces in the research area provided
very high, 10.39% high, 12.22% medium, 7.16% low, and 9.29% very low quality respectively.
Areas that did not provide quality constitute 0.83% of the research area. In addition, despite
the rapid construction, it has been observed that the urban green spaces were relatively
evenly distributed in the research area. The novelty of this study is to present a methodological
approach to mapping the spatial connectivity of urban green spaces using LiDAR data.
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1. GiRis

Diinyada kentsel gelisimin yiiksek oldugu cogu
kentte o6zellikle metropolitan alanlarda, Kkentsel
gelisim/degisim, peyzajda ¢esitli olumsuz etkilere neden
olmustur (Di Giulio vd., 2009; Nor vd., 2017; Gilani vd,,
2020). Degisimin kaginilmaz sonuglarindan birisi, dogal
ve yar1 dogal habitatlarin parcalanarak izole olmasi ve
uzun vadede etkisini gosteren biyocesitlilik kaybidir
(Shochat vd. 2010; van Vliet, 2019; Siitiing, 2020).
Biyogesitlilik, ekosistem servisleri hiyerarsisinin tiim
seviyelerinde 6nemli bir yere sahiptir (Pelorosso vd.,
2016). Bu nedenle peyzajda baglantililik ile ilgili
ekosistem servisleri, biyolojik ¢esitlilige atif yapmaktadir
(Mace vd., 2012). Son yillarda, gelismis iilkelerin kentsel
gelisim  politikalar1  arasinda  yesil  altyapinin
planlanmasina yonelik ilgi ve motivasyon yiiksektir
(Sanesi vd., 2017; Du Toit vd., 2018; Langemeyer vd.,
2020). Yesil altyapr veya mavi-yesil altyapi, kentsel
peyzajlarda iklimsel sorunlara ¢6zlim alternatifleri
getiren siirdiiriilebilir ekosistem temelli bir yaklasimdir
(Alves vd., 2019). Bu yaklasimin ekolojik ve ekonomik
katkilarinin (yagmur suyu yonetimi, iklim adaptasyonu,
1s1 adasi etkisinin azaltilmasi, biyolojik c¢esitliligin
arttirllmasi, gida iiretimi, hava kalitesinin arttirilmasi,
stirdiirtlebilir enerji tiretimi, temiz su saglama) yani sira
cesitli sosyal katkilar1 (yasam kalitesinin arttirilmasi,
rekreasyon hizmetlerinin  saglanmasi gibi) da
bulunmaktadir (Foster vd., 2011; Coutts & Hahn, 2015;
Hoang & Fenner, 2016; Berland vd., 2017; Anguelovski
vd., 2019; De la Sota vd., 2019; Venter vd. 2020).
Kentlerde yesil alanlar, kentsel yesil altyapinin 6nemli
bilesenlerini olustururlar. Bu baglamda, yesil alanlarin
yesil altyap1 oOlglitlerine gore tasarlanmasi, kentleri
gorsel olarak sekillendirebilecegi gibi biyolojik ¢esitlilik
ve habitat koruma, rekreasyon olanaklar1 saglama,
kentlilerin sosyal ve psikolojik ihtiyac¢larini karsilama
gibi pek ¢ok fayda saglamaktadir (Haq, 2011). Mekansal
bir bakis acgisiyla kentsel yesil alanlar, kentlerin
gelecekteki  fiziksel formlar1 ve  siirdiriilebilir
kalkinmasinda da o6nemli rol oynarlar (Mell, 2017).
Onceki calismalar, kentsel yesil alanlarin
parcalanmasinin  kentsel ekosistemlerin  sagligim
azalttigim1  belirtmistir (Li vd., 2015). Ekosistem
fonksiyonlarinin daha iyi calismasina destek olmak ve
kentsel biyocesitliligi siirdiiriilebilir bir sekilde korumak
icin mekansal planlamanin ortak vurgusu, kapsamli bir
kentsel yesil alan ag1 olusturmaktir (Kong vd., 2010;
Hepcan, 2013; Hermoso vd., 2020).

Peyzaj striiktiiriinde baglanty, tiir-peyzaj arasindaki
etkilesimi saglayarak ekolojik agin temel o6zelligini
olusturur. Kentsel yesil alan aginda baglantililig
olusturan temel unsurlar; yesil yol, yesil yollarin
olusturdugu koridorlar ve yesil kusaklardir (Amati &
Taylor, 2010). Genel olarak, kentsel peyzajlarda yesil
alanlarm olusturdugu baglanti su ii¢ sekilde ifade
edilebilir (Ioja vd., 2014): 1) yesil yamalar arasinda
bireysel organizmalarin hareketine iliskin verileri dahil
etmeden, yamalarin uzamsal konfigiirasyonunun bir
endeksini gerektiren yapisal baglanti; 2) organizmalarin
dagilma yetenegi hakkinda temel veya dolayh bilgileri
iceren potansiyel baglanti; 3) organizmalarin yesil
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yamalar arasinda gercek hareketine atifta bulunan
islevsel veya gercek baglanti. Bir diger ifadeyle yapisal
baglanti, peyzaj bilesenlerinin mekansal dagilimina ve
bilesimlerine dayali olarak habitatlar1 potansiyel olarak
birbirine baglayan peyzaj unsurlarini ifade ederken,
fonksiyonel baglant1 biyotik siiregleri (go¢, yayilma, gen
akist vb.) ifade eder (LaPoint vd. 2015). Yapisal
baglantiy1 etkileyen dis faktorler olabilir, ancak kentsel
alanin boyutu, baglantidaki degisimin biiyiikligiinii ve
yonini etkileyen en o6nemli faktorlerden birisidir
(Bierwagen, 2007; Hepcan, 2013). Kentsel yesil alan
agiin ekolojik aglara katkisi, mevcut yesil alanlarin
korunmasina ve yesil alan yamalar1 arasindaki
baglantinin diizeyine baghdir (Serret vd., 2014).

llgili literatirede peyzajda baglantiilik ilkesi,
habitat saglama veya tiirlere go¢c etme imkani verme
cercevesinde temel olarak yesil alan ag1 ile
iliskilendirilmistir (Li vd., 2015; Eroglu vd., 2018; Zhang
vd., 2019). Calismalarin 6nemli bir bélimdi, kentsel
sinirlara veya yesil altyapinin kirsal unsurlarina
odaklanmistir. Bununla birlikte, kentsel yesil altyapinin
alt olciitleri arasindan, “baglantiilik” 6l¢iitiiniin en az
“cok islevlilik” olgutii kadar o6nemli oldugu
vurgulanmistir (Rusche vd., 2019). Ayrica sahaya 6zgii
ozellikleri kabul eden, tekrar uygulanabilir baglantililik
calismalarina ihtiya¢ vardir (Liquete vd., 2015).
Baglantiliik  degerlendirmesi, peyzaj  analizleri
cercevesinde kullanilan ¢esitli peyzaj metrikleri ve
baglantiilik  modelleri gibi kantitatif ydntemler
dogrultusunda yapilmaktadir (Ioja vd., 2014; Tian vd.,
2017; Zhang vd., 2019). Yesil alan baglantililiginin
belirlenmesinde,  ¢ogunlukla  ekolojik  planlama
yontemleri (least-coast modeli, peyzaj patern metrikleri
vb.) kullanilmaktadir. Son yillarda, Vogt (2016) ve
Avrupa Komisyonu Ortak Arastirma Merkezi Cevre ve
Siirdiriilebilirlik  Enstitiisi  tarafindan  gelistirilen
GuidosToolbox 2.9 (Graphical User Interface for the
Description of image Objects and their Shapes) yazilimj,
yesil alanlarin matematiksel morfolojiye dayali mekéansal
desen analizlerinde kullanilmaktadir. ~Morfolojik
mekansal patern analizinin (MSPA) avantaji, yesil alan
baglantililiginin temelini olusturan habitat {linitelerini
(koridor ve merkez alanlar1) net olarak tanimlamasidir.

Yesil alanlar, ekolojik aglarin mekansal dagilimini ve
dinamiklerini anlamak i¢in mekansal-zamansal veriler
ile analiz edilir. Yesil alanlarin mekansal analizlerinde
uzaktan algilama ve cografi bilgi sistemleri teknikleri
siklikla kullanilmis, ¢oklu spektral uydu gériintiilerinden
elde edilen iki boyutlu veri 6l¢timleri (normalize edilmis
bitki ortisii indeksi gibi) yaygin olarak tercih edilmistir
(Bilgili vd.,, 2018; Wu vd. 2019). iki boyutlu veri
Olclimleri, hem mekansal hem de hacimsel olarak bitki
ortlisiindeki heterojenlik nedeniyle kentsel yesil agin
degerlendirilmesinde simir  olusturabilir.  Ornegin;
kentsel yesil alanlarin alt bilesenleri (kent parklari, ev
bahgeleri vb.) birbirine yakin mesafede olmasina ragmen
cok cesitli bitki tiirlerini igerebilir. Bu gesitliligin iki
boyutlu olarak degerlendirilmesi, yesil alanlarin dikey
dagilimini, yani yamalar arasindaki baglantinin uzaysal
dagiliminin anlasilmasina engel olur. Bu nedenle, giincel
calismalarda yesil alanlarin mekéansal dagiliminda,
uzaktan algilama teknolojisinin ileri seviyedeki araglari
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kullanilarak (insansiz hava araglari, lazer algillama
sistemi vb.) lic boyutlu veri analizleri yapilmaktadir
(Alonzo et al., 2014; Casalegno vd., 2017; Pu & Landry,
2020). Bu araglardan LiDAR (Light Detection and
Ranging) nokta bulutu verileri, yeni mekansal endeksler
olusturulmasinda 6nemli bir girdi olarak kullanilmus,
bitki ortiisii veya yapilasmis alanlarin hacim bilgilerini
dikkate alarak mekansal 6zelliklerin kapsamli olarak
analiz edilmesine olanak tanimistir (Tompalski & Wezyk,
2012; Petras vd., 2017).

Hizli kentlesme, 6zellikle kentsel alanlarda basta
yesil alan olmak tizere agik alanlarin stirekli olarak
azalmasina ve pargalanmasina yol a¢maktadir. Alan
kullanim tiplerinin hizla degistigi kentlerde, yesil alan
dagillminda yetersizlikler ve esitsizlere rastlamak
miimkiindiir (Wistemann vd., 2017; Kronenberg vd.,
2020). Bu baglamda, ozellikle yeni yesil alanlar
olusturmak ve yesil alan agini giiclendirecek/devamini
saglayacak bir planlama yaklasimina ihtiya¢ vardir.
Yapilasma seviyesinin yiiksek oldugu kentsel peyzajlarda
yesil alanlar arasindaki baglanti;; kent habitatlarinin
korunmasi, ekosistem hizmetlerinin stirdirilebilir
olmasi ve kentsel ekolojik agin biitiinciil olarak
planlanmas1 bakimindan énemlidir. Yap1 yogunlugu ve
vejetasyon karakteristiklerini dikkate alan kentsel peyzaj
calismalarinda, t¢ boyutlu veri kullanilarak yesil
alanlarin mekansal baglantililiginin kentsel yesil alan
kalitesi ile nasil biitlinlestirilecegi konusunda yapilmis
calisma oldukg¢a simirhidir. Bu arastirma, son on yilda
yapilasma hizinin ytiiksek oldugu British Columbia
Universitesi (UBC) Vancouver ana kampiisii ve yakin
cevresinde yiiritilmiistir. Arastirmanin temel amaci,
kentsel yesil alanlarin mekansal dagilimini, baglantililik
konsepti cercevesinde analiz etmek ve yasam kalitesi ile
iliskilendirmektir. Arastirma kapsaminda, LiDAR (Light
Detection and Ranging) nokta bulutu verileri kullanilarak
hem yap1 hem de vejetasyon karakteristikleri dikkate
alinmis, nokta basina diisen hacim hesaplamalari
yapilmis ve kentsel vejetasyon indeksi (KVI) haritasi
olusturulmustur. Bu c¢alismanin 6zglin yonii, LiDAR
nokta bulutu verileri kullanilarak kentsel yesil alanlarin
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kalitesinin nasil haritaya aktarilabilecegini gosteren bir
yontem akis1 sunmasidir.

2. YONTEM

British Columbia Universitesi (UBC) Point Grey
Kampisi, Universitenin ana kampisiidiir. Kampiis
Britanya Kolumbiyas1 eyaleti (Kanada) Point Grey
yarimadasinda, Vancouver sehrinin en batisinda yer
almaktadir ve 55.000'e yakin o6grenciye (lisans ve
lisansiistii) ev sahipligi yapmaktadir (Sekil 1).

Yaklasik 4 km? alan kaplayan kampiis, pek ¢ok
sayida  6zel konut alanina da  biinyesinde
bulundurmaktadir. Kampiis, batisinda Pacific Spirit
Bolge Parki olarak bilinen ve yaklasik 0,9 km? alan
kaplayan bir kent ormani ¢evrilidir. Ayrica kampiis alani
birbirinden farkl gesitli yesil alanlara (park, ¢ocuk parki,
botanik parki) sahiptir. UBC kampiisiinde yapilasma
yogunlugu, son on yilda en yiiksek seviyeye ulasmistir.
Teslenko (2019) UBC kampiisiindeki yogun yapilasma
nedeniyle, basta kentsel orman alanlari olmak lizere yesil
alanlar izerindeki mekéansal dagilimin izlenmesi
gerektigini vurgulamistir. Bu nedenle, kampiisteki
mevcut bitki Ortiisiiniin  yesil alan baglantililigl
kapsaminda mekansal dagilimimi yasam kalitesi ile
iliskilendirmek ve analiz etmek énemlidir.

Bu arastirmanin materyalini; kampiis alaninda GPS
ile isaretlenmis verisi (300 kent agacinin cografi konumu
kaydedilmistir) ve 27-28 Agustos 2018 tarihlerinde
iiretilen LiDAR nokta bulutu verileri (m%'de 30 nokta)
olusturmaktadir. Sekil 1’de goriilecegi tzere, UBC
kampiis alani ve yakin gevresini kaplayan toplam 14
LiDAR nokta bulutu verisi bulunmaktadir. Her bir LiDAR
verisi 1 km x 1 km alan kaplamaktadir. LiDAR verilerinin,
dikey ve yatay dogruluklar sirasiyla 0,18 ve 0,36 m'dir
(% 95 giiven araliginda hesaplanmistir). Tiim veriler,
WGS 84'e gore UTM Zone 10 (Central Meridian 123 West)
koordinat sisteminde hazirlanmistir. LIDAR nokta bulutu
verileri ¢iplak alan, diistik bitki ortiisi (yiikseklik <2 m),
ylksek bitki ortiisii (ylikseklik> 2 m), su ve yap1 olmak
bes grupta siniflandirilmistur.
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Britanya Kolumbiyasi
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Sekil 1. Arastirma alaninin cografi konumu.

Arastirmanin yontemi; kentsel vejetasyon indeksi
(KVI) haritasinin olusturulmasi, yiiksek bitki ortiisiiniin
haritalanmasi (2 metreden biiyiik ¢ali ve aga¢ gruplari),
morfolojik mekansal patern analizi (MSPA) ve kentsel
yesil alan kalitesinin haritalanmasi olmak iizere dort
boélimden olusmaktadir (Sekil 2).

Bu ¢alismada, KVI'nin hesaplanmasinda Tompalski
& Wezyk (2012) tarafindan 6nerilen ti¢ boyutlu uzamsal
metrikler kullanilmistir. Bu metrikler, kentsel yesil
alanlar ve yapilar arasindaki iliskiyi géz o©niinde
bulundurarak yesil alan kalitesinin bir 6l¢iitii olarak
tanmitilmistir. LiDAR verilerini voksellere (ii¢c boyutlu
veri matrisleri) doniistiirmek, {ic boyutlu mekansal
indeksleri hesaplamak ve haritalar1 liretmek igin R
istatistik yaziliminda tekrar kullanilabilir bir komut
dosyas1 yazilmistir (R, 2020). Bu kapsamda, R
paketlerinden LiDAR verilerini analiz etme kapasitesi
cok yiiksek olan LidR paketi kullanilmistir (Roussel vd.,
2020). KVI hesaplamasi, yapilarin ve yiiksek bitki
ortistinin (ytksekligi 2 m’den biyiik bitkiler)
hacimlerini dikkate alir. Arastirma alanindaki her bir
yapinin hacmi, yapr tabam ile yap1 yiliksekliginin
carpilarak  hesaplanmistir.  Yiiksek  vejetasyon
sinifindaki her bir homojen segmentin hacmi, vokseller
kullanilarak belirlenmistir. KVI, yap1 ve yiiksek bitki
ortiistiniin yam sira yiiksekligi 2 m’den distik bitki
gruplarini da degerlendirir. KVI formiilii, hacimsel
oranlarin agirlikli toplamini ifade eder. Asagidaki ilk
formiilde; w ytiksek bitki 6rtiisii ve yapilarin goéreceli
alaniny, Vivyiiksek bitki ortiisii hacmini, Vs yap1 hacmini,
Avtiim bitki értiisiiniin toplam alanini (ylikseklik<2 m ve

yukseklik>2m) ve A, yapilarin toplam alanim
gostermektedir.
Vhv A 1
UVlgs =w X —+ (1 —w) X — (1)

Vp Ap
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ikinci formiilde; An yalmzca yiiksek bitki
ortlistinlin alanini, A yapilarin toplam alanini ve Ay tim
bitki ortlsiinin toplam alanini (yliksekligi 2 m’den
diisiik ve 2 m’den yliksek) ifade etmektedir.

A + 4y
T A, + A,

(2)

w

Mekéansal metrikler hesaplanmadan 6nce, hacim
hesaplamalarinin dogrulugu i¢in sayisal arazi modelinin
(digital terrain model) olusturulmasi gereklidir. Sayisal
arazi modeli olusturulduktan sonra, LiDAR nokta bulutu
verileri standardize edilmistir. Bu islem, LiDAR nokta
bulutunu sayisal arazi modeline gére normallestirir. Bir
baska ifadeyle, sayisal arazi modeli ile noktalarin bir
araya gelmesini saglar. Yukarida sunulan mekansal
indeksler, yalnizca bitki ortiisii ve yapilar1 dikkate aldig:
icin bu iki sinifin veri setinden filtrelenerek ana girdi

olusturacak sekilde ¢ikartilmistir. R’da yazilan
fonksiyonel kod dizini c¢alistirillarak, tim metrik
haritalar 50 m x 50 m yersel ¢oziiniirliikte

olusturulmustur.

ikinci asamada, LiDAR verileri havadaki tiim
objelerin li¢ boyutlu uzamsal bilgisini icerdigi icin
(havadaki toz, ugan kus, ugak vb.), verilerin %95’inin
degerlendirmeye alinmasi, bir diger ifadeyle
filtrelenmesi gerekir. Bu nedenle, filtrelemede 1,2
hassasiyet degeri kullanilmis ve veri seti %95
persentilde filtrelenmistir. Veri standardizasyonundan
sonra, kanopi ylikseklik modeli (KYM) olusturulmustur.
KYM, medyan filtre uygulanarak diizgiinlestirilmistir ve
bitki pozisyonlar1 yerel maksimum filtre (local
maximum filter) ile hesaplanmistir. Kentsel alanlardaki
ylksek dogrulugundan dolay1 bu arastirmada, Dalponte
ve Coomes (2016) bireysel aga¢ segmentasyon
algoritmasi kullanilmistir. Sonu¢ olarak, yiiksek bitki
ortiisti, vektor veri olarak haritalanmistir. Bireysel agag
segmentasyonundan  sonra, Plowright (2015)
tarafindan  o6nerilen  ydnteme gore dogruluk
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degerlendirmesi yapilmistir. Omisyon ve komisyon

hatalar1  tespit edilerek asagidaki denklemler
kullanilmistir (Manning vd., 2008):
MT (3)
Re =yrvor
p—_ M (4)
" MT + CE'
Re +Pr (5)
F=2X—7—
Re +Pr’
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Giivenirlik analizinde yerden o6l¢iilen 300 agacin
cografi konumu kullanilmis ve bu veri LiDAR’dan elde
edilen vektor formatindaki bitkilerle ArcMap 10.7’de
cakistirllmistir. Cakistirmanin amaci, omisyon ve
komisyon hatalarini belirlemektir. Yukaridaki formiilde
MT, LiDAR bitki segmentleri ile eslesen bitki sayisini
(verden olgiilen); OE, omisyon hatasini; CE, komisyon
hatasini; Re, dogruluk degerini; Pr hassasiyet degerini;
F, F skor degerini gostermektedir. Re, bitki algilama
oraninin bir 6él¢iisiidiir; Pr, bitkileri uzaktan algilamanin
dogrulugunun bir dl¢iistidiir; F ise genel dogrulugun bir
Olglistidiir.

LiDAR nokta bulutu veri seti

Kanopi ylkseklik modelinin olusturulmasi

N

Agac pozisyonlarinin hesaplanmasi
(local maximum filter)

N2
Dalponte algoritmasinin uygulanmasi

I

Yiksek bitki ortiistiniin haritalanmasi ve
guvenirlik analizinin yapilmasi

1 3
N Sayisal arazi modelinin olusturulmasi
[ Bitki OrtUsti haritasinin
vektor veriden raster
LiDAR verilerinin standardizasyonu veriye dénistirilmesi
T N
Mekansal metrikleri hesaplamak Raster héritqpm Boolean
amaciyla bitki ortusi ve binalarin LIDAR | mantllga gorg tevkrar K
verilerinden gikartiimasi/filtrelenmesi olugturu W] (0: agag yok,
1: agag var)
> T
Kentsel vejetasyon indeksi (KV1) Boolean raster haritanin
haritasinin olusturulmasi GuidosToolbox yaziliminda
MSPA ile analiz edilmesi
N2
N 2 LiDAR verilerinin 1,2 hassasiyetle, MSPA haritasindan baglantililik
< %95 persentilde filtrelenmesi initelerinin (merkez ve koridor
T alanlar) ¢ikartiimasi
| LiDAR verilerinin standardizasyonu l
I

KVI ve baglantililik Gniteleri
haritalarinin agirhklandiriimasi

\:

Haritalarin overlay analizi
ile gakistirilmasi

N2

Kentsel yesil alan kalitesinin
haritalanmasi

Sekil 2. Arastirmanin yontem akis1 (MSPA: morfolojik mekansal patern analizi).

Yontemin liglincli asamasinda, bitki ortiisii vektor

verisi, raster veri formatina dontistiirilmustiir. Raster
harita, Boolean mantiga goére GuidosToolbox
yaziliminda kullanilmak {izere tekrar olusturulmustur
(0: yesil alan yok, 1: yesil alan var). Morfolojik mekansal
patern analizi (MSPA), goriinti bilesenlerinin
geometrisinin ve baglantisinin aciklamasini hedefleyen
6zellestirilmis bir matematiksel morfolojik operatoérler
dizisidir. Yalnizca geometrik kavramlara dayanan bu
yontem, herhangi bir uygulama alaninda herhangi bir
olcekte ve her tiir dijital goriintiiye uygulanabilir (Vogt
2016). Sekil 3’de goriildiigii iizere, MSPA sistemi var-
yok verisi ile ¢alisir. Sekilde soldaki ilk gorsel, girdi
verisini (raster) gostermektedir. MSPA analizinden
sonra, yesil alanlar1 gosteren veri toplamda 7 sinifa
ayrilmistir: 1) merkez (¢cevre harig icerde kalan alani);
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2) adacik (merkez icermeyecek kadar ki¢iik ve ayrik
alan); 3) diigim (aym1 merkez alana bagli alan), 4)
koridor (farkli merkez alanlar arasinda baglanti kuran
alan), 5) perforasyon (igerideki nesnenin ¢cevresini ifade
eden alan), 6) kenar (disaridaki nesnenin ¢evresini ifade
eden alan) ve 7) uzant1 (bir uc¢tan kenar, perforasyon,
koridor veya diiglime bagl alan). Bu siniflardan koridor
ve merkez alanlar, mekansal baglantililifi dogrudan
sagladigt  icin  o6nceki c¢alismalar  baglantililik
¢alismalarinda yalmzca bu iki siifi dikkate almistir
(Velazquez vd., 2017; Ossola vd., 2019). Bu arastirmada
tretilen MSPA haritasinda kenar genislisi MSPA
standart degeri (3 m) kullamilmis, MSPA siniflar
yalnizca baglantiilik tnitelerini (koridor ve merkez
alanlar) gosterecek sekilde tekrar olusturulmustur.
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I Merkez: gevre harig i¢ alan

B Adacik: ¢ekirdek iceremeyecek kadar
kuguk ve ayrik alan

O Yesil

alan =0

Yesil
= alan =1

INNEEEEEN}

[ Dugum: ayni gekirdek alana baglh alan

Koridor: farkli cekirdek alanlar arasinda
baglanti kuran alan

Il Perforasyon: igerideki nesnenin cevresini
ifade eden alan

I Kenar: disaridaki nesnenin gevresini
ifade eden alan

Uzanti: bir ugtan kenar, perforasyon,

INEEEEREN]

koridor veya dagume bagl alan

Sekil 3. MSPA segmentasyon yontemi ve MSPA siniflar1 (MSPA: morfolojik mekansal patern analizi).

Yontemin son asamasinda, KVI ve baglantililik

tniteleri  haritalar1  agirliklandirilmistir.  Overlay
analizinde baglantiiik nitelerinin  agirligi, KVI
agirhginin - 2 katt olarak alinmistir.  Agirliklarin

belirlenmesinde literatiir ¢alismalar1 ve yazarin mesleki
deneyimlerinden yararlanilmistir (Marulli & Mallarach,
2006; Dupras vd., 2016). Haritalarin ¢akistirilmasi
sonucunda kentsel yesil alan kalitesi haritalanmistir.

3. BULGULAR

Bu arastirma, ii¢ boyutlu mekansal metrikleri iki
boyutlu baglantililik siniflari ile iliskilendirerek, kentsel
yesil alanlarin mekansal baglantiiligini haritalamak
amaciyla bir dizi matematiksel yontem uygulamistir.
Kentsel vejetasyon indeksinin (KVI) hesaplanmasini
saglayan ve LiDAR nokta bulutu verilerinden elde edilen

mekansal metrik haritalar1 $ekil 4’de sunulmustur.
Hacim ve alan degerlerindeki varyasyon, arastirma alani
boyunca c¢esitlilik gostermektedir. KVI  haritasi
incelendiginde, kampiis alaninin etrafindaki indeks
degerinin en yiiksek seviyede oldugu gortulmiistiir. KVI
indeks degeri, yapilasma arttikca azalmaktadir. Yesil
alanlarin mevcut olmadigl alanlarda indeks degeri
hesaplanamadigi i¢cin kampiis alaninin giineyinde belirli
bolgelerde herhangi bir degere rastlanmamustir.

Dalponte bireysel aga¢ segmentasyon algoritmasi
sonucunda tretilen vektor bitki verisi, yerden 6l¢iilen
veri ile cakistirildiginda toplam 227 agacin birebir
eslestigi gozlemlenmistir. Toplam 56 omisyon hatasi, 39
komisyon hatasi belirlenmistir. Re degeri 0,8; Pr degeri 0,
85; F-Score degeri ise 0,83 olarak hesaplanmistir.
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Sekil 4. LiDAR nokta bulutu verilerinden elde edilen mekansal metrik haritalar1 (Vb: yap1 hacmi, Vhv yiiksek bitki ortiisii
hacmi, Ahv: ytiksek bitki értiisiiniin alani, Ab: yapilarin toplam alani, Av: tiim bitki 6rtiisiiniin toplam alanini [yiiksekligi
2 m’den diisiik ve 2 m’den yliksek], KVI: kentsel vejetasyon indeksi).
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KVI haritasindaki degerler, diisiik degerden en
ylksek degere gore 1'den 5’e kadar siniflandirildiginda;
1. siniftaki (en diisiik) degerlerin arastirma alaninin %
8,31'ini, 2. smiftaki (diisiik) degerlerin arastirma
alaninin % 7,96’sin1, 3. siniftaki (orta) degerlerin
arastirma alaninin %8,23’linii, 4. simiftaki (yiiksek)

0.00/1.00
4.0-

3.5~
3.0-
25-

2.0- 0.75 0.25

0.50

a W N =

degerlerin arastirma alaninin % 8,44’tinii ve 5. siniftaki
degerlerin (en yiiksek) arastirma alaninin % 67,06’s1n1
olusturdugu belirlenmistir. Habitat {initeleri arasindan
merkez alanlar, alanin % 4,79’'unu olustururken
koridorlar % 22,9’unu olusturmaktadir (Sekil 5).

0.00/1.00

4.0-
35-
3.0- .
Habitat
25- Uniteleri
merkez
20- 075 0.25
diger
koridor

0.50

Sekil 5. KVI ve MSPA iinitelerinin (siniflarinin) oransal dagilimi (KVI: kentsel vejetasyon indeksi, MSPA: morfolojik

mekansal patern analizi).

Arastirma alanindaki yesil alanlarin %60,1’inin ¢ok
yiksek; 9%10,39’unun ylksek, %12,22’sinin orta,
%7,16’sinin  disiik, %9,29'unu ¢ok disiik baglanti
sagladigi belirlenmistir. Baglantililik saglamayan alanlar
ise, arastirma alaninin %0,83’tinii olusturmaktadir.

L ‘ Arka plan Merkez

Uzanti - Koridor
- Kenar | Dugim
- Adacik

0 0204 0,8 12 16
[ ="

Kampiis alani boyunca degerler heterojen olarak
dagilmaktadir. Buna ek olarak, hizli yapilasmaya karsin
kentsel yesil alanlarin arastirma alaninda goreceli
olarak dengeli dagildig1 gozlemlenmistir (Sekil 6).

Kalite diizeyi
Deger yok

I ok yiksek

0 0204 08 1,2 16
[ =

B

Sekil 6. A) Morfolojik mekansal patern siniflari haritasi, B) Kentsel yesil alan kalitesi haritasi.

4. TARTISMA VE SONUC

Genel olarak, kentsel yesil alanlarin yapisi
heterojendir/karmasiktir ve bu karmasiklik ¢cogunlukla
iki boyutlu olarak incelenmistir. Dolayisiyla kentsel
hacimde, yesil alanlarin dikey yapis1 ihmal edilmistir. Iki
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boyutta incelenen kentsel yesil alan dagilimi, yesil
alanlarm hacimsel olarak tekdiize dagilmis oldugu
varsaymaktadir. Ornegin; normalize edilmis bitki 6rtiisii
indeksi  bitki Ortiisiini  var-yok verisi olarak
haritalanmasina izin verir, ancak bir veya daha fazla
katmanin cakisabilecegi kentsel alanlarda dikey dagilim
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hakkinda higbir bilgi vermez (Casalegno vd., 2017). Bu
nedenle, yesil alanlarin mekansal baglantiiligini ve
kalitesini degerlendirirken ti¢ boyutlu veri kullanmak ve
bu veriyi habitat liniteleri ile iliskilendirmek 6nemlidir.

LiDAR nokta bulutu verileri, hangi bireysel aga¢
segmentasyon algoritmasi ile analiz edilirse edilsin,
kentsel vejetasyonu % 100 dogrulukla haritalamak
miimkiin degildir. Bunun nedeni, LiDAR verileri
olusturulurken, noktalarin yiizeye ¢arptiktan sonra farklh
titresimde yansimasidir. Dolayisiyla, veri analiz edilirken
secilen herhangi bir segmentasyon algoritmasinin
gercekte bitki olmayan bir yerde bitki varmis gibi
davranma ya da aksine gercekte bitki mevcut degilken
nokta dagilimindaki hatadan otiiri bitki yokmus gibi
davranma ihtimali vardir. Bu arastirmanin amaci,
segmentasyonu iyilestirmek ya da yeni bir segmentasyon
algoritmasi lretmek olmadig1 icin, %80’in iizerindeki
segmentasyon dogrulugu givenilir bulunmustur. Ancak,
segmentasyondaki dogruluk yine de arastirmanin bir
siniridir. Arastirmanin ikinci siniri, ekolojik baglantililik
modellerinden farkli olarak bariyerler {izerine
odaklanilmamis olmasidir. Kentsel ortamda bariyer
olarak tasarlanmis yap, yol, gecirimsiz ytizey vb. alanlar,
mevut yesil alanlara tamamen baglanti saglayacak
sekilde tasarlanmistir. Ayrica, bu alanlar bitkilerin
yerden 6l¢iimii sirasinda yerinde incelenmis ve 6zellikle
kentsel bitki ortiisit elemanlarinin stk ve ritmik
araliklarla dikildigi gozlemlenmistir. Dolayisiyla, yollarin
yesil konseptine uygun olarak tasarlanmis olmasi ve
gecirimsiz ylzeylerde, 1zgara sistemindeki bitkisel
tasarima genis yer verildigi i¢in, yapilar disindaki bariyer
alanlar g6z ardi edilmistir. Bundan sonraki ¢alismalar,
alana 6zgii olarak bariyer alanlarla ilgili tamamen farkl
bir yontem izleyebilir ya da benzer yaklasimi devam
ettirebilir.

LiDAR nokta bulutu verilerini kullanarak yapilan
ekolojik baglantiilik temelli ¢alismalar, {i¢ boyutlu
verinin tek basina kullanilmasinin yani sira iki boyutlu
veriler ile entegre edilmesini 6nermistir. Dolayisiyla, bu
calismada kentsel vejetasyon indeksi, yesil alanlarin ti¢
boyutlu dagiliminmi yapilari dikkate alarak haritalarken,
habitat {niteleri baglantinin en yiksek nerede
olabilecegi konusunda bir tahmin yapmistir. Bu iki farkl
althk haritanin, overlay analizi ile cakistirilmasindaki
temel tartisma, iki boyutlu verinin sagladigi althik
haritayi, li¢ boyutlu yesil alan dagilimi ile desteklemektir.
Bu arastirmada sunulan yodntem, farkli yapisal
baglantililik modelleri ile karsilastirilabilir ve 6nyargi
(bias) olup olmadig: test edilebilir. Sonug olarak, sunulan
yaklasim yazarin mesleki tecriibesi ve literatiir
calismasina dayali olarak olusturulmustur. Bundan
sonraki arastirmalar, Delphi teknigi ya da analitik
hiyerarsi stireci gibi farkli yontemlerden yararlanarak,
ozellikle veri althklarinin agirliklandirilmasinda daha
objektif yaklasimlar benimseyebilir.

Arastirma alaninda yapilasma yogunlugu yiiksek
olmasina karsin, mekansal baglantilik saglayan alanlarin
oransal olarak yiiksek olmasi mevcut habitat varliginin
korunmasi ve ekosistem servislerinin strdiirilebilir
olmas1 bakimindan degerlidir. Kampiis alaninin, yesil
kusak ile cevrelenmesi, kampiis ve dogal alanlar
arasindaki tiir-peyzaj etkilesiminin yiiksek seviyede
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olabilecegine isaret etmektedir. Yesil alanlar arasinda
baglantililik saglamayan ya da baglantililig1 diisiik olan
alanlarin gorece olarak az olmasi, kampiisiin yogun
yapilasma faaliyetlerine karsin yesil alanlarin
sturdiriilebilirliine ne kadar 6nem verdigini net bir
sekilde gostermektedir.

Kentsel peyzajlarda yesil alanlar; ekolojik, sosyal ve
ekonomik katkilar saglamaktadir. Yapilan arastirmalarin
¢ogu, yesil alanlarin kentsel peyzaj planlama 6lceginde
dikey 6zelliklerinden ziyade bitki ortiisiiniin genel ayak
izi veya mekansal kapsami ile ilgilenmistir. Dolayisiyla,
bu arastirmada sunulan yontemler kentsel yesil alanlarin

mekansal baglantiiliginin  haritalanmast  amaciyla
bundan sonraki c¢alismalarda referans olarak
kullanilabilir.

Bu arastirma, LiDAR nokta bulutu verilerinin
potansiyelini kullanmis ve hesaplanan metrikler, kentsel
yesil alan kalitesini haritalamaya yonelik giiclii bir ara¢
olarak degerlendirmistir. LIDAR nokta bulutu verilerinin
nokta yogunlugunun c¢ok yiiksek olmasi, yap1 ve yesil
alanlarin kiibik hacmini net olarak hesaplanmasina
olanak saglamistir. Saha verileri ve yerden olciilen
bitkilerin cografi konumlar1 arastirmanin giivenilirligini
anlamaya yardimci olmustur. British Columbia
Universitesi (UBC) Vancouver merkez kampiisii ve yakin
cevresinde yiiriitilen bu arastirmada kullanilan
teknikler; kapsamli planlama, yesil alanlar izleme ve
degerlendirme, genel c¢evresel iyilestirme amaciyla
herhangi bir kent alani biitiiniinii kapsayacak sekilde
uygulanabilir.

Sonug olarak, bu arastirmada kullanilan ti¢ boyutlu
mekansal metrikler, kentsel peyzajlarda yesil alanlar ve
yapilar  arasindaki iligkileri =~ tamimlamak i¢in
tasarlanmistir. Metrikler, yazarin goriisiine gore, kentsel
yesil alanlarin mekénsal kalitesinin degerlendirilmesi
icin uygundur. Bu degerlendirme, habitat initeleri ile
iliskilendirildigi takdirde kentsel yesil alanlarin
baglantililik degerlendirmesi daha kapsamli yapilabilir.
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Lidar The use of high-precision and sufficiently collected point clouds for 3D data modeling is very
MLS important for geomatics and other branches of engineering (such as mechanical and
TLS construction), and architectural applications. For this reason, various filtering and
Point Cloud interpolation methods are improved for 3D modeling. However, if the point cloud is collected
Accuracy inaccurate or missing, the 3D data modeling is always an issue. Therefore, before the 3D

modeling process, the point positioning accuracy and resolution of the point cloud should be
investigated. For this purpose, accuracy assessment can be performed by comparing with data
obtained from a measurement system that is considered to be more accurate. This comparison
is used for the accuracy assessment of the maps produced by different Lidar (Light Detection
and Ranging) point clouds. In this study, the accuracy of the point clouds obtained using
Terrestrial Lidar Systems (TLS) and Mobile Lidar Systems (MLS) were determined. The
reference measurements were obtained by Total Station (TS) surveys. Yilmaz Akdoruk
Student Dormitory located in Ayazaga Campus of Istanbul Technical University was selected
as a test-area in order to evaluate the TLS and MLS performance for applications in urban
areas. The results showed that the accuracy of the TLS system was better than the MLS system.
In addition, while TLS should be preferred in studies requiring high accuracy, such as 3D
cultural heritage documentation, MLS may be preferred in applications such as various
topographic maps and 3D city models.

Lidar Sistemlerinin Karsilagstirmali Dogruluk Analizi

Anahtar Kelimeler 0z

Lidar 3B veri modellemesi i¢in yliksek hassasiyetli ve yeterli miktardaki nokta bulutlarinin
MLS kullanilmasi, Geomatik ve diger miihendislik dallar1 (makine ve insaat gibi) ve mimari
YLS uygulamalar icin ¢ok oOnemlidir. Bu nedenle, 3B modelleme i¢in cesitli filtreleme ve
Nokta Bulutu enterpolasyon yontemleri gelistirilmistir. Bunun yaninda, nokta bulutunun yanlis veya eksik
Dogruluk elde edilmesi, 3B veri modelleme icin her zaman bir sorundur. Bu amagla, 3 boyutlu

modelleme islemine gecilmeden 6nce nokta bulutunun ¢éziiniirliigii ve nokta konumlandirma
dogrulugu arastirilmahdir. Bu amagla, dogruluk degerlendirmesi, daha dogru oldugu
disiiniilen bir o6l¢lim sisteminden elde edilen veriler ile Kkarsilastirilma yapilarak
gerceklestirilebilir. Bu sekilde bir karsilastirma, farkl Lidar (Light Detection and Ranging)
nokta bulutlarindan tiretilen 6l¢tilerin dogruluk degerlendirmesinde kullanilir. Bu ¢alismada,
Yersel Lidar Sistemleri (YLS) ve Mobil Lidar Sistemleri (MLS) kullanilarak elde edilen nokta
bulutlarinin dogrulugu belirlenmistir. Referans dl¢iimler Total Station (TS) ile elde edilmistir.
istanbul Teknik Universitesi Ayazaga Yerleskesinde bulunan Yilmaz Akdoruk Ogrenci Yurdu,
kentsel alanlardaki 3D model uygulamalarinda YLS ve MLS performansini degerlendirmek
amaciyla test alani olarak secilmistir. Sonuglar, TLS sisteminin dogrulugunun MLS
sisteminden daha iyi oldugunu gostermigtir. Buna bagh olarak 3 boyutlu kiiltiirel miras
dokiimantasyonu gibi yliksek dogruluk gerektiren ¢alismalarda YLS tercih edilirken, ¢esitli
topografik haritalar ve 3 boyutlu sehir modelleri gibi uygulamalarda MLS tercih edilebilir.
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1. INTRODUCTION

LIDAR (Light Detection and Ranging) is a
measurement technique that allows the collection of
large amounts of 3D data in a short time, from airborne,
or terrestrial. LIDAR systems creates a point cloud with
density values in the 3D coordinate system and also RGB
values of the point cloud are usually provided by internal
or external digital cameras of the system (Kucak et al,,
2016; Kugak et al., 2017).

MLS and TLS systems are widely used in 3D
modeling studies thanks to their fast and accurate point
cloud generation (Kucak et al., 2020). MLS can obtain
accurate 3D data faster over a wider area according to
TLS (Rodriguez-Gonzalvez et al., 2017). However, TLS
has more accurate point positioning capability compared
to Airborne Lidar System (ALS) and MLS Systems
(Fowler & Kadatskiy, 2011). For both methods, it is
necessary to provide suitable conditions to obtain
accurate 3D data in large areas. For example, the
scanning strips must be registered correctly in TLS. In
MLS, the forward and backward measurements must be
carried out under the appropriate GNSS conditions for
the accurate registration. Shortly, it is very important to
obtain high accuracy and sufficient point cloud data in 3D
modeling. If the accuracy and resolution of the point
clouds are sufficient for the desired purposes, the
registration or modeling stages of the point clouds can be
performed. However, if the accuracy and resolution of
the current point cloud are not sufficient, it should be
registered with a more accurate point cloud using
georeferencing or registration methods.

Mobile LIDAR systems (MLSs) are the integrated
systems which are mounted on a moving vehicle such as
cars, trains, boats etc. (Toschi et al., 2015). MLS is a
widely used method to get rapid and detailed point cloud
acquisition in various applications such as cultural
heritage, GIS (Geography Information System), geodetic
applications, and spatial decision support systems (Rusu,
Marton et al,, 2008) or 3D city modeling (Chen et al,
2018) and also rail and road deformation analysis
systems (Wang et al, 2019). MLS consists of laser
scanners, cameras, as well as IMU (Inertial Measurement
Unit) and GNSS (Global Navigation Satellite System)
systems. All of these systems work together to generate
the point cloud in three-dimensional (3D) coordinate
system. In this system, the reflected laser measurement
from the surrounding objects are continually obtained by
LiDAR while the vehicle is moving. At the same time, The
GNSS and IMU systems determine the absolute position
of the laser measurement for geo-referencing (Jing, et al,,
2020).

The LIDAR systems having multiple laser scanners
may suffer from noise and other error sources such as
inertial drift, rigid platform calibration, GNSS errors, etc.
The measurements with multiple scanners in Mobile
Mapping Systems (MMS) require calibration in order to
overcome the disadvantages by high noise rates and
errors as well as the overlapping problem in strips. After
the calibration steps, CCD Cameras and Laser scanners
can become ready to use. However, the calibration may
not be sufficient to eliminate all errors and provides an
inappropriate point clouds for 3D modelling. In such
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situations, the registration of the multiple scans are
necessary to minimize the discrepancies in LIDAR point
clouds (Rieger et al, 2010). In proper GNSS
measurement conditions, the accuracy of the MLS
trajectory could be realized in cm-level (Haala et al,
2008a). On the contrary, in difficult conditions, the error
increases to decimeters-level (Haala et al.,, 2008b). In
such situations, the accuracy of point cloud can be
increased with georeferencing or registration methods
during the post processing stage.

TLS is a powerful technology for collecting 3D data
spread over a large area in a very short time. (Kugak et
al, 2014). TLSs consist of lasers, precisely calibrated
receivers, precision timing, high-speed micro-controlled
motors, and precise mirrors (Fowler & Kadatskiy, 2011).
The basic information obtained from each scan is the
virtual point cloud formed by all of the 3D points of the
surfaces measured in harmony with each other (Scaioni,
2005). The precision and accuracy of TLS make the TLS
system a powerful technology for creating 3D dense
point cloud according to the conventional measuring
methods (Celik et al., 2020). However, the registration of
TLS scans must be done carefully because the
registration errors affect the 3D model quality.

In this study, the accuracy of the point clouds, which
were obtained by using the TLS and MLS were
investigated. However, the error sources mentioned
above which are GNSS and the calibration errors for
mobile LIDAR systems and the registration errors for
terrestrial Lidar systems are common problems (Kug¢ak
et al,, 2020). So, the accuracy comparison of the LIDAR
systems carried out relatively using the distance
differences of the points selected from point clouds to
eliminate the error sources in the comparison. For the
purpose of the study, (Istanbul Technical University)
Yilmaz Akdoruk Student Dormitory was selected as test
area. The dormitory is located in Ayazaga Campus of ITU
in Turkey. (Figure 1). The facade of selected building has
permanent and prominent points that can be easily
measured repeatedly such as building corner points and
window corner points. These type of points on the facade
are used as test points in order to compare TLS, MLS and
Total Station (TS) Surveys.

LrT.u
FILMAZ AKDORUK OGR

L
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Figure 1. Yilmaz Akdoruk Student Dormitory
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1. DATA and METHOD

The study area scanned with Leica C10 TLS, which
can get 50,000 points per second with 6 mm accuracy
until 50 m and uses impulse method for distance
measurement. Also, the point spacing of scan resolution
is 1 mm until 50 m. 3D point cloud of the building
scanned with Leica C10 was processed with Cyclone
Software by Leica Geosystems (Figure 2).

Figure 2. Point Cloud with Leica C10 Scanning

Mobile Mapping data was obtained by using the
Riegl VMX 450 LIDAR System, which can get 1,000,000
points per second with 8 mm accuracy and use impulse
method for distance measurement. (Figure 3).

Figure 3. ITU Ayazaga Campus Scanning by Riegl VMX
450 MLS

1.1. Error Propagation

The error propagation was applied for the test
points from the surface to determine the point
positioning accuracy of the instruments. The test points
of the surface also positioned with “Pentax W1503” total
station for the accuracy assessment of the TLS and MLS
point clouds. The reflectorless distance measurement
accuracy of the total station is “3 mm + 2 ppm” and the
angle measurement accuracy is 3”. The Leica C10 TLS
distance measurement accuracy is 4 mm, angle
measurement accuracy is 12" and the positional accuracy
is 6 mm. The Riegl VMX 450 MMS system (Figure 4)
includes VQ-450 laser sensors (2-laser scanners) and the
laser sensors’ accuracy is 8 mm. Table 1 also gives the
technical specifications of the sensor’ in VMX 450 (Toschi
etal, 2015).
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Figure 4. Riegl VMX-450 MMS System

Table 1. Technical characteristics of the RIEGL VMX-450

MMS (Toschi etal., 2015).

Sensor VQ-450
Measuring principle Time of Flight
Laser measurement rate 300-1100 kHz
Maximum range 140-800 m
Minimum range 1.5m
Laser wavelength Near infrared
Accuracy 8mm, 1o
Precision 5mm, 1o
Sensor IMU/GNSS
Absolute position 0.020-0.050 m
Roll and pitch 0.005°
True heading 0.015°
Sensor VMX-450-CS6
Resolution 5 Mpx
Sensor size 2452 * 2056 px
Pixel size 3.45 um
Nominal focal length 5 mm

According to given measurement accuracies, the
error propagation was applied to following equations.

Xp = X4+ (S Cosa,) Cost, (D
Yg = Y, + (S5 Cosa,) Sint, (2)
ZB = ZA+(SS Sinaa)+la (3)

In the Equations 1-3, X, Yy, Z, are the 3D coordinate
components of the local coordinate system at the
standing point, Xz, Y3, Zp are the 3D coordinate
components of the measured point, “t,” is horizontal
angle, “a,” is the vertical slope angle, “i,” is instrument
height, “S;” is slope distance. The accuracy
(mxg Myg, mz,) of the measured point coordinate
components (Xg, Y5, Z5) could be calculated as;

Turkish Journal of LIDAR



Tiirkiye Lidar Dergisi - 2020; 2(2); 34-40

mg, = mg, + (Costﬁ. Cosai) m? +

2 2
(S2.Cosa?. Sint2) ';‘— + (S2.Cost2.Sina? ¥) ’;‘— 4)
m§, = mj, + (Cosa?.Sint2)m? +

2 2
(S2.Cost?. Cosai) % + (S2.Sint2.Sina}) % (5)

. m2

m$, = m}, + (SinaZ)m? + (52 Cosay) p—f (6)

In the Equations 4-6, m, is the angle measurement
accuracy, mg is the distance measurement accuracy of
the instrument, and p = 200/m.

According to error-propagation, the point position
accuracy was calculated between 4.02 - 4.21 mm for the
TS, and was calculated between 5.56-5.67 mm for the
TLS.

2. RESULTS

In the building facade, the most prominent and
corner points were selected as test points. The
coordinates of the test points obtained from the Total
station measurements are accepted as reference
coordinates and the Euclidean distance between the
surface test points were calculated. Then, the distances
between the test points derived from TLS and MLS point
clouds compared with the reference distance calculated
from the total-station. The position of the selected test
points is given in Figure 5.

Figure 5. Key points TLS (Left), MLS (Right)
The distance differences between the TLS and MLS
key points distances and total station test points

distances are given in Table 2.

Table 2. The distance differences between TLS, MLS key

oints’ distances and TS test point distances (cm)
TLS-TS | 0 1 2 3 7 8 10 11 16
1 21| -
2 09| 11 -
3 -2.0 ] 0.0 | -1.6 -
7 -23 | -04 | 20 | -1.0 -
8 -421-201] 39 | 17 |-03 -
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10 -27(-05( 41| 10 [-20| 1.3 -

11 -231-011] 40 ( 06 | -1.1 | 1.8 | -0.3

16 -19 (02 (23 (11 (-1.5] 2.0 | 0.7 | -0.2 -
18 -1.8 | 04 [ 30 [ 05 |-03]| 24 | 06 | 0.7 | -1.0
MLS-TS 0 1 2 3 7 8 10 | 11 | 16

0.8

2 8.6 | 8.0 -

3 49 | 4.2 | -4.2 -

7 38 |1 64 | 64 | 02

8 1.0 | 21 | 69 | 19 | 3.2

10 48 [ 51 | 40 |-20( 25 | 3.3 -

11 27 | 44 | 78| 20 |-28]| 25| 3.7 -

16 83 (83129 |19 |35 (62| 30|57

18 88 [ 9.7 | 44| 08 |47 |77 | 46| 75 |-0.2

The mean error value and standard deviation of
Euclidean distances differences between the points were
calculated. According to statistics of data groups, TLS
mean erroris 0.1 cm, Standard Deviation is 1.9 cm, on the
other hand; MLS mean error is 4.0 cm, and Standard
Deviation is 3.2 cm. (Haala et al., 2008a) mentioned that
with the obtained cm-level positional accuracy, MMS
could be used for some applications include mapping
purposes.

Descriptive statistics can be also used to determine
the normality of two data set given in Table 2. Skewness
and Kurtosis can indicate the normality of a data set.
Skewness refers to asymmetry of probability
distribution around the mean value of data set (Toschi et
al, 2015). The Kurtosis refers to how the data set is
peaked or flat relative to normal distribution (Toschi et
al,, 2015).

If the data set has normal distribution, mean value
and standard deviation can represent the main
characteristic of data set. In this study, IBM SPSS
Statistics 26 software was used to obtain skewness and
kurtosis value for the data sets (Table 3). In the IBM SPSS
Statistics Software Manuel (IBM, 2020), it is stated that
If the Skewness and Kurtosis values are zero, distribution
of the dataset is perfectly normal (Wright & Herrington,
2011). IBM SPSS software was used to determine
skewness and kurtosis values of the data sets (Bliss,
1967).

Table 3. Skewness and Kurtosis outputs of IBM SPSS
Statistics Software for the data sets
TLS - TS Statistics

Number of Valid Data 45
Number of Missing Data 0
Skewness 0.255
Std. Error of Skewness 0.354
Kurtosis -0.221
Std. Error of Kurtosis 0.695
MLS -TS Statistics
Number of Valid Data 45
Number of Missing Data 0
Skewness -0.388
Std. Error of Skewness 0.354
Kurtosis 0.067
Std. Error of Kurtosis 0.695
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Based on the results on Table 3, Skewness and kurtosis
values are so close to the zero. Therefore, these results
indicate the normality of the datasets.

Also, the Q-Q plot can be used to see how data set
distributed relative to the normal distribution. (Toschi et
al,, 2015). If distribution of data set follows the Gaussian
function, the Q-Q plot should be a diagonal straight line.
The IBM SPSS Statistics software was used to produce
Q-Q plot for the data sets (Figure 6a & 6b).

Normal Q-Q Plot of TLS_Total

Expected Normal Value

-6 -4 -2 1] 2 4 3

Observed Value

Figure 6a. Normal Q-Q plot of TLS- Total Station
Differences Data

Normal Q-Q Plot of MLS_Total

Expected Normal Value

Observed Value

Figure 6b. Normal Q-Q plot of MLS- Total Station
Differences Data

According to Figure 6, it can be stated that, the data
set points are distributed around the diagonal straight
line. Skewness and Kurtosis value for the data sets
indicate that distribution of each data set can be accepted
as normal distribution. Thus, characteristics of the data
sets such as mean value and standard deviation can be
used to analyze the data groups (Figure 6a & 6b).

Although the number of samples in the data sets was
insufficient, the Kolmogorov-Smirnov tests and Shapiro-
Wilks tests were also used in addition to Skewness,

38

Kurtosis tests and Q-Q plots to determine the normality
of the data sets. According to the given SPSS test outputs
in Table 4, the Sig. values (or P values) of both normality
tests are greater than the 0.05 value. Therefore, it is
accepted that the data sets were not significantly
different from the normal distribution. Therefore, the
results of both Kolmogorov-Smirnov and Shapiro-Wilks
tests showed that both data groups have normal
distribution properties. However, these applied tests are
not trustworthy for small size data groups. In this study,
skewness and kurtosis values were used to support
statistical test results.

Table 4. Normality tests for the data sets using SPSS
software

Tests of Normality for TLS-TS
Shapiro-Wilk

Kolmogorov-Smirnov

Statistic ~ df Sig. Statistic  df

0.062 45 0.200 0.979 45
Tests of Normality for MLS-TS
Shapiro-Wilk

Sig.
0.577

Kolmogorov-Smirnov

Statistic df
0.976 45

Statistic df
0.075 45

Sig.
0.200

Sig.
0.456

In Figures 7a and 7b, the distributions of 45
Euclidean distances differences were shown for TLS and
MLS data groups, respectively. Both data groups show
the normal distribution curve. According to the
differences between TS and TLS, the mean value was 0.1
cm, and the maximum difference was 4.2 cm. On the
other hand; MLS had 4.0 cm mean, and the maximum
difference was 9.7 cm. It can be stated that obtained
results in our study are similar to the results of other
related studies in the literature. (Haala, Peter, Kremer, &
Hunter, 2008b) investigated the quality of a building
facades of an existing 3D city model of the city of
Stuttgart. They proved that an accuracy better than 3 cm
(standard deviation of the differences between
measured and reference data) can be achieved by the
system in robust GNSS conditions. Similarly, the same
accuracies have been obtained in many studies in the
literature.

TLS - TS

Mean: 0.1 cm
Std.Dev: 1.9 cm
Min: -4.2 cm

E‘ Max: 4.1 cm

d.l

=

=4

@

&

[-4.2,-2.3] (-2.3,-0.4] (-0.4,1.5] (1.5,3.4] (3.4,5.3]
bins (cm)

Figure 7a. The distribution of distance differences
between TLS and Total station.

Turkish Journal of LIDAR


https://tureng.com/tr/ingilizce-esanlam/robust

Tiirkiye Lidar Dergisi - 2020; 2(2); 34-40

MLS - TS

Mean: 4.0 cm
Std.Dev: 3.2 cm
Min: -4.2 cm
Max: 9.7 cm

8
6
4
:
0

[-4.2,-1.1] (-1.1,2.0] (2.0,5.1] (5.1,8.2] (8.2,11.3]

bins (cm)

frequency

Figure 7b. The distribution of distance differences
between MLS and Total station.

In this study, Total station data is accepted as the
most accurate measurement system and the Euclidean
distances between the surface points were calculated for
the TLS and MLS point cloud validation. The accuracy
(myg,, My, my,) of the measured points was calculated
to determine the point position accuracy as free of point
cloud resolution errors. The primary reason for using the
Euclidean distance between surface points is to compare
the accuracy of the two systems, neglecting GNSS and
calibration errors. The results show that the accuracy of
the TLS system is much better than the MLS system as
expected.

3. DISCUSSION

The distance differences between reference
distances calculated by Total Station and the distances
calculated from the TLS and MLS point clouds were
obtained primarily, and then the statistics calculated.
According to the calculated standard deviations of the
distance differences, the accuracy of the point clouds was
obtained as 1.9 cm for TLS and 3.2 cm for MLS. Also, mean
values between the distance differences were obtained
as 0.1 cm and 4.0 cm, respectively. The mean values show
the bias (systematic error) between these systems
according to Total Station measurements. The
histograms show that the accuracy of TLS and TS are
close to each other. However, the accuracy of the MLS is
low due to the un-eliminated errors such as GNSS errors
(multipath, cycle-slips, etc.), in the moving system.

The experiments performed in this study show that
each of these methods has both advantages and
disadvantages and one unique technique cannot
recommendable for the documentation of historical
artifacts (Kugak et al., 2014). Both MLS-Total station and
TLS-Total station differences show the normal
distribution. According to results, TLS gave more
accurate results than MLS because TLS scans were used
directly without registration for accuracy assessment.

This study shows that each of these systems has
both advantages and disadvantages. MLS (Mobile LiDAR
System) is a product of the latest technology towards the
fast acquisition of 3D spatial data. However, the lack of
calibration in these systems leads to undesirable results.
The errors mentioned above text, GNSS and calibration
errors, are common problems in Mobile LIDAR Systems.
Because of that, the point cloud coordinates are not
compared directly in this study.

The results show that that the accuracy of the TLS is
much better than the MLS. TLS can be preferred for
studies that require high accuracy such as cultural
heritage, Building Information Management (BIM)
projects. However, MLS should be preferred in
applications such as production of various topographic
maps and creating 3D city models rather than 3D cultural
heritage documentation. The obtained results are similar
to other studies done with Riegl mobile LIDAR systems.

4. CONCLUSION

TLS and MLS Technology is a rapidly developing
technology today. The experiments performed in this
study show that each of these methods has both
advantages and disadvantages. The ease of use in the
field and the ability to measure millions of points in a
very short time provide great convenience to the user.
The advantages of the LIDAR systems are seen when
compared with other 3D documentation methods in
terms of time. Under proper GNSS conditions and with
good calibration values, 3D models and topographic
maps can be produced by MLS in a very short time and
with the desired accuracy. The results obtained in this
study show that LIDAR systems comply with the
regulation (Regulation on Production of Large Scale
Maps and Map Information, 2018) for 3D topographic
map production.
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ABSTRACT

Throughout history, many civilizations with different ethnic and national values have lived in
Anatolia. In many parts of Turkey's possible to encounter this civilization's cultural heritage.
Cultural heritages in the world; until today, it has been affected by natural events such as
earthquakes, floods and fire. These have been completely or partially destroyed as a result of
human activities. Cultural heritage is very precious to people and assurance. Quick and
practical documentation is of great importance to this. Various methods are used for this
documentation process. Among these methods, terrestrial laser scanning (TLS) and
Unmanned Aerial Vehicle (UAV) photogrammetry are frequently preferred techniques in
recent years. Both methods ensure recording cultural heritages and producing 3D realistic
models. It is not always easy to collect data in places with cultural value because of their
historical importance and location. At this juncture, the use of terrestrial laser scanners and
UAVs makes an important contribution to the documentation of cultural heritage. This study
aims to examine the Adamkayalar reliefs, by using TLS and UAV photogrammetry. By
processing the data obtained from both methods, a 3D model of the study area was produced
and the results were evaluated.

1. INTRODUCTION

Anatolian geography, which has been home to
different civilizations and cultures throughout history,
contains numerous and different heritages that are
historical, socio-economic and cultural. Providing clues
about the life, traditions and customs of past societies,
these cultural heritages are extremely important.

The studies conducted in recent years in Turkey
gives weight to this issue (Ulvi et al.,, 2020; Ulvi & Yigit
2019). In this context, experts considering people's
opinions and professional experiences, legal
infrastructure (legislation) has been created. Laws,
bylaws and regulations that have been enacted in the
past and that are completely or partially out of date have
been revised to meet the needs of the day (Coruhlu et al,,
2017; Koca et al., 2016; Aliefendioglu & Tanrivermis,
2011; Ulvi et al,, 2019; CSB, 2006).

Efforts to identify, register, manage and preserve
these cultural heritage works that mirror the past have
gained momentum. The documentation has an important
place in protecting cultural heritage and transferring it to
future generations. These places; It is a field of study

whose documentation includes different professional
disciplines, since they were made in different periods
and by societies with different cultures and
characteristics. Therefore, the documentation process
requires great dedication.

In the study, the TLS method was primarily used
because it provides a fast and high-resolution method
and enables the surface geometries of cultural heritage
elements to be created effectively (Deniz et al., 2017; Ulvi
& Yakar, 2014; El-Hakim, 2001; Barber et al., 2001)
preferred. Scans were carried out to produce a 3D model
of the work in question. With the point clouds obtained
from this scan data, the 3D model was first created by this
technique. As the second method; In addition to the TLS
method, UAV photogrammetry was used in order to
obtain more detailed information and to make the 3D
model more comprehensive. Photographs of the reliefs in
different areas in the region were taken with UAV
overlapping. The 3D model of the heritage was produced
by processing the data obtained from both methods.

Various methods were applied in the Adamkayalar
relief of the study area, measurements were made, and
photo-realistic 3D models of the area were created in a
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hybrid manner. In this way, a permanent document
belonging to the study area was produced, and this is the
historical monument; It has contributed to the
transmission, protection, documentation and
management of future generations. In addition, it is
aimed to use the 3D model as a base for possible
interventions to the work. Adding to the history and
culture of this historic part of the national heritage
register bears traces of civilization is of great importance
for Turkey.

2. STUDY AREA

The working area, Adamkayalar BC. (before Christ)
3rd century. and the 3rd century AC. (after Christ). Itis
one of our cultural heritages, which is thought to have
been built in the period between 6th and 15th. It is
located in Seytan Deresi Valley, which is approximately 5
kilometers away from the Kizkalesi District of Mersin
Erdemli district. The Adamkayalar reliefs are located at
36°31'30 " N34 °03'15 " D coordinates (Kiltir portals,
2020).

The archaeological ruin known as Adamkayalar,
which consists of large reliefs, is one of the important
cultural heritage of Mersin city (Figure 1)

45°D
42°K

Figure 1. Study area

3. METHOD

Terrestrial photogrammetry has been used in 3D
modeling of historical artifacts for many years, but it is
insufficient alone (Uslu & Uysal, 2017; Chandler et al,,
2007). In this study, 3D modeling of Adamkayalar reliefs,
one of the national assets, was carried out by using TLS
and UAV photogrammetry in the documentation of
historical artifacts that are cultural assets. For this, a
challenging field study was made, the work was created
with a 3D model and the results were evaluated.
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3.1. Terrestrial Laser Scanning (TLS)

The technique in which any object is scanned with
the help of LIDAR (Light Detection and Ranging)
technology is called laser scanning method (TLS). This
technology is used in many fields such as cultural
heritage recording, engineering projects and so on.
LIDAR technology; it consists of 3 sections: terrestrial, air
and mobile lidar. TLS method has become a technique
that is generally used in research and studies for the
protection and documentation of historical artifacts and
cultural heritage (Beg, 2018).

In the documentation studies of national assets, 3D
modeling is performed by triangulation method by using
terrestrial laser scanners at close range during the
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scanning of small sculptures, historical artifacts and
objects (Sabuncu & Ozener, 2020). In this method, the
distance between the device and the object is measured
and a point cloud is obtained thanks to the laser beam
emitted from the laser scanner device, and thanks to this
point cloud, a 3D model of the working area is created.
This technology enables objects to obtain direct and
precise 3D coordinates. Point position information is
provided with high precision (mm) faster than
conventional measurement methods.

In this study, Faro focus S 350 instrument was used
as a terrestrial scanner. This device works according to
the phase comparison method (Figure 2).

emitted signal

Figure 2. Phase comparison method

In the phase comparison method, the length of the
object and the device is found by the phase difference
between the reflected and emitted waves. The
mathematical interpretation of the method is shown in
Equation 1.

__cx0
- anf

(1)

*D: distance
*c: speed of light
*f: frequence

*0: phase difference

3.2. UAV Photogrammetry

Today, in photogrammetry, the Structure from
Motion (SfM) technique is mostly used in UAV
photogrammeters (Saritiirk & Seker 2017; Furukawa &
Hernandez, 2013; Westoby et al.,, 2012). SfM is a method
that aims to create a three-dimensional (3D) model from
photographs taken with two-dimensional (2D) overlays
(Snavely 2008; Dellaert et al, 2000). This method
provides cost-effective work with high resolution large
data sets (Kolzenburg et al., 2016; Morgan & Brogan,
2016) (Figure 3).
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Figure 3. SfM method

The main purpose of the method is 3D model
production (Celik et al., 2020). Compared to other
photogrammetric techniques, there is no need for
additional camera calibration as the model geometry and
camera position information are automatically resolved
(Katarina et al., 2020; Sim6n et al., 2018).

The SfM technique was preferred in the study due to
its various features and advantages in creating 3D
models. With the development of technology in the
documentation and permanent documentation of
cultural heritage, the 3D model has become a powerful
option. In this context, aerial photos were taken with the
SenseFly eBee UAV in order to obtain general
information about the historical place.

Table 1. SenseFly eBee UAV (Sensefly, 2020)

Weight 1.1kg

Wing span 110 cm

Camera senseFly SODA /
(20 MP)

Flight 59 minute

time

Flight 45 km

distance

Cruising 11-30 m/s

speed

In order to better reveal the details of this work,
which contains the traces of past societies, images were
taken by the Parrot Anafi UAV.

Table 2. Anafi Parrot UAV (Parrot, 2020)

Weight 316¢g i — )

Camera 21 MP 4K - i
HDR

Flight time 25 minute

Flight 4 km

distance

Horizontal 15.2 m/s

top speed

Vertical top 4 m/s

speed
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From these images obtained by UAV with different
hardware and features, the 3D model of the work was
created in the Agisoft Photoscan programme, a
commercial software using the SfM algorithm.

First of all, the TLS method, which is a fast and high-
resolution technique and has become widely used in the
documentation of cultural heritage assets, was preferred.
8 scans were carried out around the Adamkayalar reliefs
with a terrestrial laser scanner (TLS) at suitable seating
places. A land survey was made before the study in
determining the residence locations. Care has been taken

to ensure that the reliefs appear at the optimum level and
have common details with the next scan. The data were
transferred in Faro Scene software, where laser scanning
data can be processed and used in 3D model production.
The point cloud of the study area was created and a 3D
model was produced from this point data set (Figure 4).
The process flow realized in the software is shown in
Figure 4.

-Optimum vision of the works
-Finding common detail with other scans. 'It;)m::g:;m
Determination of eligible cloud to cloud Data consolidation
session members again :
. NO
Point ‘;L":: Is there messy and
Detéritination of - Resolution:1/4 redundant data?
scaming parametes - Quiit:4X
from the laser device - Time:17 minute
- HDR: Closed YES I
N Coloration Reflectance threshold | Editing the
< Distance filter point cloud
Performing scans l
Creating the g am—
2 ts
solid model s s
YES
o
Image
recovery

Figure 4. Process flow realized in software

Figure 5. (a), (c) Point cloud obtained by TLS method
(b), (d) 3D model
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As the second method; UAV photogrammetry was
used together with the TLS method in order to make the
3D model more detailed. Two different UAVs (Table 1, 2)
were used in this method. First of all, the aerial (70 m
height) images were taken with the eBee device in order
to examine the study area as a whole and to obtain
general information about the area. Then, photos were
taken manually with the Parrot device in order to create
clearly the facade and details of the reliefs in the 3D
model. By processing the data obtained by both tools,
point clouds and photo-realistic 3D models of the
heritage were produced (Figure 7, 8).
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Data processing
process flow

Preparing the
Flight Plan

Taking pictures with U A& ] Addting
- - photos
Modeling of}
field studies i 1
7 i | Matching
O photos

1
Creating dense
point cloud

*_Field work |

1
Mesh (solid)
model
generation

l

Grcaling a texture pallcm)

Data processing

Figure 6. Processes in the UAV photogrammetry method

(b)

Figure 7. (a), (b) Point cloud obtained with SenseFly
eBeee UAV 3D model

Figure 8. (a), (b) Point cloud obtained by Anafi Parrot
UAV (c) 3D model
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4. DISCUSSION AND CONCLUSION

The study area is the Adamkayalar relief, which has
historical, sociological and cultural significance. In this
heritage work, TLS and UAV photogrammetry methods,
which have become widespread in documentation
processes in parallel with the developing technological
advances, were used. Although these techniques have
advantages and disadvantages, each has its strengths.

With the work carried out, the positive and negative
aspects of the techniques were tried to be determined.
TLS method provides fast, high quality and resolution
data in close range. In addition, accuracy and precision
are extremely high. Thus, it has been determined that it
is among the strongest alternatives that can be used in
the documentation of cultural heritage studies. Although
the positive features of this method are dominant, it also
has some disadvantages. This method alone is
insufficient for factors such as the relatively large size of
the work or structure to be documented and the difficulty
of access to the region.

The UAV photogrammetry method provides the
opportunity to measure at close or far distances, without
reaching the object. 3D model can be obtained directly or
by means of point clouds by taking photographs of the
object with overlapping. Within the framework of these
features, this method can be used alone or in
combination with different methods in the
documentation of cultural heritage. This technique also
has negative aspects. While the aerial view of the work to
be modeled can be obtained easily, in some cases, facade
photographs cannot be obtained properly. This problem
causes the side surfaces and details to not be fully formed
in the model of the work. In addition, it is not always
possible to benefit from UAV photogrammetry due to
factors such as the geography and geopolitical location of
the study area. In order to eliminate the aforementioned
negativities, integrated transactions are carried out with
different methods.

In the study; Different methods were applied,
measurements were made, and photo-realistic 3D
models of the field were produced in a hybrid way. In this
way, a permanent document belonging to the working
area has been created. The historical work of this
document; It is predicted that it will contribute to the
transmission, protection, documentation and
management of future generations. In addition, it is
highly possible to use the 3D model as a base for possible
interventions to the work. It is assumed that this study is
important for adding this historical region bearing the
traces of past cultures and civilizations to the national
heritage records and can set an example for other similar
studies. Located preservation of numerous cultural
heritage waiting to be unique and discovered in Turkey,
although tourism and therefore the documentation of the
cultural heritage in terms of making contributions to the
promotion of the country is extremely essential that the
process should be made by those skilled in the area.
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ABSTRACT

Modeling objects with different size and geometry and extracting metric information of this
object is more difficult than ordered geometric structures. Especially, analyses and
measurements to be made on similar structures cannot be accurate and precise with
conventional methods such as minarets, domes, columns, mausoleums, and statues that have
a conical, spherical, or cylindrical shape. Three-dimensional (3D) scanning technologies such
as Terrestrial Laser Scanners (TLS) are important tool for modeling to complex structures
Clearly, 3D scanners are more suitable than conventional methods for measuring objects with
disordered and complex surfaces. It is one of the best methods for applications with similar
complex structures. However, the biggest disadvantage of ground-based scans such as TLS
are that the data of the upper facades of the building cannot be collected due to the scanning
location. The collection of data on the upper facades of the buildings with carrier platforms
such as Unmanned Aerial Vehicles (UAV) that make it possible to take images from the air
contribute to overcoming this problem. In this study, the data of the columns with complex
structures in the archaeological site of Soli-Pompeipolis were collected and modeled using TLS
and UAV photogrammetry methods. For modeling, a hybrid method was used by combining
the data obtained by TLS and UAV photogrammetry methods. As a result of the study, 0.21 and
2.3 cm precise were obtained for point clouds produced by TLS and UAV photogrammetry,
respectively. By combining the point clouds obtained from both data collection methods, 1.7
cm precise was calculated.

1. INTRODUCTION

The analysis of attribute information and integration
with information systems is one of the common areas of
study of several disciplines (Dereli et al., 2019; Aicardi et
al, 2016). Especially, structures exposed to object
deformation are the main analysis studies. Structures are
deformed due to many natural or unnatural reasons
(Yakar et al., 2015; Ulvi et al., 2020). Analysis studies of
structures that are subject to deformation cannot be
performed as desired using classical methods. Various
analyses of these structures can be made with modern
methods. At this point, analyses can be made quickly and
easily by producing 3D models with various data
collection methods (Balletti, et al., 2015; Bolognesi et al.,
2014).

Using 3D models to extract metric information of
structures with different dimensions and geometries
give precise and accurate results (Yilmaz and Yakar,
2006; Ulvi and Yigit, 2019; Cryderman et al, 2014).
Modern methods should be used for analysis and

measurements on similar structures such as minarets,
domes, columns and sculptures, especially, those with
conical, spherical or cylindrical shapes (Harshit et al,
2020; Dayal et al,, 2017;). These methods used in the
creation of 3D models have a significant effect on the
accuracy of the model and analysis (Uysal, M., etal., 2018;
Makineci et al., 2020). With the developing technology,
UAV photogrammetry and laser scanning technology are
used more and more effectively in 3D model studies
(Remondino, et al, 2014; Martinez-Carricondo et al,,
2020; Sanz-Ablanedo et al, 2018; Pepe et al, 2016;
Ulukavak et al, 2019). These systems, which are
complementary to each other, in the collection and
evaluation of data; It is fast, efficient, economical and
reliable (Yakar and Yilmaz, 2008; Giivenlikaz et al., 2011;
Sanlioglu etal,, 2013; Comert. etal.,, 2019). These systems
allow the creation of high-precision 3D models, a clearer
view of the details on the object, the examination of the
changes on the object, and the digital presentation and
storage of the documents belonging to the object (Ulvi et
al,, 2019). Therefore, these systems are used in different
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disciplines (Karabork et al., 2009, Alptekin et al.,, 2019a,
Senol et al., 2017).

Studies in the literature show that the TLS data, such
as buildings that make up the 3D city model can be
quickly collected and extracted from the land (Yakar et
al,, 2006; Celik et al., 2020; Senol et al., 2019; Senol et al.,
2020). In addition, with the integration of UAVs in this
area, the collection of data on the missing fronts has been
ensured (Mirdan & Yakar, 2017).

In this study, accuracy analysis was performed on the
3D model of the cylindrical columns considering the
advantages of UAV photogrammetry and the TLS system.
The combined utilization of UAV and TLS technologies
contribute to obtaining highly sensitive products (Chen
et al,, 2020). In addition, the use of the UAV-TLS hybrid
method allows the entire object to be modeled since data
on all surfaces of the object that cannot be collected with
a single system (Valenti et al., 2019; Alptekin et al,
2019b; Hamal et al., 2020). Getting both visual and metric
information of the result obtained with these systems
allow it to be used as a base in different studies (Agca et
al,, 2020). As a result of the study, 0.21-2.3 cm accuracy
was obtained for point clouds produced by TLS and UAV
photogrammetry, respectively. By combining the point
clouds obtained from both data collection methods, 1.7
cm was calculated.

2. METHODOLOGY

In this study, 3D models of complex structures were
produced using TLS and UAV photogrammetry methods
and accuracy analysis was evaluated.

2.1. Study Area

The study area is the Siitunlu Cadde of the ancient city
of Soli-Pompeiopolis in Mersin province (Figure 1).
There are 49 columns in the study area. That's why the
study area is divided into three blocks. Blocks A, B and C
include 14, 8 and 27 columns, respectively. (Figure 2).

39

%

% 2 2 35 8 41 )
BIASNUMSTE
Mersin / TURKEY

Figure 1. Study area (36.74°N 34.54°E)

49

divided into A-B-C blocks

N

Figure 2. The study area

is
2.2. 3D Modeling and Analysis

TLS method; LIDAR (Light Detection and Ranging)
technology is a system that is used to obtain a point cloud
with X, Y, Z coordinates belonging to the targeted object.
It can measure with high accuracy and speed with TLS. In
addition, it is used in the documentation, restoration,
restitution, reverse engineering, 3D modeling, and
analysis studies, as it enables printing in digital form and
creating a base for different studies.

The UAV photogrammetry method is basically a
method of taking pictures with overlays and obtaining 3D
models using the photogrammetry method (Yigit &
Uysal, 2020).

Within the context of the study, a 3D model was
created using Soli's UAV and TLS methods (Figure 3).

Figure 3. 3D model created using UAV and TLS methods
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The 3D model workflow used in the study is shown
in Figure 4.

Laser Scanning Plan Determining the places to
be scanned
@—» Scanning the objecis
v
/—\ Data transferring and
w creating a 3D model

L J
T
3B ModeILPIanning
[ )

UAV Flight Plan —|Grid / Double Grid / Circular
¥
Image acquisition —>

Image acquisiton of
structures

1
Figure 4. 3D model planning

Images processing and
creating a 3D model

The data collection methods and workflow used in
the study are shown in Figure 5.
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Figure 5. Workflow diagram

Volume

In this study, 37 control points were measured
homogeneously over the columns with the Total-station
to measure coordinate the 3D model and determine the
position accuracy. 20 of the control points were used in

50

coordinating the model, and 17 of them were used as
check-points for accuracy analysis.

Considering the physical properties of the columns,
sharp details have been chosen for the control points.
The selection of control points from sharp details is
important in terms of distinguishing and marking on the
model.

3. RESULTS

Firstly, generate point clouds were used by TLS and
UAV photogrammetry techniques in the study. Scanning
was performed from 49 different station points using the
TLS method. The 3D point cloud was created with the
obtained data with JRC 3D Reconstructor software. Point
cloud is combined with a precision of 0.21 cm. 386
images were obtained with UAV. 3D point cloud with an
accuracy of 2.3 cm was created with Contex Capture
software.

Combining TLS and UAV point cloud was created in
JRC 3D Reconstructor software with the hybrid method
and 1.7 cm precision was obtained. Later, 20 of the 37
points that collected by the Total-station were accepted
as actual coordinates and 17 points were accepted as
check-points. Control points were used in the accuracy
analysis.

3.1. Accuracy Analysis of 3D Models Obtained TLS
and UAV

On the model created by TLS and UAV
photogrammetry techniques, the accuracy of 17 Check-
point positions measured by Total-station were
examined. mXYZ values for TLS and UAV
photogrammetry methods are shown in Table 1.

Table 1. mXYZ accuracy analysis of control points

Total-Station (m) TLS(cm) UAV (cm)

NN X y Z X y Z X y Z

1 100231 1000.83 999.51 23 08 -05 26 18 -08
2 1000.82 99991 999.59 08 -01 -04 -0.2 15 -04
3 99610 99697 999.97 -39 -3.0 0.0 -89 -11.5 -0.2
4 1000.83 99811 997.72 08 -19 -23 14 -02 -23
5 1001.34 1002.55 99853 13 25 -1.5 22 36 -1.8
6 1000.88 1002.60 999.80 09 26 -02 23 3.7 0.0
7 1001.56 1001.70 1000.09 16 1.7 01 29 35 04
8 1001.29 1001.52 100140 13 15 14 19 14 18
9 1001.14 1000.81 100142 11 08 14 13 08 15
10 1003.13 1001.06 100098 3.1 1.1 1.0 41 04 1.6
11 1001.31 100093 99949 13 09 -05 23 11 -0.1
12 1000.70 1001.56 998.71 0.7 16 -13 22 22 -12
13 999.84 100093 99898 -0.2 09 -1.0 -0.2 -03 -0.1
14 100293 1000.76 1001.16 29 08 1.2 3.0 19 17
15 99384 99633 99753 -6.2 -3.7 -25 -52 -6.7 -29
16 999.41 99825 997.79 -0.6 -1.7 -2.2 -18 -19 -1.2
17 1000.50 1003.32 1001.30 05 33 13 12 46 17

As seenin Figure 6, the mX mY mZ position accuracies
for TLS and UAV photogrammetry techniques are
consistent with each other.
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Figure 6. TLS and UAV Photogrammetry mXYZ position
accuracy : (a) mX, (b) mY, (c) mZ

However, there is an inconsistency in the checkpoint
of TLS and UAV data of number 3 shown in Figure 7. The
reason for the error value of the point is deformation and
error caused by the operator. In brief, the sharpness and
location of the selected detail points are important in the
georeferencing of 3D models.

Figure 7. Check-point of the number 3

51

3.2. Accuracy Analysis of the Model's Base Area
and Volume

The area (A) and volume (V) of a flat cylindrical object
are calculated with (1) and (2) equations, respectively. In
the equation, r and h refer Radius and height.

A

27tr(r + h) ey

V =nr?h 2

Hand Survey and Total-station measurement and
Advanced Model (3D) calculations of the columns are
compared and shown in Table 2.

Table 2. Base Area and Volume Accuracy Analysis

HAND SURVEY
and ADVANCED MODEL
TOTAL-STATION (3D MODEL)
MEASUREMENT

NN  R(m) Height Base Volu Base Area Volume

(m) Area me (m?2) (m3)
(m2) (m3)

1 0.93 7.30 0.68 4.95 1.03 4.45
2 0.85 6.84 0.56 3.84 0.91 3.12
3 0.83 6.52 0.54 3.53 1.21 4.12
4 0.84 7.76 0.55 4.30 1.03 3.86
5 0.85 6.65 0.57 3.77 0.96 3.45
6 0.87 2.97 0.59 1.75 0.98 2.94
7 0.88 191 0.61 1.16 0.60 1.17
8 0.86 7.90 0.58 4.55 1.03 5.15
9 0.86 7.85 0.58 4.52 0.98 5.88
10 0.87 7.99 0.60 4.79 1.02 5.10
11 0.87 7.95 0.59 4.71 0.95 4.75
12 0.89 7.78 0.62 4.79 1.20 5.04
13 0.88 7.69 0.60 4.63 1.04 5.20
14 0.89 7.59 0.62 4.69 0.98 5.88
15 0.85 7.51 0.57 4.28 0.94 5.64
16 0.86 7.63 0.58 4.41 0.94 6.58
17 0.86 7.73 0.59 4.54 1.31 5.90
18 0.85 7.97 0.57 4.57 1.36 5.54
19 0.88 7.66 0.61 4.65 1.06 5.96
20 0.89 7.12 0.62 4.38 1.07 4.81
21 0.87 7.41 0.60 4.45 1.06 5.28
22 0.87 3.55 0.59 2.09 0.55 2.44
23 0.90 7.75 0.63 4.88 1.08 5.06
24 0.85 3.27 0.57 1.86 0.60 2.36
25 0.88 7.88 0.61 4.79 1.06 5.61
26 0.90 7.94 0.63 5.04 1.09 6.45
27 0.87 7.67 0.59 4.54 1.05 5.35
28 0.89 7.70 0.62 4.74 1.07 5.66
29 0.88 5.41 0.60 3.26 1.06 5.29
30 0.87 6.75 0.59 3.98 1.04 5.22
31 0.88 7.37 0.61 4.48 1.06 5.31
32 0.87 7.61 0.60 4.55 1.05 5.26
33 0.90 7.44 0.63 4.69 1.09 5.43
34 0.87 7.85 0.59 4.62 1.04 5.22
35 0.90 6.78 0.63 4.28 1.09 5.43
36 0.85 7.29 0.57 4.18 1.03 5.56
37 0.88 6.86 0.60 4.13 1.06 5.71
38 0.91 6.84 0.65 4.46 1.11 5.98
39 0.89 2.61 0.62 1.63 0.58 1.72
40 0.91 5.47 0.66 3.59 1.11 4.22
41 0.90 2.09 0.63 1.32 0.52 1.48
42 0.88 5.59 0.60 3.36 1.06 4.23
43 0.90 5.76 0.63 3.63 1.08 4.34
44 0.86 2.39 0.58 1.39 1.04 1.52
45 0.87 6.24 0.59 3.68 1.04 4.80
46 0.90 7.24 0.64 4.62 1.09 5.03
47 0.89 7.45 0.62 4.60 1.07 4.93
48 0.88 7.34 0.60 4.42 1.06 5.29
49 0.79 7.61 0.49 3.72 1.18 4.48
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Only 6 colums of the 49 cylindrical columns in the study
area are flat cylindrical objects. As an example, the height
(h) and diameter(R) measurement of column number 7
shown in Figure 8 with the classical measurement
method was measured as 1.19 m and 0.88 m,
respectively. The base area of the cylindrical structure is
0.652 m? with equation (1) and the volume is calculated
as 1.169 m3 with equation (2). The base area and volume
of the same column from the solid model created by the
photogrammetry technique were calculated as 0.60 m?
and 1.17 m3, respectively.

Figure 8. Check-point of the number 7

However, there are 6 flat cylindrical-shaped columns
in the study area and there are indentations and
protrusions in other structures. Measuring indentations
and protrusions on columns are difficult and time-
consuming. The diameters and heights of the complex
columns were measured in the study.

For example, the height and diameter of column
number 3 were measured as 6.52 m and 0.829 m,
respectively, using the classical method. The base area of
column 3 was calculated as 0.54 m?2 with the equation (1)
and the volume was calculated as 3.53 m3 with equation
(2). The base area of the same column is calculated from
the model as 1.21 m? and its volume as 4.12 m3 (Figure
9).

Figure 9. Check-point of the number 3
4. CONCLUSION and DISCUSSION

For the analysis of structures with different geometric
shapes, their physical properties should be considered
and appropriate evaluation tools should be selected.
Rather than using a single method in the spatial
recording of buildings, the use of hybrid methods
contributes significantly to an accurate analysis. For this
purpose, firstly geodesic measurement techniques, laser
scanning data collection methods such as UAV
photogrammetry and TLS were used for the analysis of
complex structures. However, field studies made with
geodesic or classical measurements cause excessive time,
manpower, and increase the cost. TLS and UAV

52

photogrammetry use because of faster and more
accurate data collection, especially with time and cost
savings.

The distance between TLS and the scanned surface
directly affects the resolution of the point cloud data, and
the rays coming from the laser scanner to the surface to
be scanned also affect the quality of the point cloud data.
The TLS system also allows an object, structure, or object
to be scanned from horizontal and vertical directions to
obtain a point cloud image. Therefore, it is the most
preferred system in the 3D modeling of buildings.
However, with such ground-centered systems, the data
of the upper facades of the buildings are missing. This
problem has been resolved by using carrier platforms
such as UAVs. By taking pictures from the air, the UAV
photogrammetry method was used and a 3D point cloud
of the building was produced. In this way, the data of the
lateral facades of the building were collected with TLS,
and the data of the upper facades were collected by UAV.
Complete 3D data of the building was obtained with
hybrid data collection methods and various analyses
were made.

In this study, the merging process of point cloud is
0.21 cm with TLS and 2.3 ¢cm accuracy with UAV. The
precision of combining UAV and TLS data is 1.7 cm. More
sensitive results were obtained with the TLS method.
However, data on the superstructures of the columns
cannot be obtained with TLS. This problem has been
solved with the UAV photogrammetry technique and the
missing areas have been completed.

As a result of the Check-point mXYZ location analysis
shown in Figure 6, TLS and UAV methods have obtained
values close to each other. In Figure 7, although mZ is
consistent in both methods, the error value of mX and mY
is higher than mZ. Therefore the location of the points are
not chosen clearly and sharply. In brief, the clarity and
location of the detailed points to be selected are
important in geographical referencing.

The volumes of cylindrical structures with smooth
geometries are not difficult to calculate in a classical way.
However, only 6 out of the 49 cylinders in our study area
have a smooth geometric structure. The volume of
cylindrical objects with disordered geometry is difficult
to calculate with classical methods. This study
investigated the use of TLS and UAV photogrammetry
methods in modeling complex structures, extracting
metric information of the structure, and performing
analysis.
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Anahtar Kelimeler

Mobil LiDAR

Lazer Tarama

Nokta Bulutu

Enerji Nakil Hatti
Regresyon Model

0z

Mobil LiDAR fig¢-boyutlu (3B) nokta bulutu verileri hareketli platformlar iizerinden
tarama sistemleri ile temin edilmektedir. Ozellikle koridor haritalama islemleri igin
yogun veriler 6nemli bir yer tutmaktadir. Enerji nakil hatlar1 (ENH) ve giizergahlarinin,
kentsel alanlardaki dagitim ve iletim hatlarinin stirekli gézetim altinda tutulmasi hem
giivenlik hem de enerji kesintilerinin 6niine gec¢ilmesi agisindan gereklidir. Mobil LiDAR
nokta bulutlar1 yogun veri saglayarak 3B ENH'’yi tespit etme kabiliyetine sahip, ancak
yogun nokta bulutlarinin islenmesi ve enerji hatlarina yakin nesnelerden gelen giiriiltiilii
noktalar gibi farkli nedenlerle istenilen hassas veri temininde zorluklar
yasanabilmektedir. Bu problemlerin minimize edilmesi amaciyla bu ¢alismada, iki temel
adim énerilmistir. [lk asamada nokta bulutlarinin temsil edilmesinde yogun nokta bulutu
verilerinin voksel tabanli algoritmayla seyreltilmesi, aday ENH noktalarinin
simniflandirilmasi ve tespiti, ikinci asamada ise tespit edilen bu aday hat noktalarinin
mesafe temelli algoritmayla kiimelendirilerek her hat i¢in dogrusal olmayan modellerin
kestirilmesidir. Onerilen metodoloji ve mobil LiDAR teknolojisi, tilkemizdeki ENH’lerin
envanter verisinin toplanmasi, yapilasma ve bitki 6rtiisii risklerinin azaltilmasina katki
saglayarak mihendislik maliyetlerinde ekonomik kazanglar saglama potansiyeline
sahiptir. ENH envanter yonetimi, iletim hatlar1 altinda kontrolsiiz yapilasmanin
engellenmesi, bitki ortiisii risk azaltma ve mithendislik 6l¢meleri agisindan, mobil LiDAR
teknolojisi yaklasimi, 6zellikle kentsel alanlarda daha uygun ve yogun veri ile daha az
operatdr ihtiyacina gerek duymaktadir.

Prediction of Power Transmission Lines from Mobile LiDAR Point Clouds with

Nonlinear Models

Keywords

Mobile LiDAR

Laser Scanning

Point Cloud

Power Transmission Lines
Regression Model

ABSTRACT

Mobile LiDAR three-dimensional (3D) point cloud data is provided by scanning systems
over mobile platforms. High-density data has a significant role, especially for corridor
mapping operations. Continuous surveillance of power transmission lines (PTL) and
routes, distribution, and transmission lines in urban areas is necessary for security and
energy cuts prevention. Mobile LiDAR point clouds have the ability to detect 3D PTL by
providing density data. Still, difficulties may be experienced in obtaining the desired
precision for different reasons, such as processing dense point clouds with low accuracy
and acquiring noisy points from objects close to power lines. To minimize these
problems, two essential steps are proposed in this study. The first stage is the resampling
of dense point cloud data with a voxel-based algorithm, the multi-class classification, and
the detection of candidate PTL points. In the second stage, each line's nonlinear models
are estimated by clustering these candidate line points with a distance-based algorithm.
The proposed methodology and mobile LiDAR technology can provide economic gains in
engineering costs by collecting inventory data on PTL, reducing construction and
vegetation risks. In terms of PTL inventory management, prevention of uncontrolled
construction under transmission lines, vegetation risk reduction, and engineering
measurements, the mobile LiDAR technology approach requires more convenient and
dense data and fewer operator needs, especially in urban areas.
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1. GiRis

Giinlik hayatta elektrik enerjisinin iletim
kalitesi, givenilirligi ve kullanim giivenliginin
saglanmas1 icin tim ilgiliyi enerji sektorine
yoneltmektedir. Bu y6nelim ise beraberinde iletim
hatlarinin, dagitim aginin kullanicilara erisimi adina
genisletilmesini ve hatlardaki dayanimin arttirilarak
potansiyel arizalari en aza indirme gayretini
getirmektedir.

Bu dagitim ve havai iletim hatlar1 stirekli
atmosferik etkiye maruz kalmaktadir. Ortam
degisimlerinin en belirgin etkileri hatlarin fiziksel
yapisinda degisime sebep olabilmektedir. Bu etkiler
dogrultusunda kentsel alanlarda bitki drtiisiiniin ve
yapillasmanin varligt da disiiniildigiinde, risk
faktoriiniin artmasi kaginilmazdir.

Enerji nakil hatlarinin (ENH) diger nesnelerle
mesafesinin korunmasi icin belirli kosullar1 vardir
(Demir, 2013). Bu kosullarin yerine gelmesi i¢in ve
bir elektrik hattinin giivenli bir ortam saglayarak
giivenilir bir sekilde ¢alismasi, koridorlarin diizenli

olarak izlenmesi, olusan risklerin ortadan
kaldirilmas1 ve gerekli tedbirlerin alinmasiyla
miimkiindtr.

Geleneksel yontemler, enerji sistemleri tabanh
belirli katsayilarin kullanilmasiyla belirli limitlerin
saglanmasi i¢in sehim miktarlarinin hesaplanmasina
katki sunar. Ancak bu tiir analiz ve o6l¢iimler
kestirime dayalidir veya giincelligini
kaybetmektedir. Diger bir yontem ise yersel
Olgmelerdir ve sehim miktarlarinin
hesaplanmasinda aktif bir rol {istlenir. Yersel
Olgmeler, total station Ol¢melerine dayah
trigonometrik yontemlerle ytikseklik 6l¢meleriyle
yapimaktadir. Yersel olgmeler genellikle yerinde
arazi Olgmeleri zaman ve maliyet gerektiren
islemlerdir.

ENH’nin ve direk yerlerinin LiDAR nokta bulutu
verileri yardimiyla kestirimi konusunda g¢alismalar
literatiirde yer almaktadir. Genel olarak asamali
yontemler uygulanarak bu bilgilerin otomatik
¢ikarimi igin farkli oneriler sunulmustur. Yaygin
olarak yiikseklik farki ve egim kriterlerini
uygulayarak noktalarin smniflandirilmasi yapilir.
Ardindan, yiikseklik, konumsal yogunluk, boyut ve
sekil kombinasyonuna gore farkl filtrelemeler ile

her tekil enerji iletim hattinin  ¢ikarimi
yapilmaktadir. Calismalarda giizergah tespiti veya
gorinti isleme temelli yontemlerde

kullanilmaktadir. Bunlar Hough déniisiimii ve Oklid
mesafesi temelli kiimeleme yontemleriyle de
desteklenir ve ii¢ boyutlu (3B) bir ENH, diizlemsel ve
diisey eksenlerde hiperbolik fonksiyonlar katener
egrisiyle de modellenebilmektedir (Guan vd., 2016).

Diger bir ¢alisma da, nokta bulutlarinin fiziksel
sekillerine, geometrik 6zelliklerine ve aralarindaki
topolojik iliskilere dayali olarak demiryolu
koridorunun temel bilesenlerinin tanimlanmasi
amaciyla yapilmistir (Arastounia, 2015). Gelistirilen
algoritma ile iki ray hatty, direk, konsol, kontak hatti,
katener hatti ve doniis akimi hatti gibi demiryolu
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altyapisinin tiim temel bilesenlerinin tanimlanmasi
tizerinedir. Sonuglar hem nesne seviyesinde hem de
nokta bulutu seviyesinde yiiksek dogrulukla elde
edildigini gostermistir.

Elektrik enerjisi iletimi ve bakimi, enerji
endiistrisi i¢in ¢ok oOnemli oldugunu vurgulayan
calismalardan bir digeri de insansiz hava araglari
(IHA) tarafindan elde edilen nokta bulutu
verilerinden hesaplanan diizenli sebeke 6zelliklerine
dayali olarak elektrik enerjisi iletim tesislerinin ii¢
boyutlu (3D) ve verimli bir sekilde ¢ikarilmasi ve
siniflandirilmasi igin gelistirilmis metodolojilerdir
(Zhang vd., 2019).

Havasal LiDAR teknolojisi kullanilarak yiiksek
voltaj iletim hatlarinin otomatik izlenmesine
yardimc1 olacak yontemlerde literatiirde yer
almaktadir (McLaughlin, 2006). LIDAR verileri 6nce
otomatik olarak iletim hatti, bitki drtiisii veya ytlizey
olarak smiflandirilir. Cikarilan iletim hatti veri
noktalar1 daha sonra verilerin yerel afin modelleri
kullanilarak ayri araliklara béliniir ve modelleme
gerceklestirilir.

Diger bir havasal LiDAR c¢alismas1 (Sevgen &
Canaz, 2016), nokta bulutu verilerinden elektrik
nakil hatlarinin modellenmesinde Temel Bilesenler
Analizi, Random Sample Consensus (RANSAC) ve en
kiicik kareler yontemi kullanilmis, bu sayede
elektrik nakil hatlar1 modellenmistir.

Havasal LiDAR verilerinden ENH'nin otomatik
olarak tespit edilmesi icin gelistirilen diger bir
algoritma ise (Erbas, 2016) ArcObject ve C#
programlama ortamlari ile ArcGIS yazilimi eklentisi
(ArcGIS add-in) olarak gelistirilmistir.

Lazer  tarama  sistemine sahip iHA
sistemlerinden elde edilen veriler gorsel, noktasal ve
model bazli mutlak ve rolatif dogruluk temelli
istatistiksel incelemeler sonucunda buyiik o6lgekli
harita lretimi (1/1000) gereksinimlerini
karsiladiklari ve arazi biitlinlemesi entegrasyonu ile
rahatlikla iki boyutlu haritalama ¢alismalarinda ve
tiretiminde kullanilabilecekleri literatiirdeki
¢alismalarda tespit edilmistir (Sefercik vd., 2018). Bu
6l¢me teknikleri de alternatif veri toplama teknikleri
olarak diisiiniilmelidir ve ENH modellerinde aktif rol
alma potansiyeline sahiptir.

Enerji nakil hatlar1 ve bu hatlara yakin
nesnelerin otomatik tespiti i¢in potansiyel risk
durumlarin konumsal analizi, enerji nakil hatti
kontrol ve bakimlarinin etkili bir bicimde yapilmasi
icin yapilan calismalar ve gelistirilen algoritmalar da
konumsal dogruluk acgisindan umut vericidir (Mus,
2019).

Sonug olarak LiDAR sistemlerinin yogun nokta
bulutu verilerinin elde edilmesinde 6nemli bir
potansiyele sahip oldugu onceki c¢alismalarda
belirtilmistir (Ekercin & Ustiin, 2004). Sistemin
ozellikle enerji nakil hatlarina ait detay alimi ve
modellendirilmesinde, ormancilik ve yogun bitki
ortiistiniin ~ bulundugu  bolgelere ait  pasif
goriintiilerden etkili verilerin temin edilemedigi
alanlarda alternatif ve avantajli bir 6l¢gme teknigi
oldugu belirtilmistir (Ekercin & Ustiin, 2004).

Turkish Journal of LIDAR



Tiirkiye LIDAR Dergisi- 2020; 2(2); 55-63

Bu calismada onerilen yontem, mobil LiDAR
(MLT) sistemleriyle elde edilen verinin ENH
sistemlerinin modellenmesinde  kullanilmasini,
istatistiksel yontemlerle modellenmesini ve veri
modellerinin hem daha dogru hem de yari-otomatik
bir sekilde yapilmasini amag¢lamaktadir.

Bu makale asagidaki gibi diizenlenmistir.
Oncelikle temin edilen MLT verisi hakkinda bilgi
verilmistir. Daha sonra o6l¢me sistemi hakkinda
temel bilgiler verilmistir. Verilerin islenmesinde
gerekli 6n isleme adimlarindan bahsedilmistir. ENH
sistemlerinin yer aldig1 yer iizeri noktalarinin
filtrelenmesi ve siniflandirilma asamalari
incelenmistir. Verilerin daha hizli islenebilmesi ve
stabil olmast acisindan  seyreltme islemi
uygulanmistir. ENH telleri teker teker ¢cikartilarak bu
veriler farkli egri algoritmalar1 ile matematiksel
model fonksiyonlara uydurma islemi yapilmistir.
Elde edilen sonuglar son boéliimde verilmis ve
tartisma boliimiiyle ¢alisma sonlandirilmistir.

2. MATERYAL ve METOT

Konya'da yer alan bir kentsel alan iginde
bulunan ENH'ler bu ¢alismada test verisi olarak ele
alinmistir.

Bu c¢alismada RIEGL VMX-450 MLT sistemi
kullanilmistir. Bu 6l¢gme cihaz1 ile yuksek siiris
hizlarinda dahi yogun ve yiiksek dogrulukta nokta
bulutlar1 elde etmek miimkiindiir. Bunun yaninda,
nokta bulutlar, yiiksek 6l¢gme hizinda saglanir ve
farkli o6zelliklere sahiptir. Kiiresel konumlandirma
uydu sistemi ve ataletsel konumlandirma sistemi,
Olcti birimi (GNSS/INS/IMU) ile arag izi bilgisini de
sunmaktadir.

Ara¢ ilzerine monte edilen 6lglim sistemi,
aerodinamik yapiya uygun olarak dizayn edilmis bir
koruyucu kapagin altina yerlestirilmis iki adet Riegl
VQ-450 lazer tarayicisini barindirir. Komple sistem,
atalet dl¢limii ve GNSS ekipmaniyla biitiinlesiktir.
Opsiyonel olarak tasarlanmis bir kamera platformu,
alt adede kadar dijital kameranin kolay
entegrasyonuna ve kurulumuna da miisaade eder.

Pratikte ve Dbilimsel c¢alismalarda yliksek
dogruluk ve yiiksek c¢oziiniirliige ihtiya¢ duyulan
islemlerde hizl1 3D veri toplama sayesinde, koridor
haritalama amagly, yol ve demiryolu koridorlarinin,
suyollarinin, limanlarin ve falezlerin haritalanmasi
gibi ¢esitli uygulamalar i¢in kullanilan bir 6l¢me
sistemidir. Bunun yani sira hali hazir, kentsel
alanlarin haritalandirilmasi, sokak sagliklastirmasi
gibi islemlerde bu sistemler kullanilabilmektedir.

Ozetle, RIEGL VMX-450 aracg lzeri MLT sistemi,
tam entegre ve kalibre edilmis lazer tarayicilar,
IMU/GNSS ekipmany, istege bagh kamera alt sistemi
ve ilgili RIEGL yazilim paketlerinden olusmaktadir.
Entegre IMU/GNSS, sistemi sayesinde Global
koordinat sisteminde dogrudan georeferanslamayla
nokta bulutlarin1 istenilen projektif diizlemsel
koordinat sistemine doniistiiriilmesine de imkan
saglar.
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Sistem Kkalibrasyonu, biitiinlesik bir sistem
oldugundan sistem cikarildiginda dahi bir sonraki
calismalar i¢in degerlerini koruyabilir sekilde
tasarlanmistir. Uzerindeki VQ-450 tarayicilar,
550.000 6lgim hizinda diisiik giiriltiili, bosluksuz
360° profil 6l¢iimiine imkan saglar (Sekil 1). Sinyal
isleme teknolojisiyle her noktaya ait kalibre edilmis
genlik ve yansima degerlerini de kaydedebilir.
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Sekil 1. MLT verisi, a) tarama agisi, b) yogunluk
(intensity) degerli veri, c) gorselligi artirilmis nokta
bulutu

RIEGL VMX-450 MLT sistemi kamera
entegrasyonunu zaman damgalama islemini yliksek
hassasiyette uygulamaktadir. Veri toplama sistemi
6lgme aninda operator kontrolii ile saglanir. Arazi
O0lgmeleri tamamlandiktan sonraki asamada,
depolanan ham veriler RIEGL yazilimlan ile sonra
isleme (post- process) yapilarak referans koordinath
global veya lokal koordinatlarla farkli yazilimlara
uygun formatta aktarma yapabilir ve 3. parti
yazilimlarda bu nokta bulut verileri islenebilir.
Calisma alanina ait elde edilmis bir veri 6rnegi
sunulmustur (Sekil 2). Bu ¢alismada 6nerilen islem
adimlari ise Sekil 3’te verilmistir.
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Sekil 2. MLT sistemi ile elde edilmis nokta bulutlar:
ornegi, (Yikseklik degeri, yer tlizeri yiiksekliklerini

ifade etmektedir.)

Veri On igleme

Nokta Bulutu /

l

Voksel Seyreltme

Yer/Yer Uzeri
Nokta Bulutu

Yer K
—’{ Nokta Bulutundan Sil

Yer Uzeri

Cok Smufh Smmflandirma
/Global Mapper

Diger Smiflandirma
Noktalar

ENH Aday
Noktast

— ~

_ ~_
< Matematiksel Model > ENH Model
~— P
\_‘\\\ }/}//

Min. X, Min. Y,
Maks. X, Maks. Y

ENH Nokta
Bulutu Kestirimi

Sekil 3. Onerilen metodoloji is akis diyagrami

Bu c¢alismanin temelini olusturan hatlarin
modellenmesi asamasinda ise istatistik yazilimi
istatistiksel hesaplama icin R dilinde yer alan lineer
olmayan 3 farkli yontem uygulanmistir. Bu amagla,
regresyon ¢cercevesiicinde polinom regresyon, kiibik
egri (spline) ve toplam ekleme model (GAM)
fonksiyonlarini iceren farkli paketler kullanilmistir.
ENH’ler, MLT nokta bulutu verileri kullanilarak,
dogrusal olmayan fonksiyonlarla modellenmesine
uygunlugu ve farkl fonksiyonlara genel bir bakis
saglanmistir.
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2.1. Veri On isleme

Nokta bulutu verileri yiizey yansimasi ve st
iste bindirmeli noktalar1 barindirabilir. Bunun temel
nedeni ylizey yansimalari ve olusturdugu giriiltiili
noktalar ve ayni bolgeden ikinci gecis sebebiyle
olusan bindirmeli noktalardir. Bu verilerin 6ncelikle
nokta bulutlarindan temizlenmesi gerekir. Bunun
yani sira bilgisayar donanimlarinin giicii sonsuz
degildir. Bu nedenle bilgisayar performansinin en
iyimser sekilde degerlendirilmesi icin nokta
bulutlarinda seyreltmelerin yapilmasi veri islemede
zamandan tasarruf saglar. Giirdltilii noktalarin
temizlenmesi ic¢in istatistiksel yontemler yaygin
olarak kullanilmaktadir. Bu ¢calismada da istatistiksel
yontem kullanilmistir (Rusu & Cousins, 2011). Ust
iste bindirme noktalar1 i¢in de tanimlanan minimum
komsuluk mesafesi 0.0001 olarak tanimlanmis ve
aynt  koordinat  degerine  sahip  noktalar
filtrelenmistir.

2.2. Voksel Seyreltme

Voksel tabanl seyreltme islemi, orijinal nokta
bulutlarin gegici olarak, nokta bulutu icinde mevcut
olan O6nemli detaylarn koruyarak veri boyutunu
onemli oOlciide azaltan diizenli mesafeye sahip
(Hiicre genisligi: X, Y, Z eksenlerinde) alt
orneklenmis noktalarin olusturulmasidir. Voksel
seyreltme isleminde iki yontem mevcuttur: birincisi
voksel (hiicre) merkezinin hiicre icine diisen
noktalarin momentleri hesaba katilir ve hesaplanan
hiicre merkezinde yeni bir nokta olusturulur. Diger
yontem ise ilk yonteme benzer ancak yeni nokta
liretmek yerine momente yakin en yakin komsu
noktay1 knn komsuluk ydontemine gore atar ve hiicre
merkezini temsil eden nokta olusturulur.

Voksel seyreltme algoritmasi ile hem noktalar
seyreltilmis hem de objelerin karakteristik yapisi
diger algoritmalara goére korunmustur (Sekil 4).
Nokta bulutu seyreltme islemi nokta bulutlarinin
veri isleme performansini arttirmaktadir. Seyreltme
islemlerinde wuygulanan algoritmalar icin PDAL
kitiphanesinde  yer alan  fonksiyonlardan

faydalanilmistir (Sekil 5) (Contributors, 2018).

] ]

Sekil 4. Nokta bulutlarinin seyreltilm31, a) orijinal
nokta bulutlari, b) rastgele seyreltme, c) poisson
dagilimi ile seyreltme, d) voksel temelli seyreltme.
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v [
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Sekil 5. Seyreltme amach kullanilan PDAL komutlari
(Ubuntu 18.04, PDAL v. 2.0.0)

2.3. Smiflandirma

Veri 6n isleme sonrasinda elde edilen nokta
bulutlarindan ENH  giizergdhlarinin  tespit
edilmesinde kolaylik saglayan yer ve yer tiizeri
noktalarin bulunmasi, siniflandirma asamasini
olusturmaktadir (Sekil 6). ENH gecis gilizergahlari,
dagitim hatlarina gore farkl yiiksekliklerde olabilir.
Bu nedenle belirli limit degerlerinin nokta
bulutlarinda 6n parametre olarak tespit edilmesi
onemlidir.

ENH’lerin nokta bulutlarindan ¢ikarimi igin
oncelikle yer ve yer lizeri noktalar olarak
siniflandirilmas1  gerekmektedir. Bu  amacla
literatiirde yaygin  smiflandirma  yontemleri
bulunmaktadir. Giinlimiizde ayrica etkili filtreleme
algoritmalar1  farkli arastirma  gruplarinca
uygulanmakta ve gelistirilmektedir. Bu ¢alismada
siiflandirma amagh yer noktalar1 ve yer flzeri
noktalar Global Mapper yazilimi ile
siiflandirilmistir. Egrilik sapmalarina bagh temel
yer siniflandirma algoritmasi, noktalarn kiiciik bir
yerel alan i¢indeki komsulariyla Kkarsilastirma
teknigine dayanarak siniflandirma gercgeklestirilir.
Temel cergeve boyutu parametresi ile siniflandirma
penceresi ve bu alanin boyutu tanimlanarak kestirim
ve simniflandirma bu alan icinde yapilir. Bu
parametreler i¢cin daha kiiciik mesafe degerleri
yliksek c¢oziinirlik sagladiginda daha yiiksek
dogruluk saglar, ancak daha yiiksek ¢oziintrlikli
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LiDAR verileri ve daha uzun islem stiresi gerektirir.
Diistik ¢oziiniirliiklii verilerle ¢alisanlar daha yiiksek
bir deger tanimlanmalidir. Her bir ¢erceve icine en az
3 LiDAR noktasini iceren bir deger onerilir; daha
biiyiik bélme boyutlar1 isleme hizimi artirir, ancak
ayni zamanda dogrulugu da azaltir. Veri diisiik
yogunlukluysa (metrekare basina 1.5 noktadan az)
varsayllan deger 2 metre veya 3 nokta araligidir.
Nokta arasindaki mesafe, yiiklenen nokta bulutu
verilerinden hesaplanir. Hesaplanan ortalama nokta
¢Ozlinlrligi, las  formatinin meta  veri
istatistiklerinde goriintiilenebilir. Daha sonra yine
Global Mapper yazilimi kullanilarak ENH aday
noktalar1 ve direk noktalari tespit edilmistir. Yazilim
ylksek oranda siniflandirma dogrulugu yiiksek olsa
da ozellikle direklerin tellerle birlesim noktasinda
veya agacglarin yogun olarak bulundugu noktalarda
yanlis  smiflandirma uygulama potansiyeline
sahiptir. Bu durum 6zellikleri benzer olan karmasik
ozellikler i¢in kaginilmaz bir durumdur. Giiniimiizde
hentiz bu smiflandirma islemleri miitkemmel bir
sonugla Uretebilecek bir algoritmanin bulunmamasi
nedeniyle manuel miidahaleler her zaman gerekli
goriilmiistiir. = ENH  modellerinin ~ maksimum
dogrulukta tespit edilmesi icin sonug verileri ayrica
diisey kesitler alinarak manuel islemlerle
iyilestirilmistir. Bu sayede ENH tel ve direkleri %100
dogruluga yakin bir sonugla siniflandirilmistir.
Enerji hatti smiflandirma algoritmasi, nokta
bulutlarinda uygun hat tespiti i¢in minimum
mesafede olan noktalar1 enerji hatti olarak
siniflandirmak i¢in veri segmentlerini (bolmeler) en
uygun cizgi degerleriyle karsilastirir. Bu verilerin en
az 20 nokta/m? noktali nokta bulutlarinda
uygulanmasi oOnerilir. MLT bu verilerin yliksek
yogunlukta elde edilmesine uygun bir tekniktir.

2.4. ENH Kestirimi

ENH koridoru profil kesit yontemiyle manual
olarak g¢ikarilmistir. Global Mapper programi
yardimiyla siniflandirilan nokta bulutlari, direk
noktalarinin yerlerinin tespitini kolaylastirmistir. Bu
sayede 2.5 m genislikte yer alan ENH giizergahi
belirlenmistir. ENH hatlar1 ise manual olarak tespit
edilen giizergah {lizerinde kesit alinarak, ENH hat
adaylar1 Global Mapper yaziliminda tespit edilmistir
(Sekil 7).

Hat aday noktalarinin belirlenmesinden sonra
tellerin tek tek siniflandirilmasi ve aralarda kesinti
var ise bu kesintilerin modelleme ile dogru bir
sekilde tespit edilmesi gerekir. Bunun i¢in mesafe
temelli simiflandirma  algoritmalar1  bu  tir
simiflandirma  islemi igin  uygun  sonuglar
vermektedir. Glriltili yogunluk tabanli konumsal
kiimelenmesi uygulamalar1 (DBSCAN) algoritmasi
bu calismada ENH’lerin tekil olarak ¢ikarilmasinda
kullanilmistir (Ester vd., 1996).
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Sekil 6. Siniflandirma islemi, a) yer/yer tuzeri
siniflandirma, b) ¢ok sinifli siniflandirma islemi
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Sekil 7. ENH kestirimi, cok sinifli siniflandirma, a)
siniflandirilmis ham veri, b) ENH gilizergahi kesiti

ENH’lerin modellenmesi i¢in hassas bir sekilde
birbirinden ayrilmasi1 ve direklerle baglantisinin
olmamasi  dnemlidir. Bu nedenle hatlarin
siniflandirilmas1 ve direklerden ayrilmasi ytiksek
dogrulukla yapilmasi gerekir. Bunun yaninda
hatlarin  yogunluklarinin diizenli olmasi hem
DBSCAN parametrelerinin farkli ¢alismalarda
benzer kullanilmasini hem de sonuglarin anlaml
¢ikmasinda etkilidir. Voksel seyreltme asamasinin
katkis1 yine bu noktada énemlidir.

3. HATLARIN MODELLENMESI

Istatistiksel olarak dogrusal olmayan regresyon
modelleri, en kiiciik kareler yodntemiyle elde
edilemeyen modeller icin kullanilan yéntemlerdir.
Bunun yaninda, dogrusal olmayan bu modeller,
kestirim modellerinin dogrusal bir
kombinasyonunun olmamasi ya da farkli dontisiim
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yontemleriyle  ifade  edilemeyen  modelleri
kapsamaktadir.
Dogrusal olmayan bu modeller, sayisal

optimizasyon gerektirdiginden dolay1 daha zor ve
hesaplama agisindan daha yogundur. Bu nedenle,
standart regresyon modellerinde en son tercih
edilen modeller bu modellerdir. ENH modellerinin
bu tir fonksiyonlara benzemesi nedeniyle bu
algoritmalarin kullanilmasi ise zorunludur. Dogrusal
olmayan ve yaygin olarak kullanilan ig¢ farkl
algoritma (polinom, spline ve GAM) burada
uygulanmistir.

3.1. Polinom regresyon

Bagimli degisken ile bagimsiz degiskenler
arasindaki iliski, bu ¢alismada da bahsedildigi tizere
mutlak suretle dogrusal olmasi gerekmez. ENH
modelleri bu modellere 6rnek olarak verilebilir.
Yatay (X, Y) bilesenlerin artisi ile veya azalis1 Z
bilesenini her zaman pozitif veya negatif yonde
etkilemez. Bu dogrusal olmayan modellerin gegerli
oldugu pek ¢ok alan bulunabilir.

Polinom regresyon, bir regresyon denklemine
polinom terimleri dahil etmeyi icerir (Bruce vd.,
2020). Polinom regresyon, 1815'te Gergonne
tarafindan yazilan bir makale ile regresyonun
gelisimine dayanir (Bruce vd., 2020). Asagidaki
esitlige gore, Y bagimli degiskeni ile bagimsiz X

degiskenleri arasindaki ikinci dereceden bir
regresyon asagidaki gibi ifade edilir:

Y =b, +b X +b,X? +e (1)

Polinom regresyonun dogrudan  ENH

modellerinde kullanilabilmesi icin her bir telin
siniflandirilmis ve belirli bir simifa atanmis olmasi
gerekmektedir.

3.2. Kiibik Egriler (Spline)

Polinom regresyon, dogrusal olmayan bir
modelde yalnizca belirli bir miktarda egrilige sahip
model iretebilir. Kiibik, kuadratik polinom gibi
yiliksek dereceli terimlerde, genellikle regresyon
denkleminde istenmeyen "dalgalanmalarin”
olusmasina yol acabilir (Bruce vd., 2020). Dogrusal
olmayan iligkilerin modellenmesinde alternatif bir

yaklasim, spline'larin kullanilmasidir. Spline'lar,
sabit noktalar arasinda sorunsuz bir sekilde
enterpolasyon modelini kurmak igcin ¢6ziim

tiretebilir. Bir diger spline tanimu ise bir dizi parcali
stirekli polinom olarak degerlendirilmesidir.
Spline'larin formiilasyonu, polinom
regresyonundan ¢ok daha karmasiktir; istatistiksel
yazilimlar genellikle bir spline yerlestirmenin
ayrintilarin1 ele alir (Bruce vd., 2020). R paketi
“splines”, regresyon modelinde bir b-spline (temel
spline) terimi olusturmak icin bs fonksiyonunu icerir
(Team, 2019). Spline fonksiyonu icin iki
parametrenin belirtilmesi gerekir: egrinin derecesi
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ve digim noktalarmin  (knots)  konumu
(Perperoglou vd., 2019). Bu durumda, tahmin edici
modele kiibik spline (derecesi, 3) kullanilarak dahil
edilir. Varsayllan olarak, bs fonksiyonu sinirlari
diigiim olarak kabul eder; bu ¢alismada ise diigtimler
(knots), alt ceyrek (lower quartile0.25), orta
ceyreklik (median quartile, 0.5) ve st ¢eyreklikler
(upper quartile, 0.75) tanimlanmstir.

3.3. Genellestirilmis Toplamsal Model (GAM)

Katmanl (Toplamsal) modeller, regresyon
problemleri i¢in esnek modelleme araglar1 olarak
sunulmaktadir (Bruce vd. 2020). Bu modeller
regresyon iliskisinin dogrusal oldugu varsayildigi
genellestirilmis dogrusal modeller ile regresyon
iliskisinin belirtilmemis kaldig1 rastgele ormanlar
gibi daha karmasik modeller arasinda yer almaktadir
(Bruce vd., 2020). Es degiskenlerin (kovaryant)
sonuclar iizerindeki etkisini aciklayan siirekli
(smooth) fonksiyonlar kolaylikla yorumlanabilir
(Senel vd., 2014). Degisken sec¢imi, bu model
simiflarinda teknik olarak bir sorundur; artirma
(boosting) yontemleri, bu sorunu ¢ézmek icin
alternatif bir yéntemdir (Everitt & Hothorn, 2010).

Asagidaki denklemde gosterilen ¢oklu dogrusal
regresyon modeli incelendiginde, burada bagimlh
degisken (Y ) ve bir dizi aciklayic1 degisken (

X,...X,) vardir, artik hatalar (&) ve varsayllan

model,
y=B+D.BX+e (2)
i=1

olarak ifade edilir.
Toplam modeller, dogrusal fonksiyonun ( ZX; )

yerine piirlizsiiz parametrik olmayan bir fonksiyon (
g ) eklenir ve asagidaki gibi gosterilir,

Y=L+ 9% +é 3)
i=1

burada g; dagihm grafigi diizlestiricilerinden

biri olabilir veya arastirmacinin se¢mesi halinde,
belirli agiklayic1 degiskenler i¢in dogrusal bir
fonksiyon da olabilir (Everitt & Hothorn, 2010).

4. BULGULAR ve TARTISMA

Yogun nokta bulutu verisi lizerine yapilan
analizler sonucunda ENH hatlarinin kestirimi
kolaylasmis ve yogun veriler iizerinden yiiksek
dogrulukta kestirimler yapilmistir. MLT sistemi veya
yuzeylerden kaynakli dogrusal olmayan hatlar
tizerindeki giiriltili noktalar temizlenerek daha iyi
kestirimler yapilmistir (Sekil 8).

Uygulanan seyreltme algoritmasi da bilgisayar
performansini iyimser hale getirmis, daha uzun
koridor ve bélgelerin haritalandirilmasina katkida
bulunmustur (Tablo 1).

Tablo 1. Kestirim modellerinde zamansal
performans (Dosya okuma/yazma ve grafik
ciktilarin elde edilmesi dahil)

Matematiksel Model Zaman (sn)
GAM 6.46
Kiibik Egriler (Spline) 4.25
Polinomal 4.29

Uydurulan (kestirilen) modeller sonucunda
elde edilen artik hatalar incelendiginde yiiksek
uyusumsuz 6lgiiler oldugu tespit edilmistir. Bu hem
atmosferik kosullar, hem de ¢evresel etki ve obje
yapisinin yansitma oOzelliklerinden kaynaklandigi
diistintiilmektedir. Uygulanan modellerin gerekli
oldugu buradaki sonuglardan anlasilmaktadir. * 10-
12 cm dolaylarinda maksimum seviyelerde artik
hatalarin varlig1 tespit edilmistir. Ancak, belirli
sistematik artik hatalar tespit edilmemistir.
Raslantisal artik hatalar ve lokal bazh yiiksek
uyusumsuz noktalarin varligi gézlemlenmistir (Sekil
9). Artik hatalarin yani sira modelin uyum seviyesi

icin Rz, veri noktalarina uyan model hatti
etrafindaki dagilim degerlendirilmistir. Ayni veri seti

icin farkli model uygulanan, daha ytksek R?
degerleri, go6zlemlenen veriler ile uydurulan
degerler arasindaki daha kiigtik farkliliklar1 temsil
eder. Bu durumda iretilen modelin veri ve

gozlemlerle uyumlu oldugunu gosterir. R ayrica
bir modelin acgikladigt  bagimhi  degisken
varyasyonunun yiizdesini ifade etmektedir.

(a)

1119.74
1119.69 .
N 111951
1119.44
1119.34 A
.q'
1119.2 . . —
451775 451780 451785 451790
X
b)
1119.74
111964 .
111951
1119.44
1119.34 ]
L.
1119.24 ' ' . '
451775 451780 451785 451790
X
(€ 1119.74
1119.64 .
N 111951
1119.44
1119.34 ]
e
1119.2 =

451775 451780 451785 451790
X

Sekil 8. Tek tel modeli kestirimi (kirmizi noktalar
o0lci, siyah ¢izgi kestirimi ifade etmektedir.), a) GAM,
b) kiibik egrisel, c) polinom (2. derece)
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Sekil 9. Artik hatalar a) GAM, b) Spline, c) Polinom

111I9.3

Uygulanan farkl fonksiyonlara ait R? degerleri
Sekil 10°’da  verilmistir. Bu grafikten de
anlasilabilecegi tizere 3 fonksiyon birbirine olduk¢a

GAM, R?

degerlerinin diger fonksiyonlardan elde edilen R?
degerlerine gore daha ytiksek yiizdeye sahip oldugu
gozlemlenmistir. Ancak bu durum GAM modellerinin
ENH'leri ¢ok iyi temsil ettigi anlam1 tagimamaktadir.
Yalnizca modelin gézlemlenen nokta verilerine iyi
uyum sagladigl soylenebilir. Diger fonksiyon ise
spline modelinin polinomal fonksiyona gore verilere
daha iyi uyum sagladig1 séylenebilir.

yakin R? degerlerine  sahiptir.

0.99754
2, 0.9950
a
o 0.99254
= GAM
|
099004 Spline
W Polinomial
0.9875+ i 1 i :
4 8 12 16

Tel no

Sekil 10. Her bir tel kestirim modelindeki RZ uyum
degeri
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Sonu¢ olarak, ENH modellenmesinde MLT,
ylksek yogunlukta ve dogrulukta veri tiretebilmistir.
Versatil bir teknoloji olarak farkl departmanlara ve
kullanicilara hizmet etme potansiyeli olan bir
teknolojidir. Ancak, nokta bulutu verilerinden
anlaml bilgilerin ¢ikarilmasinda sofistike yontem ve
algoritmalarin  kullanilmasi1 gereklidir. Bunun
yaninda tecriibeli ve kalifiyeli personelin gorev
almasi  elzemdir. Ayrica ileri simiflandirma
tekniklerinin gerceklestirilmesi ile siniflandirma
islemlerinin otomatiklestirilmesi biiyik 6nem
tasimaktadir. Bu g¢alismanin kisith bolimi  bu
noktadir ve gelecek ¢alismalarda bu modiillerin
uretilmesi calismalar1 devam etmektedir. Gelecek
calismalar arasinda da noktasal seyreltme
islemlerinin etkileri ayrica arastirilabilir. Ancak bu
konuda genel goriis metrekarede 20 nokta ve iizeri
LiDAR noktalarinin olmasi yeterli goriilmektedir.
MLT sistemi bu konuda oldukca yeterli ve ytliksek
yogunlukta veriyi Uretmistir. Ancak bu nokta
bulutlarinin efektif bir sekilde islenmesi igin
donanim 6zelliklerinin de ayni oranda iyi kapasitede
olmast  beklenir. Bu ¢alismada ise egri
parametrelerinin nokta seyreltme islemlerinin
kestirim dogruluguna etki etmedigi varsayilmistir.

Onerilen yéntemin enerji kurumlarina olumlu
bir katki ve bakis acis1 saglayacagina inanilmaktadir.
Ancak sistemi olusturan donanimlarin ve sonradan
isleme yapilacak bilgisayar donanimlarinin ilk
maliyetleri oldukc¢a yiliksek oldugu reddedilemez.
Ancak, bu durumun, enerji ile ilgilenen kurumlarin
MLT  teknolojisine  bakis acisini  olumsuz
etkilememelidir.

Bu makale, MLT’'nin kentsel alanlarda ENH
modellerinin karmasik yapida sagladigi ve yogun
detay barindiran nokta bulutlarindan ¢ikarilabilmesi
icin bir metod sunmaktadir.

Onerilen yontem 6zellikle kentsel alanlarda

enerji iletim hatlarinin envanterinin
olusturulmasina, bitki oOrtlisi risk analizinin
yapilmasina ve ENH altlarinda kontrolsiiz

yapilasmanin tespitine yonelik katkilar sunmustur.
5. SONUCLAR

Bu makalede, kentsel alanlarda bulunan enerji
nakil hatt1 iletim koridor noktalarinin MLT nokta
bulutu verilerinden hizli bir sekilde ¢ikarilmas: ve
lineer olamayan modellerle kestirimi {izerine bir
yapilmis bir arastirmayir icermektedir. Onerilen
metodolojinin verimliligi ve dogrulugu test verisi
lizerinde arastirilmistir ve iyi uygulama sonuglarinin
elde edildigi gorilmigtiir. Ozellikle modelleme
asamasinda ¢ farkli dogrusal olmayan ydntem
incelenerek modelleme dogrulugu arastirilmistir.
Yapilan uygulama sonucunda ve analizler sayesinde
burada onerilen algoritmanin asagidaki yonlerden
daha da iyilestirilmesi, gelistirilmesi ve optimize
edilmesi gerektigi tespit edilmistir;

1) Uygulamada kullanilan nokta bulutu
verilerinin siiflandirilmasinin daha da
iyilestirilmesi  icin geometrik ve topolojik
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algoritmalarin  entegre edilmesi, modelleme
dogrulugunu arttirabilecegi, bolgesel ENH hat
noktalarinin  olmadigi durumlarda Kkestirimin

iyilestirilmesi gerekmektedir,

2) ENH noktalarinin diisey diizlemde izdiisiimii
belirli dereceden modellerle elde edilmistir. Uzun
mesafe iletim koridorundaki gii¢ hattinin nokta
bulutu veya havasal LiDAR verileri icin hala daha
fazla analiz edilmesi gerekebilir ve bazi hatalari
icinde  barindirabilir. Bu nedenle gelecek
calismalarda mesafe ve nokta sayisindan bagimsiz
saglam  (robust) yontemlerin  gelistirilmesi
onemlidir. Son olarak bu ¢alismada yersel herhangi
bir 6l¢me (total station) kullanilmamistir ve gelecek
calismalarda model dogruluklarinin arastirilmasi
icin bu 6lgmelerin yapilmasi kestirim modellerinin
mutlak dogruluk degerlendirilmesinde 6nem teskil
etmektedir.

TESEKKUR

Bu ¢alismanin gerceklesmesinde arazide 6l¢me asistanligini
ve RIEGL VMX-450 sistemini saglayan Koyuncu LiDAR Harita
Firmasina (http://www.lidarharita.com/) desteklerinden dolay1
tesekkiirlerimi sunarim. Bu ¢alismada kullanilan R kodlarina ve
test verisine (https://github.com/mzeybek583/ENHR)
sayfasindan erisilebilir.
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