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Onsoz

Bu projemiz, TUBITAK'In destegi ile 1 Subat 2007 tarihinde baslayan “Karma Evrimsel Algoritmalar
Yardimi ile Temsili Olarak Uretilmis Bir Alan Uzerinde Sensérlerin Konumlandirilmasi ve
Parametrelerinin Tayini” baslkli ve “106E159” numaral bilimsel arastirma projesi olup, 30 Kasim
2009 tarihinde sonuclandirilmistir. Temsili olarak (retilen 3-boyutlu bir arazide, sensorlerin
konumlandirilmasi ve sensér parametrelerinin tayinine yonelik olarak, c¢ok olcitli fayda teorisi
tabanli yeni bir model, projemiz kapsaminda tasarlanarak ger¢ceklenmesi tamamlanmistir. Sensorlerin
yerlestirilmesi problemi igin, ¢ok olgutli fayda teorisi kullanilarak tasarlanan model géz oniine
alinarak, karma evrimsel algoritma tabanlh 6zgiin bir ¢6zim gelistirilmistir. Yapilan deneysel
galismalar, ¢ozimimdizin cesitli askeri kesif uygulamalarinda farkli 6lgltler igin etkin bir sekilde
kullanilabilecegini gostermektedir. Sensor konumlandirma problemine ek olarak, calismamizda
gelistirilen ¢ok fonksiyonlu ¢ boyutlu arazi ve sensor similatori revize edilerek, kablosuz goklu
ortam sensor aglarina yonelik, bagl-kapsama problemi icin de evrimsel algoritma tabanli 6zgiin bir
¢O6zim sunulmustur. Kablosuz coklu ortam sensor aglarina iliskin olarak yapilan calismanin gerec,
yontem ve bulgularina ait detaylar projemizin kesin raporuna eklenmemis olup, ekte verilen ve
degerlendirme asamasinda olan makalelerde yer almaktadir.
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Ozet

Sensorlerin bir alan (zerine yerlestirilmesi ve parametrelerinin tayini, bilgisayarla gorme, otonom
sistemler, robotik ve askeri kesif gibi bir cok farkli disiplin icin en temel arastirma alanlarindan biridir.
Projemizde, temsili olarak Uretilen 3-boyutlu bir arazi icin sensér sayisinin ve tipinin segimi,
sensorlerin konumlandirilmasi, yatay ve dikey yénelme agisi gibi temel sensér parametrelerinin
tayinini iceren ¢ok oOlcltlt fayda teorisi tabanli yeni bir model tasarlanmis ve buna yonelik bir yazim
mimarisi gerceklenmistir. Gelistirdigimiz modelimizdeki temel varsayim; bir askeri harekatta
sensorlerin algilama davranisinin birbirleriyle ¢elisen (¢ 6lglit arasinda rasyonel bir édiinlesmeye
dayanmasi gerektigidir. Bu Ug¢ Olgut: i) arazide gorinen alanin maksimize edilmesi, ii) karsi gli¢
tarafindan tespit edilebilecek bilginin minimize edilmesi ve iii) konumlandirilan sensérlerin toplam
maliyetinin minimizasyonudur.

Sensorlerin konumlandirilmasi problemi igin 6nerilen teorik temellerin yani sira 6zglin bir karma
evrimsel algoritma da gelistirilmistir. Probleme 6zgli yeni operatorlerin tanimlanarak karma olarak
kullanildigi  algoritmamizda, probleme 06zgl sezgisel yontemlerle baslangic popllasyonun
olusturulmasi, probleme 6zgii bilgiler iceren yeni varyasyon operatorleri (katki tabanli ve komsuluk
tabanl caprazlama operatorleri) ve yerel arama teknikleri yer almaktadir. Deneysel g¢alismamiz,
goranarluk-agirhkl, gizlilik-agirlikh ve maliyet agirlikh dlgltlerin kendi aralarinda en uygun dengenin
sonucta saglandigini géstermektedir. Yapilan deneysel calismalar, karma evrimsel algoritma tabanh
¢0zimUmizin cesitli askeri kesif uygulamalarinda farkh olgitler icin etkin bir sekilde
kullanilabilecegini gostermektedir. Sensér konumlandirma problemine ek olarak, kablosuz coklu
ortam sensor aglarina yonelik bagli-kapsama problemi igin, calismamizda gelistirilen ¢ok fonksiyonlu
3-boyutlu arazi ve sensor similatori revize edilerek, kapsanan alanin maksimizasyonu ve sensoér
maliyetinin minimizasyonunu hedefleyen evrimsel algoritma tabanh 6zglin bir ¢6zim de
sunulmustur.

Projemizde, hareketli sensorlerin glizergah planlama problemi icin, cikilabilecek en yiiksek egim ve en
distk donus acisi gibi farkh kisitlarin dikkate alindigi, yeni bir karma ¢6zim de gelistirilmistir. Bu
¢O6zim, genel ve yerel glzergah planlama olmak Uzere iki asamadan olusmaktadir. Genel glizergah
planlama asamasi olasiliksal yol haritasi yontemiyle Uretilen baglanirlik cizgesi ile sensorlerin
guizergahlarini olusturan kontrol noktalarinin belirlenmesini ve bu noktalarin bir fonksiyon yardimiyla
sensOr glizergahlarina atanmasini igerir. Yerel glizergah planlama asamasinda ise kontrol noktalari
arasindaki ara noktalari belirleyen evrimsel algoritma tabanl bir yéntem gelistirilmistir.

Anahtar Kelimeler:

Karma Evrimsel Algoritmalar, Sensér Planlanmasi, Cok-Olgiitlii Eniyileme, Cok-Ol¢iitli Fayda Teorisi,
Yerel Arama, Olasiliksal Yol Haritasi
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Abstract

Deploying and configuring multiple sensors for acqusition of a given area is one of the fundamental
research areas of researchers from various fields including computer vision, autonomous systems,
robotics and military scouting. In this project, we presented a novel multi-atribute utility theory
based model and a framework for determining the types and number of sensors, locating the
selected sensors and setting their orientational sensor-specific parameters including heading and tilt
angles on a synthetically generated 3-D terrain with multiple objectives. Our model relies on rational
trade-off between the three conflicting objectives which are maximizing the coverage area while
maintaining the maximum stealth, and minimizing the total acquisition cost of deploying the sensors.

In addition to theoretical foundations, we developed a new hybrid evolutionary algorithm for the
sensor placement problem. We incorporated new and specialized operators for hybridization,
including problem-specific heuristics for initial population generation, intelligent variation operators
(Contribution-Based Crossover operator and Proximity-Based Crossover operator) which comprise
problem specific knowledge, and a local search phase. The experimental study validates finding the
optimal balance among visibility-oriented, stealth-oriented and cost-oriented objectives. The
obtained results significantly indicate that our hybrid evolutionary algorithm can be effectively and
robustly deployed in various military scouting missions with different objectives. Our multi-functional
3-D terrain/sensor simulator for the sensor placement problem was modified for the connected-
coverage problem in wireless multimedia sensor networks, which was solved with a novel
evolutionary algorithm based solution that aims to maximize the coverage of the terrain and to
minimize the cost of sensors.

In this project, we also developed a new hybrid solution for path planning of moving sensors with
different access characteristics including different slopes of climbing and different minimum turning
angles. Our solution is a two-phase technique where the global path planning phase determines
control points of sensors’ paths with the help of the connectivity graph generated by probabilistic
road map (PRM) method and a function for selecting the control points. On the other hand, we
developed evolutionary algorithm based method for the local path planning phase, which is for
determining the intermediate points that are between control points in order to complete the paths.

Keywords:

Sensor Planning, Multi-objective Optimization, Multi-Attribute Utility Theory, Hybrid Evolutionary
Algorithms, Local Serach, Probabilistis Road Maps.
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1 Giris

Bu bolimde, 6ncelikle sensoér konumlandirma problemine yonelik olarak literatlirde yer alan farkli
alanlardaki calismalar kisaca 6zetlenmistir. Projemiz kapsaminda, sensér konumlandirma probleminin
giincel bir uygulama sahasi olarak kablosuz coklu ortam sensor aglarinda, kapsama alanini en
fazlalagtiracak, maliyeti en aza indirecek ve bagli olma kisitini da saglayabilecek sekilde diigiimlerinin
yerlestirilmesi ve yonlendirilmesi problemi de ele alinarak modellenmis ve ¢6zim yaklasimi
gelistirilmistir. Bu nedenle, kablosuz coklu ortam sensor aglarina yonelik olarak literatlirde yapilan
calismalara da bu bolimde yer verilmistir.

ileri diizeyde algilayicilarin Gretim maliyetinin diismesi ve uzaktan erisilebilen algilayici teknolojisinin
bircok alanda yayginlasmasina ragmen, algilayicilar vasitasiyla daha saglikh ve kapsamli bilgilerin
toplanmasi hala zor bir problem olarak karsimiza ¢ikmaktadir. Verilen bir alani kapsamak amaciyla,
farkl algilama 6zelligi ve maliyeti olan ¢oklu sensorlerin konumlandiriimasi oldukca 6nemli ve gerekli
bir birlesik optimizasyon problemidir [(WANG, 2008), (MARENGONI, 2000), (TEZCAN, 2008)]. Askeri
uygulamalarda, kesif, gozetim ve hedef tayini operasyonlarinda gézetim altindaki bir alandan bilgi
toplamak amaciyla kullanilan sensér platformlari hayati 6nem tasimaktadir (RISEMAN, 1996). Ayni
sekilde, disman kuvvetlerinin konuslandigl bélgeleri algilamak icin, belirli bir alanin maksimum
kapsanacak ve gizliligi de saglanacak sekilde sensérlerin yerlestirilmesi beklenir.

Askeri uygulamalarin haricinde de, sensér konumlandirma problemi bircok alan icin temel arastirma
konulari arasinda yer almaktadir. Bir oda veya bolgeyi kapsamak icin gerekli sensor sayisinin
belirlenmesi hesapsal geometri literatliriinde sanat galerisi problemi olarak isimlendirilmektedir
(O’ROURKE, 1987). Sanat Galerisi Problemi iki boyutlu alanlar i¢in optimal sekilde ¢oziilebildigi halde,
kapsanacak alanin 3-boyutlu oldugu durumlarda problem NP-zor olmaktadir (O’ROURKE, 1992) (Sekil
1). 3-boyutlu Sanat Galerisi Probleminin ancak yaklasik ¢éziimleri bulunabilmektedir [(MARENGONI,
2000), (HORSTER, 2006)].

« Sensor 2

A~ _ 3
; aSensor 1 s Y /
% 2 X
\ 7/ s; S

Sekil 1: 3-boyutlu (a) ve 2-boyutlu (b) arazilerde sensorlerin kapsama alanlari

Kapsama problemi literatiirde ¢ok degisik uygulama alanlari icin g¢alisiimistir (HALL, 1988). Video
algilayicilari igin kapsama problemi, kapsanacak alanin en az bir gézlemci tarafindan kapsanmasi
amaciyla, ihtiya¢ duyulacak gdzlemci sayisini ve yerlerini belirlemeye yonelik geleneksel Sanat Galerisi
Problemi ile yakindan iliskilidir (O’ROURKE, 1987). Video sensor planlama c¢abalari daha ¢ok
odaklanma, gorindrlik, bakis agisi, kisitlama alanlari gibi degisik kisitlamalarin uygulanmasina
yoneliktir (TARABANIS, 1995).



Genel kamera yerlestirme probleminde, goérintilenecek bir kat planindaki hedef, géreve 6zgi
kisitlarin en disik maliyetle saglandigi bir kamera yerlesimi saglamaktir (ERDEM, 2004). Ayrik bir
problem uzayinda ikili optimizasyon yontemi, bu probleme bir ¢6ziim olarak verilmistir. Dinamik
olarak hareket eden nesnelerin birbirlerini engelleyebildigi durumlari iceren senaryolarin analiz
edilerek en uygun sensor konfiglirasyonlarinin belirlenmesi problemi Uzerinde de c¢alismalar
yapilmistir [(MITTAL, 2004), (MITTAL, 2006)]. Gérunirlik ve statik kisitlarin entegre edildigi sensor
planlama problemi hakkinda Mittal yeni bir mimari dnermistir.

Birden ¢ok nesnenin ve bdlgenin 3-boyutlu ortamda gorintiilenmesini saglamak igin, sensorlerin
gorls acisinin otomatik olarak ayarlanmasi, bilgisayarla gormede 6nemli arastirma alanlarindan
biridir [(STOMAS, 1998), (REED, 2000), (CHEN, 2002), (CHEN, 2004)]. Bu tip problemlerde, bir grup
gorls acisi ve sensor konumlandirmasi, istenilen tiim oOzellikleri 6rneklemek icin tasarlanmaktadir.
Benzer bir sekilde, otonom hareketli robotlar icin navigasyon probleminde, robotlarin engelleri ve
dizlik araziyi ayirt edebilmesi icin kendi aralarinda isbirligi yapmasina olanak saglayacak bir grup
sensorle donatilmistir. Robotik alaninda sensoér planlama problemi, sensér tipinin, sensoér
konfiglirasyonunun ve goérevlerinin tayinini icerir. Bu problemle ilgili ¢esitli yontemlerin kullanildig
bircok calisma literatiirde yer almaktadir [(KRISTENSEN, 1997), (MIHAYLOVA, 2002), (SPLETZER,
2002)]. Cok ol¢iitlh fayda teorisini esas alan, birlikte calisan sensérlerin planlanmasina yonelik bir
sistem de literatirde yer almaktadir (COOK, 1996). Bu sistemde, gorme, sensor planlama ve ¢ok-
aracli planlama tizerinde yapilan bazi ¢calismalar birlestirilmistir.

Sensoér konumlandirma probleminin gilincel bir uygulama sahasi olan kablosuz ¢oklu ortam sensoér
aglar (Wireless Multimedia Sensor Networks-WMSN), video yada ses gibi coklu ortam verilerini
alabilen ve bir merkez digiime inderebilen sensoér digimlerinden olusan yeni bir sensor (algilayici)
ag turudur (AKYILDIZ, 2007). Bagli-kapsama konsepti WMSN sensorlerinin yerlestirilmesi icin en
onemli konulardan biridir. WMSN digimleri oyle bir yerlestiriimelidir ki kapsanan alan en
fazlalanmali ve dugimler birbirine bagl bir is agi olusturabilmelidirler. Bu problem, sensor
konumlandirma probleminin glincel bir uygulamasi oldugundan, bu probleme yoénelik ¢alismalari da
asagida kisaca 6zetlemekteyiz.

Son yillarda, ¢oklu ortam algilayicilar ile kablosuz iletisim Unitelerinin bir araya getirilmesi ile
ortamdaki ¢oklu ortam verilerini edinebilen WMSN’lerin hayata ge¢mesi miimkiin olmustur. Video
sensOr aglari igin kapsama ve yonlendirme problemiyle ilgili incelemeler de literatiirde yer almaktadir
(TEZCAN, 2008). Bu ¢alismada, iki boyutlu ortamda en yiksek faydayi saglayan, engellerin etkisini en
aza indirgeyen ve ilgili alan hakkinda toplanan bilginin niteligini arttiran yénelme parametrelerini
bulmak icin yeni bir algoritma gelistirilmistir. Kablosuz algilayici aglari icin, az sayida sensoriin disik
enerji tiiketimiyle bir bolgeyi kapsama problemi de literatiirde yer almaktadir [(WANG,2008), (JIA,
2009)].

Kapsama sorunu WMSN icin 6nemli olmasina karsin, sensérlerin birbirlerine bagh olmasi da bir is agi
icin olduk¢a 6nemlidir. Kapsama alani gibi bagh olmak da algilayicilarin yerlestirilmesi ile yakindan
iliskilidir. Bu ytzden kapsama, bagh olma ile birlikte degerlendirilmektedir (GHOSH, 2008). Bagl-
kapsama kavrami 6nce WSN’ler icin ele alinmistir. PEAS, WSN’ler icin bagl-kapsama kavramini ilk ele
alan calismalardan biridir (YE, 2003). Fakat PEAS, bagli-kapsamayl analitik bicimde
garantileyememektedir. Xing tarafindan kapsama ve baghlik arasinda geometrik bir analiz
sunulmustur (XING, 2005). Bir baska ¢alismada (ZHOU, 2004), alanin her noktasinin en az k tane
algilayici ile kapsanacak ve algilayicilarin isagl olarak bagh olabilecek sekilde (bagh-k-kapsama) aktif
algilayici alt kiimelerinin secilmesi problemi tartisilmistir. Yang, WSN’de bagli-k-kapsama igin kritik
kosullari calismistir (YANG, 2008).

Ayrica, projemiz kapsaminda, 3-boyutlu ortamda ¢oklu hareketli sensér platformlari icin glizergah
planlama algoritmalari da tasarlanmistir. Bu tip ortamlarin giizergah planlamasinda engellere ve diger



hareketli sensorlere carpma kontroliiniin yani sira, hedeflenen yere ulasmada siire (mesafe),
gercekeilik (dlizglnlik) ve arazinin gorinirlirlGgl gibi cesitli kriterler gz 6niinde tutulmustur. Bu
nedenle, glizergah planlama problemine yonelik literatiir 6zeti de asagiya eklenmistir.

Guzergah planlama, robot navigasyonu, bilgisayar animasyonlari, havacilik ve askeri simulasyonlar
gibi bircok alanda karsimiza c¢ikan temel problemlerden biridir [LA VALLE, 2006]. Robotik
uygulamalarinda glizergah planlama problemindeki amag; baslangic ve hedef konfiglirasyonlari
arasinda ¢evredeki engellerden arindiriimis, belirlenen kriterlere gére en uygun glizergahi olusturacak
bir dizi islemin gergekleitiriimesidir. Glizergah planlama faaliyeti islemsel olarak ¢ok yogun ve
konfiglirasyon uzayi boyutlarina bagli olarak tstel artan karmasiklik diizeyine sahiptir. Bu nedenle (g
boyutlu calisma ortaminda kesin ¢6zimi bulma problemi “NP-HARD” zorluk derecesine sahip bir
problemdir (XAVIER, 1992). Glizergah planlama probleminin karmasikligi serbestlik derecesiyle
beraber probleme dahil sensér (robot) sayisina da baglidir. Coklu glizergah planlama probleminde,
hareketli sensorler arasinda iletisim, dinamik ortamda c¢arpisma kontrolli gibi hesaplamalar genel
glzergah planlamaya gore probleme fazladan yiik getirmektedir.

Genel glizergah planlama problemiyle ilgili literatlirde Voronoi diyagramlarla glizergah planlama
(BHATTACHARYA, 2007), hicre dagilmasi (cell decompositon) (ZHU, 1991) ve 6rnekleme tabanl
glizergah planlama [(LATOMBE, 1991), (KAVRAKI, 1996), (LA VALLE, 1998), (BARRAQUAND, 1990)]
gibi farkli yontemlerin kullanildigi birgok calisma bulunmaktadir. Calisma ortami hakkinda genel
bilgiye sahip olmak karmasik ve fazla siire gerektiren bir islem oldugu icin islem stiresini kisaltacak
olasiliksal yol haritasi (probabilistic roadmap - PRM) (KAVRAKI, 1996) veya hizli kesifte rasgele
baglantilar (rapidly exploring random tree - RRT) (LA VALLE, 1998) gibi 6rnekleme tabanli teknikler
kullanilabilir.

Olasiliksal yol haritasi metoduyla Uretilen glizergahlar, mesafe kriterine gore optimum c¢6zimi
vermemesine ragmen bu yéntemin ¢alisma ortaminin engellerden arindirilmis konfiglirasyon alanini
veren ve ¢oklu giizergah planlamasi igin sorgulama imkani saglayan en hizli algoritmalardan biridir.

Kapsamaya dayali glizergah planlama, gilizergah planlama probleminin 6zel bir ¢esididir. Kapsamaya
dayali giizergah planlama ile ilgili oda temizleme (LUO, 2002), mayin tarama (NAJJARAN, 2000),
otonom su alti kapsama (HERT, 1996) ve zirai hasat toplama (OLLIS, 1996) gibi bircok robotik
uygulama mevcuttur. Bu uygulamalarin bircogunda, kapsama problemi ortamdaki tim noktalardan
gecmeyi hedeflemektedir. Kapsamaya dayali glizergah planlama problemi ile ilgili ¢alismalarda
yukarida belirtilen yontemlerin haricinde “artificial potential field” (PIRZADEH, 1990) ve sinir aglari
(YANG, 2004) gibi yontemler de kullanilmistir. Bu ¢alismalarin bir kismi sadece tek robotlu sistemlere
gore tasarlanmisken bir kismi ¢oklu robot sistemlerini géz 6nline almistir. Ayrica bu tir yontemler
[(ACAR, 2001), (TIAN, 2005)], kullanilan c¢alisma ortamlarinin iki boyutlu olmasi ve baz
uygulanabilirligi diistk varsayimlar icermesi nedeniyle 3-boyutlu egimli arazilerde uygulanmasi
mimkin degildir.

Yukarida belirtilen nedenlerden ve calismamizdaki hedefler arasinda mesafe haricinde cesitli
kriterlerin olmasi sebebiyle, calismamizda coklu hareketli sensor platformlari icin glizergah planlama
problemi icin yeni bir karma evrimsel algoritma tabanli mimari gelistirilmistir. Bu mimaride arazinin
goranarlaga, gizergahlarin dizginliga, maliyeti ve erisilebilirligi hedefleri dikkate alinmistir. Ayrica,
sabit ve hareketli engellere (diger sensor platformlari) karsi carpisma kontrolii de ¢alismamizda yer
almaktadir.



2 Genel Bilgiler

Bu arastirma projesinde, temsili olarak Uretilen bir arazi bolgesi i¢in sensorlerin konumlandiriimasi,
sensor acisi, egimi gibi temel sensor parametrelerinin tayini ve bir platforma/araca bagli hareket
kabiliyeti olan sensorler icin devriye giizergahlarinin belirlenmesi hedeflenmistir. ilk asamada, 3-
boyutlu temsili arazi verilerinin Uretilebilmesine ve gercek yasamdaki farkli ¢evre kosullarinin
benzetiminin yapilmasina olanak saglayacak bir arazi olusturma simulatérii ve deney ortami
(testbed) olusturulmustur. Bu bélimde, gelistirilen 3-boyutlu similatoére ait yazihm mimarisi ile 3-
boyutlu kapsama analizinde kullandigimiz bilgisayar gérme yontemleri hakkinda bilgi verilecektir.

2.1 Proje Kapsaminda Gelistirilen Sistemin Yazilim Mimarisi

Temsili olarak Uretilen bir arazi bolgesi igin sensorlerin  konumlandirilmasi, temel sensor
parametrelerinin tayini ve bir platforma bagli sensorler icin hareket giizergahlarinin belirlenmesini
gercekleyecek olan sistemimiz incelendiginde, yazilim mimarisi acisindan t¢ ana modilden olustugu
gorulmektedir: 1) Temsili arazi verilerini ve Gzerinde yer alan dogal detaylar (fundalk, gol, vadi, vb.)
ile hava kosullarinin olusturuldugu Harita Gelistirme modulli (HarGe); 2) Genel sistem parametreleri,
konumlandirilacak farkli sensor sistemleri (kamera, infra-red, gece goris, mikro-dalga radar, vb.) ile
tehditlere ait verilerin tanimlandigi Senaryo Editér modull (SenEd); 3) Sabit sensorlerin
konumlandirilmasi ve parametrelerinin tayini icin eniyileme algoritmalarinin kullanildigi ve duyarhhk
analizlerinin de yapildigi Sensér Optimizasyon modill (SenOpt). Sistemin yazilim mimarisi Sekil 2'de
verilmistir.

SenEd Kullanici
En Fayda Etkin
Sensor Sistemleri Sensor-Platform-
Sistem Parametreleri SenOpt
Platformlar
| L Optimizasyon Duyarlilik
: Analizleri
Tehditler
RCREERE . e
Parametreler Sentetik Arazi
' ]
Hava Kosullari Dogal Detaylar
........................... |._.|5.;‘..G..e...........................-

Sekil 2: Sistemin yazilim mimarisi

Sistemimizde yer alan ana modiiller arasindaki etkilesim, Sekil 3’te goruldigu gibi gerceklesmektedir.
ilk olarak, HarGe modiile vasitasiyla temsili arazi verisi ve Uzerine 6rtistirilecek dogal detaylar
(fundahk, gol, vadi, vb.) ile hava kosullari olusturulmaktadir. Daha sonra, konumlandirilacak farkli
sensor sistemleri (kamera, infra-red, gece goriis, mikro-dalga radar) ve platformlara ait bilgiler,



tehditler ve genel parametreler bir senaryo cercevesinde SenEd modili vasitasi ile modele dahil
edilmektedir (senaryo iiretim safhasi). Uretilen senaryo bilgileri, SenOpt vasitasiyla karma evrimsel
algoritmalar kullanilarak global fayda islevine gbre eniyilenmekte ve sonucta sensorlerin uygun
sekilde konumlandiriimasi gergeklenmektedir.
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Sekil 3: Sistem modiillerinin etkilesimleri

Gelistirdigimiz sistem, yukarida belirtilen amaca erismek igin temsili ortam ve sensor sistemlerinin
detayli modellemesine olanak saglar. Her ne kadar bir cografi bilgi sistemi yazilimi olusturmak amag
olmasa da, optimizasyon sonuglarinin gergegi yansitmasi icin ¢ok detayl bir ortam modelleme
araylizi hazirlanmistir. Bu arayliz vasitasiyla, 3-boyutlu arazi, arazi lizerindeki detaylar ve hava
kosullari modellenebilmektedir.

Harita Ureteci (HarGen) olarak adlandirabilecegimiz modiil ile, temsili arazinin degisik
¢ozunirluklerdeki haritasi, tel-kafes goriintiisi veya yukseklik bilgisi gorintiilenebilir (Sekil 4-
Sekil 5). Bu sekillerdeki araziler Diamond-square (FOURNIER, 1982), Hills (NYSTROM, 2000),
ve Particle-deposition arazi gelistirme algoritmalari ile Uretilmistir.

Temsili arazinin istenilen bolgelerine dogal ve yapay nesneler istenilen oranda eklenebilir
(Sekil 6.a).

Atmosfer kosullari, gorlis mesafesi (sis miktar), yagis tipi ve miktari tanimlanip
gorsellestirilebilir (Sekil 6.b).

Onem haritasi ve kisit haritasi olusturulabilir (Sekil 7).



Sekil 4: (a) Diamond-square, (b) Hills, (c) Particle-deposition algoritmalari kullanilarak tretilen temsili araziler

Sekil 5: Temsili arazinin tel-kafes gorintiisu



(a) (b)

Sekil 6: (a) Dogal ve yapay nesneler ile, (b) atmosfer kosullarinin eklenmesi

Sekil 7: Onem haritasi

Senaryo tanimlama sistemi (SenEd), temsili arazinin savunmasi ve/veya devriye glzergahinin
belirlenmesine yonelik bir senaryonun HarGe'de belirtilen sinirlamalar, nesneler cercevesinde
hazirlanabilmesi icin gelistirilmistir.

Sensor sistemleri, bir ya da daha fazla bilesenin hiyerarsik bir yapi altinda bir araya getirilmesiyle
olusturulmaktadir. Sensoér sistemleri, koyulabilirlik haritasina ek olarak kendi kullanilabilirlik ve
koyulabilirlik kisitlarina da sahiptir.

Temsili ortam ve sensor sistemlerinden olusturulan senaryo, optimizasyon modiiliine (SenOpt) girdi
olarak verilmektedir. SenOpt kapsaminda gelistirilen sistemde maliyet/etkinlik optimizasyonu,
etkinlik optimizasyonu ve maliyet optimizasyonu olarak iki alt grubu ayrilir. Etkinlik optimizasyonu
modill, sensor sistemlerinin verilen bir bitceyi asmadan etkinligi maksimize edecek en uygun tip,
sayl ve konumlarini bulur. Benzer sekilde maliyet optimizasyonu modiili, sensor sistemlerinin verilen
bir etkinlikte korunma saglarken maliyeti minimize edecek en uygun tip, say1 ve konumlarini bulmayi
saglar.

Optimizasyon neticesinde elde edilen sonuglarin farkli basarim olgltlerine gore duyarllik analizlerini
gerceklestirmek amaciyla deneysel tasarimlar dizayn edilmis, farkli sentetik ortamlarda bu deneyler
tekrarlanarak gelistirilen yontemin etkinligi olgtlmustar.



2.2 Sensor Sistemlerine Yonelik Gelistirilen Algilama Yontemleri

Proje kapsaminda gerceklenen arazi gelistirme algoritmalarindan birisi yardimi ile {rretilen arazinin
toplam gorinirlik degeri, araziyi olusturan poligonlarin gortnirlik degerlerinin poligonlarin 6nem
degerleri ile agirlikh olarak toplanmasiyla bulunmaktadir. Toplam gizlilik bileseninde de sensorlere
yonelik olarak benzer hesaplamalar olmasindan dolayr raporun bu kisminda sadece toplam
goranarlik ile ilgili agiklamalar yer almistir. Toplam gorinirlik degeri, ¢6zimu olusturan her bir
sensOriin arazi Uzerindeki poligonlara yonelik goriinirlik hesaplamasinin yapilip, tim sensorler igin
bu gorinurlik degerlerinin birlestirilmesi ile elde edilir.

2.2.1 Sensor Goriiniirliik Degerinin Hesaplanma Asamalari

Sensor algilama probleminin ¢o6ziimilne yonelik olarak, 6ncelikle secilen sensoriin algiladigl arazi
bollimu ve bu arazi bolimu icerisinde yer alan poligonlardan olusan kiime olusturulur. Daha sonra da
bu kiimede yer alan her bir poligonun gorundrlik degeri hesaplanir. Spesifik olarak, gorintrliik
degerini hesaplamaya yonelik yaptigimiz calisma iki asamadan olusmaktadir:

Gorilebilir nitelikteki poligon listesini olusturmaya yoénelik gériis konisi (view-cone) olusturma
algoritma asamasi

Gorus konisi icerisindeki her bir poligonun gorilebilirlik degerini bulmaya yonelik olan gériis ¢izgisi
(line-of-sight, LOS) algoritma asamasi. (Proje kapsaminda Bresenham ve Janus LOS Algoritmalari
gergeklestirilmis olup detaylari asagida verilmistir).

Gergeklenen bu asamalarin detayina ge¢meden 6nce, calismamiz kapsaminda belirlenen bazi
varsayimlar asagida listelenmistir:

e Her bir sensor, secilen poligonun agirlik merkezi lizerine yerlestirilir.

e Sensor, secilen poligonun agirlik merkezin lzerinde sabit yikseklikte (GUI veya konfiglirasyon
dosyamizda belirlenen yikseklikte) bir platforma yerlestirilmistir. Bu platform sayesinde
dikey yonelme agisi (tilt acisi) daha genis bir araliktan atanabilecektir.

e Koordinat sistemimiz yatay XZ ve yikseklik Y olacak sekilde tanimlanmistir.

e  Gorus cizgisi (LOS) algoritmalarinda her bir poligonun goriinirlik degeri, poligonun (¢ kdse
noktasi ve agirlik merkezinin goriinurlik degerlerinin ortalamasi ile bulunmaktadir.

e Calismamizda tespit, teshis ve tanima katmanlari olup, sensorlerin karakteristikleri bu Gg¢
katmana gore verilmistir. Optimizasyon adiminda ise, hangi katman segilirse ona yonelik
parametreler gbz 6nline alinacaktir.

e Calismamizda, gérme konisi olusturma sirecini iceren asamalarda (Yatay FOV testi, dikey FOV
testi), gereksiz tekrar olusturacak hesaplamalari azaltmak icin, her bir testi gecen poligonlari
saklamak yerine gerceklememizde, testi gecen arazi bolimu icinde yer alan kdse noktalari ve
agirlik merkezi noktalari saklanmaktadir.

2.3 Gorus Konisi Olusturma Algoritmasi

Calismamizda gerceklenen goris konisi olusturma algoritmasi iki asamadan olusmaktadir:

1. En genis yatay gorls alani icinde kalan sensorlere yonelik olarak yatay goris alani (field-of-
view - FOV) testi yapilarak, yatay FOV testinden gecen arazi pargasi (poligonlardan olusan bir
set) belirlenir (Sekil 8).



2. Yatay FOV testinden gecen poligonlara dikey FOV testi uygulanarak, goris konisinde yer alan
poligon kiimesi belirlenmis olur.
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Sekil 8: Field-of-view testi

2.3.1 Yatay FOV Testi

Yatay FOV testinin temel amaci, XZ koordinat eksenine uygun bir filtreleme saglamak olup bu
fonksiyonumuz igin gereken girdiler; sensériin konumsal parametrelerinin bir kismi (lizerinde
bulundugu poligon numarasi ve yatay ydnelme acisi [0]) ve davranissal parametrelerinin bir kismi
(sensoriin tipi, secilen katmana uygun olarak yatay gorlis mesafesi [A] ve yatay gorls acisi [a]),
arazinin boyutu ve poligonlarn tuttugumuz dizinin adresidir (Sekil 9). Fonksiyonun calismasi
tamamlandiginda ise FOV testini gecen noktalar kiimesi cikti olarak donduridlmektedir. Asagida yatay
FOV testi adimlari 6zetlenmistir.
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Sekil 9: Yatay goris alani
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Adim 1: Agilarla ilgili Hesaplamalar
Asagida verilen arazi poligonlar olarak gosterilmis olup, XZ dizlemini ifade etmektedir (Sekil 10).
Yatay FOV testi de XZ duzlemini baz aldigi igin yuksekliklere yer verilmemistir. Burada sensor O
noktasina yerlestirilmis olup, ZOB agisi sensoriin yatay yonelme acisini (6), AOC acisi ise sensoriin
yatay gorls agisini (a) vermektedir.
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Sekil 10: Yatay FOV testi

Buna gore, XOB agisi XOB = (450 — &) mod 360 formiili ile hesaplanir. Daha sonraki adimlarda
gereken XOA ve XOC aglilari da benzer sekilde asagidaki formiiller yardimi ile hesaplanir:

XOA = (XOB+ %) mod360 ve XOC = (XOB- %) mod 360 (1)

Adim 2: A, B ve C Noktalarinin Koordinatlarinin Hesaplanmasi

Arazinin en sol ve en alt noktasi (referans noktasi) (0,0) noktasi kabul edilip, A, B ve C noktalarinin
koordinatlari hesaplanir. Burada O noktasina konan sensor igin |OB|, sensoriiniin yatay gorls
mesafesini vermektedir, |OB|=L. Sensorin hangi poligon lzerinde oldugu bilindiginden, O.x ve 0.z
degerleri o poligonun agirlik merkezinin koordinatlarini vermektedir. Buna gbre, B noktasinin
koordinatlarini agsagida verilen formiller ile hesaplamaktayiz:

B.x =0.x+ (|]OB|*cos(XOB)) o)
B.z=0.z+(|OB|*sin(XOB))
Sensoriin gorls ekseni (OB dogrusu), yatay goris agisinin aglortayi oldugu igin, |OB|=|0OA|=|0C|. Bu

nedenle, A ve C noktalarinin arazi Gzerindeki koordinatlari asagidaki formdiller yardimi ile hesaplanir.

Ax=0.x+(]OB|*cos(XOA)) Az=0.z+(|OB|*sin(XOA)) a)
Cx=0.x+(|OB|*cos(XOC)) C.z=0.z+(]OB|*sin(XOC))
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Adim 3: Cerceveleyen Dikddrtgen Olusturulmasi
O, A, B, C noktalari gbz 6niine alinarak minimum-maksimum x ve z degerleri bulunur. Bu dort
noktanin (K,L,M,N) birlestirilmesi ile bir dikdortgen olusturulur (Sekil 11).

AN AN
N AR

“a

a

ANL: ¢ N
\

Sekil 11: Yatay FOV testi icin ¢ergeveleyen dikdortgenin olusturulmasi

Dort nokta bulunduktan sonra, noktanin dikdortgen (izerindeki konumuna bagh olarak, lzerinde
bulundugu poligonun en kdse noktasi secilir. Asagidaki dort noktayi gdsteren her bir secenek icin,
nokta alt veya st poligonlardan hangisinde olursa olsun, her durumda sekilde isaretlenen nokta
segilir. Bu islem sonucunda bir onceki sayfada verilen KLMN dikdortgenini igine alan ve onu
cevreleyen yeni bir dikdortgen (K'L'M’N’ dikdortgeni) ¢izilmis olur. Bu adimda ayrica, dikdoértgenin
kdse noktalarinin arazi alaninin iginde olmasi da saglanmaktadir (Sekil 12).

o N

O O (\/O

Sekil 12: Kose noktalarinin arazi igerisinde yer almasinin saglanmasi

Bu adimda, yapilacak islemin dogrulugunu bozmadan, yatay FOV testine girecek poligonlarin (poligon
noktalarinin) sayisini azaltarak, yatay FOV testinin gerektirecegi hesaplama zamanini azaltmak
hedeflenmistir.

Adim 4: Noktalara Yatay FOV testi uygulanmasi

Bu adimda, onceki adimda olusturulan dikdértgenin Uzerinde bulunan her bir poligonun kose
noktalari ve agirlhk merkezinin, sensoériin yatay gorus alani icinde olup olmadigini test ederiz. Gz
Ooniine alinan her noktanin, AOB veya BOC li¢genlerinin birinin icerisinde olup olmadigi kontrol
edilmektedir. Bu iki G¢gen yerine AOC (g¢geni kullanilirsa, yatay FOV alani icinde olan bazi noktalar
kaybedilmis olacaktir; daha hassas bir filtreleme yapabilmek icin iki ayri liggen g6z 6niine alinmistir.

Poligonlarin agirlik merkezleri, dncelikle her bir agirlik merkezi noktasinin hangi poligon lzerinde
oldugu bulunup, o poligonun hafizada yer alan poligon listesinin agirlik merkezi ile ilgili alanina
erisilmesi ile bulunabilir. X ve Z eksenlerine gbre yanyana yer alan herhangi iki nokta arasindaki
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mesafe (iki poligonun birlesmesi ile olusan karenin kenar uzunlugu) sabit olup, 6lgcek degeri olarak
konfiglirasyon dosyasinda belirlenmistir. Agirlik merkez noktalarinin koordinatlarini belirlemek igin
yaptigimiz alternatif yéntemde, bir kareyi olusturan alt poligon igin poligonun alt sol kdse noktaya
uzaklig her iki eksen igin 6lgek/3 iken, Ust poligon icin bu deger 2*6lgek/3 olacaktir.

2.3.2 Dikey FOV Testi

Yatay FOV testi tamamlandiginda, yatay FOV’a gore algilanan arazi noktalarinin listesi dikey FOV testi
icin girdi olacaktir. Bu fonksiyonumuz icin gereken diger girdiler; sensoriin lzerinde bulundugu
poligonun numarasi, sensériin dikey Ust goris agisi (8°) ve dikey alt goris acisi (£4), sensériin dikey
yonelme agisi (o), poligon haritasi ve nokta haritasidir (Sekil 13). Dokiiman boyunca, dikey Ust géris
acisi ve dikey alt goris agisi ibarelerinde bulunan dikey kelimesi, (yatay goris agisi i¢in alt ve Gst limit
olmadigi icin) cikariimistir.

Dikey FOV testi tamamlandiginda, geride kalan nokta kiimesi sensoriin gérme konisini olusturacaktir.
Bir sonraki bolimde, o kimenin elemanlari icin secilecek olan goriis cizgisi algoritmalari
uygulanacaktir. Asagida dikey FOV testi adimlari 6zetlenmistir:

Sekil 13: Dikey goris alani

Adim 1: Yatay FOV testini gecen noktalar icin yiikseklik degerlerinin yiiklenmesi

Yatay FOV testini gecen noktalarin bir kismi poligon kdse noktalari (kesisim noktalari), bir kismi ise
poligon agirhk merkezi noktalaridir. Yapilan gerceklemede, poligonlarin kesisen noktalarinin
yukseklikleri nokta haritasindan, agirlik merkezlerinin ylkseklik degerleri ise poligon haritasindan
alinmaktadir.

Adim 2: Sensor Egimlerinin Hesaplanmasi

Sensoriin konumsal parametrelerinden olan dikey yonelme agisi (o), davranissal parametrelerinden
olan alt gériis (8") ve tst gorus acilari (8”) kullanilarak, sensére yénelik alt FOV egimi (p") ve tst FOV
egimi (pU) degerleri bulunur.

p-=tan(c-p") p’ =tan(c+p") (4)
Bu hesaplamalarda, tan(90) ve tan(-90) durumlarinda aclya ¢ok kii¢lik bir deger (¢ = 0.05) eklenir.

Adim 3: Sensérle Nokta Arasindaki Egimin Hesaplanmasi
Bu adimda, dikey FOV testi uygulanacak her nokta icin sensdrle o nokta arasindaki egim
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hesaplanacaktir. Ornek olarak, asagida verilen sekilde, sensériin S ve dikey FOV testi yapilacak
poligon noktasinin P oldugunu disinelim. Bu adimda bulacagimiz egim degeri tan(a)’ya esit olacaktir
(Sekil 14).

S noktasini (X,,Y,,Z;) olarak ve P noktasini (X,,Y,,Z,) olarak gosterelim. P’ ise P noktasinin dikey

izdlistimu olup, S ile ayni duzlemdedir. P’ noktasida (X,,Y,,Z,) olarak gosterilir.

Sekil 14: Sensorle nokta arasindaki egim

Bu durumda, asagidaki formiller kullanilarak noktanin egimi hesaplanir:

ISP [= (%, - X,)2 + (Y -Y5)? PP Y, — Vil

PP
tan(a) = ﬁ (5)

Adim 4: Noktaya Dikey FOV Testi Uygulanmasi

Bir 6nceki adimda bulunan noktanin egimi, ilk adimda bulunan sensér egim degerleri ile karsilastirilir.
Noktanin egimi asagidaki esitsizligi saglamasi durumunda, o nokta dikey FOV testini gegmis olarak
kabul edilir.

min(p", p”) < tan(a) < max(p", p") (6)

Uciincii ve dérdiincli adimlar, yatay FOV gecen tiim noktalara uygulanir; sonugta kalan noktalar
gorme konisini olusturur.

2.4 Gorus Cizgisi (Line-of-Sight [LOS]) Algoritmalari
LOS algoritmalarinin temel amaci, arazi tizerinde herhangi bir noktanin sensérden hedefe yénelen bir
veya daha fazla isini bloke edip etmedigini belirlemektir (PROCTOR, 2004). Blokaji belirlemek igin

sensorden hedefe yonelen lig-boyutlu 1sinin farkli noktalarindan segilen bir degerlendirme kiimesi goz
ondne alinir. Bu kiime igindeki her (X, z) noktasi igin (yikseklik boyutunu gbz 6nline almadan XZ
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diizleminde) arazinin o noktadaki yuksekligi ile 1sinin o noktadaki yuksekligi karsilastirilir. Bu
karsilastirma sonucunda, arazinin o noktada daha yilksek olmasi durumunda, isinin bloke olduguna
karar verilir ve degerlendirme kiimesi icindeki diger noktalara bakilmaz. Aksi durumda ise, bir sonraki
nokta degerlendirilir.

Her bir degerlendirme noktasinda yapilan testin bir alternatifi de, sensérden o noktaya olan cizginin
egiminin sensérden hedefe olan ¢izginin egimi ile karsilastiriimasidir. Arazinin verilen her bir (X, z)
noktasindaki yiikseklik degerini bulmak igin literatiirdeki iki farkli metot (PROCTOR, 2004) tasarlanmis
olup, biz de calismamizda her iki metottan birer algoritma kullanmaktayiz:

1. Interpolation: Enterpolasyon yontemi ile yilikseklik degerinin bulunmasi. Calismamizda
gerceklenen Janus LOS algoritmasi bu kategoridendir.

2. Nearest Post: Yakin nokta yontemi ile ylkseklik degerinin bulunmasi. Calismamizda
gerceklenen ikinci algoritma olan Bresenham algoritmasi bu kategoridendir.

2.4.1 Janus LOS Algoritmasi

Janus algoritmasi kullanilan ¢alismalarda, g6z 6niine alinan arazi 1zgara-tabanli bir arazi ise, verilen bir
(X, z) noktasindaki yikseklik degerini bulmak igin 4-noktali enterpolasyon (four-post interpolation)
gerceklestirilir (HANDERSON, 1999). Projemiz kapsaminda gelistirdigimiz araziler ise, Giggensel poligon
yapisinda oldugu igin, poligonun belirledigi dizlemin verilen (X, z) noktasindaki ylikseklik degeri
bulunur. Diger bir ifade ile bulacagimiz deger, (X, z) noktasinin verilen poligon diizlemine olan en kisa
uzaklik degeridir. Bu boélimde, calismamizda gergekledigimiz Janus LOS algoritmasinin adimlarindan
kisaca bahsedecegiz. Burada bahsedilen adimlar literatiirde (HANDERSON, 1999) gecen algoritmanin
¢alismamiza uyarlanmis halidir.

M nolu poligonun agirlik merkezi Gizerinde bir sensér oldugunu diisiinelim; bu nokta P noktasi olsun,
P(X1, Y1, Z1). Ayrica hedefteki nokta (LOS testi yapacagimiz nokta) da Q(Xy, Y1, Z1) noktasi olsun.
GCalismamizin daha 6nceki kisimlarinda anlatildigi {izere, gdrme konisi testi sonucunda gérme konisi
icerisinde olan her nokta i¢in LOS testi yapilacaktir.

Once bu iki noktanin (P ve Q), X ve Z'ye gore ofset farklari alinarak hangisi maksimumsa o deger
referans kabul edilir, A=max(| X, —X, |,| Z, —z, [) . Burada g¢ikan A degeri arazinin 6lgek degerine
(calismamizda bu poligonun iki kisa kenar uzunlugudur) béllinerek ¢ikan sayr en yakin tam sayiya
yuvarlanir. Bu islem sonunda elde ettigimiz degere k diyelim; k sensérden hedefe kadar arada
bakilacak nokta sayisi (degerlendirme kiimesindeki nokta sayisi) olacaktir. Buradaki 6nemli nokta
k’nin ¢ok biyuk deger olmasi, hesaplama zamanin artiracagi gibi, k’nin ¢ok kigtk bir deger olmasi da
sonucunun hassasiyetini ve dogrulugunu azaltacaktir.

Bir sonraki adimda PQ dogrusu Kk +1 esit dogru pargasina béliinecek sekilde arada gereken k noktanin
XZ duzlemine gore koordinatlari hesaplanir. Daha sonra aradaki her bir k noktasi icin 6ncelikle o
noktanin hangi poligon Uzerinde oldugu belirlenerek o poligonun belirledigi diizlemin verilen
noktasindaki ylikseklik degeri bulunur. Bu ylikseklik degeri arazinin o noktasindaki yikseklik degeridir.
Daha sonar, PQ dogrusun o noktadaki yikseklik degeri ile arazinin bulunan yikseklik degeri
karsilastirilarak, eger arazinin yikseklik degeri daha fazla ise hedefteki noktanin (Q noktasinin)
gorilemeyecegi ortaya cikar ve aradaki noktalara bakilmadan iterasyondan c¢ikilarak hedef noktanin
gorme degeri olarak 0 donduridlir. Aksi durumda ise, arazi olusturulmasi asamasinda secilmis
olabilecek nesneler ve hava kosullarina yonelik testler yapilarak hedef noktanin gorme degeri [0,1]
araliginda olacak sekilde hesaplanir.
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2.4.2 Bresenham LOS Algoritmasi

Galsmamizda gerceklenen diger LOS algoritmasi olan Bresenham Algoritmasi ise yakin nokta
yontemine (PROCTOR, 2004) gére calismakta olup, bu algoritmada Janus’daki gibi enterpolasyon
asamasl yoktur. Enterpolasyon ile ilgili hesaplamalar olmamasi ve daha az sayida nokta (aradaki
kontrol noktasi) g6z online alindigindan dolayi, hizli olmasina ragmen Janus kadar hassasiyete sahip
olmayabilir. Bu algoritmada, herhangi bir (X, z) noktasinin ylksekligi, (yUkseklik degeri set edilmis)
ona en yakin olan noktanin yiikseklik degeri ile ayni kabul edilir. Literatlrde kullanilan dort-noktah
arazi gosteriminde, sensor ile hedef noktasi arasindaki kdse noktalar goéz 6nidne alinirken,
¢alismamizda Uggensel poligonlar kullanilmasi nedeni ile sensdrden hedef noktasina olan gizgiye en
yakin olan agirlik merkez noktalarini kontrol noktalari olarak almaktayiz.
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3 Gere¢ ve Yontem

Sensorlerin  konumlandirilmasi ve oryantasyonunun ayarlanmasi sirasinda ¢ok fazla sayida
parametrenin kullanilmasi, temsili alanin Uzerindeki dogal, cevresel ve diger faktorlerin birgok
parametre ile belirtiimesi neden ile ¢cok blyiik arama uzayina sahip bir problemdir. Cok bilyiik arama
uzayina sahip problemlerin ¢oziimiinde klasik metotlara gére daha etkin ve iyi sonug¢ veren arama ve
eniyileme (optimizasyon) metotlarinin basinda evrimsel algoritmalar gelmektedir. Projemizde
problemin modellenmesinde ve ¢6ziimiinde, karar analizi tekniklerinden ¢ok 6lgitli fayda teorisini
temel alan evrimsel algoritmalarla yerel aramayi (local search) birarada kullanan karma ¢6ziim
stratejileri yontem olarak kullanilmistir.

3.1 Cok - Olgiitlii Fayda Teorisi

Cok olgitli eniyileme yontemleri Skalarizasyon ve Pareto yaklasimlari olmak tzere iki grupta incelenir
(ANDERSSON, 2001). Birinci kategoride tim eniyileme fonksiyonlari tek bir fonksiyonda yazilir. Pareto
yonteminde ise ¢ok Olcttli fonksiyonun elemanlari eniyileme siireci boyunca birbirinden ayri
degerlendirilir. Von Neumann ve Morgenstein (VON NEUMANN, 1964) tarafindan ortaya atilan fayda
teorisine gore; karar verici, her karar secenegi icin bir fayda fonksiyonu tanimlar ve beklenen deger
kriterine benzer bir yontemle secenekten bekledigi faydayi hesaplar.

U(ai):ZP(Oj)U(Vij) (7)

Yukaridaki denklemde U(a;) i'inci segenegin fayda degerini, P(O;) j’inci olayin meydana gelme
olasihgini, U(Vj) ise (i, J) ¢iktisinin fayda degerini verir.

Bu olcutin beklenen deger kriterinden farki, formilden de anlasilacagi gibi, ciktinin kendisi yerine
¢iktinin faydasinin dikkate alinmasidir. Sonugta da beklenen faydasi en yiiksek olan segenek tercih
edilecektir. Fayda teoreminin gecerliliginin saglanabilmesi icin bazi temel noktalarin gerceklenmesi
gerekecektir ([(CLEMEN, 1991), (KEENEY, 1993)]). Beklenen fayda kriterine gore bir se¢im yapabilmek
icin, 6dnce tum giktilarin bir fayda fonksiyonuna dénusturilmesi, daha sonra da segeneklerin beklenen
faydalarinin saptanmasi gereklidir. Aslinda sonugta yapilan, karar vericinin fayda egrisinden hareketle
saptanan tercih yapisinin belirlenip, o yapi ile tutarh bir sekilde en ylksek belirlilik esdegerini veren
secenegin secilmesidir.

Fayda kurami, 6zellikle askeri uygulamalarda, belirsizlik veya kismi bilgi ortaminda farkli senaryolarin
(risk alan, riskten kacinan, vs.) denenmesini miimkiin kildigindan tercih edilmektedir. Ozellikle tek bir
amag yerine, bizim projemizde de oldugu gibi, birden fazla amacin var olmasi durumunda fayda
analizi son derece karmasiklasmakta ve bazi ayristirma sartlarini (toplanabilirlik, bagimsizlik, vs.)
saglamasi halinde uygulanabilmektedir [(KEENEY, 1993), (DYER, 1990)].

Birbirleriyle celisen ancak ayni zamanda birbirlerini tamamlayan birden fazla 6l¢ttiin bulunmasi
durumunda, eger Olcltler birbirinden bagimsiz ise ¢arpimsal ya da ¢oklu-dogrusal fayda fonksiyonu
kullanilabilir. Bizim temel varsayimimiz; bir askeri harekatta sensorlerin algilama davranisinin
birbirleriyle celisen U¢ 6l¢lit (6ncelik) arasinda rasyonel bir 6diinlesmeye (trade-off) dayanmasi
gerektigidir. Bu (g Olgut: i) arazi hakkinda elde edilen bilgilerin maksimum yapilmasi, ii) disman
tarafindan toplanan bilginin (tespit edilme) minimum yapilmasi ve iii) konumlandirilan sensoérlerin
toplam maliyetlerinin minimum yapilmasidir. Cok Olgiitli Fayda (COF) analizinde ilk adim,
performans o6lgltlerinin ve her bir alternatife gére tahmini degerlerinin belirlenmesidir. Daha sonra,
her bir performans 6l¢lti icin, O ile 1 arasinda deger alacak tek-6l¢ttli fayda fonksiyonu degeri
bulunur. Bir COF fonksiyonu her bir élgiimiin toplam performans iizerinde nasil bir etkisinin olacagini
gorece 6nemlerine veya belirlenmis agirliklarina gére hesaplar.
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Karar vericinin tercihlerinin dogru kosullari saglayip saglamadigini belirlemek icin, o6lgutlerin
birbirinden bagimsiz oldugu varsayimiyla global fayda fonksiyonu olarak ¢arpimsal fayda fonksiyonu
kullandik. Askeri bir kesif gorevi icin, maksimum yapmaya calistigimiz global fayda fonksiyonu,
U(A,S,P), P pozisyonunda bulunan bir S senséri ile taranan arazi A ise, asagidaki gibi formule
edilmistir:

U(AS,P)=w,U
+ insWstU

(A'S,P)+w,U_(AS,P)+w, U
(A'S,P)U,(AS,P)
Wi WeostU vis (A S, P)U o (S, P) (8)
+w,w, U (AS,PU,.(S,P)
+ W, W, W, Ui (AS,P)U, (A S, PU_,(S,P)

vis cost (81 P)

vis

vis

Bu denklemde; U (A, S, P), P noktalarina konumlandiriimis bir S sensér kiimesi ile taranan arazi

vis
A’nin gériintrluk faydasi, U (A, S, P), S sensér kimesinin gizlenme faydasi ve U (S, P) ise

sensorlerin maliyetlerinin faydasidir. W,.., W, W

is» W s W, degerleriise agirlik degerleri olup [0, 1] araliginda

deger alir ve bu degerler deneysel olarak veya askeri harekatin dnceliklerine (sizma, intikal, kesif,
taktik akin, siyrilma, pusu, pusuya karsi koyma, vs.) goére karar verici tarafindan belirlenir.

ins + Wst + Wcost

=1 (9)

3.1.1 Gorinirliik - Faydasinin Hesaplanmasi

Tasarladigimiz modelde yer alan toplam alan gorinirliik bileseni, alani olusturan poligonlarin her
birinin gérinirliginin toplamina esittir. Asagida verilen denklemlerde toplam alanin gorinGrlGgu
(10) ve bir poligonun gorinirliginin (11) hesaplanmasi belirtilmistir.

Zpi‘EAV (S’ P’ p') X\Npi
ZpieAWpi
> Max, LV, (55, P D)}

V(S,P,p)= - (11)

U, (AS,P)= (10)

Yukaridaki denklemde Wp_ , Pi poligonun agirhgini ve V (S, P, pi) ise P poligon setindeki noktalara

konumlandiriimis S sensor seti kullanilarak p; poligonunun goériniirlik degerini gosterir. Poligonun
agirhig Wp. iki farkli deneysel yontem ile belirlenebilir:

e Temsili arazinin olusturulmasi sirasinda, arazinin bir veya daha fazla bolgesi (ya da tamami)
secilerek bu boélgedeki biitlin poligonlara ayni agirlik degeri verilebilir. Bu agirlik degerleri {0,
0.25, 0.50, 0.75, 1.00} degerlerinden birisine esit olacaktir. Eger bir poligon segilmemisse
agirhk degeri 0.50 olarak atanir.

o Agirliklar temsili arazinin 6zelliklerine gore belirlenir. Poligonlarin yikseklik ve egimlerine
gore agirlik degerleri (0,...,1) arasinda olacak sekilde bir fonksiyon tanimlanmistir. Temsili
arazideki diger poligonlara ve belirlenen bir esik degere gore daha biylk bir yikseklik
degerine sahip olan herhangi bir poligona agirlik degeri olarak 1’e ¢ok yakin bir deger atanir.
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Belirli bir sensérin (s;) gorunurlik faydasi da benzer sekilde asagida verilen denkleme gére
hesaplanmigstir (12). VSj (SJ-, Pes Pi), P« poligonuna konumlandiriimis sj sensori kullanilarak bulunan

pi poligonunun gorandrliik degeridir.

ZPiEAVSJ (Sj ! pk’ p') X\Npi

ZpieAWpi

DI
n

Uvjis(AlSj’ pk): (12)

V(s P, By) = (13)

Gorlndrlik faydasi, sensor ozellikli goriinlrlik faydalarinin toplamina esit degildir. VSJ_ (SJ-, P, b)

terimi, p; poligonuna ait bir nokta olan b noktasinin, p; poligonunun kitle merkezine konusglandiriimis
olan s; sensori tarafindan gorinirlik degeridir. b noktasi birden fazla sensor tarafindan farkl
gorunirluk degeri ile teshis edilebileceginden, Denklem 13’de b noktasinin maksimum gorinurlik
degeri kullanilir. Bu denklemde, p; poligonunun gorinirligli segilen poligon noktalarinin ortalama
gorunurligline esit kabul edilmistir. Projemizin bu asamasinda, ¢ kdse noktasi ile kiitle merkezi
olmak tzere bir poligon igin dort noktanin gorindrlGglinin ortalamasi alinmistir.

Yukaridaki terimlere ek olarak, gériiniirliik etkinligi diye adlandirdigimiz yeni bir terim
kullanilmaktadir. Bu terimin hesaplanmasinda, sensor gorinirlik faydasi icin kullanilan denklemin
payda kismi, px poligonuna yerlestirilmis en iyi sensoriin yatay FOV testinden gecen poligonlarin
agirlik degerleri toplami ile degistirilir. En iyi sensoriin yatay FOV testinden gecen poligonlar, py
poligonuna yerlestirilmis bir sensoriin olabilecek en yiiksek goérindrlik fayda degerini verecek sensor
konfiglirasyonudur. Boylece bir sensoriin gériiniirliik etkinligi, sensoriin normalize edilmis gorinirlik
degerini verir.

VSJ_ (Sj,pk,b) terimi, a kaynak noktasina (p« poligonunun kitle merkezi) konuslandiriimis s;

sensoriinden, hedef nokta olan b’nin gértnirligl asagidaki gibi hesaplanir.

D(a,b
V, (53 Puob) = (@, x Dy ma ) x 1 max ) (19

S

Bu formilasyonda, D(a,b) a ve b noktalari arasindaki mesafe, A, goriis mesafesi ve ps, ise s;

S
sensoriiniin menzile bagh etki katsayisidir. ikinci terim havanin gecirgenlik degeridir ve atmosferik
kosullara bagl olarak degisen yogunluk degerlerine esittir. l//XV terimi, a ve b noktalari arasindaki bir

poligonun (p¢) lzerindeki havanin yogunlugudur. Havanin karli, yagmurlu veya sisli olmasina bagli
olarak bu terim bir yogunluk degeri alir. Yiksek yogunluk degeri dlstik goriis degerine neden olur. a
ve b noktalar arasindaki bitiin poligonlarin atmosferik kosullarina bagli olarak aldiklari yogunluk
degerleri LOS algoritmasinda dikkate alinir ve eger a ve b noktalari arasindaki herhangi bir ara nokta
engellenmemisse maksimum deger kullanilir.

Denklemdeki son terim ise nesnenin gecirgenlik degeridir ve nesnelerin yogunluguna gore belirlenir.
Temsili arazi tzerinde dogal (orman, calilik, vs.) ve yapay (binalar, vs.) nesneler olabileceginden,
poligon Uzerine bir nesne konuslandirildiginda, bu nesnenin yikseklik ve yogunluk degeri poligona
eklenir.
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3.1.2 Gizlenme - Faydasinin Hesaplanmasi

Diisman tarafindan tespit edilemeyen sensorlerin askeri uygulamalarda cok blyilk vyarari
bulunmaktadir. Gizlilik, sensoérlerin varliginin diisman tarafindan gézlenmesini engelleyecek sekilde
arazi goruntileme islemini gerceklestirilmesini saglayarak, askeri harekatlarin engellenme riskini
azaltir.

Belirli bir arazi Uzerine konumlandirilan veya belirli bir glzergah lzerinde kesif gorevi yapan
sensorlerin toplam gizlenme faydasi, disman sensorleri kullanilarak konuslandiriimis sensoérlerin
toplam gorindrlik maliyetinin 1’den ¢ikartilmasiyla bulunur. Bu amacgla, belirli bir m senaryosuna
gore onceden belirlenmis sayida dlisman objeleri arazi lzerine rasgele dagitilir. Bu objeler diisman
sensorlerini taslyan araglardir. Deneysel ¢alismamizda, diisman sensorlerinin aglya bagh konumsal
nitelikleri (gérme agisi, gorme menzili, vs.) en kotl sensor degerlerine gore belirlenmistir.

Tek bir senaryoya gore P poligon setine konuslandiriimis S sensoriin gizlenme faydasi asagidaki gibi
hesaplanir:

U, n(AS,P)=1-> V. (E,P,p,) xR, (A5, P, ) (15)
s;eS I

Ve (E, P, psi) terimi, P poligonuna konumlandiriimis S; sensoriiniin, P pozisyonundaki E diisman

aracindan maksimum gorindrlGgldir. Sensor gortnirliglinde oldugu gibi:
VE(E’Pi psi):rpgg({vE(ej' pk’ psi)} (16)
J

hesaplanir. V¢ (ej, Py psi) terimi, S sensoriintin konuslandirildig arazi lizerindeki tek bir noktanin, p
poligonuna konuslu bir diisman senséri tarafindan gorinlrlGgudir. Bu terim, VSJ (Sj, P, b) nin

dualidir ve bu nedenle de Denklem 14’e gore hesaplanir. Diger yandan, verilen senaryo i¢in tek bir s;
sensoriiniin gizlenme faydasi Denklem 15’deki toplam ifadesi kaldirilarak hesaplanir.

Ry (A,si,psi) terimi s sensorinin gorindrlik fayda orani olup, bu oran verilen sensoriin

gorianarlik faydasinin bittin sensoérlerin gérindrlik faydasi toplamina oranina esittir.

RU(AS p )_ Uvis(A!Si’psi) (17)
s Zuvis(Ais'! psj)
s;€S

Yukaridaki ifadenin paydasi genel gorinirliik faydasi degil, goriinirlik faydalarinin toplamidir. Bu
durum, genel gorindrlik faydasinin tek bir sensoérin gorinirlik faydasina bile esit olabilecegi
gerceginden kaynaklanir. Eger ylksek goriintrlik fayda degerine (dolayisiyla yiksek fayda orani)
sahip bir sensor disman sensorii tarafindan tamamen goriiniirse, bu durum gizlenme faydasini
onemli 6l¢lide azaltacaktir.

Sensorlerin dagitilmasi ve hesaplamalarin yapilmasi daha énceden belirlenmis sayida tekrarlanir ve
bu senaryolardan elde edilen gizlenme faydalarinin ortalamasi toplam gizlenme faydasi olarak alinir.
Eger r dasman nesnelerinin konumlandiriimasi icin belirlenen farkli senaryo sayisi ise, toplam
gizlenme faydasi:
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r U A,S,P
US,m(A,S, P) = Zx:1 s,m( )

(18)
r
Program calistirilmadan 6nce r*|E| diisman sensoriiniin konumsal parametreleri (poligon numarasi,

yatay ve dikey yonelme agilari, sensor tipi) belirlenir. Disman sensorlerinin parametreleri programin
calismasi esnasinda degistirilmemistir.

3.1.3 Maliyet - Faydasinin Hesaplanmasi

Tasarladigimiz modelde yer alan maliyet faydasi bileseninin hesaplanmasinda, sensorlerin degeri ile
ilgili iki farkli anlam g6z 6niine alinmistir: (a) sensoriin normalize edilmis finansal maliyeti (NCostg(si));
(b) sensériin verilen bir noktaya yerlestirme maliyetinin normalize edilmis degeri (NCost,(Si, pk))-
Maliyet-faydasinin hesaplanmasi asagida verilen denklem yardimi ile yapildi:

Zsies (W, x NCost, (s;) + w,_ x NCost, (s,, p,))
|S|

Ucost(S!P):]-_ X N|S| (19)

Finansal maliyet ile konumlandirma maliyetleri birbirlerinden bagimsizdir ve W ile W, bu iki maliyet
teriminin 0 ile 1 arasinda deger alan agirhiklanidir.  Konuslandirma  maliyeti
NCost, (S;, p.) =P.(S;, P) x @, denklemi ile hesaplanir. Bu denklemde B (S;, Py), px
poligonundaki S; sensoriinin konuslandirilma olasiligi, ?s ise sensor tipine bagh olarak belirlenen bir
sabittir. Konuglandirma olasilik degeri, temsili arazideki bitiin poligonlarin ylikseklik ve egimleri ile
sensorlerin karakteristiklerine bagh olarak belirlenir. Denklem 19’'daki N|S| sensor kullaniminin
S
E(S)

normalize edilmis degeridir ve N|S| = formili ile hesaplanir.

3.2 Karma Evrimsel Algoritma Tabanl Coziim Yontemi

Evrimsel Algoritma, aslinda Genetik Algoritma ve diger varyasyonlar igin bir ¢ati (kategori) ismi olmasi
nedeni ile raporumuzun bundan sonraki boélimlerinde Genetik Algoritma terimi kullanilacaktir.
Basitlestirilmis genetik algoritmalar birgcok eniyileme problemi icin yaygin bir sekilde kullanilmasina
ragmen oOzellikle karmasik ve birlesik eniyileme problemleri icin verimli ¢6zim Uretemez
(MICHALEWICZ, 2000). Genetik algoritmalarin performasini yikseltmek icin, bazi probleme 6zgi
tekniklerin [(EIBEN, 2003), (FOX, 1990), (GREFFENSTETTE, 1987), (RAIDL, 2002)] genetik
algoritmalarla birlestirilmesi gereklidir. Genetik algoritmalarin diger tekniklerle beraber karma olarak
kullanilmasi durumunda bu yontem, Memetik Algoritma (Memetic Algorithm) veya Karma Evrimsel
Algoritma olarak adlandiriimaktadir [(MOSCATO, 1989), (RADCLIFFE, 1994)].

Bu proje kapsaminda gelistirdigimiz genetik algoritmamiz da, asagida belirtilen (g farkli yolla diger
operator tipleri ve probleme 6zgl bilgi icermesi nedeni ile Karma Evrimsel Algoritma olarak ele
alinabilir (EIBEN, 2003).

Sezgisel ve akilli metotlarla baslangi¢ popiilasyonun olusturulmasi: Asagida detayh anlatildigi Gizere
ilk popiilasyonun iretilmesi isleminde sezgisel yaklasimlar kullaniimistir.

Varyasyon operatorleri icerisinde hibridizasyonun gergeklestirilmesi: Calismamizda ¢aprazlama ve
mutasyon operatorlerine yonelik farkli hibridizasyonlar (karma teknikler) ve probleme 6zgii adimlar
ile problem bilgisi eklenmistir.
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Varyasyon operatérlerinin sonucuna yerel arama uygulanmasi: Calismamizda c¢aprazlama
operatdriinden sonra yerel arama islemi gerceklestirilmistir.

3.2.1 Kromozom Yapisi

Calismamizda, her bir ¢6zimi iceren kromozom yapisi sensorlerden olusmakta olup, her bir sensor,
sensor tipi ile poligon no, yatay yonelme acisi, dikey yonelme acisi gibi sensoérin konumsal
ozelliklerini icerir (Sekil 15). Sensor sayisi Uzerine bir kisit getirilmeyen problemlerde, farkli
¢ozimlerde (farkh kromozomlarda) farkli sayida sensorler olabilmektedir. Yapilan c¢alismada,
sensorlerin kromozom Uizerinde yerlestirilmesine yonelik hi¢ bir sinirlama olmayip, sensorlerin
(kromozom genlerinin) sirasi dnemli degildir.

Sensdr 1 Sensdr 2 Sensdr N
Poligon Noy Poligon No, Poligon Noy

Yatay yénelme acisiy

Yatay yénelme acisi,

Yatay yénelme acisiy

Dikey yonelme acisi,

Dikey yonelme agisi,

Dikey yonelme acisiy

Sensér Tipi,

Sensor Tipi,

Sensor Tipiy

Sekil 15: Kromozom yapisi

Calismamizda steady-state (sabit-popilasyonlu) Genetik Algoritma (GA) yaklasimi kullaniimis olup,
her nesilde tek bir birey Uretilir ve ¢aprazlama ve mutasyon bir orana bagh olmadan uygulanir.
Sonugta, iki ebeveyn bireyden iretilen ¢oziim popilasyondaki en koti bireyin yerine yazilir. Bireylerin
uygunluk fonksiyonu degerleri icin ¢ok 6l¢iitli fayda teorisi kisminda agiklanan toplam fayda degeri
kullanilmistir.

3.2.2 Baslangi¢ Popiilasyonunun Olusturulmasi

Baslangi¢ popllasyonu igin 6ncelikle birey Gretme asamasinda her birey icin gerekli sensér sayisi
belirlenir. Bir bireydeki sensor sayisi, asagidaki denklemle belirlenen sensor alt ve Ust limitleri
arasindan rasgele belirlenir. Senaryo tiri (tespit, teshis, tanima) ve verilen senaryo tiriine gore
sensoriin goris mesafesi (A) kullanilarak sensor alt ve st limitleri belirlenir. Denklemde yer alan Ay
tiim sensor tiplerinin goriis mesafeleri arasinda en yiiksek goris mesafesini gosterirken A, en disik
goris mesafesini gosterir.

Terrain_ Dim
A

Terrain_ Dim

A )2 *7, (20)

( )**r <[8[<(

max min

Bagintida “Terrain_Dim” ifadesi, olusturulan arazinin XZ dizleminde bir boyutunun uzunlugudur.
Calismamizda kullanilan tim alan Gretme algoritmalarinda kare seklinde araziler olusturuldugundan X
ve Z ekseninin boyutlari aynidir. Bagintida gecen y; ve vy, degerleri sabit olup arazinin karmasikligina

gore, arazi Uretme algoritmalarinin parametrelerinden faydalanilarak, 0.5<py, <1.25 ve
1.0 <y, <1.75 araliklarinda atanir.
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Bir bireydeki sensor sayisi belirlendikten sonra, konumlandirilacak olan her bir sensoriin hangi tipte
olacagl, sensorlerin kapasiteleri ile ters orantili olarak rasgele belirlenir. Kapasite degeri ise sensériin
Ug farkli katmana gore goris mesafesi veya gorls acilari kullanilarak hesaplanir. Sonug¢ olarak
konumlandirilacak sensorlerin yiksek olasilikla disiik maliyetli (ve dustik kapasiteli) sensor tipinde
olmasi ve duslik olasilikla yiiksek maliyetli (ylksek kapasiteli) olmasi hedeflenir. Sensérlerin
konumlari ise rasgele olarak veya asagida belirlenen sezgisel teknik yardimi ile belirlenir.

3.2.3 Sezgisel Olarak Sensor Konumlarinin Belirlenmesi

Burada dustinllen yaklasim sensodrlerin homojen olarak arazi tizerine dagitiimasidir. Toplam K sensor

oldugu duslinilirse 6ncelikle arazi, satir ve siitunda \_\/EJ sayida olacak sekilde alanlara béliinerek
her bir \_\/EJ * L\/EJ alana bir sensor (daha 6nce belirlenen tipte) atanir; geride kalan k - \_\/EJ *

\_\/EJ sensor ise I_\/EJ * \_\/EJ alana rasgele olarak yerlestirilir.

Burada her bir alanin XZ ekseninde icerdigi poligonlarin esit olarak dagilmasi saglanir. Her bir sensor
atanacagi alan belli olduktan sonra, o alandaki hangi poligona atanacagl su sekilde belirlenir: [0,1]
araliginda rasgele bir sayi uretilerek bu sayinin 0.20’den kiiciik olmasi durumunda sensor, alanin
merkezindeki poligona, 0.20'den blyik olmasi durumunda ise (%80 oraninda) alandan rasgele
secilecek bir poligon lzerine yerlestirilir. Bu sekilde merkeze yerlestirme ylizdesi oldukga disiik olur
ve bazi sensorler ilgili alanin merkezinde olurken, bir kismi da farkli noktalara atanabilecektir.

3.2.4 Secim Yontemi

Gelistirilen algoritmada turnuva secim teknigi (tournament selection) kullanilmaktadir. Turnuva secim
tekniginde kullanilan tek parametre turnuva biyikligiidir. Ornegin, turnuva biyikligi 2 olan bir
deneyde popiilasyondan rasgele iki birey secilerek bunlardan en iyi uygunluk degerine sahip olan ilk
¢O6zUm ebeveyn olarak secilir. Bu islem tekrarlanarak ¢caprazlama icin gereken ikinci birey belirlenmis
olur. Deneysel calisma sirasinda problem, farkli turnuva blylklGgu degerleri ile test edilmistir.

3.2.5 Varyasyon Operatorleri

Popiilasyondan turnuva se¢im metodu ile segilen iki ebeveyn ¢éziime dncelikle gaprazlama operatori
uygulanarak tek bir offspring (yavru ¢6ziim) olusturulur. Bu noktada uygulanan gaprazlama islemi,
sensoriin bulundugu poligon numarasini sezgisel metotlar da kullanarak degistirmeye yoneliktir.
Caprazlamadan sonraki ikinci adimda ise, konumu belirlenen offspringin diger konumsal ozellikleri
(yatay yonelme agcisi, dikey yonelme agisi) yerel arama teknikleri ile degistirilerek, olusacak ¢6ziimiin
performansi artiriimaya calisilir. Yerel iyilestirme asamasi tamamlandiginda ise mutasyon operatori
ile cozlimdeki sensoérlerin konumsal 6zellikleri veya ¢d6ziimde yer alan davranissal 6zelligi (sensor tipi)
degistirilerek populasyon icindeki ¢esitliligin artirilmasi hedeflenmistir.

3.2.6 Caprazlama islemi

Calismamizda sundugumuz Karma Genetik Algoritma tabanh ¢6ziimde, (¢ farkli tipte caprazlama
operatord kullanilmistir: i) Katki Tabanh Caprazlama, ii) Komsuluk Tabanh Caprazlama ve iii) Kes-
Birlestir Caprazlama. Buradaki her (¢ metotta da sensorlerin bir ¢6zim iginde yerlestiriimelerine
yonelik herhangi bir sinirlandirma yoktur. Sensorler gen dizisi Gzerinde herhangi bir sirada olabilirler.
Deneysel ¢alismamizda secilen ¢aprazlama operatoriiniin ¢alisma boyunca sabit olmamasi ile her bir
¢6zUm icin bu U¢ operatérden birinin rasgele secgilmesi durumu géz 6niline alinmistir. Caprazlama
slirecinde sensorlerin konumlari degistirilirken, diger konumsal 6zelliklerini yansitan yatay ve dikey
yonelme aclilarinda bir degisiklik yapilmaz. Ebeveynlerden secilen gen, konum, yatay ve dikey aci
bilgilerini de icerecek sekilde tim alanlari ile offspringe tasinir.
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i. Katki Tabanh Caprazlama
Bu operator asagidaki adimlardan olusmaktadir:

1.

Her iki ebeveynden rasgele birer sensor segilir ve segilen sensérler incelenerek toplam
uygunluk degeri (gorindrlik, gizlilik ve maliyeti icerecek seklide, toplam katki degeri) daha
yiksek olan sensor (ilgili gen) offspringe ilk sensor olarak kopyalanir.

Offspringe tasinmamis tiim sensorler arasindan her iki ebeveynden rasgele birer sensor
secilir ve toplam uygunluk degeri daha yiksek olan ve yeni olusturulan ¢éziime halihazirda
yerlestirilmis olan sensorlerle arasindaki mesafe, kabul edilebilir komsuluk mesafesinin
(proximity distance) altinda olmayan sensor offspring'e kopyalanir. Kabul edilebilir komsuluk
mesafesinin nasil hesaplanacagi asagida verilmistir:

= ki ebeveyn ¢6ziim icerisinde degerlendirilecek katki degeri en yiiksek olan sensér, m nolu
poligonda 6, yatay yonelme agisiyla yerlestirilmis olsun. Yavru ¢6ziimde (offspringde) ise
daha 6nce yerlestirilmis olan bir sensér n nolu poligon lzerinde 6, yatay yénelme agisiyla
bulunsun. Bu sensorlerin yatay goris acilari da a, ve a, olsun (Sekil 16).

Sekil 16: Arazi Gizerinde sensorlerin durumu

m nolu poligon lzerinde olan sensoriin secilip secilmeyecegine karar verilirken 6ncelikle
asagidaki birinci esitsizlik goz 6ntine alinir. Bu esitsizlikte sag taraf kabul edilebilir komsuluk
mesafesi (proximity distance) olarak tanimlanabilir; sol taraf ise m ve n nolu poligonlarin
agirhk merkezleri arasindaki 3 boyutlu mesafedir. Kabul edilebilir komsuluk mesafesinin
hesaplanmasinda m ve n nolu poligonlara konumlandiriimis sensorlerin goriis mesafesi (An,
Ay) ve probleme 6zgil u sabiti kullanilir. (Deneylerde u degeri 0.4 alinmaktadir.)

Dom>(A, +A ) xu (21)
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[6™ — 6" | >%XK (22)

Birinci esitsizlikte, aradaki mesafe kabul edilebilir komsuluk mesafesinden biyik ise m nolu
poligon Uzerindeki sensor offspringe tasinir.

Birinci esitsizligi saglamayan durumlar igin ikinci esitsizlik kontrol edilir, ikinci esitsizligi
saglanmasi durumunda da sensor offspringe eklenir. ikinci esitsizlikte iki sensériin yatay
yonelme agcilari arasindaki fark, yatay goris agilarinin ortalamasinin k oraninda biiyikse, bu
durumda sensorler arasindaki mesafe kabul edilebilir komsuluk mesafesinden kigtik olsa bile,
farkli yonlere baktiklarindan sensoriin offspringe eklenmesi uygundur.

3. Bir onceki adimda secilen sensor offspringe kopyalanir. Offspringe yerlestirilen sensor sayisi
(IS]) asagidaki esitsizlikte verilen lst limitten kiiglk ise ikinci adima geri donalir.

S| < ([sf]|+|sf])*e (23)

P P
Burada ‘Sl ‘ ve [S ‘ birinci ve ikinci ebeveyndeki sensér sayisini (gen sayisini), & ise 1’den
kiiclik bir sabit degeri gostermektedir (Deneylerde & = 0.5 olarak ele alinmistir). Bu asamada,
offspringdeki sensor sayisi icin bir Ust limit konulmasina ragmen bir alt limit belirlenmemistir.
Komsuluk mesafesi ve yatay goris aci kisitlari nedeniyle offspringdeki sensor sayisi iki

ebeveyndekinden de az olabilecektir.

ii. Komsuluk Tabanlh Caprazlama

Komsuluk Tabanh Caprazlamanin Katki Tabanh Caprazlamadan farki, baslangicta ilk ebeveyn gen dizisi
Uzerinde rasgele bir noktanin segilmesi ve siirecin bu noktadan itibaren devam ettirilmesidir. Hangi
ebeveynde minimum sayida sensér var ise ondaki sensor sayisi (m olsun) referans alinarak, (1, m)
arasinda rasgele secilen sayi, ¢aprazlama noktasini vermis olur. Birinci ebeveynin ilk m sensori
offspringe tasinir. Daha sonra, diger ebeveynin ilk geninden baslayarak, dnceki bélimde verilen iki
esitsizlige gore, komsuluk mesafesi veya yatay aci kisitlarinin sagladigi ve offspringdeki sensor sayisi
bir 6nceki metotta verilen st sinirdan biylk olmadigi siirece, sensorler offspringe aktarilir. Bu
yontemde genlerin aktarilma sirasi, genlerin toplam uygunluk degerinden bagimsiz olarak sensorlerin
ebeveyndeki dizilis sirasidir. Bu ¢aprazlama yonteminde de offspringe aktarilacak sensor sayisina
yonelik bir alt limit yoktur.

iii. Kes-Birlestir Caprazlama

Literatlirde daha 6nce yapilan calismalara benzer olarak, secilen iki ebeveyn ¢6zim (zerinde bir
caprazlama noktasi segilerek, birinci ebeveynden o noktaya kadar olan sensoérler offspringe tasinir.
ikinci ebeveynden ise belirlenen noktadan gen dizisinin sonuna kadar olan tiim sensorler offspringe
kopyalanir. Bu metot literatlirde diger problemlerde de kullanilan bir metot olup, burada komsuluk
mesafesi veya acl testleri yapilmamaktadir.

3.2.7 VYerel iyilestirme Prosediirii

Caprazlama sonunda olusturulan offspringin agisal 6zellikleri ile ilgili asagidaki adimlari iceren yerel
iyilestirme calismasi yapilr (Sekil 17):
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12.
13.

14.
15.

16.

Offspringteki sensdrler S kilmesinde tutulur.

Iz « 0 // sensdrlerin goérunirlik dederlerindeki toplam iyilestirme
orani.

q « 0 // cozimde incelenen toplam sensdr sayisi.
Oy « yatay yonelme agisi artis miktarzi.
O7 « dikey yonelme agisi artis miktarzi.
En distk min s;€S U, (A, sj, pyx) deferine sahip s, sensori secilir
while (Iz < 0.20 yada g < 0.10 x |S]) do
while (U, (A, s,, px) artis olmadiginda) ve (6 < 360) do
Onh = O6p + Oy

Eer goriuniirliik fayda dederinde artis yoksa, 6, baslangi¢ dederini
alair.

for (o = =90 + By; 0 £ 90 - By ;s o=o0 + & ) do
Yeni o degeri ile U, (A, sn, px) hesapla; ve en ylksek dederi sakla.
EJer gorunlirliik fayda dederinde artis yoksa, o, baslangi¢c dederini
alir.
qg—qg+1
En distk minsi€S U, (A, s;, px) dederine sahip bir baska s, senséori
secilir.

endwhile

1.

2.

Sekil 17: Yerel arama evresinin adimlari

Bireydeki en diistik goriinirlik degerine sahip sensor segilir.

Segilen sensériin yatay yonelme agisi (8), o,, artirilarak her bir artirma sonucunda o
sensdrin gérunirluk degeri hesaplanir (6+6,,, 6+25,,, 6435, , ... ). ilk durumdaki yatay

yonelme agisi ve ulasilan tim alternatifler arasindan en iyi gorlinirlik degerine sahip sonug
secilir.

Buradaki artis miktarinin (6, ) belirlenmesinde o6lgek (arazi uzunlugu) ve arazi Ureten
algoritmalardan saglanacak olan arazinin karmasiklik boyut parametresi géz 6niine alinarak
her arazi igin sabit bir agi degeri bulunur. Ornek olarak, az sayida poligon var ise &, biyik

olmali, poligon sayisinin fazla olmasi durumunda ise o,, degeri azaltimalidir. Deneysel

calismalarimizda o, degeri 25° olarak hesaplanip kullaniimistir.

Bir 6nceki adimda yatay yonelme agisi belirlenen sensor i¢in bu kez de dikey yonelme agisi
(tilt angle) icin alternatifler denenir. Normalde bir sensoriin dikey yonelme agisi (o) asagidaki
aralkta olabilir:

90+ f-<0<90-p" (24)

Yukarda verilen esitsizlikte, ,BL (dikey) alt gorus aci degerini ve ﬁU (dikey) Ust goris acl1 degerini
gostermektedir. Bu asamada yatay yonelme agisina benzer sekilde dikey yonelme agisi igin bir
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artis miktari ( ;) belirlenir. Sensor dikey yonelme agisi, baslangi¢ degerinden baglayarak her
adimda yukaridaki aralikta olacak sekilde &; miktari arttirilarak veya azaltilarak belirlenir. Bu

islem O} artis miktari ile belirlenebilecek tiim alternatifler icin tekrarlanir.

4. ikinci ve Gglincii adimlarda, yatay ve dikey ydnelme agilarinda yapilan degisiklik sonucunda
sensoOriin gorunurlik degerindeki degisiklik %20’den az ise veya incelenen sensor sayisi
¢6zimdeki toplam sensoriin %10’undan az ise ¢6zlimdeki birinci adima gecilerek bir sonraki
(goranarliuge gore) en koti sensor segilir.

Gorunurlik degerindeki degisiklik bulunurken goérinirlik deger toplamlari ile ayni
sensorlerin yeni durumdaki gorinirlik deger toplamlari karsilastirilarak %20 iyilesme
saglanip saglanmadigi kontrol edilir. Bu adimda, farkh sensérlerin ayni poligonlari gérme
islemi gbz Online alinmadigindan toplam degerler, ¢6zimiin toplam uygunluk degerini
yansitmayacaktir.

3.2.8 Mutasyon Operatorleri

Mutasyon icin dlstnilen operatorler asagida verildigi sekli ile iki ana kategoride toplanmistir.
Deneysel ¢alismamizda bir ¢6ziim boyunca sabit bir kategorinin belirlenmesi ve kategorinin rasgele
secilmesi alternatifleri icin performans olcimi gerceklestirilmistir. Her iki durumda da, kategori
icinden alternatiflerin secilmesi rasgele yapilmistir.

i. Konum Tabanl Operatérler

Bu grupta sensorlerin konumu (poligon no) dikkate alinarak mutasyon islemi gergeklestirilmistir.
Sensorlerin yatay ve dikey yonelme acisi gibi diger niteliklerini konum tabanli mutasyon operatorleri
degistirmemektedir. Mutasyon islemi icin bu grup secildiginde asagidaki lic metottan biri rasgele
olarak ¢6zlime uygulanir:

e @Glincelleme. Mutasyon uygulanacak bireydeki bir sensériin atandigi poligon degistirilerek
baska bir poligona atanir. Bu asamada, sensoriin diger konumsal 6zellikleri (yatay ve dikey
yonelme agilari) ve tipi degistiriimez.

Sensér Secimi: Rasgele olarak veya ¢6zim igindeki gorinirlik degeri en kotl olan
sensor segilir.

Poligon Secimi: iki yolla gerceklesir:
1) Sensor arazi Uizerinde rasgele segilen bir poligona taginir.

2) SensoOr arazi Uzerinde hangi bolgede bulunuyorsa, ayni bélgeden bir
poligon rasgele secilerek sensér o poligona vyerlestirilir.  Burada
kullanilan bolge kavarami ilk popllasyonu saglama adimindakinin
aynidir.

e Silme. Mutasyon uygulanacak bireyden bir sensor cikartilir. Cikarillacak sensor, rasgele
secilebilecegi gibi, ¢c6zim icindeki gortnirliik fayda degeri en kiiglk olan da olabilir.

e Fkleme. Mutasyon uygulanacak bireye yeni bir sensor eklenir. Poligon secimi yukaridakine
benzer olarak rasgele bir poligon Uzerine veya gorinirlik degeri en az olan sensoriin
bulundugu bdlge icerisinden rasgele bir poligon segilerek yapilmistir. Yeni olusturulan
sensériin davranissal 6zelikleri (yatay, dikey agilari ve sensoriin tipi) rasgele atanir.
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ii. A¢1 Tabanli Operatérler

Bu grupta, sensorlerin agisal 6zellikleri (yatay ve dikey yonelme acisi) dikkate alinarak mutasyon
islemi gerceklestirilmistir. Mutasyon islemi icin sensor secimi ya rasgele ya da gorunurliik fayda
degerinin dasukligline gore secilir. Bu grupta asagida verilen iki farkl metot bulunur ve operator
secim islemi rasgele gerceklesir:

e Metot 1. Sensoriin yatay yonelme agisinin belirlenen aralikta rasgele degistirilmesi.
o Metot 2. Sensoriin dikey ydonelme agisinin belirlenen aralikta rasgele degistirilmesi.

Bu secim isleminde metotlara farkli 6nem degerleri icin agirlik (veya dnem degeri) verilerek, agirlikli
olarak yatay yonelme acisinin degistirilmesi, daha sonra dikey yonelme agisinin degistirilmesi ve en az
agirhkli olarak da sensor tipinin degistirilmesi gbz onlne alinmistir. Yukarida verilen her metot igin
gbz 6nine alinacak sensor rasgele olarak veya goriinirlik degeri en dislik olan segilebilir. Secilen
tipteki degisiklik de tamamen rasgele olarak saglanir.

Ayrica, sensor nitelikleri arasinda yer alan sensor tipi icin bir mutasyon operat6ri tanimlanmistir.
Deneysel calismalarimizda her 100 nesilde bir defa o nesilde Uretilen bireyden rasgele secilen bir
sensOriin sensor tipi rasgele degistirilir. Bu islem yukarida tanimlanan iki grup mutasyon
operatorlerinden herhangi biriyle birlikte uygulanir.

3.3 Hareketli Sensorler icin Genel Giizergah Planlama Adimi

Projemizin ikinci evresinde, bir bolgeyi maksimum kapsayacak bicimde hareketli sensoérlere yonelik
glzergahlarinin planlanmasi probleminin gergeklenmesi saglanmistir. Giizergah planlama problemi
icin gelistirdigimiz ¢6zim iki adimdan olugsmaktadir.

1. Genel Glizergah Planlama Adimi. Bu adimda arazinin yapisina gore ulasilabilecek her bolge
dikkate alinarak sadece gorinirlik ve mesafe kriterlerine goére sensor glzergahlarinin
kontrol noktalari olusturulur.

2. Yerel Glzergah Planlama Adimi. Yerel glizergah planlama adiminda ise genel giizergah
planlama asamasinda olusturulan gilizergah kullanilarak gortnrlik ve mesafe kriterlerinin
yani sira maliyet, dizginlik ve hareketli nesnelere (sensorler dahil) karsi ¢carpisma kontroli
dikkate alinmaktadir. Bu adim sonunda kontrol noktalari arasinda yer alan ara noktalar
belirlenerek sensorler glizergahlarinin belirlenmesi tamamlanir.

Raporumuzun bu béliminde genel glzergah planlama adimi ayrintili olarak anlatilmistir. Genel
glzergah planlama adimi asagida verildigi sekliyle Gi¢c asamada gergeklestirilmistir:

1. “Olasiliksal Yol Haritasl” yontemi ile arazi (izerinde erisilebilecek noktalar ve noktalar arasi
baglantilarin olusturuldugu baglanirlik ¢izgesinin olusturulmasi

2. Secilen noktalar arasindan arazide erisilmesi glic olan bélgedeki noktalar 6ncelikli olacak
sekilde, arazinin genelinden sinirli sayida noktanin “kontrol noktasi” olarak secilmesi

3. Baslangic ve hedef noktalari belirlenmis hareketli sensoérler icin, mesafe ve gorinirlik
degerleri kullanilarak olusturulan VPD (visibility-per-distance) fonksiyonu yardimiyla segilen
kontrol noktalarinin sensérlerin glizergahlarina atanmasi

3.3.1 Olasiliksal Yol Haritasinin Olusturulmasi

Coklu glizergah planlamasinda ayni ortam igerisindeki ¢oklu sorgular problemin karmasikligini ¢ok
fazla arttirdigi icin, sorgu sayisini dikkate almayan ve 6rnekleme tabanli bir yontem olan olasiliksal yol
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haritalari (probabilistic road map - PRM) g¢alismamizin bu bolimiinde kullanilmistir (KAVRAKI, 1996).
Bu yontemde hedef “yol haritasi” diye adlandirdigimiz topolojik bir cizge (graf) veri yapisini
olusturmaktir (LA VALLE, 2006). Baslangi¢c ve hedef noktasi verilen bir problemde glizergah, Uretilen
yol haritasini kullanarak sabit engellere ¢carpma kontroliine gerek duyulmadan olusturulur. Yol
haritalandirma yaklasimi, kosum siiresi acisindan da oldukca etkilidir.

Projemiz kapsaminda gerceklenen olasiliksal yol haritasi yontemi, literatlirde de verildigi tGzere iki
asamadan olusmaktadir (KAVRAKI, 1996):

e On hazirlk asamasi: Yol haritasi icin gerekli olan arama alanini simgeleyen c¢izgenin
olusturulma asamasini icerir.

e Sorgu asamasi: Bu asamada gilizergah igin baslangic ve hedef noktalari alinir. Cizge Uzerindeki
en yakin noktalarla bu noktalar birlestirilir ve belirlenen kriterlere gore (mesafe, gizlilik,
gorindrlik vs. gibi) cizge lizerindeki noktalardan bir kismi kullanilarak glizergah olusturulur.

On Hazirlik Asamasi
Oncelikle, PRM’de kullanilacak aday nokta sayisi belirlenir ve bu sayida aday nokta arazi lizerine
asagida verilen iki farkl yontemden biri kullanilarak yerlestirilir:

e Hicbir kisit gbzetmeksizin aday noktalar arazi izerine rasgele yerlestirilir.

e Arazi, aday nokta sayisi kadar kare seklinde bolgelere ayrilir. Her bolgeye bir aday nokta %80
olasilikla rasgele, %20 olasilikla bolgenin merkezine yerlestirilir.

Daha sonra, belirlenen aday noktalar icin uygulanacak erisilebilirlik testinin hangi noktalar arasinda
yapilacagi belirlenir. iki nokta arasinda yapilan erisilebilirlik testinde kullanilacak ikili noktalar kiimesi,
asagida verilen komsuluk tabanli yéntemlerden biri kullanilarak belirlenebilir (LA VALLE, 2006).

1. Enyakin K komsu: Belirlenen i noktasina en yakin K adet nokta, i noktasina komsulugu olan
noktalar olarak belirlenir.

2. Yaricap: i noktasinin merkez alindigi r yarigapindaki bir dairenin icerisinde yer alan noktalar
i noktasinin komsusu olarak belirlenir (Sekil 18). Calismamizda bu yéntem gerceklenmistir.

@

Sekil 18: Erisilebilirlik testinde kullanilacak noktalarin yarigap yontemiyle se¢imi

Yarigap yontemi ile olusturulan ikili noktalar kiimesi erisilebilirlik testinden gegirilmektedir
(Sekil 18). Bir noktadan diger bir noktaya erisilmesi, bu iki nokta arasindaki poligonlarin
egiminin 6nceden belirlenmis bir Ust limitten (6rnegin, 450) daha yiiksek olmamasi ve
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herhangi bir sabit engelin bulunmamasi anlamina gelmektedir. Erisilebilir her ikili nokta
grubu, vyol haritasi icin kullanilacak olan c¢izgede birer kenar ifade etmektedir.
Komsulugundaki hi¢cbir noktayla baglantisi olmayan noktalari ise gizgeye yerlestirmemekteyiz.
Sensor platformlarina bagh kisitlar gz 6niine alindig igin bu yontemle gizgedeki noktalari
kullanarak olusturacagimiz guiizergahlarin gergekgiligi saglanmis olur. Sekil 19'de temsili bir
araziigin Uretilmis cizge 6rnegi ile arazideki erisilebilir alanlar gérilmektedir.

Sekil 19: Olasiliksal yol haritasi yontemiyle tretilen noktalar ve baglantilar

Sorgu asamasi:
On hazirlik asamasinda olusturulan gizge veri yapisi kullanilarak, istenilen baslangic ve hedef noktalar
arasinda glzergah olusturma islemi bu asamada gerceklestirilmektedir.

Onceki adimda olusturulan cizgenin biitiin noktalarin birbirine bagli bir gizge olmasi, her tirlii
sorguya cevap verebilmesi agisindan zorunludur. Baslangic ve hedef noktalarina gore glizergah
olusturulurken, cizge lzerindeki hangi nokta ve kenarlarin kullanilacagi, Dijktsra algoritmasi gibi farkli
kisa yol algoritmalar yardimi ile veya A* gibi bazi sezgisel algoritmlar yardimi ile belirlenebilir.
Calhsmamizda Dijkstra kisa yol algoritmasindan yararlanilmistir. Sonugcta, istenilen sorguya goére
Uretilen her tirlG glizergah, arazinin egimli yapisi veya ortamdaki nesneler gibi etkenlerden
arindirilmis olacaktir.

Olasiliksal Yol Haritasinda Cesitli Parametrelerin Etkisi

Olasiliksal yol haritasinin olusturulmasi asamasinda asagida verilen parameterlerin etkisin oldugu
gozlemlenmistir.

e Aday nokta sayisi: Aday nokta sayisi yol haritasinin arazi yapisina ne kadar uyumlu oldugunu
belirlemede 6nemli bir etkendir. Fazla sayida nokta dar bodlgeler igin bile bir glizergah
olusturmada yardimci olurken, az sayida noktadan olusturulan yol haritasi sadece duizliikleri
gosterebilecek kadar basit kalabilir.

e  Komsuluk mesafesi: Komsu nokta seciminde “yaricap” yontemini kullandigimizda, yaricap
uzunlugu cizgedeki kenar sayisini dogrudan etkilemektedir. Yaricap degeri distk alindiginda
erisilebilen noktalar erisilemez olabilirken, ¢ok yiksek alindiginda ise kenar sayisindaki
fazlaliktan dolayi 6zellikle sorgu asamasinin ¢alisma siiresi oldukca artmaktadir.
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Poligon egimi (st limiti: Sensoriin lzerinden gecebilecegi en dik poligonun egimi arttikca
Uretilen cizgedeki nokta sayisi ve erisilebilen bolgenin alani artmis olur. Maksimum egim
degeri azaldikga, nokta sayisi ve erisilebilen bdlgenin buylklGgl, dolayisiyla sensérin
gorintileyebilecegi alan azalmis olur.

Arazide erisilebilen (kullanilabilen) alanin biylklGgini etkileyen bu parametrelerin tayini deneysel
on calismamizda yer almistir.

3.3.2 Kontrol Noktasi Se¢imi

Gelistirdigimiz sistemde, olusturulacak glizergahlar icin kontrol noktalari, olasiliksal yol haritasi
yontemi (PRM) ile belirlenen noktalar arasindan secilmektedir. Bu asamada, arazinin erisimi mimkiin
olan her bolgesinden kontrol noktasi secimi hedeflenmistir. Kontrol noktasi segim islemi iki asamada
gerceklenmektedir:

1.

ilk asamada, cizgedeki noktalar arasindan en az kenar sayisina sahip olan noktalar, aralarinda
belirli bir mesafenin saglanmasi durumunda, kontrol noktasi olarak secilir. Kenar sayisi en az
olan noktalar, genellikle dag etegi, vadi vs. gibi sensoérlerin tirmanamayacagi yiiksek egimli
bolgelerin baslangicinda oldugundan dolayl bu bolgelerin etrafinda hareket ederek arazinin
gorandrlik degerini arttirmak igin, kontrol noktalari bu bolgelerden segilir. Secilen
noktalardan bazilarinin arazinin sinirlarina ¢ok yakin olmasi durumunda ise, sinir bolgelerde
goranarlik degeri diger bolgelere goére daha dusik olacagindan, giizergahin etkinligini
arttirmak amaciyla segilen o noktalar, komsulugundaki noktalardan biri ile yer degistirir.

ikinci asamada, giizergahlarin daha diizgiin (gercekgi) olmasi ve arazinin geneline ulasabilmek
icin, secilen noktalarin bulundugu bolgeler haricinde arazideki diger bolgelere yeni noktalar
eger yakinlarinda kontrol noktasi yoksa eklenir. Oncelik, erisiimesi gii¢c olan bolgelerdeki
noktalar oldugu icin, kontrol noktalari agirlikl olarak bu noktalardan secilmektedir (Sekil 20).

Sekil 20: Temsili araziden segilen kontrol noktalari

3.3.3 Kontrol Noktalarinin Giizergahlara Atanmasi

Projemizin genel glizergah planlama adimindaki son asama, secilen noktalarin baslangi¢c ve hedef
noktalari belirlenmis glizergahlara atanmasi islemidir. Secilen noktalar teker teker tim glizergahlara
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katki degerleri sinanmak icin eklenir. Katki degerlerini hesaplamak icin benzer bir calismada (MOHAN,
2008) yer alan Myp, hesaplamasini problemimize uyarlayarak olusturdugumuz VPD (visibility-per-
distance) fonksiyonu kullanilmistir. VPD fonksiyonu mesafe ve toplam gorunirlik degerlerindeki
degisim orani kullanilarak olusturulurken Mpp, belirli bir noktanin gorinirlik degeri ve o noktaya
erisim icin gereken mesafeyi dikkate almaktadir. Eger secilen nokta bir glizergaha belirli bir
mesafeden daha yakinsa, VPD fonksiyonu ile test edilmeden dogrudan gilizergaha eklenir. Diger
secilen noktalar sirasiyla fonksiyon degerine gore en uygun sensoriin glizergahina atanir.

VPD (visibility-per-distance) Fonksiyonu:

Coziimdeki herhangi bir sensériin,S; € S ={s,,S,,...S,} glizergahina atanacak kontrol noktalari,
k, € K={kj,K,,...k,} ve kontrol noktalari ile olusturulan gtizergahtaki sensériin goriinurlik degeri
V(s;,K;) kullanilarak olusturulan VPD fonksiyonu asagidaki formilde tanimlanmistir (25).
Formildeki AV(S,kq), Si sensoriine K, kontrol noktasi atandiktan sonra olusan yeni glizergahla
birlikte ¢oziimiin yeni gorinirliik degerinin eski degerine oranini, Ad(S;,k,) ise s; sensériniin

glzergahina Kk, kontrol noktasi eklendikten sonra olusan giizergah ile eski glizergahin uzunluklari
arasindaki orani ifade eder.

AV(S,k,)"

= /- 1 \5a 25

Ad(Si,kq)S a ( )
Formildeki o parametresi (0 £ a £ 5), olusturulan gilizergahin mesafe ve gorunurliik kriterlerinden
hangisine ne kadar agirlik verildigini gbéstermektedir. Ornegin, a = 5 olursa kontrol noktasi seciminde
sadece goriandrlik degeri dikkate alinirken, a = 0 olmasi durumu da kontrol noktasi seciminde sadece
glzergahin uzunlugunun dikkate alindigini gosterir. Deneysel ¢alismamizda (0,5) araliginda gesitli a
degerleriyle testler gerceklestirilmistir.

3.4 Hareketli Sensorler igin Yerel Gilizergah Planlama Adimi

Genel glizergah planlama asamasi ile Uretilen kontrol noktalarina ek olarak, ¢alismamiz kapsaminda
sunulan karma evrimsel algoritma tabanli ¢6ziim yardimi ile kontrol noktalari arasinda yer alacak olan
ara noktalar Uretilerek, her sensor icin uygun glzergah olusturulmaktadir.Bu gergeklemede,
gorunirlik ve mesafe kriterlerinin yanisira maliyet, diizglinliik ve hareketli nesnelere karsi carpisma
kontroli (sensorler dahil) dikkate alinmaktadir.  Algoritmadaki melezleme islemi, baslangig
popilasyonu olusturulmasinda kullanilan probleme 06zgli yontemlerle yine probleme 06zgii
¢aprazlama ve mutasyon operatorleri yardimi ile saglanmistir.

Yerel glizergah planlama asamasinda steady-state (sabit-poptlasyonlu) evrimsel algoritma yaklasimi
kullaniimis olup, her nesilde iki ebeveyn bireyden ¢aprazlama sonucu tek bir birey Uretilmekte ve
mutasyon ile glizergahin uygunluguna gore onarim metodu uygulanmaktadir. Sonucta Uretilen yeni
¢O6zim poptlasyondaki en koti bireyin yerine yazilmaktadir. Ebeveyn secimi ise turnuva metodu ile
gerceklestiriimektedir. Bu boélimde evrimsel algoritma tabanli ¢dzimiimiz ile ilgili detaylar
sunulacaktir.

3.4.1 Kromozom Yapisi

Oncelikle, her giizergah kromozomda giizergahi olusturan kontrol noktalarinin koordinatlari ile temsil
edilir. Kontrol noktalari kromozomda baslangi¢ noktasindan hedef noktasina dogru koordinatlari
dikkate alinarak siralanir. Arazi lzerinden segilen kontrol noktalari arasinda olusturulan glizergahlar
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herhangi bir sensére ait glizergahin alt glzergahini olusturur. Her alt glizergahta ise belirlenen
hedefler dogrultusunda ara noktalar bulunmaktadir ve bu noktalar da kromozomu olusturan diger
noktalardir (Sekil 21).

X, Z,) (Xe Yo Zp)
°
d o)
- o
(XY, Zy) [0 Kontrol noktasi
X .Y .. Z
Kot Y1 Zoa) © Aranokta

Sekil 21: Bir sensor glizergahinin kromozomdaki yapisi

3.4.2 Uygunluk Fonksiyonu

Kromozomun uygunluk fonksiyonu sensor glizergahlarinin degerlendirmesiyle hesaplanmaktadir.
Guzergah degerlendirmesinde gorinirlik, maliyet, dizginlik ve erisilebilirlik etkenleri dikkate
alinmakta olup, bu etkenlerle olusturulan glizergah icin uygunluk fonksiyonu asagida verilmistir:

f(R)=V(AS,P)"(w,D(R) +W,S(R))"™ —w.C(R) (26)

Yukardaki formiildeki Wy, wg, Ws, W, sembolleri sirasiyla gérinirliik (V (A S,P)), malivet (D(R)),
duzgiinlik (S(R) ) ve erisilebilirlik (C(R) ) kriterlerinin ¢6ziime olan etki oranidir ve 0 < Wy, Wg, W, < 1,
W, > 1. Calismamizin temel hedefi arazi lzerinde kapsama oldugu icin ¢6zimdeki maliyet ve

dizginlik parametre grubu ile goriinirlik parametresi problemimizde ayri dislintlerek  w,
parametresi bu iki grubun ¢éziimdeki agirlik orani igin kullaniimaktadir.

Goriiniirliik Bileseni

Sabit sensorlerde gorunirlik degerinin hesaplanmasi icin gelistirdigimiz yontemi esas alarak,
hareketli sensérler igin yeni bir gérinirliik degeri hesaplama yontemi belirledik. Hareketli sensorlerin
algilama problemi, sabit sensorler icin algilama problemine getirilen ¢6ziim gibi, 6ncelikle secilen
sensorin algiladigl arazi bolimi ve bu arazi bolimi igerisinde yer alan poligonlari iceren kiimenin
olusturulmasini icermektedir. Daha sonra da bu kiimede yer alan her bir poligonun gorinirlik degeri
hesaplanir.

Guzergahlar sinirli sayida noktalardan olustugu icin, bir glizergahi dogru parcalarinin birlesimi
seklinde ifade edebiliriz. Hareketli sensérin algiladigl alanin hesaplanmasi, yatay FOV ve dikey FOV
testlerinden olusmaktadir. Bu testler glizergah lizerindeki her dogru pargasi icin ayri ayri uygulanir.

e Yatay FOV testi. Yatay FOV testi, sabit sensorler icin uygulanan yatay FOV testine benzer bir
islemden olusur. Yatay FOV testi, XZ dizleminde sensor spesifik parametreler olan yatay
goris acisi, yatay yonelme agisi ve goris mesafesi parametreleri ile sensoriin hareket ettigi
dogru parcasinin uzunluguna goére yapilan filtreleme islemini icerir.

Sabit sensorler icin uygulanan yatay FOV testinde goris alani icerisindeki noktalarin se¢imi,
noktanin gizilen iki tG¢gen icerisinde olup olmadigiyla test edilirken, Sekil 22’de goralduga gibi
Oi.1 noktasinda bulunan bir sensériin O; noktasina dogru hareket etmesiyle olusan gorus
alanindaki nokta secimi, cizilen iki yamuk (O;:Ai;AiC; ve 0;.Bi1B;C;) arasinda olup
olmadigiyla kontrol edilir.
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Sekil 22: Glizergah lzerindeki bir dogru pargasina uygulanan yatay FOV testi

Dikey FOV testi. Sabit sensorlerde gelistirdigimiz gibi, bir dogru parcasi icin yatay FOV testi
tamamlandiginda, yatay FOV’a gore algilanan arazi noktalarinin listesi dikey FOV testi icin
girdi olarak kullanilir. Dikey FOV testi sabit sensorlerde uygulanan dikey FOV testi ile ayni
adimlari icermesine ragmen, dikey FOV testinde kullanilan parametrelerden dikey yonelme
acisi glzergah Uzerindeki poligonlarin egimine goére farklik gostermektedir. Bu asamada,
hareketli sensorler igin dikey FOV testi, glizergahtaki dogru pargasinin Uzerinden gectigi her
poligon icin farkh dikey yonelme agilari ile tekrarlanir (Sekil 23).

h

Xz

Sekil 23: Dogru pargasina uygulanan dikey FOV testi

Guzergah Uzerindeki herhangi bir poligon (izerinden yapilan dikey FOV testinden gecen
noktalar, goris cizgisi algoritmalari yardimiyla (bkz. Janus ve Bresenham LOS algoritmalari)
sensor ile nokta arasinda kesintisiz géristn olup olmadigl test edilir. Son asamada, goris
cizgisi testinden gecen noktalarin goriintrlik degerleri sabit sensorler icin kullanilan
gorunurlik hesaplama yontemi ile hesaplanir.
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e  GOoriinirliik hesaplamasi. C6ziimde yer alan tiim sensor glizergahlari igin, yukarida agiklanan
hareketli sensorlerde algilama yontemleri kullanilarak, hesaplanan arazi Uzerinde
gorintilenen noktalarin gorindrlik degerlerinin toplamiile bulunur.

2., V(S p)xW,

z p; eWpi a

Formilde yer alan Wpi pi poligonunun agirligini, V (S, p;) poligonun gérindrliik degerini

V(AS,P)=

ifade eder. Formildeki bir poligonun gorinirligiiniin hesaplanmasi asagida belirtilmistir.

Zbepi ma‘XSjeS,pkeRSj {\/sj (Sj; pk ,b)}

n

V(S,p)= (28)

Bu formiilde, ¢oziimdeki sensorler (S) glzergahlari (R) lzerinde hareket halindeyken, p;
poligonunun en yiiksek gorinirliik degerini alan sensor (sj) ve sensoriin giizergahi (st)
Uzerindeki poligon (py) segilir ve p; poligonunun goriinlrlik degeri hesaplanir. p; poligonunun

gorundrlik degeri poligonu olusturan dort noktanin gorinirliik degerlerinin ortalamasi ile
hesaplanir.

Maliyet Bileseni
Bu bilesen degerini ¢ozimdeki glizergahlarin uzunluguna gére hesaplamaktayiz. C6zimin maliyetinin

hesaplanmasinda, giizergahlarin maliyetlerinin (d(p,) ) ortalamasi ile en uzun (max(d(p,))) ve en

kisa guizergahin (min(d(p,))) aralarindaki oran kullanilir. Céziimdeki tim sensérlerin birbirlerine

yakin glizergah uzunluklarina sahip olmasi, gorevin daha kisa siirede ve daha etkin sekilde
tamamlanmasina yardimci bir etkendir. Formildeki A1 sabiti, bu parametrenin ¢6ziimin maliyet
hesaplanmasindaki etkisini dizenlemek icin kullanilmistir. Deneyler, aksi belirtilmedik¢e, 1=0.50
olarak alinmstir.

D(R)=(Q_d(R,)/]S )x(min,{d(R,)}/ max,{d(R.)})* (29)

seS

d(R,) =2~ (D d(m;,m,,)/E(r))

ieRg
Gulzergahin normalize edilmis maliyet hesaplamasi, glizergahtaki her dogru parcasinin uzunluklar
toplaminin kullanilan sensoriin yatay goérme agcisi, arazinin buylkligl ve arazideki poligonlarin
ortalama egimleri kullanilarak olusturulan tahmini glizergah uzunluguna boéliinmesi ile hesaplanir.

Tahmini glzergah uzunlugu (E(r)) hesaplamasinda, 6ncelikle arazinin iki boyutlu alani arazideki

poligonlarin ortalama egimi ile carpilip sensdr sayisina bolinerek, sensér basina tahmini
goriantilenecek alan (APS) hesaplanir. Daha sonra, gorintilenecek alan yatay FOV testinde
hesaplanan alana esit olacak sekilde bir dogru pargasi uzunlugu hesaplanir. Hesaplanan bu uzunluk
K sabiti (x =1.75) ile carpilarak tahmini glizergah uzunlugu bulunur.

E(r) =(APS —A > xsin(a/ 2)) | (2x A, xsin(a / 2)) x k (30)
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Diizgiinliik Bileseni

Sensorlerin hareket kabiliyetinin ¢ok ylksek oldugunu farzetsek de, ozellikle yon degistirirken
cikabilecek sorunlar nedeniyle, sensoérlerin donis acilarinin 6énceden belirlenmis bir degerden
(mesela 30° gibi) daha diisiik olmamasi gerekir. Diizgiinliik hesaplamasinda, giizergahtaki tim ardisik

ikili dogru pargalarinin arasindaki agilar (e(l;,l;,,)) icinden sensériin hareketini engelleyecek

disuklikte olan agi degerleri géz 6nline alinir. Formilde toplam yerine g¢arpimin kullanilmasinin
nedeni, glizergah lzerinde uygun aci degerine sahip olmayan noktalar arttikca diizgtinliik degerinin o
oranda azalmasina sebep olmasidir.

s(R;) =1x HieR. a(l, L)/ min(e),where (l,1.,,) < min(a) (31)

Cozimin toplam diizglinlik degeri ise sensor glizergahlarinin diizglinliik degerlerinin ortalamasiyla
hesaplanir.

S(R)zzn:s(Ri)/n (32)

Erisilebilirlik Bileseni

Guzergah lzerindeki her dogru pargasinin erisilebilirlik kontrolli, dogru parcasinin baslangi¢ ve varis
noktalari arasindaki erisilebilirlik testi ile gerceklenir. Olasiliksal yol haritasinda da kullanilan bu
yontemde, dogru parcgasinin (izerinden gectigi poligonlarin egimi ve sabit engellerin varliginin
kontroli yapilr.

Cozamiin erisilebilirlik degeri, glizergahlarin Gzerindeki dogru parcalarindan erisilebilirlik testinden
gecemeyen poligonun sayilarinin (0(p;)) toplaminin glizergahlarin tzerindeki toplam poligon sayisina

(R, ) bélunmesi ile hesaplanir.

ZSES Z:ieRS 0( pi )
seS S

3.4.3 Baslangi¢ Popiilasyonun Olusturulmasi

C(R) =

Calismamiz  kapsamindaki evrimsel algoritma tabanli ¢6zimin baslangic popilasyonunun
olusturulmasi li¢ asamada gergeklenmistir:

e Kontrol noktalarinin se¢imi. Genel gilizergah planlama asamasinda popilasyondaki cesitliligi
arttirmak icin baslangicta Uretilecek her bir bireye ait kontrol noktalari, sensorlerin
glzergahlarina atanan kontrol noktalari ile bu noktalarin komsulugundaki noktalar arasindan
rasgele segilir.

e Ara noktalarin se¢cimi. Secilen kontrol noktalari arasinda olusturulan alt glizergahlar i¢in ara
noktalarin secimi, birincil ve ikincil ara noktalarin secimi ile gerceklestirilir. Birincil ve ikincil
ara noktalar ise olasiliksal yol haritasinda Uretilen noktalar arasindan segilir. Birincil ara
noktalar, en kisa yol algoritmasi kullanilarak Uretilen alt glizergahtaki ara noktalardir. Birincil
ara noktalardan herhangi ikisi arasina, olasiliksal yol haritasi yonteminde Uretilen cizgedeki
noktalardan biri eklendiginde bu iki nokta arasinda alternatif bir baglanti saglaniyorsa, bu
nokta ikincil ara noktalar grubuna kaydedilir (Sekil 24). Birincil ve ikincil ara noktalar
arasindan nokta secimi isleminde noktalar dncelikle baslangi¢ noktasindan hedef noktalasina
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dogru yakinliklarina goére siralanir ve sirlanmis sekilde iki gruba ayrilir. Secilecek nokta sayisi
belirlendikten sonra iki gruptan esit sayida olacak sekilde noktalar rasgele segilir.

© Birincil ara nokta
@ Ikincil ara nokta

Sekil 24: iki kontrol noktasi arasinda giizergah olusturmada kullanilan birincil ve ikincil ara noktalar

Yatay ve dikey yénelme agilarinin belirlenmesi. Bir glzergah lzerindeki sensérin en yiksek
gorinirlik degerine erismesini saglamak igin yatay ve dikey yonelme acilarinin giizergahtaki
her dogru parcasi icin farkli degerler almasi gerekebilmektedir. Ornegin sensoriin giizergahi
Gzerindeki bir bolge baska bir sensor tarafindan da gorintilenebiliyorsa sensoriin yatay
yonelme agisini degistirerek farkli yerleri gériintileyebiliriz.

Baslangic poptlasyonunda dikey ve yatay yonelme acilarini rasgele belirleyebilecegimiz gibi
yatay yonelme acisini lizerindeki dogru parcasi ile ayni dogrultuda ayarlarken dikey yonelme
acisini Uzerinden gectigi poligonlarla paralel olacak sekilde de belirleyebiliriz.

3.4.4 Caprazlama Operatorleri

Kontrol noktalari izerinde yapilan caprazlama islemi, secilen iki ebeveyn ¢o6ziimdeki tim sensoér
glzergahlari icin tekrarlanir. Calismamizda iki farkli caprazlama operatéri tanimlanmistir:

Goriinirliige Bagh Caprazlama. Caprazlama islemi; segilen her iki ebeveyndeki sensorlere ait
glzergahlardaki kontrol noktalarinin sayisi ayni ve kontrol noktalarinin yerleri birbirine yakin
oldugundan, alt glzergahlar arasinda gerceklesebilir. Caprazlama islemi, bir glizergahtaki
ardisik her iki kontrol noktasi arasindaki alt glizergahin toplam fayda degerlerine gore
gerceklestirilir.

Oncelikle, her iki ebeveyndeki tiim giizergahlarin toplam gériiniirlik degeri hesaplanir ve iki
ebeveyn arasinda sirayla secilen alt glizergahlardan en yiksek goriinirlik degerine sahip alt
glzergah, caprazlama sonucu olusacak yeni bireye tasinir. Bu islem tim sensorler icin
gerceklestirilebilecegi gibi, rasgele secilen bir glizergaha da uygulanabilir.

Rastgele Caprazlama. Caprazlama islemi 6nceki yontemdeki gibi alt glizergahlar arasinda
gerceklestirilir. Caprazlama isleminde ebeveynlerden alt glizergah secimi rasgele gerceklesir
ve glizergahtaki alt glizergahlarin belirli kismina uygulanir (40%). Geride kalan alt glizergahlar
icin ebeveynlerden toplam uygunluk degeri yiksek olan alt glizergah secilerek glizergahin
kalan kismi tamamlanir.

3.4.5 Mutasyon Operatorleri

Gulizergahta yer alan herhangi iki ardisik dogru pargasi arasindaki dar agidan veya giizergahtaki belli
bir bolgeye erisimin sabit engel veya arazideki yiksek egimin etkisiyle engellenmesinden dolayi
sensoriin hareket etmesine engel olusturabilecek durumlari diizenlemek igin mutasyon operatorlerini
uygulamaktayiz. Ug farkli mutasyon operatérii gerceklenmistir:
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3.4.6

Ara nokta ekleme: Yukaridaki kriterlere gore segilen iki ardisik noktanin gevresine rasgele yeni
bir nokta eklenir. Eger glizergah Ulzerinde sensoriin hareket etmesine engel olabilecek durum
bulunmuyorsa, goranarliga arttirmak amaciyla en dusik gorindrlGge sahip alt glzergaha,
ara noktalara belirli bir mesafeden yakin olmasi kosuluyla belirli bir olasilikla, yeni nokta
rasgele eklenir. Bu islem bireydeki tim glizergahlar icin tekrarlanir.

Ara nokta giincelleme: Yukaridaki kriterlere gore segilen iki ardisik ara noktadan biri
komsulugunda bir yere tasinir. Eger glizergahtaki tim dogru parcalar yukaridaki kriterlere
uygunsa, arazinin gorlintrligini arttirmak icin en dislik goriintrlige sahip alt glizergahtan
rasgele secilen bir noktanin yeri komsulugundan segilen rasgele bir noktaya tasinir. Bu islem
bireydeki tim glizergahlar igin tekrarlanir.

Ara nokta silme: Yukaridaki kriterlerden sadece agi kisitini saglamayan noktalardan biri
rasgele secilerek silinir.

Kontrol noktasi giincelleme: Rasgele secilen bir kontrol noktasinin yeri komslugundaki bir
nokta ile degistirilir.

Hareketli Engellere Karsi Carpisma Kontrolii

Galismamizda gelistirdigimiz ¢arpisma kontrolii modill, bir ¢éziimde yer alan sensorlerin kendi
aralarinda carpismayi engelleyici yontemleri icerir. Bu amacla, ¢oziimdeki sensorlerden herhangi
ikisinin glizergahinda bir kesisme varsa, sensorlerin baslangi¢c noktasiyla kesisim noktasi arasindaki
varis mesafeleri hesaplanir. Eger varis mesafeleri arasindaki fark onceden belirlenmis bir sinir
(threshold) degerinin altinda ise, sensorlerin biribirlerine carpma olasiligi yiksektir. Bu durumda
glzergahlardan birine kesisme noktasini degistirecek sekilde, sensorlerin o noktaya varis mesafelerini
de dikkate alarak, yeni bir ara nokta eklenir. Boylece sensorlerin kesisme noktasina varis mesafeleri
degiseceginden carpisma engellenmis olur. Bir sonraki bolimde anlatilacak olan hareketli sensérlere
ait deneysel calismada, gerceklenen bu moddl belirli araliklarla tiim popilasyona uygulanmaktadir.
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4 Bulgular

4.1 Statik Sensor Konumlandirma Problemine Yonelik Olarak Yapilan
Deneyler

Bu bolim, farkl karakteristige sahip araziler ve farkh askeri misyonlar (gorevler) icin, gelistirilen
karma evrimsel algoritmanin performansini 6lgmeye yonelik tamamladigimiz deneyleri icermektedir.
Bu deneysel calismalarimizi iki gruba ayirabiliriz. Birinci grup deneyler, caprazlama operator tird,
mutasyon operator tiri gibi gelistirilen GA-tabanli algoritmaya 6zgli parameterlerle yapilan deneyleri
icermektedir. ikinci grup deneylerde ise hem algoritmaya bagl diger etkenlerin (yerel arama gibi)
hem de tanimlanan probleme bagl etkenlerin (arazi yapisi, misyon tird, sensor gorintileme tiri
gibi) ¢6ziime olan katkisi test edilmistir.

4.1.1 Deney Tasarimina Yonelik Genel Bilgiler

Tasarlayip C programlama dili ile gercekledigimiz karma evrimsel algoritmanin parametreleri ile,
problem (Uretilen arazi) ile ilgili parametreler ve askeri misyonla ilgili parametrelerin sayisinin ¢ok
fazla olmasi ve her bir setin kosum zamaninin is istasyonlarinda en az 10 dakika civarinda slirmesi
toplam deney siresinin ¢ok uzun olmasina yol agmistir. Her bir deney kombinasyonu icin elde
edilecek sonuglarin istatistiksel acidan anlaml olabilmesi icin en az 30 tekrarin yapilmasinin da
zorunlu oldugu duslnildiglinde, en az 100.000 defa programin galistirilmasi gerekmis ve bu amacgla
iTU Ulusal Yiiksek Basarimli Hesaplama Merkezi (UYBHM) nin olanaklarindan faydalaniimistir.
Projemiz kapsaminda gelistirilen karma evrimsel algoritma, iTU UYBHM deki her biri Intel Xeon 2.33
GHz islemcili ve Linux isletim sistemi kurulu clusterda (grup sisteminde) ayni anda birden fazla
deneye yonelik olarak calistirilmasi icin, MPl (Message Passing Interface) kitliphanesinde yer alan
fonksiyonlardan yararlaniimistir. Grup sisteminde yapilan deneylere yonelik olarak, karma evrimsel
algoritmamizda sabit deger alan parametreler Tablo 1'de verilmistir.

Tablo 1: Deneysel calismamizda kullanilan sabit parametrelerin varsayilan degerleri

Parametreler Degerler
Baslangi¢ popiilasyonu olusturmada sensor sayisi katsayilari y:=1.00, y,=1.75
Sensorin bir bolgeye atanmasi (bolgenin merkezine, rasgele) (%20, %10)
Katki ve komsuluk tabanli caprazlamada goris mesafesi carpani u=0.4
Offspring olusturmada ebeveynlerden tasinan sensor sayisi ¢arpani €=0.5
Yerel aramada iyilestirme orani Ig= %20
Yerel aramada bakilan sensor orani(¢6ziimdeki sensor sayisinin en fazla Spr=%10
ylizde kagina bakilacagi)
Disman sensor sayisi (tespit, teshis, tanima) (10, 40, 100)
Turnuva blyuklGgu 5
Toplam nesil sayisi 1000

Algoritmanin sonlandirma sartini belirlemek igin, gérinirligin agirhkli oldugu bir misyona (géreve)
yonelik olarak 10.000 iterasyonluk bir deneyle algoritmanin performansi 6lgilmustir (Sekil 25a).
Sekilden de gorilecegi lizere 1000'inci iterasyona kadar olan kisimdaki performans artisi ile 1000'inci
iterasyondan sonraki kisimdaki performans artisi arasinda ¢ok biyiik bir fark vardir. Toplam fayda
hesaplamasinda kullanilan gorindrlik, gizlilik ve maliyet kriterleri arasindaki ¢elismeden dolayi,
testlerde goriinirlik ve gizlilik degerleri yiikselirken maliyet degeri dismektedir ve bir noktadan
sonra toplam fayda degerinde ¢ok buyik degisiklik olmamaktadir (Sekil 25b). Bu nedenlerden dolayi
diger tiim deneylerimizde ¢alismamiz 1000 iterasyona kadar test edilmistir.
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Sekil 25: Iterasyon sayisina gore karma evrimsel algoritmanin (a) toplam fayda degeri ve (b) 3 fayda kriterinin
performans degerlendirmesi

4.1.2 Algoritmaya Ozgii Parametreler ile Yapilan Deneyler

ilk grup deneyler algoritmaya 6zgii parametrelerin belirlenmesini icermektedir. Tablo 2’de gorildugi
Uzere dort farkh algoritmaya 0zgli parameter bulunmaktadir: a) Popilasyonun buydklGga, b)
¢aprazlama tird, c) mutasyon tird ve d) mutasyon isleminde kullanilan parametrelerden biri olan
sensor segim tiru.

Tablo 2: Algoritmaya 6zgli parametre alternatifleri

BE?EE:E;O(Z\) Caprazlama (B) Mutasyon (C) Mutasszz:;ra(ls)(;gllen
1-30 1- Katki tabanh Caprazlama 1- Konum tabanli 1- Rastgele
2-50 2-Komsuluk tabanh 2- Aci tabanh 2- Minimum
3-100 Caprazlama 3- Rastgele (1/2) (konum goranarluk
3- Kes-Birlestir Caprazlama veya agl tabanli)

Tablo 2’deki parametreler 54 farkli kombinasyon olusturmaktadir ve her kombinasyon deneylerde
30'ar defa tekrarlanmistir. Deneylerdeki tekrarlarda biitiin kombinasyonlar test edildigi icin
¢alismamizda “full factorial design” kullanildi (MONTGOMERY, 2005). 1620 tane testten olusan bu
deney grubunda diger parametreler varsayilan degerlere ayarlanmistir. Baslangic popilasyonu
ozellikle hicbir sezgisel yontem kullanilmadan rasgele Uretilmistir. Yatay yonelme acisi artis miktari
sensor turleri arasinda en disik yatay gérme agisinin dortte biri degeri olan 25° olarak belirlenmistir.
Dikey yénelme agisi artis miktari ise 3° olarak ayarlanmistir. Bu gruptaki deneylerde zorluk derecesi
ylksek bir arazi ile goriinlirlGglin baskin oldugu bir gérev ve teshis modu dikkate alinmistir.

Sekil 26'de bu dort algoritmaya bagli parametrelerin toplam fayda degerine etkisi gorilmektedir.
Sekilde yer alan dizey (level) ifadesi Tablo 2'de yer alan algoritmaya bagli parametre degerlerinin
karsihgl olmaktadir. Deney boyunca tim parametreler sabit oldugu i¢in parametrelerin toplam fayda
degerine etkileri ve birbirleri arasindaki etkilesimleri hakkinda olusturulan hipotezler kolayca formiile
edilip test edilebilir.
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Sekil 26: Gortnurlik agirlikli misyonda dort etkenin toplam fayda degerine etkisi

Gorindrlik agirhkli misyonda toplam fayda degerinin varyans analizi (ANOVA) Tablo 3'de
Ozetlenmistir. Tablodan goriilecegi lizere, dort ana etken ve baslangi¢c popilasyonu ve caprazlama
isleminin arasindaki etkilesim toplam fayda degerini ciddi oranda etkilemistir. “Prob > F” stitunundaki
tim verilerin 0.0500 degerinden disiik olmasi A, B, D ve AB terimlerinin istatistiksel olarak
anlamliligini (bagimli degiskeni belirlemede etken oldugunu) gostermektedir.

Tablo 3: Gorundrlik agirhkl misyonda toplam fayda degerinin varyans analizi

Source Sum of Mean F p-Value
Squares Square Value Prob>F

Model 1.52 9 0.17 1250.65 <0.0001 significant
A-Population 0.28 2 0.14 1035.91 <0.0001
B-Crossover 1.17 2 0.59 4350.85 <0.0001
D-Source Sensor 0.011 1 0.011 78.42 <0.0001
AB 0.054 4 0.014 100.97 <0.0001
Residual 0.22 1610 0.0001348
Lack of Fit 0.013 44 0.0002956 2.27 <0.0001 significant
Pure Error 0.20 1566  0.0001302
Cor Total 1.73 1619
Std.Dev. 0.012 R-Squared 0.8749
Mean 0.61 Adj. R-Squared 0.8742
C.v. 1.90 Pred. R-Squared  0.8733
PRESS 0.22 Adegq. Precision 101.647

En iyileme sonuglari toplam fayda degeri igin hedeflerin belirlenmesi ve en uygun sartlarin
saglanmasiyla elde edilir. Gorunirliik tabanli gérevde bu uygun sartlar igin, ozellikle, popilasyon
blylikligl 50 olarak belirlenirken ¢aprazlama operatori olarak katki tabanli ¢aprazlama, mutasyon
isleminde kullanilan sensor seciminde ise en distk goriiniirlik degerine sahip sensor secilmistir.
Algoritmaya 6zgl parametreler iginde bunlara karsi sadece mutasyon operatoriiniin toplam fayda
degerine 6nemli bir katkisi yoktur.

4.1.3 Probleme Ozgii Parametreler ile Yapilan Deneyler

ikinci grup deneylerde birinci grup deneylerde yer almayan algoritmaya 6zgii parametreler (baslangic
popllasyonu secimindeki strateji, yatay ve dikey yonelme acilarinin artis miktari) ile probleme bagli
parametreler (arazinin yapisi, toplam fayda degerinin hesaplanmasinda kullanilan kriterlerin agirlik
degerleri) kullanilmistir. ikinci grup deneylerde kullanilan bu parametrelerin degerleri Tablo 4'de
listelenmistir. Ayrica ilk grup deneylerde elde edilen algoritmaya bagli parametrelerin en iyi degerleri
bu gruptaki deneylerde de kullaniimistir.
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Tablo 4: ikinci grup deneylerde kullanilan parametre alternatifleri

Baslangi¢ Popiilasyonu Yatay Yonelme Dikey Yonelme Fayda Agirhik Arazi Yapis!
Segim Stratejisi Agisi Artis Miktar1  Agisi Artis Miktari Oranlari
(%75 Sezgisel-%25 Rasgele) 25 3 (0.6,0.3,0.1) Terrain 1 (dlzllk)
(%50 Sezgisel-%50 Rasgele) 50 5 (0.3,0.6,0.1) Terrain 2 (dlzllk)
(%100 Rasgele) 75 7 (0.25,0.25,0.5) Terrain 3 (engebeli)
10 Terrain 4 (engebeli)

Varyans analizi testlerine gore, Tablo 4'deki ilk G¢ parametrenin toplam fayda degerine 6nemli bir
katkisi olmadigl gorilmektedir. Arazinin engebelilik derecesi ve fayda kriterlerine verilen farkli
agirhklarla olusturulan gorev tirleri ise toplam fayda degerine 6nemli katki saglamaktadir. Boylece,
ilk grup deneyler diger alternatif gorevler (gizlilik agirhkli ve maliyet agirlikh) icin genisletilebilmistir.
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Sekil 27: Gizlilik agirlikh misyonda doért etkenin toplam fayda degerine etkisi

Gizlilik agirlikh gérevde algoritmaya bagh parametrelerin ¢éziime olan etkisi Sekil 27'de ve yine ayni
gorev icin varyans analizi sonuglari Tablo 5'de verilmistir. Tablodan da gorilecegi lizere, poplilasyon
blyliklGgl, ¢caprazlama ve mutasyon tirl, ve bu parametreler arasindaki etkilesim toplam fayda
degerine oOnemli katkilar saglamaktadir. Bu iliski tablodaki “R-Squared” degerleri ile de
dogrulanmistir. Sayisal en iyilemeye gore gizlilik agirhkli goérev icin Tablo 2'deki parametrelerin
degerleri gorindrlik agirlikh gérevde kullanilan degerlerle ayni degerlere ayarlanir.
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Tablo 5: Gizlilik agirhkh misyonda toplam fayda degerinin varyans analizi

Source Sum of df Mean F p-Value
Squares Square Value Prob>F

Model 5.72 26 0.22 1154.28 <0.0001 significant
A-Population 0.28 2 0.14 721.86 <0.0001
B-Crossover 5.22 2 2.61 13697.54 <0.0001
C-Mutation  0.013 2 0.006627 34.76 <0.0001
AB 0.19 4 0.047 245.27 <0.0001
AC 0.007771 4 0.001943 10.19 <0.0001
BC 0.007448 4 0.001862 9.77 <0.0001
ABC 0.008026 8 0.001003 5.26 <0.0001
Residual 0.30 1593 0.0001907
Lack of Fit 0.007416 27 0.0002747 1.45 0.0631 not significant
Pure Error 0.30 1566 0.0001892
Cor Total 6.03 1619
Std.Dev. 0.014 R-Squared 0.9496
Mean 0.76 Adj. R-Squared 0.9488
C.v. 1.82 Pred. R-Squared  0.9479
PRESS 0.31 Adeq. Precision  91.579

Maliyet tabanli gérevde algoritmaya bagli parametrelerin ¢6ziime olan etkisi Sekil 28'de ve yine ayni
gobrev icin varyans analizi sonuglari Tablo 6'da verilmistir. Algoritmaya bagl parametrelerin timi ve
kendi aralarindaki etkilesim toplam fayda degerine 6nemli katkilar saglamistir. Bu iliski tablodaki “R-
Squared” degerleri ile de dogrulanmistir. Sayisal en iyilemeye gore populasyon buyiikligi 30 olarak
belirlenirken caprazlama operatorii olarak kes-birlestir caprazlama ve mutasyon operatori olarak

konum tabanli mutasyon operatoéri secilmistir.
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Tablo 6: Maliyet agirliklh misyonda toplam fayda degerinin varyans analizi

Source Sum of df Mean F p-Value
Squares Square Value Prob>F

Model 2.99 35 0.085 478.55 <0.0001 significant
A-Population 0.044 2 0.022 122.60 <0.0001
B-Crossover 2.60 2 1.30 7276.74 <0.0001
C-Mutation 0.062 2 0.031 174.90 <0.0001
D-Source Sensor  0.000768 1 0.000767 4.30 0.0382
AB 0.20 4 0.051 283.21 <0.0001
AC 0.016 4 0.004104 23.02 <0.0001
AD 0.000253 2 0.000127 0.71 0.4915
BC 0.038 4 0.009589 53.77 <0.0001
BD 0.000796 2 0.000398 2.23 0.1078
ABC 0.022 8 0.002771 15.54 <0.0001
ABD 0.004675 4 0.001169 6.55 <0.0001
Residual 0.28 1584 0.000178
Lack of Fit 0.004112 18 0.000229 1.29 0.1874 not significant
Pure Error 0.28 1566 0.000178
Cor Total 3.27 1619
Std.Dev. 0.013 R-Squared 0.9136
Mean 0.77 Adj. R-Squared 0.9117
C.v. 1.74 Pred. R-Squared 0.9096
PRESS 0.30 ] ‘Adeq. Precision 78.930

4.2 Performans Degerlendirmesi ve Tartisma

Bu bolimde gesitli unsurlarin ¢éziimiin kalitesine olan etkisi degerlendirilmis ve ilgili tartismalar
sunulmustur.

4.2.1 Algoritmanin Kosum Siiresi Analizi:

Karma Evrimsel Algoritmanin bes farkh bolimianin (baslangi¢ poptilasyonu, caprazlama ve mutasyon
operatorleri, yerel arama ve uygunluk hesaplamasi) calisma sirelerinin ylzdesel oranlari, g farkh
gorev icin farkli caprazlama operatorleri dikkate alinarak Sekil 29'da gosterilmistir. Katki tabanli ve
komsuluk tabanl caprazlama operatérleriyle mutasyon operatoriiniin calisma siresinin yiizdeleri cok
kiicik (<< 0.01) oldugu icin ¢izgede gosterilmemektedir. TiUm sonugclara genel olarak baktigimizda;
yerel arama metodu ve uygunluk hesaplamasi, katki tabanl ve komsuluk tabanli ¢6zlimlerin toplam
calisma siirelerinin %98'ini olusturmaktadir.

Buna karsin kes-birslestir caprazlama operatoérd, iki yeni bireyin uygunluk hesaplamasindan dolayi
toplam calisma siiresini %33 oraninda artirmistir. Yerel arama isleminin toplam ¢alisma siresindeki
orani, bireylerdeki ortalama sensor sayisinin her ¢aprazlama operatori igin farklilik gdéstermesinden
dolayi farkli degerler vermektedir. Kes-birlestir ¢caprazlama operatoriiniin kullanildigi ¢éziimlerdeki
birey sayisinin diger ¢aprazlama operatorlerinin kullanildigi ¢6zlimlerdeki birey sayisindan daha az
oldugu gorilmektedir. Bunlara ek olarak, katki tabanli ve komsuluk tabanli ¢aprazlama
operatorlerinin kullanildigl ¢oziimlerdeki popilasyon biylkIGgi kes-birlestir caprazlama ¢oziimiine
gore daha buyilk oldugu igin, baslangi¢ poplilasyon lretiminin ¢alisma siiresi kes-birlestir caprazlama
operatorlerinin kullanildigi ¢6ziimlerde digerlerine gére daha kiigiik orana sahiptir.
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Sekil 29: Karma evrimsel algoritmanin gesitli bolimlerinin goriinirlik (a), gizlilik (b) ve maliyet (c) agirhkh
misyonlarda kosum siresi ylizdeleri

4.2.2 Yerel Arama Yonteminde Sonlandirma Kosulunun Etkisi:

Baslangi¢ poplilasyonunda sensorlerin agisal 6zellikleri rasgele belirlendigi icin, sensorler belirlenen
arazi Uzerindeki konumlarinda en ideal agisal degerlere sahip olmayabilirler. Bu nedenle baslangic
popilasyonundaki bircok sensoriin gorunirliik fayda degeri 0.01'in altindadir. Sekil 30'de detayli
sekilde aciklanan yerel arama yontemi, sensoérlerin yatay ve dikey yonelme acilarini degistirerek
goriandrlik fayda degerini yikseltmeyi hedeflemektedir.

Deneylerde yerel arama yontemi iki farkli sekilde sonlanmaktadir: sensoérlerin gorinirlik fayda
degerlerinde toplam %20' lik ilerleme olmasi veya goriinirlik fayda degeri iyilestiriimeye calisilan
sensor sayisinin ¢oziimdeki toplam sensor sayisinin %10' una ulagsmasi. “Teshis” arama modunda
goranarlik agirlikh bir deneyde her iterasyondaki yerel arama ydonteminin sonlanma sebebi Sekil
36'da gosterilmistir.

Mum ber of Sensors Examined

T T T T T T T T T
[} 103 200 ki 4] 400 500 il 4] 700 a0 14 4] 1@

Numbe of Genaaions

Sekil 30: Gorunurlik agirlikli misyonda yerel arama yonteminin sonlanma kosulu

Sekil 30'da gorilecegi Uzere ilk 200 iterasyon boyunca ¢ozimlerdeki en kot sensorin goranirlik
fayda degerindeki iyilestirme orani tanimlanan %20' lik kosulu saglayip yerel arama yontemi
sonlanmaktadir. 200 ve 300' Uncl iterasyon arasinda acisal Ozellikleri degistirilip test edilen
sensorlerin sayisi iterasyon sayisi ilerlerken hafifce artmaktadir. Teshis arama modunda bireylerdeki
ortalama sensor sayisi 60 oldugu icin 300' incl iterasyondan sonra toplam sensor sayisinin %10' u
olan 6 sensorde yapilan testlerden sonra yerel arama yontemi %10' luk sensor limitine ulastigl igin
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sonlanir. Sonug olarak, ilk iterasyonlarda yerel arama yontemi iyilestirme orani Ust limitini sagladigi
icin sonraki iterasyonlarda ise test edilen sensor sayisi Ust limitini sagladigi icin sonlanmistir. Benzer
gbzlemler diger arama modlari icin de gecerlidir.

4.2.3 Yerel Aramada Alternatif Yontemlerin C6ziime Etkisi:

Onceki kisimda belirtildigi gibi, yerel arama metodu sensérlerin acgisal 6zelliklerini degistirerek
¢O6zimin kalitesini arttirmayi hedeflemektedir. Tablo 7'de yerel arama metodu icin (¢ alternatif
yontemin ¢6zlime katkisi gorilmektedir. “Heading — Tilt” olarak adlandirilan ilk alternatif yontemde,
sensoriin yatay yonelme acisi sensoriin gorinirliik degerinde ilk ilerleme saglanana kadar degistirilir;
daha sonra dikey yonelme acisi tim alternatif ac¢i degerleriyle test edilir ve en ylksek gorinirliik
fayda degerine sahip aci degeri bulunur. “Tilt — Heading” olarak adlandirilan ikinci yontemde, ilk
ydntemdeki yatay ve dikey yénelme agi testlerinin yerleri degistirilmistir. Uclincii ydntemde ise, yerel
arama yontemi kaldirilip toplam iterasyon sayisi 1000' den 2000' e gikarilmistir.

Tablo 7: Yerel arama metodunda alternatif yontemlerin performans degerlendirmesi

Yerel Aramadaki | Misyon Sensor R, - . Toplam | Kosum Siiresi
Giincellemeler Tipi Sayisi Gorunarlak| - Gizlilik | Maliyet Fayda (dk.)
M1 64.2 0.4953 0.7549 | 0.4476 |0.6621 26
Heading—Tilt M2 63.8 0.4192 0.9183 | 0.5491 |0.8418 25
M3 12.6 0.1186 0.9683 | 0.9117 |0.8618 9
M1 64.2 0.4992 0.7479 0.4425 |0.6614 18
Tilt—>Heading M2 62.8 0.4263 0.9112 0.5516 | 0.8408 17
M3 12.0 0.1191 0.9660 | 0.9114 |0.8610 8
M1 72.4 0.5041 0.7645 0.3770 | 0.6615 24
Yerel Arama Harig M2 67.0 0.4176 0.9224 | 0.5049 |0.8363 21
M3 7.1 0.1123 0.9949 | 0.9447 |0.8901 8

Tablodaki ikinci stitun gorev tiriini belirtmektedir. M1, M2, M3 sirasiyla gorinurlik, gizlilik ve
maliyet agirliktaki gorevleri simgeler. Her Ui¢ gorev igin test edilen yerel aramadaki U¢ alternatif
yontem birbirine yakin degerler vermektedir. Tim yatay yonelme agisi alternatiflerinin sayisi dikey
yonelme agisi alternatiflerinin sayisindan daha az oldugu igin, “Heading — Tilt” yontemi “Tilt —
Heading” yéntemine gére daha uzun siirede sonlanir. Ugiincii yéntemde ise yerel arama metodu
cikarilmasina karsin iterasyon sayisi iki katina gikarildigi igin toplam fayda degeri ilk iki ydntemle yakin
degerlere sahiptir. Calisma stresinin dislk olmasindan dolayi kalan diger deneylerimizde “Tilt —
Heading” yontemi yerel arama metodu olarak kullaniimistir.

4.2.4 Katki Tabanh Caprazlamada Sens6r Sayisi Carpaninin Etkisi:

Cozumdeki sensor sayisinin ¢oziimiin fayda degerlerindeki (gorunirlik, gizlilik, maliyet) etkisini
olcmek icin katki tabanl ¢aprazlama yonteminde kullanilan sensér sayisi ¢arpani (¢€) gorinarlik (M1)
ve gizlilik (M2) agirlikh gorevlerde farkli degerlerle test edilmistir (bkz.Tablo 8). Sensor sayisindaki
artis gortintirluk fayda degerini dogrudan olumlu etkilerken maliyet ve gizlilik fayda degerlerindeki
diststen dolayi toplam fayda degerini olumsuz etkilemektedir. Toplam fayda degerinin hesaplanmasi
birbiriyle celisen etkenlere bagli oldugu icin, gortntrlik fayda degeri yapilan tim deneylerde 0.60
degerini gecememistir. Toplam fayda degerindeki fayda etkenlerinin kendi aralarindaki celisen iliski
Tablo 8'de de gorilmektedir.
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Tablo 8: Algoritmada cgesitli sensor sayisi ¢garpanlarinin performans degerlendirmesi

Sensor Sayist | Misyon Sensér | coriinirlik|  Gizlilik | Maliyet | oP12m
Carpani Tipi Sayisi Fayda

B M1 102.2 0.5350 0.7234 0.2562 0.6488
¢=06 M2 102.2 0.4837 0.8417 0.3392 0.7819

~ M1 117.5 0.5441 0.7124 0.1751 0.6381
£=0.7 M2 124.1 0.4903 0.8231 0.2001 0.7478
-08 M1 119.7 0.5391 0.7176 0.1549 0.6332
= M2 128.3 0.4943 0.8171 0.1714 0.7406

4.2.5 (oziime Yeni Sensor Eklemenin Coziimiin Kalitesine Etkisi:

ilk sensdr ekleme yéntemi, popiilasyonun %60'ina her 100 iterasyonda bir rasgele 3'er sensér
eklemeyi icermektedir. Eklenecek sensorlerin tim Ozellikleri limitler dahilinde rasgele belirlenmistir.
Bu yontemin kullanildigi her gorev icin toplam fayda degerleri Tablo 9'da verilmistir. Tablo 7'deki
testlerle ayni parametrelere (arazi sekli, gériintiileme modu ve diger algoritmaya bagli parametreler)
sahip bu yontemin sonuclari Tablo 7'deki sonuclarla cok benzerlik gostermektedir.

Bu benzerlige karsin gorindrlik ve gizlilik baskin ¢éziimlerde ortalama sensor sayisi Tablo 8'deki
degerlerine gore %15 daha yiksek iken, maliyet baskin ¢oéziimlerde ortalama sensor sayisi 3 kat
artmaktadir. Sensor sayisindaki artis U¢ gorevdeki gorindrlik fayda degerini de yikseltmektedir.
Gorunurlik baskin gérevde maliyet fayda degeri azalma orani gérindrliligin artma ornanindan
ylksek oldugundan dolayi toplam fayda degerinde 6nemli bir degisiklik olmamistir. Gizlilik ve maliyet
baskin ¢c6zlimlerde maliyet fayda degeri azalma orani ile gortintrlGlGgin artma ornani arasindaki fark
gorandrlik baskin ¢oziimdeki degerlere gore cok daha yiliksek oldugu icin toplam fayda degerleri
azalmistir.

Tablo 9: Karma evrimsel algoritmada yeni sensor eklemenin ¢éziime katkisinin karsilastiriimasi

Giincelleme Yéntemleri | VUSYON | SeRSOr o i irlik| Gizlilik | Maliyet | TOP12M
Tipi Sayisi Fayda
M1 77.0 0.5253 0.7506 0.3606 | 0.6694

Sensor Ekleme M2 74.6 0.4489 0.8999 0.4754 | 0.8304
M3 38.9 0.2583 0.8570 0.7272 | 0.7626
M1 57.6 0.5016 0.7718 0.4556 | 0.6751

Sensor Ekleme & Silme M2 55.8 0.4218 0.9291 0.5748 | 0.8554
M3 23.0 0.2013 0.9181 0.8281 | 0.8261

ikinci yontemde, ilk ydntem ile bireylerdeki en kétii sensérlerin silinmesi ydntemi biraraya
getirilmistir. Sensor silme islemi, gértnirliik fayda degeri ¢c6zimdeki sensérlerin ortalama gorianarlik
fayda degerinin (gcte birinden distk olan sensorlerin ¢oziimden cikartilmasiyla gerceklestirilir. Bu
islem her 100 iterasyonda bir tim popilasyona uygulanir. Sensor silme isleminden sonra ilk
yontemde belirtilen sensor ekleme islemi uygulanir. Deney sonuglari incelendiginde goriinirlik ve
gizlilik agirhkli ¢oziimlerde hem gorinirlik hem de maliyet fayda degerlerindeki artistan dolayi
toplam fayda degerlerinde kiigiik miktarda bir artis gbzlemlenmektedir. Maliyet agirlikli ¢6ziimlerde
ise onceki degerlere gore bir azalma gorilmektedir.
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4.2.6 Sensor Goriintiileme Modunun Goziimiin Kalitesine Etkisi:

Bu bolimde sensorlerin tespit, teshis ve tanima modunda oldugu, engebelilik derecesi az ve ¢ok olan
araziler Gizerinde Karma Evrimsel Algoritmanin performansi degerlendirilecektir.

Sensorler kisith gorme mesafelerine sahip olduklari igin goris alani igerisindeki herhangi bir yiiksek
egimli ortam, sensoriin bu bolgenin arkasini gdérmesini engelleyeceginden sensoriin goris alani
daralacaktir. Bu nedenle, benzer 6zelliklere (sensor sayisi, maliyeti) sahip ¢oziimlerde engebelilik
derecesi yliksek (cok sayida egimli alan) arazilerin gorinrlik fayda degeri, engebelilik derecesi diistk
arazilere gore daha az olmustur (bkz.Tablo 10-Tablo 11). Bu tablolarda goriinirlik (M1) ve gizlilik
(M2) agirhkli gorevler dikkate alinmistir.

Tablo 10: Dizlik bir arazide farkl sensor gorintiileme modlarinin performans degerlendirmesi

S“:';ZT M;si;ci)n Algoritma Ssea r;sI:r Goriniirluk| Gizlilik Maliyet T:a F;:;“

M1 RS 13.9 0.3578 0.6536 0.5161 0.5267

Tespit HEA 14.7 0.5716 0.8000 0.4607 0.7419
P M2 RS 9.7 0.2337 0.7997 0.6785 0.6894
HEA 14.7 0.5200 0.9615 0.5415 0.9216

M1 RS 80.7 0.4283 0.6108 0.4389 0.5524

Teshis HEA 59.7 0.5561 0.7433 0.4840 0.7061
M2 RS 54.9 0.3036 0.7020 0.6241 0.6465

HEA 62.3 0.4743 0.9162 0.5811 0.8731

M1 RS 227.7 0.3053 0.7411 0.4673 0.5138

Tanima HEA 178.2 0.4557 0.8339 0.3482 0.6474
M2 RS 162.7 0.2289 0.7764 0.6117 0.6620

HEA 170.3 0.3957 0.9439 0.5061 0.8409

Tablo 10 ve Tablo 11'de, farkli sensor gérintiileme modlari ve farkh gorev tirleri icin Karma Evrimsel
Algoritma (HEA) ile rasgele yapilan bir aramanin (RS) performans karsilastiriimasi yapilmistir. Rasgele
arama yontemi, Karma Evrimsel Algoritma’da 50 bireyden olusan bir popilasyonun baslangic
degerlerinden en iyi bireyin secilmesi islemidir. Her iki tlirdeki arazi icinde HEA yontemi RS
yontemindeki degerleri cok yiiksek oranda iyilestirmistir. Bunlara ek olarak, 3-boyutlu bir araziyi
goriantilemek icin gerekli sensor sayisi her sensér goérintileme modun igin farkhlik géstermektedir.
“Tespit” modunda sensorlerin goris mesafesi, yatay ve dikey gérme acilari gibi davranissal 6zellikleri
diger goriintiileme modlarina gére daha iyi oldugu icin araziyi gortintiilemek icin daha az sayida
sensore ihtiya¢ duyulmaktadir.
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Tablo 11: Engebeli bir arazide farkli sensér goriintileme modlarinin performans degerlendirmesi

S&r;zc:]r M.:-si:;?n Algoritma Ssea '::r Goruniirluk | Gizlilik | Maliyet T::;;::‘
M1 RS 11.3 0.2062 0.7773 | 0.5784 | 0.4645

Tespit HEA 16.3 0.4710 0.8022 | 0.3980 | 0.6545
M2 RS 8.0 0.1221 0.8193 | 0.6863 | 0.6516

HEA 16.3 0.4239 0.9555 | 0.4670 | 0.8561

M1 RS 77.3 0.3321 0.6697 | 0.3990 | 0.4975

Teshis HEA 63.0 0.4946 0.7574 | 0.4548 | 0.6638
M2 RS 44.5 0.2075 0.7393 | 0.6483 | 0.6321

HEA 61.3 0.4215 0.9084 | 0.5637 | 0.8385

M1 RS 214.3 0.2509 0.7697 | 0.4347 | 0.4777

Tanima HEA 180.6 0.4022 0.8430 | 0.3658 | 0.6121
M2 RS 141.9 0.1744 0.8025 | 0.6260 | 0.6564

HEA 166.5 0.3406 0.9415 | 0.5220 | 0.8148

Bu iki yontemin, goriintiilenen poligon yizdesi ve diisman sensorleri tarafindan gézlenen sensoér
ylzdesi cinsinden performans degerlendirmesi diizllik arazi igin Tablo 12'de, engebeli arazi igin Tablo
13'de listelenmistir. Gozlenen sensor yiizdesi hesaplamasi, diisman sensérlerin farkli konumlarda ve
farkl agilarda yerlestirildigi bes farkl senaryonun ortalama gizlilik degerleriyle belirlenmistir.

Tablolarda goriintiilenen poligon yizdeleri farkh gorinirlik limitlerine (0.1, 0.5, 0.75) gore
ayrilmistir. Ornegin, “V(S,P,p;) = 0.1” siitunu en az %10 goériinir olan poligonlarin yiizdesini
vermektedir. Sonuclardan da gorilecegi lizere, Karma Evrimsel Algoritma (HEA) tim sensor
modlarinda ve her iki arazi tirinde de rasgele aramaya (RS) gore oldukca Ustlin c¢ozimler
vermektedir. Ornegin, goriiniirliik baskin bir gérev ve tespit sensér goriintiileme modunda diizliik bir
arazi icin gorintilenen sensor ylizdesinde %80 ilerleme olurken engebeli bir arazi lzerinde %132
ilerleme olmustur.

Tablo 12: Duzliik bir arazide farkl sensér goriintileme modlarinin performans degerlendirmesi

. . Goriintiilenen Poligonlar (%) | Gozetlenen Sensérler (%)
Sensoér Misyon . . .

Modu Tipi Algoritma eger V(S,P,pi) eger V(S,P, pi)

20.1 20.5 20.75 20.1 20.5 20.75

M1 RS 0.58 0.44 0.15 0.71 0.45 0.19

Tespit HEA 0.88 0.73 0.27 0.49 0.21 0.03

M2 RS 0.38 0.29 0.09 0.60 0.39 0.15

HEA 0.83 0.65 0.21 0.20 0.01 0.00

M1 RS 0.71 0.52 0.17 0.80 0.36 0.07

Teshis HEA 0.87 0.70 0.24 0.63 0.17 0.01

M2 RS 0.53 0.36 0.11 0.73 0.31 0.05

HEA 0.79 0.58 0.17 0.34 0.00 0.00

M1 RS 0.59 0.34 0.08 0.67 0.14 0.02

T HEA 0.77 0.56 0.16 0.53 0.04 0.00

anima o RS 0.45 024 | 005 | 064 | 013 | 002

HEA 0.71 0.47 0.11 0.25 0.00 0.00
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Tablo 12 ve Tablo 13'de disman sensérler tarafindan gozlenen sensoér yiizdesi de farkh gortntrlik
limitlerine (0.1, 0.5, 0.75) gore ayrilmistir. Ornegin, tablolardaki “Vg(S,P,Ps) = 0.1” siitunu diisman
sensorler tarafindan gozlenen sensorlerden goriinme degeri en az %10 olanlarin yizdesini
gostermektedir. Bu sttundaki yizde oraninin diisiik olmasi diisman sensorler tarafindan gériinme
oraninin da disiik oldugunu ifade etmektedir. Onceki sonuglarda oldugu gibi gézlenen sensér yiizdesi
bakimindan Karma Evrimsel Algoritma rasgele aramaya gore oldukca Ustiin sonuglar vermektedir.
Tablolardan gorilecegi lzere disman sensorler tarafindan c¢o6ziimdeki herhangi bir sensoériin
goriinme degerinin %75'den blylk olmamasi, ¢cozimdeki sensor arazi lzerine gizlilik kriterine gore
oldukca elverisli sekilde yerlestirildigini gostermektedir. Ayrica her iki yontemi inceledigimizde, hem
gozlenen sensorlerin ylzdeleri arasinda oransal fark, hem de gorintilenen poligonlarin yizdeleri
arasindaki oransal fark goériinme alt limiti yikseldikge 6nemli oranda artmaktadir.

Tablo 13: Engebeli arazide farkh sensor gériintileme modlarinin performans degerlendirmesi

. ) Goriintiilenen Poligonlar (%) | Gozetlenen Sensérler (%)
Sensoér Misyon . . .

Modu Tipi Algoritma eger V(S,P,p;) eger V(S,P, pi)

20.1 20.5 20.75 20.1 20.5 20.75

M1 RS 0.34 0.25 0.09 0.64 0.36 0.13

Tespit HEA 0.76 0.58 0.20 0.49 0.17 0.05

M2 RS 0.21 0.14 0.05 0.63 0.31 0.12

HEA 0.70 0.52 0.16 0.24 0.00 0.00

M1 RS 0.58 0.38 0.13 0.77 0.30 0.05

Teshis HEA 0.81 0.61 0.19 0.61 0.14 0.01

M2 RS 0.38 0.24 0.07 0.70 0.24 0.03

HEA 0.73 0.50 0.14 0.38 0.00 0.00

M1 RS 0.50 0.26 0.06 0.65 0.12 0.02

Tarma HEA 0.72 0.48 0.13 0.52 0.03 0.00

M2 RS 0.36 0.18 0.04 0.63 0.10 0.02

HEA 0.63 0.39 0.09 0.25 0.00 0.00
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(e) ()

Sekil 31: (a) Engebeli ve (b) Duzllik araziler igin: (c,d) engel olmadan elde edilen kapsama alanlari,
(e,f) yagisl hava kosullarinda elde edilen kapsama alanlari.
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Yukaridaki sekillerde engebeli ve dizlik arazi yapilari ve onlara ait bulunan kapsama alanlari
verilmistir (Sekil 31). Kapsama haritalari, “tesbit” sensdr modunda Wyjs, Wste, Weost degerleri sirasiyla
0.60, 0.30, 0.10 olan gorindrlik agirhkli bir misyon kullanilarak yapilan érnek kosumlarin ciktilaridir.
Ornek kosumda kullanilan diger parametreler algoritmaya 6zgii ve probleme 6zgii parametrelerle
ilgili yapilan deneylerin sonuglarina gore belirlenmistir. Engebeli arazi yapisina ait kapsama
sonuclarinda 14 sensorlik bir ¢oziim 0.7199 toplam fayda degerine sahiptir. Diizliik arazi yapisina ait
kapsama sonuglarinda ise 9 sensorlik bir ¢d6ziim 0.7571 toplam fayda degerine sahiptir. Ayni
parametreler ve arazi kullanilip, yagmur-tabanli hava engel kosulu géz 6niine alinarak yapilan
testlerde, sensor sayisinda 6nemli bir degisiklik olmazken arazinin gorinirlik degeri ile diisman
sensorlerin goriintileme degerleri blyik oranda dismektedir (Sekil 31.e-f). Dolayisiyla elde edilen
¢ozumlerin gizlilik degerleri ylikselmektedir.

Yukaridaki 6rnek kosumlardaki parametreler kullanilarak “teshis” sensér modunda énem haritasinin
da dikkate alindigi yeni 6rnek kosumlar, asagidaki farkh birer engebeli ve dlzliik arazi yapisinda
gerceklestirilmistir (Sekil 32). Bu 0Ornek kosumlarda 6nem haritasinin isaretlendigi bolgedeki
sensorlerin yogunlugu ve goriintilenme orani asagidaki sekillerde kolayca goriilmektedir.

L 2 4

(a) (b)
(c) (d)

Sekil 32: Onem haritasinin yer aldigi (a) Engebeli ve (b) Diizliik araziler icin elde edilen kapsama alanlari (c,d)
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4.2.7 Genel Giizergah Planlamaya Ozgii Deneysel Calismalar
Bu boélim, farkli karakteristige sahip araziler ve farkli askeri misyonlar igin gelistirilen algoritmada
genel glizergah planlama asamasinin performansini 6lgmeye yonelik deneyler icermektedir.

Genel glizergah planlama (GGP) asamasinda kullanilan parametreler ¢alismamizda sabit ve degisken
olmak Uzere iki gruba ayrilmistir. Sabit deger alan parametreler Tablo 14’de, degisken deger alan
parametreler ise Tablo 15’de verilmistir.

Tablo 14: Genel glizergah planlama algoritmasindaki sabit parametreler

Sabit Parametreler Degerler
1  Sensorin bir bolgeye atanmasi % 80— merkeze
gey % 20 — herhangi bir nokta

2 | Kontrol noktasi seciminde diger kontrol noktalari ile arasindaki 250

minimum mesafe farki
3 Kontrol noktasi segiminde sinira minimum yakinhk mesafesi 90
4 | Kontrol noktasi se¢ciminde maksimum komsu nokta sayisi 5
5 | Kontrol noktasinin glizergaha dogrudan atanmasi icin nokta ile 40

glizergah arasindaki maksimum mesafe
6  Sensor sayisi 3

Tablo 15: Genel glizergah planlama algoritmasindaki degisken parametreler ve olasi degerleri

Nokta Komsuluk VPD  Kontrol Noktasi It?llg?n P “Mlsyon A.glrhkla” P,
Sayis! Yaricapi  Sabiti Sayisi Egl.m .U.st Goriiniirliik Maliyet Diizgiinliik
Limiti (wy) (wq) (wg)
81 200 2.0 7 35° 0.70 0.65 0.65
100 250 3.0 10 45° 0.50 0.35 0.35
121 4.0 0.30

Tablo 15’de verilen degisken parametrelerin en uygun degerlerini belirlemek igin olasi degerler
arasinda bir 6n deney gergeklestirilmistir. Bu deneyde 6 farkli misyon igin toplam 432 farkl
kombinasyonda  parametreler test edilmistir. Deneylerde algoritmanin  farkh  arazi
karakteristiklerindeki performansi da olclilmustir. Engebeli bir arazi yapisinda yapilan deneylerle
belirlenen farkli misyonlar i¢in parametre degerleri Tablo 16’da verilirken, Tablo 17’de dlzliik arazi
yapisindaki sonuclar yer almaktadir.
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Tablo 16: Engebeli arazide farkl askeri misyonlar igin belirlenen genel glizergah algoritmasi parametreleri

Misyon Agirliklar Poligon Kontrol
Gérinirlik | Maliyet | Dizginlak | EgimUst | (° k,ts? K::.Sglu.k sapiti | Mokt
(w,) () (w,) Limiti Y =P Sayist
45° 100 250 2.0 10
0.70 0.65 0.35 35° 121 250 4.0 7
450 81 250 2.0 10
0.70 0.35 0.65 35° 100 250 4.0 10
45° 100 250 3.0 10
0.50 0.65 0.35 35° 121 250 4.0 7
45° 81 250 2.0 10
0.50 0.35 0.65 35° 121 250 4.0 7
45° 100 250 3.0 10
0.30 0.65 0.35 35° 121 250 4.0 7
45° 100 250 4.0 7
0.30 0.35 0.65 35° 121 250 4.0 7

Tablo 17: Duzliik arazide yapisinda farkl askeri misyonlar icin belirlenen genel glizergah algoritmasi
parametreleri

Misyon Agirhiklari Poligon Kontrol
“OlsY Nokt K luk VPD
Goriiniirlik | Maliyet Diizgiinliik | Egim Ust S: |s? 3;:5?1 Sabiti Noktasi
w) (wa) (w.) Limiti y cap Sayisl
45° 100 200 2.0 10
0.70 0.65 0.35 35° 121 250 2.0 10
45° 81 200 3.0 10
0.70 0.35 0.65 35° 121 250 2.0 10
45° 100 200 2.0 10
0.50 0.65 0.35 35° 121 250 2.0 10
45° 81 200 3.0 10
0.50 0.35 0.65 35° 121 250 2.0 10
45° 100 200 2.0 10
0.30 0.65 0.35
35° 121 250 2.0 10
45° 100 200 2.0 10
0.30 0.35 0.65
35° 100 250 2.0 7

Tablo 16 ve Tablo 17’deki sonuglar incelendiginde polygon egim (st limitinin diger parametrelere
olan etkisi agik¢a gorilmektedir. Ust limit degeri azaldikga PRM ile {iretilen cizgedeki nokta ve kenar
sayisi dolayisiyla ¢izgenin bilyliklGglu azalir. Bu nedenle genel glizergah planlama adimindan
saglanabilecek en yiksek katki, nokta sayisi ve komsuluk yaricapi parametrelerinin degerlerindeki
artisla saglanmistir.

4.2.8 Yerel Giizergah Planlamaya Ozgii Deneysel Calismalar

Genel glizergah planlama asamasinda degisken parametrelerin farkli karakteristige sahip araziler ve
farkli askeri misyonlar icin belirlenmis degerleri bu bélimde kullanilmistir. Bu bolim, 6nceki asamada
kullanilan askeri misyon ve arazi yapilari ile gelistirilen algoritmanin yerel glizergah planlama
asamasinin performansini 6lgmeye yonelik deneyler icermektedir.
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Calismamizda yerel glizergah planlama asamasinda kullanilan parametreler sabit ve degisken olmak
Gzere iki gruba ayrilmistir. Sabit deger alan parametreler Tablo 18’de, degisken deger alan
parametreler ise Tablo 19'de verilmistir.

Tablo 18: Yerel gilizergah planlama algoritmasindaki sabit parametreler

Sabit Parametreler Degerler
1  Popllasyon buyikligu 50
2 | Nesil sayisi 2000
3 | Turnuva se¢im buyukluga 5
4 | Sensorin yon degistirebildigi en disik agi degeri 30°
5 Baslangi¢ popiilasyonu olustururken birincil ve ikincil ara noktalarin 0.60
bireye tasinma orani
6 | Birincil ara noktalarin ¢6ziimdeki orani 0.66
7 Ikincil ara noktalarin ¢dziimdeki orani 0.33
8 | Tahmini glizergah uzunlugu sabiti 1.75
9 | Maliyet hesaplamasinda gilizergahlar arasindaki mesafe farki sabiti 0.50
10 |Carprazlama orani 0.4
11 |Erisilebilirlik sabiti (w) 5.0
12 | Dinamik ortamda garpisma kontrolu icin gereken minimum mesafe 25
13 |Sensor sayisi 3
14 | Carpisma kontroliiniin tekrarlanma araligi (iterasyon sayisi) 200

Tablo 19°de yer alan yerel glzergah planlama algoritmasindaki (YGP) degisken parametrelerin en
uygun degerlerini belirlemek i¢in olasi degerler arasinda bir 6n deney gergeklestirilmistir. Bu deneyde
6 farkli misyon igin toplam 120 farkli kombinasyonda parametreler test edilmistir. Sonuglarin anlaml
olabilmesi igin en az 30 replikasyonun yapilmasi gerektiginden, her bir kombinasyon icin program 30
defa galistirilmis ve elde edilen degerlerin ortalamalari bulunmustur.

Tablo 19: Yerel glizergah planlama algoritmasindaki degisken parametreler ve olasi degerleri

Misyon Agirhiklar

Caprazlama Mutasyon Goriinrliik (w,)  Maliyet (wg) Diizguinliik (wy)
1 - Kontrol Noktalari — 1 — Ara nokta ekleme 0.70 0.65 0.65
Rasgele 2 — Ara nota giincelleme 0.50 0.35 0.35
2 - Kontrol Noktalari — 3 —Ara nokta silme 0.30
Gorunrlik Tabanh 4 — Kontrol Noktasi Glincelleme

5 - Rasgele (1-4)

Genel glzergah planlamada oldugu gibi deneylerde algoritmanin farkli arazi karakteristiklerindeki
performansi 6lctilmuistir. Engebeli bir arazi yapisinda yapilan deneylerle belirlenen farkli misyonlar
icin parametre degerleri Tablo 20’e verilirken Tablo 21'de dlzlik arazi yapisindaki sonuglar yer
almaktadir.
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Tablo 20: Engebeli arazi yapisinda farkli askeri misyonlar igin belirlenen yerel glizergah algoritmasi

parametreleri

Misyon Agirhiklar Poligon
Goriniirlik Maliyet Diizgiinliik Egim Ust Caprazlama Mutasyon
(wy) (wg) (ws) Limiti
45° 2 1
0.70 0.65 0.35 35° > z
45° 2 1
0.70 0.35 0.65 35° > 1
45° 2 5
0.50 0.65 0.35 35° 5 z
45° 2 5
0.50 0.35 0.65 35° 5 z
45° 2 5
0.30 0.65 0.35
35° 2 5
45° 2 5
0.30 0.35 0.65 35° 5 5

Tablo 21: Dizlik arazi yapisinda farkli askeri misyonlar igin belirlenen yerel glizergah algoritmasi parametreleri

Misyon Agirhiklar Poligon
Goriniirlik Maliyet Diizgiinliik Egim Ust Caprazlama Mutasyon
(wy) (wyg) (wy) Limiti
45° 2 5
0.70 0.65 0.35 35° > z
45° 2 1
0.70 0.35 0.65 35° > 1
45° 2 5
0.50 0.65 0.35 35° > S
45° 2 5
0.50 0.35 0.65
35° 2 5
45° 2 5
0.30 0.65 0.35 35° > S
45° 2 5
0.30 0.35 0.65 35° > S

Tablo 20 ve Tablo 21’deki sonuglar incelendiginde farkli misyon agirliklarina gore caprazlama
operatori olarak gorindrliik tabanli ¢caprazlama, mutasyon operatéri olarak her nesilde mutasyon
operatoriinin rasgele segildigi yontem diger operatérlere gére daha baskin olarak segilmistir.
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Tablo 22: Engebeli arazi yapisinda genel glizergah algoritmasinin performans degerlendirmesi

Misyon Agirliklar Poligon Uygunluk Degerleri
Goriniirlik | Maliyet Diizguinliik Egim Ust
45° 0.5905 0.6954
0.70 0.65 0.35 35° 0.5771 0.6913
45° 0.6311 0.7093
0.70 0.35 0.65 35° 0.6271 0.7266
45° 0.6216 0.7385
0.50 0.65 0.35 35° 0.5916 0.7411
45° 0.6651 0.7150
0.50 0.35 0.65 35° 0.6699 0.7400
45° 0.6743 0.8386
0.30 0.65 0.35 35° 0.6273 0.7967
45° 0.6960 0.8300
0.30 0.35 0.65 35° 0.6728 0.7879

Tablo 23: Diizliik arazi yapisinda genel glizergah algoritmasinin performans degerlendirmesi

Misyon Agirliklari Poligon Uygunluk Degerleri
Gorundrlik | Maliyet | Duzgunluk | Egim Ust

. P YGP
(w) (Wq) (wy) Limiti G6 N

45° 0.5899 0.6901
0.70 0.65 0.35 350 0.5634 0.6971

45° 0.6229 0.7149
0.70 0.35 0.65 350 0.5958 0.7230

45° 0.6200 0.7762
0.50 0.65 0.35 350 0.5859 0.7512

45° 0.6674 0.7271
0.50 0.35 0.65 35° 0.6312 0.7606

45° 0.6618 0.8435
0.30 0.65 0.35

35° 0.6285 0.8803

45° 0.7010 0.8301
0.30 0.35 0.65

35° 0.6798 0.8184

Tablo 20 ve Tablo 21’de verilen parametrelerle yapilan yerel glizergah planlama algoritmasi
performans degerlendirmesinin sonuclari engebeli ve dizlik arazi yapisi icin sirasiyla Tablo 22 ve
Tablo 23’de verilmistir. Sonuglar incelendiginde her iki zorluktaki arazi yapisinda GGP algoritmasinin
urettigi giizergahlarda YGP ile tiim misyon agirliklari icin iyilesme oldugu gorilmektedir. Ozellikle
maliyet ve diizglinlik agirliklarinin yiiksek oldugu misyonlarda GGP algoritmasinin (rettigi
glzergahlarin uygunluk degerlerinde yiiksek oranda artis gorilmektedir. Bunun sebeplerinden biri
ylksek egimli arazilerde dar gegis alani olan bélgelerden secilen noktalara erisimin YGP’ deki sinirh
nokta sayisindan dolayi ¢ok dar agilarla donis gerektiren rotalar icermesidir. Bu dar acilar, YGP
algoritmasindaki mutasyon operatorleri ile diizeltilerek daha gergekgi glizergahlar elde edilmistir.
Uygunluk degerleri arasindaki fark da bunu gostermektedir. Ornek olarak gériiniirliik, maliyet, ve
dizlik bilesenlerinin agirliklarinin sirasiyla 0.30, 0.65, 0.35 alindig testlerde YGP algoritmasi ile
engebeli arazide %24’ Ik iyilesme saglanirken diizlik arazide %27’lik iyilesme saglanmistir.
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5 Sonuglar

Bu calismada, temsili olarak dretilen 3-boyutlu bir arazi lzerine sensoérlerin konumlandiriimasi ve
parametrelerinin tayini Uzerinde durulmustur. Calismamizin temel katkilari, sensér yerlestirme
problemine yonelik olarak c¢ok olcltli fayda teorisi tabanh 6zgiin bir model tasarlanmasi, bu
problemin ¢6zimine iliskin olarak karma evrimsel algoritma tabanli yeni bir ¢éziim tekniginin
sunulmasi ve ¢oklu hareketli sensorlerin glizergah planlama problemi igin yeni bir karma ¢6ziimiin
gelistirilmesidir.

Tasarlanan c¢ok Olcitli fayda teorisi tabanli modeldeki temel varsayim; bir askeri harekatta
sensOrlerin algilama davranisinin birbirleriyle ¢elisen (¢ 6lglit arasinda rasyonel bir édiinlesmeye
dayanmasi gerektigidir. Bu Ug¢ 6lclt; arazide goriinen alanin maksimize edilmesi, karsi gli¢c tarafindan
tespit edilebilecek bilginin minimize edilmesi ve konumlandirilan sensoérlerin toplam maliyetinin
minimizasyonudur.

Sensoér konumlandirilmasi problemi icin gelistirdigimiz karma evrimsel algoritma tabanli ¢6zimin,
farkl 6zellikte arazi yapilari, hava kosul bilesenleri ve ortamdaki dogal ve yapay engelleri de goz
online alinarak, cesitli askeri kesif uygulamalarinda farkli 6lgltler icin etkin bir sekilde
kullanilabilecegini gostermektedir. Deneysel calismamiz, goérindrlik-agirhkl, gizlilik-agirlikh ve
maliyet agirhkli 6lgitlerin kendi aralarinda en uygun dengenin saglandigini géstermektedir.

Projedeki hedeflerimizi gerceklestirmek icin gelistirdigimiz, 3-boyutlu arazi ve sensoér yapilari Greten
cok fonksiyonlu similasyon ortami, farkli alanlardaki benzer bircok problem Gzerinde ¢alisma imkani
saglamistir. Bu kapsamda, calismamizda gelistirilen ¢ok-fonksiyonlu Ug¢-boyutlu arazi ve sensor
similatori revize edilerek, kablosuz coklu ortam sensor aglarina yonelik bagh kapsama problemi icin,
kapsanan alanin maximizasyonu ve sensdr maliyetinin minimizasyonu hedefleyen evrimsel algoritma
tabanli 6zgin bir ¢6ziim sunulmustur.

Projemizde, hareketli sensorlerin glizergah planlama problemi igin, ¢ikilabilecek en yiliksek egim ve en
disiik donus acisi gibi farkh kisitlarin dikkate alindigi yeni bir karma ¢ozim de gelistirilmistir. Bu
problemin karakteristikleri icerisinde yer alan g¢oklu glizergah planlama, ortamin temsili 3-boyutlu
araziden olusmasi, gorunurliik, mesafe, erisilebilirlik gibi olgltlere gére glizergahlarin olusturulmasi,
problemin karmasiklik boyutunu gostermektedir. Farkli sayida ve ozellikte hareketli sensor
platformlari igin istenilen baslangic ve hedef noktalari arasinda verilen 6lglitlere gore arazi alanini
maksimum kapsayan gercekg¢i glizergahlarin olusturulmasi, gelistirilen yontemin ne kadar esnek ve
saglam oldugunu géstermektedir.
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1. Introduction

Wireless multimedia sensor networks (WMSN) are composed of sensor
nodes that can retrieve video or audio information and relay the retrieved
data to the sink [1]. Connected coverage concept is one of the most important
issues for WMSN deployment. WMSN nodes should be deployed so that the
covered area is maximized, and the nodes must be able to form a connected
network. This paper tries to locate and utilize wireless multimedia sensor
networks to maximize coverage and to minimize cost under the connectivity
constraint on three-dimensional (3D) synthetically generated terrain with
Genetic Algorithms (GA).

The notion of the area coverage can be considered as a measure of the
quality of service (QoS) for WSN and WMSN [2]. Basically, there are three
types of coverage which are the blanket coverage that maximizes the detec-
tion rate of targets, the barrier coverage that maximizes intrusion detection
probability through the barrier, and the sweep coverage that maximizes the
detection rate and minimizes the number of missed detections [3]. In the
context of this paper, only the blanket coverage problem is considered.

The coverage problem has been studied extensively in the literature for
many different types of applications [4]. The coverage problem for video
sensors is closely related to the traditional Art Gallery Problem which aims
to determine the number of observers and their locations, such that every
point in the art gallery is seen by at least one observer [5]. Although Art
Gallery problem can be solved optimally in a 2D plane, it is shown to be NP-
hard when being extended to a 3D space [6]. There are only approximate
solutions for 3D Art Gallery Problem [7].

Furthermore, video sensor planning efforts has concentrated on incor-
porating different kinds of constraints like resolution, focus, field of view,
visibility, view angle, and prohibited regions [8]. Mittal has introduced
a general approach to integrate these static and dynamic constraints [9)].
Horster and Lienhart have proposed a binary integer programming model
that includes a cost constraint [10]. The target coverage issue in multimedia
sensor networks is discussed and approximated with using genetic algorithm
approach by Wang et al. [11]. Erdem and Sclaroff have optimized the video
sensor locations for a given floor plan with binary optimization [12].

In recent years, with the availability of low-cost and tiny CMOS cameras,
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microphones, along with wireless communication unit, WMSN| in which the
nodes have multimedia sensors, are realized to get visual or audio information
from the environment. The problem of self-orientation (i.e. the direction of
the video sensors) in WMSN is also studied to maximize multimedia coverage
[13]. Genetic Algorithm technique is used to locate and utilize video sensors
for maximization of coverage, maximization of stealth, and minimization of
cost on a synthetically generated 3D terrain [14].

Although the coverage is an important issue for WMSN, the connectivity
is also crucial for operating a network. The connectivity is very closely
related to sensor node deployment like the coverage. This is why coverage
is discussed together with connectivity [15]. Firstly, the connected coverage
concept is considered for WSN. Probing Environment and Adaptive Sleeping
Protocol, PEAS, is one of the first WSN designs to address both coverage
and connectivity in a configurable fashion [16]. However, PEAS does not
provide analytical guarantees on the degree of coverage and connectivity.
A geometric analysis of the fundamental relationship between the coverage
and the connectivity is presented by Xing et al. [17]. It also introduces
the design and analysis of novel protocols that can dynamically configure
a network to achieve guaranteed degrees of coverage and connectivity. In
[18], the problem of selecting connected k-cover problem which is to select
a set of sensors such that each point in the sensor network is covered by at
least k different sensors is considered. Yang and Quiao are discussed critical
conditions for connected-k-coverage in WSN [19].

The connected coverage property is an important issue not only for WSN
but also for other types of sensor networks. Deployment strategies for 2D
and 3D communication architectures for underwater acoustic sensor networks
are proposed to maximize the connected coverage [20]. Han et al. has
investigated the problems of deploying a minimum number of directional
sensors to form a connected WMSN network to cover a certain terrain [21].

The connected coverage performance can be affected by the terrain struc-
ture. Majority of the researches about WSN or WMSN models the terrain
as 2D. In 2D space, while the scalar sensor coverage is modeled as circle,
multimedia sensor coverage is modeled as sector. The 2D terrain modeling
is accepted as sufficient for especially indoor applications. However, there
are many applications which operates on 3D terrain, like outdoor military
surveillance. The difference between 2D and 3D video sensor coverage area
is illustrated in Figure 1. In 2D-based model, the video sensor coverage is a
sector, whereas on 3D-based model, the coverage area is a cone.
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Figure 1: Coverage areas of video sensors on (a) 3D terrain (b) 2D terrain

In this paper, the connected coverage problem is investigated for WM-
SNs on 3D occluded terrain. The main aim is to locate different multimedia
sensors and to set their orientational parameters (i.e., tilt, heading angle) on
a synthetically generated 3D terrain with conflicting objectives: the maxi-
mization of the coverage, and the minimization of the cost, while preserving
the connected property of the wireless multimedia sensor network. In order
to formulate the problem, a unified utility function that includes the utility
of the coverage and the utility of the cost is developed. We try to find the
optimal solution of the global utility function by using a novel GA approach.

The remainder of the paper is organized as follows. In Section 2, the
problem definition is presented. In Section 3, GA-based formulation to solve
the sensor deployment problem is explained. Experimental study and per-
formance results are discussed in Section 4. Section 5 concludes the paper.

2. The Connected Coverage Problem Formulation

In this section, a formal definition and mathematical formulation of the
connected coverage problem is provided. For the formal definition of this

deployment problem, terrain, sensor, visibility and connectivity terms firstly
is defined.

2.1. Terrain

Let a terrain 7" be a set of polygons, T={p1,..,p, }, such that each polygon
p; has a set of attributes given below:

4
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e X, vy, z coordinates; x;, v;, 2;
e Normal vector, n;
e cm;, the center of mass point of p;

e Weather density, w;, where 0 < w; < 1, which is used to represent the
weather conditions of p;

e Object density, o;, where 0 < o; < 1, which is used to represent the
occlusions of p;

In this paper, a previously developed terrain generator, TerGen, is used
[14]. TerGen supports two different common terrain generation algorithms:
Hills Algorithm [22] and Diamond-Square Algorithm [23]. These algorithms
require a number of parameters in order to set the roughness or smoothness
of the terrain. After the generation of the terrain, it is also possible to
create different occlusions and weather conditions that can affect the visibility
conditions. Occlusions can be natural objects like forest, bush and etc., or
artificial objects like buildings. The weather conditions, like fog, rain or
snow can be set either for the whole terrain or for a user-selected region of
the terrain.

2.2. Sensors

Let S be a set of multimedia sensors, S={si,..,S,}. Each multimedia
sensor has a set of technological and deployment attributes. Technological
attributes of sensor s; are as follows:

e Depth of view, d;

Horizontal viewing angle, h;

Vertical viewing angle, v,

Acquisition cost, ¢;
e Communication range, r;

Deployment attributes of a multimedia sensor node are as follows:
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e Position, p,;. The sensors are assumed to be located on the center of
mass point of a polygon. The position of a sensor is represented as the
polygon number on which the sensor is located.

e Heading angle, ¢,
o Tilt angle, 3,

Figure 2 illustrates the attributes of a multimedia sensor.

K
Upper p
FOV Angle
., Y m——— Y Depth of
‘ » ¥ View
L
- Sensor|
(o}
Y
X Harizontal
R ‘M Viewing Angle
Tilt Angle Lower |
FOV Angle S
y o e e
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Figure 2: Sensor attributes of sensor s;

Technological attributes: |OFE| = dj, BOC = vj, A0C = h;. Deployment
attributes: O is the center of mass of p;, ZOE = 3;, YOE, = 0;, where E,
is the projection of E on xy plane.

2.3. Coverage Analysis

The coverage analysis used in this paper is based on the coverage modeling
proposed in [14]. The coverage performed by a set of sensors S on a given
terrain T is computed by adding the coverage of the polygons on the terrain
T. The total coverage formulation on T is expressed in Equation 1.

TotalCov(S,T) = Z C(S,pi) (1)

pieT

C'(S,p;) is the coverage value of a polygon p; and it is computed as the
average visibility of selected polygon points. Since calculating the visibility
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values for all points in a polygon is computationally expensive, three corners
and center of mass point of the polygon p; are selected as representative
points for visibility calculations, (i.e., z;, y;, 2;, cm;). The formulation of the
coverage of a polygon is presented in Equation 2.

(5. pi) = V(S,z;) + V(S y) +4V(S, z) + V(S, emy) )

Since the point b can be recognized by multiple sensors (with different
visibility values), maximum visibility of b is considered as in Equation 3.

V(S,b) = max{VS(s;,b)} (3)

where b is a point on a polygon and s; € S. The term V.S(s;, b), which is
the visibility of the point b from the sensor s;, is formally defined in
Equation 4.

VS(sj,b) = LOS(s;,b) x VC(s;,b) x O(sj,b) (4)

where LOS(s;,b) is the line-of-sight (LOS) constraint, VC(s;,b) is the view
cone constraint, and O(s;, b) is the aggregated occlusion effect between s;
and b.

The formal expressions of LOS(s;,b), VC(s;,b), and O(s;,b) are pre-
sented in the following subsections.

2.3.1. Line-of-Sight Constraint

Let b be a point on p;, and 7, is the normal vector of p;. If s; is a
multimedia sensor located on pg, then 733,7;, is the vector from s; to b. It is
assumed that s; is deployed at cmy, (Figure 3).

Sensor s; can have visual contact with point b, if the angle between the
normal vector of p; (i.e., 7,,) where b is located and the vector 1_/)53.71, from
s; to b is between 90° and 180°, and the angle between the normal vector of
pr (ie., ,,) and the vector 7%5, is between 0° and 90°.

L, if W Vi <OAT . Vi >0
0, otherwise
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Figure 3: Visual contact calculation between a sensor and a point on terrain

2.3.2. View Cone
Point b must be in the view-cone of s; which is depicted in Figure 2. The
mathematical expression of this constraint is as follows:

VC(s;b) =4 1 U e Vo= | T | % | Vo || cos(2) >0 A d(s;,b) < d
7 0, otherwise
(6)

where d(s;, b) is the euclidean distance from s; to b.

2.53.3. Occlusions

The total occlusion density between the sensor s; and the point b is the
product of the densities of occlusions on the line between s; and b.

O(sj,b) = H O (7)

OkELSj,b
where L, is the line between s; and 0.

2.4. Connectivity Analysis

Connectivity is an important constraint for our problem. A network is
connected if a node can communicate with all the other nodes. In order to
test the network against connectivity, a connection assumption is needed. In
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many studies, two sensor node can communicate with each other, if they are
in a certain communication range. However, due to weather conditions or
occlusions, they may not be able to communicate even if they are located in
the range. In this paper, it is assumed that two sensor nodes s; and s; are
connected, if the visibility between the sensors is greater than a predefined
threshold (k) value and the distance between them is less than the connection
range of the sensors, r; and ;.

1, if LOS(sj,b) =1 A d(si, s5) < 1iyry AV (si,s5) >k
0, otherwise

Cnls ;) = { (8)

where d(s;, s;) is the euclidean distance from s; to s;.

Communication on the network is performed by transmitting data using
the connections on intermediate nodes between sending and receiving nodes.
On testing the connectivity of a network, a graph representation is designed
where the nodes represent sensors, and the edges represent connections be-
tween two sensors. The connectivity testing of the network is performed by
depth-first search (DFS) algorithm which uses the network graph.

3. Proposed Genetic Algorithm Based Solution Approach for Sen-
sor Deployment

Although simple genetic algorithms have been widely used for many op-
timization problems in the literature, they are not generally efficient for the
complex combinatorial problems [24]. In order to improve performance of
evolutionary algorithms, specialized and/or problem-specific operators [25,
26, 27, 28] are combined with evolutionary algorithms. These complex hy-
brid systems are called with different names in related work, including hybrid
genetic algorithms, hybrid evolutionary algorithms, genetic local search al-
gorithms, and memetic algorithms [29, 30].

For optimization problem of locating multimedia sensor network, we con-
sider several methods in our algorithm. In generation of initial population,
problem-specific heuristics are considered to get feasible solutions. For vari-
ation operator, Connectivity-Based Crossover operator, which incorporate
problem specific knowledge, is designed. And a repair function is implemeted
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to increase the number of feasible solutions.

In our GA-based approach, each solution contains the type and the loca-
tional attributes (position, heading angle, tilt angle) of sensors (see Figure 4).
It should be noted that there is no restriction on sensor quantity; therefore
string representation supports variable-length chromosomes. Additionally,
this work has no restriction on the order of sensors in a given solution, such
as determining the sensor order based on locations of sensors.

‘ Sensor 1 ‘ Sensor 2 ‘ ‘ Sensor N ‘
Polygon No Polygon No , Polygon No

Heading Anglel Heading Angle2 Heading AngleN
Tilt Angle 1 Tilt Angle > Tilt Angle N

Sensor Type ; Sensor Type , Sensor Type

Figure 4: String Representation in Genetic Algorithm

In this study, a steady-state Genetic Algorithm is applied which generates
one individual at each iteration. We consider tournament selection mecha-
nism and the tournament size is varied in the experiments. In each iteration,
firstly a crossover operator is applied on two parents that are selected by the
tournament selection method. Crossover operator considers problem-specific
information in order to carry the sensors from parents to offspring. Then
a mutation operator is applied on the output of the crossover operator. Fi-
nally, the repair function is applied to ensure the connectivity of the solution.

3.1. Objective Function

In this paper, locating multimedia sensors is expressed as a multiobjective
optimization problem and it is solved by the help of priori articulation method
[31]. In this method, decision-maker decides the objective preferences, be-
fore the optimization is performed. Weighted sum and multi-attribute utility
analysis (MAUA) are two examples of priori articulation. The basic principle
of weighted sum and MAUA is to produce one single function, total utility
function, in terms of fundamental objective functions. Firstly, every objective
function must be mapped into a utility function that produces dimensionless
scalar quantity expressing the goodness of a particular design [32]. In most

10
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of the cases, the utility values changes between 0 and 1. In weighted sum, to-
tal utility function always forms a strictly convex combination of objectives.
Although the easiest to understand and implement method is weighted sum
approach, it can not represent the interactions between different objectives
[33]. Multi attribute utility (MAU) method overcomes the interaction limi-
tations of the weighted sum approach.

Although utility function theory has a well-known history in optimization
[33], there are only a few utility thory studies in the sensor network context.
Byers and Nasser has proposed a utility-based sensor selection method in
[34]. Isler and Bajscy has developed a utility function based model to locate
sensor nodes for target localization [35]. Bian et.al. has proposed a utility-
based sensor selection framework [36]. In this paper, a utility function is
used to locate multimedia sensor nodes for maximum coverage and minimum
cost on a 3D terrain. To the best of our knowledge, this is the first paper that
uses utility function theory for WMSN coverage and cost for 3D terrains.

The key points of MAUA are the designs and the weights of utility func-
tions. According to the most common risk attitudes, there are three main
types of utility functions: risk-seeking, risk-averse and risk-neutral [33].

In our study, the coverage maximization and the cost minimization are
the two objectives or attributes that are conflicting each other. To test the
capability of the algorithm on various scenarios, we present two alternative
objective functions:

e Risk Neutral
e Risk Averse

3.1.1. Risk Neutral Objective Function
A novel multi-attribute utility model, which is presented in [37], is
adapted to our problem (see Equation 9).

fl = Wy * Ucov + We * Ucost + Wy * We * Ucov * Ucost (9)

In this equation, w, and w, are the weights of of coverage and cost utility
functions, respectively, where 0 < w,, w. < 1 and w,+w,. = 1. These weights
are set based on the experimentation on a given terrain by considering various
missions. While the first and the second terms are very similar to weighted
sum method, the third term represent the objective interactions.

11
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3.1.2. Risk Averse Objective Function

In Equation 10, risk averse objective function aims to raise the coverage
rate of a terrain by increasing the number of sensors in the network. The cost
function in Equation 11 lowers the weight of cost attribute than the cost
function in risk neutral optimization function. By Equation 12, coverage
rate dominates the optimization function (especially where U,,, < 0.60). So,
the risk averse objective function can be more effective for coverage weighted
missions.

Jo = Wy x fu +we* fo+ wy *we * fy* fe (10)
fc —1— e_Ucost (11)
fo= ln(Ucov) (12>

3.2. Initial Population Generation

The first phase to generate a solution for initial population is to determine
the number of sensors considered in the solution, which is set randomly
between the upper and the lower limit of the sensor quantity.

To determine the limits of the sensor quantity, the terrain is separated
into a number of regions whose length of each side is equal to the maximum
or minimum depth of view of the sensors. The number of regions generated
determines the sensor quantity limits. In calculation of the upper limited of
the sensor quantity, minimum depth of view is considered. Likewise, maxi-
mum depth of view is considered to calculate the lower limited of the sensor
quantity. These limits can change with respect to the complexity of the ter-
rain by multiplying the number of regions with constants p; and ps, where
0.5 <pp <1.25and 1.0 < py < 1.75 for lower and upper limits respectively.

After the sensor quantity of a solution is determined, the type of each
sensor is set randomly by preserving the inverse proportionality to sensor
capacities (i.e., the view ranges with respect to given sensor mode). There-
fore, a given solution will have low capacity (so low cost) sensors with high
probability and it will have high capacity (so high cost) sensors low probabil-
ity. Then, locations of sensors in each solution are determined by a heuristic
method (explained below) for a predefined percentage of the initial popula-
tion; and the locations are set randomly for the remaining part of the initial
population.

12
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Our heuristic approach aims to distribute the selected sensors randomly
with keeping the communication distance upper limit for at least one sensor
in the solution. First, one sensor is located on the terrain randomly. Then
the second sensor is located randomly on the communication range of the first
sensor. For k" sensor, the location is determined randomly on the range of
at least one sensor which is already located in the solution. This procedure is
applied for all sensors in the solution. It should be noted that each sensor is
located on the center of mass of each selected polygon. Finally, the heading
angle (0) and the tilt angle (o) of each sensor given in the solution of initial
population are determined randomly by considering a feasible range of angles.

3.3. Connectivity Based Crossover Operator

In our study we consider one crossover operator, which is Connectivity-
Based Crossover. It should be noted that the crossover operator considers
problem-specific knowledge and generates a single offspring as the output.

This operator is similar to the original single-point crossover operator
proposed in the literature [25]. A crossover point is selected randomly from
the range [1..m — 1] where m is the minimum of number of sensors exist in
two parents. Then, both parents are splitted at the given crossover point,
and two children are created by exchanging the tails. The better one of these
two children is selected as offspring. After that, test for connectivity is ap-
plied on the selected offspring. If the offspring is not feasible, one sensor is
attempted to insert into the solution to make the the solution connected. In
insertion, all sensors in the eliminated child solution are tested in order to
make the solution feasible until achieving and only one of the sensors is in-
serted if it makes the solution feasible. In Figure 5, sensor s,, establishes the
connection among three connected sensor groups after crossover operation.
In this operator, there is no upper bound for number of sensors considered;
although this operator generates the output of the crossover operator.

3.4. Mutation Operators

Mutation operators in our study can be considered in two categories,
which are the locational mutation operators, and the angular mutation op-
erators. In our experimental study, we can either select one of the two cate-
gories randomly at the first mutation and do not change the category during
the execution, or select the category randomly at each mutation case.

13
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Figure 5: Connectivity Based Crossover

3.4.1. Polygon Based Mutation Operators

This group deals with only the locations of sensors (i.e. the polygon
numbers on which they are located). There are three different mutation
operators in this group and one of them is selected randomly if this group is
selected for mutation. The mutation operators are:

e Move Sensor. Updating the location of a sensor is performed by select-
ing the sensor and selecting the new location of the selected sensor. Sen-
sor selection procedure includes two alternatives: selecting randomly
or selecting the one which has minimum coverage value. The new loca-
tion of selected sensor is determined by either selecting randomly from
the whole terrain or selecting randomly from the neighbourhood of the
selected sensor.

e Remove Sensor. This operator removes one of the sensors, which can
be either a randomly selected sensor or the one which has the minimum
coverage value.

e Add Sensor. A new sensor is inserted to the solution on a polygon
that is randomly selected either from the whole terrain or from the
neighbourhood the sensor with the minimum coverage value. It should
be noted that sensor type and heading and tilt angles of the new sensor
is set randomly by considering the feasibility ranges of angles.

14
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3.4.2. Angle Based Mutation Operators

This group deals with updating the angular attributes of a sensor, which is
either selected randomly or selecting the sensor that has minimum coverage
value. In this group, there are two operators and one of them is selected
randomly if this group is selected for mutation. The mutation operators are:

e Heading Angle Mutation. It updates the heading angle of the selected
sensor randomly:.

o Tilt Angle Mutation. It updates the tilt angle of the sensor randomly
in feasible range.

One extension is to select one of the two mutation operators from this class
non-uniformly. Specifically, mutation on the heading angle can be selected
with a higher probability than mutation on the tilt angle.

3.5. Repairing Phase

Repair function affects the feasibility level of solutions and tries to make
infeasible solutions become feasible by inserting new sensor between two dis-
connected sensor groups. This method is used only for infeasible solutions.

Figure 6: Repair Function

Firstly, sensors which are connected to at least one sensor are grouped as
connected. Then, the distance between any two sensors from both connected
sensor group and disconnected sensors is computed. Two sensors whose

15



O©CO~NOOOTA~AWNPE

distance between each other is minimum are selected. Then all polygons seen
by both sensors which guarantee the connectivity threshold (k) are listed by
searching on possible viewing area of ¢ angle (see Figure 6). And one of
these polygons is selected randomly as the location of new sensor. Finally,
the heading angle and tilt angle of the new sensor is determined randomly
by considering angle limits. If there is not any polygon seen by selected two
sensors, the repair function is not applied on that iteration.

4. Experimental Study

In this section, we present the results of computational experiments in
order to evaluate the effectiveness of our genetic algorithm (GA).

4.1. General Settings of the Fxperimentation

The genetic algorithm of our framework is coded in C programming lan-
guage and the computational experiments are conducted on a cluster of ma-
chines, each of which has an Intel Xeon 2.33 Ghz. processor running the
Linux operating system. The default values of general parameters are as
follows: Coefficients of limiting the number of sensors in initial population
are set to 1.25 (muy) and 1.75 (mus), respectively. The percentage of sensors
allocated on a terrain region (center loc. vs. random loc.) is set to (20%,
80%). The tournament and population sizes are determined as 5 and 50.
Also, the communication range and threshold value of a sensor are set to 400
and 0.05, respectively.

4.2. Performance Fvaluation and Discussion

The set of experimental design is for identifying both the values of some
algorithm-specific parameters (i.e., strategy for selecting the initial popula-
tion, the type of mutation operator, the sensor selection criteria in mutation,
and the type of risk function) and the problem-specific parameters (i.e., ter-
rain type, utility weights for determining a specific mission). Table 1 presents
the set of values considered for the parameters.

The Effects of Parameter Groups. In this part, we present the effectiveness
of our algorithm for two distinct parameter groups (i.e., parameters for risk
neutral objective function (Type I) and parameters for risk averse objective
function (Type II)) on both smooth and rough terrains. Parameters used in

16
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Table 1: Parameters of Experimental Study

Initial Population | Mutation Source Sensor | Utility Terrain Risk
Selection Strategy | Operator in Mutation Weights Function
(50% Heuristic, Location-Based | Random Sensor | (0.5,0.5) | T1 (smooth) | Risk-Neutral
50% Random) Angular-Based | Sensor with min. | (0.6,0.4) | T2 (smooth) | Risk-Averse
100% Random Random Visibility (0.7,0.3) | T3 (rough)

(0.8,0.2) | T4 (rough)

experiments for both types of experimentation are given before in Subsection
4.1.

Since the sensors have limited ranges, a steep slope on the view cone
of a sensor decreases the visibility range of this sensor. Therefore, when
comparable number of sensors are utilized on both terrains, the total utility
value observed on a smooth terrain is higher than the total utility value on
a rough terrain (see Tables 2 & 3).

Table 2: Performance Results on a Smooth Terrain with Different Parameter Groups

Parameter Number of | Total | Connectivity
Group Occlusion Algorithm Sensors Utility Ratio
Occluded RS 34.4 0.4715 0.3353
Type I GA 24.5 0.5774 0.9767
Non-Occluded RS 35.0 0.4915 0.3333
GA 26.1 0.5916 0.9960
RS 84.2 0.3561 0.3460
Type II Occluded GA 85.1 0.4333 1.0000
Non-Occluded RS 83.0 0.3852 0.3440
GA 85.0 0.4633 1.0000

The performance comparison of the GA with a random search method
(RS) is presented for all parameter groups and occlusion option pairs in Ta-
bles 2 and 3. The best individual in a randomly generated initial population
of the GA with 50 individuals is the output of the RS method for each test.
The total utility of the solutions generated by the GA are significantly out-
performs those of the RS method for both smooth and rough terrains.

In addition to the comparisons based on the total utility function, we
also provide the performance comparison of the algorithms with respect to
percentage of the polygons recognized by sensors and they are presented in
Table 4 for a smooth terrain (related with the tests of Table 2) and in Table 5

17
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Table 3: Performance Results on a Rough Terrain with Different Parameter Groups

Parameter Number of | Total | Connectivity
Group Occlusion Algorithm Sensors Utility Ratio
Occluded RS 394 0.4515 0.2852
Type I GA 23.3 0.5702 0.7786
Non-Occluded RS 37.0 0.4679 0.3000
GA 24.7 0.5817 0.9297
RS 83.5 0.3352 0.2753
Type II Occluded GA 86.6 04175 1.0000
Non-Occluded RS 83.0 0.3554 0.3133
GA 85.9 0.4422 1.0000

for a rough terrain (related with the tests of Table 3). It should be noted
that each terrain is represented by a set of triangular polygons and every
terrain is generated with fixed number of polygons, which is 32768.

Table 4: Performance Comparison on a Smooth Terrain with respect to Coverage

Covered Polygons (%)
Parameter Occlusion | Algorithm when C(S,p;)
Group >0.1 > 0.5 >0.75
RS 0.32 0.17 0.05
Tove T Occluded GA 0.47 0.28 0.07
P Nom-Oceluded RS 0.36 0.23 0.07
GA 0.51 0.34 0.08
RS 0.65 0.40 0.14
e I Occluded GA 0.81 0.53 0.19
ype Nom-Oceluded RS 0.65 0.46 | 0.17
GA 0.81 0.62 0.22

The percentage of the number of polygons covered is given for three dif-

ferent minimum visibility ratios (0.1,0.5,0.75) in the tables. Specifically,

the column for C(S,p;) > 0.1 gives the percentage of the polygons that
are at least 10% visible by the sensors deployed. Our algorithm signifi-
cantly surpasses the RS method for all different parameter groups stud-
ied. As a specific example, when detection mode with Type I parameter

group and occlusion is considered, our algorithm observes up to 65% (i.e.,

(0.28 — 0.17)/0.17) more number of polygons on a smooth terrain and up to
47% (i.e., (0.25—0.17)/0.17) more number of polygons on a rough terrain. As
an example, the coverage map of the sensors on a rough terrain is depicted

in Figure 7.
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Table 5: Performance Comparison on a Rough Terrain with respect to Coverage

Covered Polygons (%)
Parameter Occlusion | Algorithm when C(S,p;)
Group >0.1 > 0.5 >0.75
RS 0.34 0.17 0.05
Tooe 1 Occluded CA 0.45 0.25 0.06
P Nom-Occluded RS 0.35 0.21 0.06
. CA 0.48 0.30 0.07
RS 0.62 0.36 0.12
Tove IT Occluded CA 0.78 0.51 0.17
yp Nom-Occluded RS 0.62 0.41 0.13
v CGA 0.80 0.58 0.19

C 10

Figure 7: Sensor Coverage Examples: (a) Without Occlusion, and (b) Weather and Object
Occlusions Included

Performance comparison of the algorithms with respect to different com-
munication thresholds (i.e. 0.10, 0.25, 0.50) is presented in Table 6 for a
smooth terrain and in Table 7 for a rough terrain. Increase of the commu-
nication threholds can cause to reduce the number of communications links
among the sensors in a network. Depending on this, the network can become
unconnected. However, the results on Table 6 and Table 7 show that the
performance of the algorithm is not affected very much despite the increase
communication thresholds. So, the robustness of our algorithm is proved for
different communication thresholds.

5. Conclusions

WMSN, which can retrive multimedia data from the environment and
send the data to a sink, has its own unique design considerations, like con-

19



O©CO~NOOOTA~AWNPE

Table 6: Performance Results on a Smooth Terrain with Different Communication Thresh-

olds
Parameter Communication | Number of | Total | Connectivity

Group Occlusion Threshold Sensors Utility Ratio
0.10 24.2 0.5785 0.9920
Type I Occluded 0.25 24.8 0.5808 0.9873
0.50 24.7 0.5808 0.9938
0.10 25.9 0.5896 0.9693
Non-Occluded 0.25 26.3 0.5910 0.9947
0.50 25.6 0.5897 0.9953
0.10 86.6 0.4336 1.0000
Type TI Occluded 0.25 84.5 0.4307 1.0000
0.50 85.6 0.4302 1.0000
0.10 85.1 0.4685 1.0000
Non-Occluded 0.25 84.2 0.4671 1.0000
0.50 86.3 0.4639 1.0000

Table 7: Performance Results on a Rough Terrain with Different Communication Thresh-

olds
Parameter Communication | Number of | Total | Connectivity
Group Occlusion Threshold Sensors Utility Ratio
0.10 254 0.5737 0.9784
Type I Occluded 0.25 25.8 0.5743 0.9600
0.50 24.8 0.5712 0.8990
0.10 26.0 0.5779 0.9569
Non-Occluded 0.25 26.4 0.5819 0.9564
0.50 26.5 0.5802 0.9500
0.10 84.9 0.4204 1.0000
Type II Occluded 0.25 85.9 0.4186 1.0000
0.50 86.5 0.4174 1.0000
0.10 85.6 0.4374 1.0000
Non-Occluded 0.25 85.4 0.4408 1.0000
0.50 86.4 0.4377 1.0000
20
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nected coverage. Sensor node deployment affects the connected coverage per-
formance of WMSN, especially for 3D terrain structure. Sensor nodes should
be located and utilized so that the coverage of the sensors is maximized and
the connectivity must be preserved. In this paper, multimedia sensor node
location and utilization problem is investigated to maximize coverage and to
minimize cost while preserving the connectivity on 3D occluded terrain.

In order to formulate the multiobjective optimization (maximize coverage
and minimize cost), a novel global utility function is proposed to unify the
utility of the coverage and the utility of the cost with MAU analysis. Ac-
cording to risk attidutes of the system, two different global utility functions
are defined. These are risk neutral and risk averse functions. While risk
neutral function represents equivalent worth of cost and coverage, risk averse
function represent the dominance of coverage over cost especially for lower
coverage rates.

The global utility function is optimized by the help of newly proposed
GA methods under the connectivity constraint. Our GA algorithm includes
new methods for initial population, crossover (ie., connectivity based) and
mutation (i.e., polygon based and angle based) operators. In generation of
initial population, problem-specific heuristics are considered to get feasible
solutions. A repair phase is also designed to increase feasible solutions subject
to connectivity constraint. In this phase, the repair function injects new
nodes to the solution graph in order to satisfy the connectivity constraint, if
the solution is infeasible.

Experimental studies show that 3D structure and the occlusions affect
the performance of WMSN directly. In addtion to this, the new MAU based
utility function and the novel GA methods can ensure a good balance between
cost and coverage. Another performance comparison is presented based on
the percentage of the covered polygons. Performance result comparisons
show that new GA algorithm can find better solution not only for the global
utility function, but also for the percentage of the covered poygon. The last
experiment set is performed to illustrate the effects of the communication
threshold. It is also shown that the performance of the algorithm is not
affected very much despite the increase communication thresholds.
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Positioning and Utilizing Sensors on a 3-D Terrain
Part | - Theory and Modeling

Haluk TopcuogluMember, IEEE Murat Ermis, and Mesut Sifyan

Abstract—Positioning multiple sensors for acquisition of a
given environment is one of the fundamental research areasi

of the visibility, the problem is NP-complete. There are a
number of studies in the literature on 2-D coverage problem.

various fields, such as military scouting, computer vision,and
robotics. In this paper, we propose a new model for the probles

of sensor deployment. Deploying and configuring a set of give
sensors on a synthetically generated 3D terrain have multip
objectives on conflicting attributes: maximizing the visihlity of

the given terrain, maximizing the stealth of the sensors, amh
minimizing the cost of the sensors used. Since they are utiji

independent, these complementary and conflicting objectas are
modelled by a multiplicative total utility function, based on multi-

attribute utility theory. The total utility function propo sed in this
paper can also be adapted for various military scouting misens
with different characteristics.

Keywords-Sensor planning, multi-attribute utility theory, mul-
tiobjective optimization, viewpoints.

The general camera placement problem is an old and well-
known problem and it is defined with assumptions that are
more consistent with the capabilities of real world cam¢§sas
Given a floor plan to be observed, the problem is to efficiently
compute a camera layout such that certain task-specific con-
straints are met with minimal camera setup cost. A solution t
this problem is obtained via binary optimization over a cite
problem space. Han et al. propose the problems of deploying
a minimum number of directional sensors to form a connected
network to cover and offer two approximation solutions [6].

There have been various works on vision planning. An
investigation of the coverage and orientation problem for

video sensor networks is addressed [7]. They propose a
I. INTRODUCTION new algorithm to find the most beneficial orientations for

LTHOUGH remote sensing technologies have becortd® sensors in 2-D case, while minimizing the effects of
A widespread in various domains due to decrease in tREClUsion in the environment and improving the aggregate

cost of manufacturing more sophisticated sensing devicdyality of the information sensed from the region of intéres

gathering more accurate and comprehensive information g€ terrain structure highly affects the coverage perforoea

still a challenging problem. Since there are different tyjpé of th,e Sensor neMork. Most of t_h(_a studies deal W't.h 2-D
sensors and sensing technologies which are used to sedf¢fin representation which is sufficiently accurate fatdor
and detect targets with different costs, deployment of iplglt 2PPlications [8]. Nevertheless, a 2-D terrain represémat
sensors for the covering of a given environment, finding tHiP€s not satisfy the requirements of outdoor applications s

most favorable orientation is an important and demandifg Military scouting, border surveillance, etc. [9]. Thé&3-
combinatorial optimization problem [1], [2]. video sensor coverage area is illustrated in Fig. 1. In this

In military operations, reconnaissance, surveillanced af"0del, the coverage area is a cone.
target acquisition can include a plurality of sensor platfe
that are used to collect information about an area undeedurv
lance and play a vital role [3]. In order to detect the positio
of foes, some sensors should be placed in certain terrains
provide maximum visibility while maintaining sensors’ alih.

In addition to military applications, sensor placementtpro
lem is a fundamental research area in various other domai
Determining the number of sensors necessary to cover a ro
or a region was originally posed in the computational geoynet
literature as the Art Gallery Problem [4]. In the traditibna
formulation, two points (observer and target points) ariéeda
visible if the straight line segment between these poirgs li
entirely inside the view cone. Even with such simple defimiti

a Sensor 1

» Sensor 2
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Fig. 1. Coverage area of sensors on a 3-D terrain

In another study, Zhao et al. propose a novel 3-D visibility
model [10]. However, their approach is specifically desajne
for visual tagging problems and it can not be directly usead fo
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coverage problems. Bakhtari et al. present an implememtatiat maximizing the total or the unified utility function that
of an active-vision-based surveillance system for targeall includes the utility of visibility, the utility of stealthred the
ization in online applications [11]. Mittal studied detemrm utility of the cost.

ing optimal sensor configurations by enhancing the analysisThe remainder of the paper is organized as follows: In
of scenarios where there are dynamically occurring objeciection 2, we present perception methods for sensor systems
capable of occluding each other [12], [13]. He proposed vehich are used to compute the cumulative visibility andItea
generic framework for sensor planning with the integratidn values of the region. We present our novel multi-attribute
visibility and static constraints, which can be customifed utility function and its sub-objective formulations in Sien

a particular task involving randomly occurring objects.ttdi 3, and Section 4 concludes the paper.

also studied the presence of random object occlusion in 3-D

based visibility models [14]. But, this model does not take |I. PERCEPTIONMETHODSDEVELOPED FORSENSOR

into account of other occlusion types, like weather ocduosi SYSTEMS

or natural occlusions. Becker et al. introduce a discref® 3- |, ;¢ study, sensor characteristics are represented in two
space modeling in [15]. In this model, it is assumed thakis of attributesjocational attributesand behavioral at-
the target space to be observed is the volume where a humgal) ;tes The locational attributes of a sensor are the positional

being might navigate. But, it is not sufficient to model 1argey ;4 cteristics that can change throughout the run. Spatyfi
scale outdoor applications for coverage issues. The pmobfe . |ocational attributes of the sensgrare:

maintaining sensing coverage by a small number of sensors . o
2T . ._e the position on the terrain in terms of the polygon number,
and low energy consumption in a wireless sensor network is . . .
ps;» ON which this sensor is located. Each sensor can

also studied in the literature [1], [16].
: . . . . : be located only on the center of mass of the selected
Automatic selection of sensor viewpoints to view multiple polygon

objects and regions in a given 3-D scene is an important heading angled,. This is the angle between the

research area in computer vision [17]-[20]. In such taslssta . N . . :
. : looking direction of the sensor carrier and X axis, which
of viewpoints and sensor placement must be planned to sample .
is between 0 and 359 degrees.

all features of interest. Similarly, for autonomous moldbot . the tilt angle,s;. This is the angle between sensor and its
navigation, a robot is equipped with a set of sensors which . T T U
cooperate to detect the obstacles and the free space. Sensorcamervzh'cg's in the range 0f90+5" < 0; < 90_.5 ’
planning in robotics, which is the process of deciding the where/3~, 5~ are the (vertical) lower and upper viewing
types, configurations and tasks of the sensors, has beeadtud anglgs of the ;ensat;—. _
with various techniques [21]-[23]. Tharmarasa et al. pEﬂqooThe locational attributes of sensors are determined baeeq 0
an algorithm for the problem of dynamic assignments of seffle Selected mode of the sensor, which can be detection,
sors to local fusion centers (LFCs) in a distributed architee dentification, or recognition. The behavioral attribuggecify

by maximizing tracking performance of multiple targets Jj24 the Visibility capability of each sensor; and do not change
They decompose the sensor management problem into atgéceughout the run. The sensgrhas the following behavioral

of subproblems including selecting subsets of sensorigrass2ttributes:

them to LFCs, and assigning the frequency and transmissiorr depth of view of the senson;. This specifies the range
power to each active sensor. A cooperative sensor planning Of visibility for the given sensor.

system based on multi-attribute utility theory was regentl e horizontal viewing angley;. The viewing angle indicates

presented, which unifies research from vision, sensor jpignn
and multi-agent planning [25].

Although utility function theory has a well-known histony i
optimization [26], there are only a few utility theory stedi

the wideness of viewing area of the sensor.

(vertical) lower and upper viewing angles, which ate
and 8Y, respectively. These angles bound the vertical
viewing area of the given sensor.

in the sensor network context. Byers and Nasser proposea financial cost of the sensofjostr(i). This depends on

a utility-based sensor selection method in [27]. Isler and the sensing ability of a sensor. Specifically, a sensor with
Bajscy developed a utility function-based model to locate @ high depth of view and a large viewing angle is more
sensor nodes for target localization [28]. Bian et al. psgzb expensive.

a utility-based sensor selection framework [29]. « type of the sensof];. This is a number used for refer-

In this paper, we develop a novel formulation for deter- encing a sensor with specific viewing parameters.
mining the optimal number of sensors, locating and setting The visibility value of a polygon is set by computing the
their orientational sensor-specific parameters in a syitdllyy average visibility of the four points (the three corner fsin
generated 3-D terrain with multiple objectives. Our salnti and the center of mass point) of the polygon. Checking each
approach relies on the rational trade-off between thredlicen polygon one by one and computing the visibility of the four
ing objectives which are: maximizing the coverage areaavhipoints on the selected polygon by considering all sensors
maintaining the maximum stealth, and minimizing the totabcated in the system is a computationally intensive opmrat
acquisition cost of deploying the sensors. These objective We present a cost-effective approach in our framework by
utility-independent; and when multi-objective utilityabry is considering only polygons within the view range of sensors.
considered, a multiplicative function over these attrdsufits After all polygon points within the view cone of a selected
for the total utility function in our study. Therefore, wenai sensor are determined, the perception procedure of th@sens
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is handled in the three phases (given in the following three
subsections). Then, the total visibility of the terrain &vided

by unifying the results (i.e., the visibility of polygon pus)

of all sensors considered.

A. Phase 1 - Horizontal Field-of-View (FOV) Test

This phase is applied to those polygons that lie in the
broadest field of view; and a region on the terrain (in terms
of a set comprising polygons) that passes the horizontal FOV
test is determined. The main purpose of this test is to peovid
a proper filtering for the XZ axis (without considering the Y
axis). A subset of locational attributes (the polygon numbe
to represent its location and the heading angle), a subset of
the behavioral attributes (the depth of view and the hotizlon
viewing angle) and the type of the sensor are the required
inputs for the filtering function of the horizontal FOV test
(see Fig. 2).

Clockwise

—
North (N) *

/ NS Line—of-sight Axis

Heading Angle
0
'

¢ A
Sensor

L

Fig. 2. Attributes Considered for Horizontal FOV Test

Figure 3 is theX Z plane of a sample terrain which is
visualized as polygons. In this figure, sensor is placed on
point O; the heading angle i8 = ZOB, and the horizontal
viewing angle iss = AOC'. The steps of FOV procedure (by
considering Fig. 3) follow:

o Calculating angles required in the testsThe
XOB angle is calculated through the equation
XOB = (450 — 0) mod 360. Then, XOA and XOC
angles are calculated similarly through the equations
given below:

(67

XOA = (XOB + 5) mod 360
XOC = (XOB — %) mod 360 1)

o Calculating the X and Z Coordinates of A,B and C

N AR ANRNE
N A . \.R i M
h
] \ .\‘o | - 3. )
N

Fig. 3. A Sample Terrain for the Horizontal FOV Test

is located; and the X and Z coordinates of the péirare
basically the coordinates of center of mass of the given
polygon. The coordinates of poif? are computed by:

B.x = 0.z + (|OB] x cos(X/O\B))

B.z = 0.z + (|OB| x sin(XOB)) @)

Since the line-of-sight axis(B line) is bisector of the
viewing angle,|OB| = |OA| = |OC], the X and Z
coordinates ofA and C points are computed with the
similar equations.

Forming a Bounding Rectangl&@he minimum and the
maximum values forX and Z coordinates ofO, A,

B, and C points are calculated; the combination of
these points form a rectangle (s&yLM N rectangle).

It should be noted that one or more of these points can
not be corners points (of polygons). Then, these points
are extended to the nearest polygon points so that they
will form a new rectangle K’L’'M’N’) so that the new
rectangle will bound and include th€ LM N rectangle.

In this step, it is provided that the corners of the new
rectangle should be within the terrain.

Applying Horizontal FOV Test to the Points in the New
Rectangle: This step is for determining whether the
corner points and center of mass point of all polygons
(that are in the rectangle area constructed in the previous
step) are in the horizontal view-cone of the sensor or
not. For every point considered, it is checked whether
the point is in either thedO B triangle orBOC triangle.

It should be noted that if we consider tlOC' triangle
instead of theAOB and BOC triangles, we lose some
points from the horizontal FOV area.

points By taking left bottom point of the Fig. 3 (markedB- Phase 2 - Vertical Field-Of-View (FOV) Test

with R where R is the reference point) as the (0,0) The list of terrain points that are perceived from the hamizo
point, coordinate calculations of, B, andC points are tal FOV test will be input for the vertical FOV test. The upper
conducted. HerdO B| is the depth of view of the sensor,viewing angle, the lower viewing angle and the tilt angle of
A = |OBj. Itis also known on which polygon the sensothe given sensor are the main attributes that will be consitie
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\ I11. A NOVEL MULTI-ATTRIBUTE UTILITY MODEL

In this section, we present our novel multi-attribute tili

L " Line-of-sight Axis function formulation and its sub-objective formulatioms the

X -7 Upper FOV Angle sensor optimization problem. Multi-attribute utility dpsis
* is a widely-accepted scalarization-based multiobjective

\T"‘Q”g'e ‘. ) optimization method especially in military applicationsed
oy Fov Ang,e,.‘ - *HO“Z‘S'“&' Axis to the te_stlng capability of various scenarios (s_uc_h as risk
SensorR;n—g;\ﬁ“‘\J' ’ averse, risk prone, etc.) under uncertainty or Ilmltgd Qata

cases [26], [32], [33]. In our study, there are three obyedti
Fig. 4. Attributes Considered for Vertical FOV Test or attributes that are both conflicting and, at the same time,

supporting of each other, as a multiplicative function over
the given three attributes. In the first step, the singlesddn

in vertical FOV test (see Fig. 4). In this test, the first step utility function value, whose range is between 0 and 1, is

to calculate the slope of the sensor. By using3V, andg- calculated for each attribute. Then, the multi-attributiity
values, the slope of upper FOV (given i¥) and slope of (MAU) function calculates the effect of each measurement on

lower FOV (given inp’) are calculated through the followingthe total performance according to their determined weight
equation: . -
In our study, the total function to maximizé&](A, S, P),
3) of scanning an areal using a setS of sensors which are
located on a seP of polygons (i.e. the sensas; located on
S the polygonpy), is represented with the following formula:
For the case ofan(90) andtan(—90), an infinitesimal value

(0.05) is added to the angle value. Then, for each point to U(A,S, P) = wyis Uvis(A, S, P) + wst Usi (A, S, P) +

pU =tan(o + pY) , p* =tan(o — BF)

which the vertical FOV test is applied, the slope between the Weost Ucost (S, P) +
sensor and the selected point is calculated. If this slepe ( Wois Wst Upis (A, S, P)Ust (A, S, P) +
satisfies the following inequality, the point passes theicair Wis Weost Uvis (A, S, P) Ucost (S, P) +
FOV test: Wst Weost Ust (A7 S, P) Ucost(S7 P) +
Wois Wst Weost Uvis (A7 S7 P) Ust (A7 S, P) Ucost(S7 P) (5)
min(pY, p¥) < tan(a) < max(pY,pl) 4)

where U,;s(A, S, P) is the utility of visibility of area A
The output of this test (in terms of polygon points) is they the set of sensors§ located on the set of polygonB,
view-cone of the given sensor. Ust(A, S, P) is the utility of stealth of the set of sensofs

located on set of polygon®, and U.,s:(S, P) is the utility

of the cost of the sensors located on set of polygonB. In
C. Phase 3 - Line-of-Sight (LOS) Algorithm this equationw.;s, wst, Weost are the weights (coefficients)
In this phase, a LOS algorithm is applied to compute t%hglrselgmiy@ifii g?it c<oslt :;h“gvjficx?i Ejsmjii/

visibility _vaIue of each polygon V‘_'ithin _the view-cone fromThese weights are set based on experimentation on a given
the previous phase. A LOS algorithm finds out whether a¥rrain by considering various military scouting missiofke

point on the terrain blocks one or more rays going from_ﬁ)llowing subsections briefly describe how the utility faions
source sensor to a target point [30]. In order to determlrllt?e defined

whether the target point is occluded or not, araluation set Additionally, we also consider the total utility of each sen

is chosen among the different points of the 3-D ray going from located on polygonp, in our computations, which is

- 9N 9 ¥ .
ot (wihout ki I accoumt the heiaht dimonsion in 3 XIZPTESeNted Y (4., py). By using (5), this term requires
( 9 9 D (A sipr), UL(A, sj,pr) andU] (s, pi) terms, which

plane)_, the height of the terrain at t.h at point Is cqm-par.ehu W'arvésthe sensors-specific utility of i/oigtibility, stealth,daoost,
the height of the ray at the same point. If the terrain is higtie respectively

the given point, it is concluded that the ray is blocked arabot ’

points in the evaluation set are not considered; othenise,

next point from the evaluation set is considered for the samde Computing the Utility of Visibility

test. The value of utility of visibility is derived by using the
In our study, we implement two different LOS algorithmgmount of visibility of the given terrain, which is computed

from the literature, the Janus Algorithm [31] and Bresenhagy adding the visibility of all polygons on the given terrain

Algorithm [30]. The first algorithm considers the interptited  Formally, the utility of visibility of area A by the set of sears

strategy in order to determine the evaluation set of poants, s (located at set of polygons R,:s(A, S, P) is computed
the second one is based on the nearest-post strategy. Sipggq (6):

the Bresenham Algorithm does not require computations for
interpolation, and it may require less number of controhp®i Upis(A, S, P) = Zpi ca V(S P,p;) x W, ®)
it is faster but less accurate than the Janus Algorithm. v > ea W,
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where,IW,,, is the weight of the polygop; andV (S, P,p;) is computed by summing the weights of all polygons within the
the visibility value of polygorp; by using the set of sensorswhole terrain. Since, horizontal field-of-view of the beshsor
S located on the set of polygonB, which is computed by basically shows the maximum visibility of a sensor, vistiil

): effectiveness computation generates normalized resutistal
ax,. Ve (5521 b its denominator.
V(S,P,p;) = Lep MAXs, 65{ ; (857, )} @) The termV, (s;, pr, b), the visibility of the destination point

. - . _ b from the sensos; located at source point (which is the
The termV;, (s;, pk, b) is the visibility of a single poinb  center of mass of polygopy,), is formally defined by (10):
(which is part of polygonp;) from the sensors; which is

already located on the center of mass of polyggn Since D(a, b)
point b can be recognized by multiple sensors (with different Vs (85: Pk, b) = (1 =115, % A.
visibility values), the maximum visibility ob is considered in «(1— max ©°) (10)
(7). In this equation, the visibility of a polygagn is computed pe€a—b

by the average of visibility of selected polygon points. lr o

, ~ where D(a,b) is the distance between poiatand pointb;
study, three corner points and center of mass are considejed ig the depth of view and and,. is the range effect
as the selected polygon points, therefate= 4 in (7) and > o

: ) __coefficient of sensos;. The range values varies with respect
(9). Although theV, (s;, pk, b) term is also used in (9), this 1 gifferent types of the problem addressed: i.e., therd wil
equation computes the visibility value of polygpnby using e three different range values (for detection, recognitand
Sensofrs;. _ identification) of each sensor.
_The weight of each polygop;, W,,, can be set with tWo g gecond term is theeather permeability valysvhich is
different techniques in our experimental study: derived by the density values of weather conditions. Theter
o During terrain generation, one or more regions of th@gv is the weather density over a polygpn wherep, is a
terrain (or even the entire terrain) can be selected; and thelygon that is in between point and pointb. As explained
same weight (or importance) value is assigned to all polyy Section 2, snow, rain and fog are the weather conditions
gons in a selected region, where the values are from a digmnsidered in our study, and a polygon on the terrain can be
crete set that consists of 5 valugs; 0.25,0.5,0.75,1.0}.  marked with one of these weather conditions with a density
Note that if a polygon is not selected, it has the defaulalue of the condition, where a high density value causes a
weight of 0.5. low visibility value. The density values of weather conalits
« In the second approach, weights are set by considerigger all polygons between points and b are considered a
the terrain characteristics. A function is already defined part of LOS algorithms and the maximum value is returned if
order to set the weights of all polygons in the rari@el) no intermediate point (betweenandb) is obstructed by the
by considering the heights and slopes of the polygongsrain.
Specifically, a polygon that is among the highest polygons The last term in (10) is thebject permeability valuavhich
of the terrain and whose slope is higher than a threshglgl set by using the density value of objects. As explained
value is set with a very high weight value (i.e., which isn Section 2, there can be two types of objects located on
very close to 1). synthetically generated terrain, which are natural olkjecich
Since sensor-specific utility values are also required s trees and artificial objects such as buildings. When atbbj
our study, utility of visibility of each sensor is computed i is located on a polygon, the height and the density value of
addition to overall utility of visibility. The utility of vsibility the object is added to the polygon.
of a specific sensok; is computed by using (8), where
Vs, (5, pr, pi) is the visibility of p; by using sensos; that is
already located on polygap.. It should be noted the utility of

visibility value is not equal to the summation of sensoresfie The low observable sensors hold great promise in increasing
utility of visibility values. the effectiveness of military operations. Although it magm

that stealth is imperative for nearly all tactical missipits use
> Vs, (85, Pk, pi) X W, inati i i ici [
pi€A V8i\%j pi @) needs close examination, particularly in strategic ingilans.

)x (1— max y!Y)
§ pcE€a—b

B. Computing the Utility of Stealth

Ugis (A7 845 pk) =

Zpi caWp, Stealth reduces the risk of many military operations intigd
conducting area searches without revealing the presernite of
Vi, (5P i) = Lvep Vo (85:Pk: ) (9) sensor due to decreased risk of detection.
n The utility of stealth value for a set of sensors that are

Additionally, a new term called thgisibility effectiveness already located on the terrain is derived by subtracting-tist

of a sensor is considered in our study. It is computed similaf the total visibility of the located sensors (by using eyem
to (8), where the nominator of the new term is equal to ther opponent objects) from one. For this purpose, a predefined
nominator of (8). On the other hand, the denominator of theuimber of opponent objects of different types are scattered
new term is equal to the summation of the weights of thecross the terrain randomly (by utilizing angle and distanc
polygons that are only in the best sensor’s horizontal fieldonstraints), as part of a given scenamio These objects are
of-view region by locating the best sensor on polygen the vehicles carrying opponent sensors. In our experinhenta
Therefore, it differentiates from (8) where the denominaso study, the angle-based locational attributes (such asimipw
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angle, depth of view, etc.) of opponent sensors can be saidy, we also propose a dynamic version, which reset all
with the values of either the best or the worst sensor in thecational attributes of x |E| sensors at every generation,
system. whereg is set with different values in our experiments.

The utility of stealth of a set of sensors that are positioned
on a set of polygond” by considering a single scenario i

S . o
computed with the following equation: C. Computing the Utility of Cost

In our study, the terntost of a given sensos; includes
Usm(A,S,P)=1 = > Vg(E,P,ps,) x Ru(A,si,ps,)  two separate meanings a) the (normalized) financial costeof t
5, €5 sensor,NCostr(s;), and b) the (normalized) placement cost

(11) of the sensor to its current location (i.e., polygeg), which

ther?XgE(E, P’Ipsi) 'S th? ma>t<;]mumtV|?|b|I|ty of thte Sfpslg is represented bW Costy (s, px). Based on these terms, the
(located on polygom,,) from the set of opponent vehic utility of cost for a set of sensots placed on a set of locations

yvr_nch are located on set of positiof’s As in sensor visibility, P is formally defined by:
it is computed by:

VE(E7P7P37:) = max {VE(ejapkapSi)} (12) ) WE X NCOStF Si
e;€R Ucost(S,P)zl—{ZSIGS( |S| ( ))
The Vg(e;,pk, ps;) term in this equation is the visibility of ‘
a single point on the terrain (where the senspis located) Ls,es(Wr X NCOStL(S“pk))} x N|S| (15)

from an opponent sensor located on polygan Here, this Bl
term is the dual of the ternV{ (s;, pi,b); therefore it is  Here, the financial and the placement (locational) costs are
also computed with (10). Further, the utility of stealth of andependent, andr andw;, are the weights (from the range
single sensos; for a given scenario is computed by removingo..1]) of the two cost terms, respectively. In our experiments,
the summation term in (11) and updating the denominator @f. = 0.7 and w;, = 0.3, unless otherwise specified. The
the Ry term with visibility effectiveness term (explained inplacement cost term in the right side of this equation is
Section IlI-A). computed by NCostr(s;,pr) = Pr(si,px) X s, Where
The Ry (A, si,ps,) termis the ratio of the utility of visibility Py (s,, py) is the locating probability of sensaf on polygon
of the given sensos; to the cumulative utility of visibility of p,: andy,, is a sensor specific constant that is set to 1, unless

all sensors, as shown in the following equation: otherwise specified. The locating probability values of all
Uyis(A, 51, ps,) terrain polygons are set by _co_nsidering the heights_ anceslop
Ry (A, si,ps;) = (13) of polygons and characteristics of the sensors (i.e., senso

2 €5 Uvis(4,55,ps;) carriers). In order to simplify the model, this term can be
It should be stated that the denominator in the previous-eqs&t with the weights of polygons based on the second method
tion is not the overall utility of visibility, but the cumutize explained in Section IlI-A. In (15)N|S] is the normalized
utility of visibility. This is due to the fact that the ovetal value of sensors usage, which is computed by:
utility of visibility may be equal to utility of visibility d a
) . . . |S]
single sensor, which may generate a negative value in (L1). | N|S| = —=
a sensor with a high utility of visibility value (and there€o E(S)
a high utility ratio) is completely seen by an opponent objeavhere|S| is the number of sensors used in the solution, and
this will significantly decrease the utility of stealth. Aher FE(S) is the expected value of the number of sensors for the
alternative for the second term in (11) (i.e., utility of ¥idity  given terrain.
ratio) is to consider the percentage of polygons that aribleis
by the given sensor. However, this alternative is not carsid,
since the difference in the visibility of polygons and wefgh
of the polygons are not considered in this approach. Positioning and utilizing multiple directed sensors for ac
The process of scattering and computation phases is fUsition of a given environment is one of the fundamental
peated for a predefined number of scenarios, where the méggearch topics in various domains including military eper
value of utilities for the given scenarios determines thereit ations, computer vision, and robotics. Sensor positiord an
utility of stealth. If r is the number of different scenarios (fororientations highly affects coverage and stealth perfocea

setting the opponent objects), the overall utility of maining €Specially on 3D terrains. Sensors should be positioned and
stealth is computed by: utilized so that the overall visibility of the given terrasmmax-

, imized, while maintaining maximum stealth, and minimizing
> w1 Usm(A S, P) (14) total acquisition costs of deploying the sensors. Sinceehe
r objectives are conflicting and utility-independent, thefied
The locational attributes (polygon number, heading and tilitility function is computed as a multiplicative functiower
angles, sensor types) of« |E| opponent sensors are set athe objectives considered as one of the basic results of-mult
the beginning of the program execution, whé¢fg is the set attribute utility theory.
of opponents considered at each scenario. The attributa of In this paper, we introduced a new multi-attribute utility
opponents do not change during program execution. In tHisction formulation in order to find the optimal number of

(16)

IV. CONCLUSIONS

Ust(A,S,P) =
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sensors, locations and their orientational sensor-spepéi

[17]

rameters in a synthetically generated 3-D terrain with ipldt

objectives. We also formulated its subobjective formuolasiof ;

the sensor optimization problem. In our following paper][34

we propose a new hybrid evolutionary algorithm to solve the
sensor placement problem by considering the multi-atteib

19]

utility-based formulation given in this paper.
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Positioning and Utilizing Sensors on a 3-D Terrain

Part Il - Solving with

a Hybrid Evolutionary

Algorithm

Haluk TopcuogluMember, IEEE Murat Ermis, and Mesut Sifyan

Abstract—In this paper, we explore using a hybrid evolutionary
algorithm for deploying and configuring a set of given sensa
on a synthetically generated 3-D terrain. In our EA-based
solution, various methods are considered in order to incorp-
rate specialized operators for hybridization, including problem-
specific heuristics for initial population generation, intelligent
variation operators (Contribution-Based Crossover operaor and
Proximity-Based Crossover operator) which comprise probém
specific knowledge, and a local search phase. The experimaht
study validates finding the optimal balance among visibiliy-
oriented, stealth-oriented, and cost-oriented objective The ob-
tained results also indicate the effectiveness and robustss of
our hybrid evolutionary algorithm-based solution for various
practical scenarios with different objectives.

Keywords-Sensor planning, local search, hybrid genetic algo-

rithms.

C OLLECTING comprehensive and accurate data fro
sensors is still a demanding problem; even though rem

sensing technologies have become better and more widelsp

I. INTRODUCTION

more sophisticated sensing devices. Presently, thereiféee d

ent types of sensors and sensing technologies with diﬂfer(?g
costs that are used to search and detect targets in differﬁn

domains. Specifically, reconnaissance, surveillance tarybt
acquisition are example military operations where deplgyi
and utilizing sensors play a vital role [1]. Therefore, dspl

ment of multiple sensors on a given environment and findi

the most suitable orientation for coverage is an importaut a

challenging combinatorial optimization problem [2]—-[4].

We develop a framework that has a novel approach f
determining the optimal number of sensors, locating an

setting their orientational sensor-specific parametera eyn-
thetically generated 3-D terrain with multiple objectivig.

Our solution approach relies on the rational trade-off teeta
three conflicting objectives which are maximizing the cepgr

area while maintaining the maximum stealth, and minimizin
the total acquisition cost of deploying the sensors. The§e

objectives are utility-independent; and when multi-objex
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(rﬁgerators [8], [11]-[13]; and may be combined with special-

n

utility theory is considered, a multiplicative functionenthese
attributes fits for the total utility function in our study.

Motivated by our constructed framework, this paper ex-
plores the use of a hybrid evolutionary algorithm for sen-
sor placement and orientation problems. Evolutionary Algo
rithms [6]-[8] (EAs), which are inspired by the Darwinian
evolutionary process present in nature, operate by iteigti
generating a population of chromosomes that are encoded
forms of candidate solutions. In order to reach an optimum so
lution, EA typically uses various genetic operators (imihg
selection, crossover, and mutation) by applying the "salvi
of the fittest” principle. EAs have been efficiently used in a
wide variety of applications in the engineering, sciencd an
business fields [6], [9].

However, simple evolutionary algorithms are generallympoo
for solving complex combinatorial problems [10]. EAs are
usually strengthened with problem-specific charactesstr

Izéd heuristics to produce hybrid systems, which are called

r : ; ) . .
in various domains due to the decrease in cost of produci&%erem hames including hybrid evolutionary algorithasd

Pr%metic algorithms [14]-[16].

In this paper, we propose two specialized crossover opera-
s called the Contribution-Based Crossover (CBX) and the
roximity-Based Crossover (PBX) that comprise the domain
specific information on the sensor placement problem. The
CBX operator carries a sensor to the offspring from one of
its parents based on their contributions, which is expisse
il terms of the utility of the related sensor. Further, the
PBX operator considers the acceptable proximity distances
and angular differences in order to carry a sensor to the
or . . ) ;
caarrespondlng sensor. Experiments on synthetic 3-D tesrai
with various characteristics are conducted in order to gmes
the effectiveness of our EA-based framework. The results
of the experimental study clearly show that our proposed
approach is very successful in deploying and utilizing sess

by considering the multiple objectives.

The remainder of the paper is organized as follows: In
ection 2, we briefly introduce our sensor optimization feam
work. Section 3 gives our proposed hybrid EA-based formu-
lation for solving the sensor optimization problem. Sectib
presents performance evaluation and experimental studyrof
work; and finally, Section 5 concludes the paper.

II. SENSOROPTIMIZATION FRAMEWORK

In this section, we present the details of our sensor opti-
mization framework which consists of three modules (given
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in Fig. 1): the Terrain Generation Moduléhé TerGen Mod-
ule), the Scenario Editor Moduletie SenEd Modu)e and

the Sensor Optimization Modulghe SenOpt Moduje The
TerGen Modules used for generating synthetic terrains and
covering these terrains with natural and/or artificial @tgeand
weather conditions. It executes the Hill Algorithm [17] and
the Diamond-Square Algorithm [18] (see Fig. 2) for terrain
generation. The Hill Algorithm considers random circular
displacements on the initially flat terrain, where the radiu
of each displacement causes a rough and rocky or smooth
and rolling terrain. On the other hand, the Diamond-Square
Algorithm starts with a 2-D grid and applies the diamond and
the square steps in a grid of points repeatedly in order teicov
the entire plane in squares.

SenEd Module

Optimum Cost

System Parameters SenOpt Module
)
I

i | User
'| Sensor Systems [~

! 1 sconmio | - wonsitivit ; Fig. 2. (a) A Rough Terrain generated by the Hill Algorithrmda(b) A
| _ 3 # Opti mization Aalysis )| Smooth Terrain generated by the Diamond Square Algorithm
i Threats . '

I
i i
i

| Par anet er s " |
I I
1 L
I

I

I

Synt hetic
Terrain

eatner hat ural can be set either by the user during the terrain generation
| process, or by the topographic analysis of the terrain.

TerGen Module

Fig. 1. Software Architecture of our Framework TheSenEd Modulef our framework defines the parameters
. . _ and attributes of various sensor systems. As explained]in [5
Aftbe ' f;telrrsln IS generated_,f!t _|s|cot\)/_ered ngtglzja}l ob_Jeﬁ:Is( sensors attributes are classified in two categories: befravi
est, bush, lakes, etc.) or artificial objects (buildingsddes, attributes and locational attributes. The attributes enfdrmer

etc.). The TerGen Module also sets various weather comlduuoSet are determined by the SenEd Module, which includes the

on the terrain including rain, snow, fog, and temperatutaea depth of view @\;) , horizontal viewing anglec(;), vertical

The weather conditions are taken into account during the . viewing angle ), vertical upper viewing angle{)
visibility calculations of sensors. The TerGen Module pd@s 4 1o financial costdostF(i)) of each sensors:. We
: . X . i

an mte_rface o set different |mporta_nce levels and comita consider a multi-mode approach (detection, recognitiord, a
for re(zjglgns g.];fthe generﬁteq terrain. Im][aortgnce I$VEIS_ Fentification modes) for characteristics of sensors ireotd
|nten. ed to diflerentiate the |mportance ot regions ot &giv provide more accurate and meaningful results for percaptio
terrain. A user may put co_nstramts on one or more_area(s) becess of located sensors. Therefore behavioral atésbut
the terrain to restrict locating sensors on these regions.  J« - h sensor may vary according to the mode considered.

_In our study, each generated terrain is represented by_dsem)reover, the latter group includes attributes determibgd
triangular polygons, where each polygpnhas the following the SenOpt Module, which are the position (i.e., the polygon

attributes store_d in the databasg. i i i numberp,,), the heading angled() and the tilt angles;.of
« Three vertices (each of which given in x,y,z coordinateg), -, sensos;.

of the polygonp;.

« Normal vector ofp;. The SenOpt Moduleoptimizes the deployment of sensors

« Center of mass of the polygon (given in x,y,z coordifor a given scenario with our novel hybrid evolutionary algo
nates), which is computed and stored during the terraiithm, which positions sensors and utilizes sensors’ param
generation phase. ters/attributes. Specifically, the algorithm determirtes inost

« Weather density+(") and object density() of poly- suitable type, number, position, and parameter values ®f th
gon p;, where the values are in the range of < sensors that will maximize the provided objective function

W9 < 1. The density values are used to compute thgiven a multi-attribute function as explained in [5]). &n

permeability value of a ray that traverses from an origithe SenOpt Module performs the sensitivity analysis of the
to a predefined destination through the given polygpn optimization results according to various success catezk-
by considering object and weather conditions over thgerimental designs can be prepared accordingly. Spetyfical
polygon. the tests are repeated in various synthetically generatesiris

« Weight of the polygon}¥;, which indicates the impor- in order to improve the measurement of the efficiency of our
tance of the given polygon. The weights of each polygdaA-based approach.
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I1l. PROPOSEDHYBRID EVOLUTIONARY ALGORITHM FOR will have low capacity (thus low cost) sensors with high
SENSOROPTIMIZATION PROBLEM probability and it will have high capacity (thus high cost)
nsors with low probability. Then, locations of sensors in
ch solution are determined by a heuristic method (exgdain
elow) for a predefined percentage of the initial population
and the locations are set randomly for the remaining part of

Although simple evolutionary algorithms have been widel e
used for many optimization problems in the literature, the
are not generally efficient for the complex combinatoriadipr
lems [10]. Specialized and/or problem-specific operat8is [ L :
[11], [12] are combined with evolutionary algorithms imgro the initial p(_)p_ulatlon. _ .

ing their performance, where these hybrid systems arectalle Our heuristic approach aims to distribute the selected sen-

hybrid evolutionary algorithms or memetic algorithms [14]5°'S évenly on the given terrain. If there @&ensors (same
[16] in the literature. In order to build our hybrid evolutiary ©' different type) to be placed, firstly the terrain is pantied

algorithm, problem-specific heuristics are consideredrfitial to |vk] rows and columns, which will generate a total

population generation. Two novel variation operators théﬁ/EJ, « [ V] regiqns after pa}rtition_ing. First, one Sensor (of
incorporate problem specific knowledge are presented in dRJEViously _determvgd tyi)/e_) is assigned to each regiom,the
study, which are the Contribution-Based Crossover and tH remaininge — [ vk« | vk | number of sensors are located
Proximity-Based Crossover operators. Additionally, aaloc O" the terrain randomly. After aregion is selected, the seiss
search phase is applied on the output of the variation operat located on the center polygon of the region with a prob§b|llt
In our EA-based approach, each solution contains the ty| Eio(ﬁ,l_"’md fon any ,Othﬁr prc:lyion (1;.rom thel reg|ond er]th a
and the locational attributes (position, heading angtearigle) roba llity of 80%. Finally, t € heading ang eH_X an t e
of sensors. Possible solutions of a a given problem mHg angle () of each sensor given in the solution of initial

have different number of sensors deployed; thereforegstriHODUIation are determined randomly by considering feasibl

representation in our EA-based approach supports variabign9es of angles.
length chromosomes. Additionally, there is no order of sefs
in a given solution. In this study, a steady-state Genef: Crossover Operators

Algorithm is applied which generates one individual at eachdour EA-based approach includes a set of variation operators

iteration. We consider tournament selection mechanism a )
T S . crossover and mutation operators) and a local search phase
the tournament size is varied in the experiments. The valpe

of the fitness function is set with the value of the total tytili ITSt, a crossover operator Iis applled. on two parents that
; . . . are selected by the tournament selection method. Crossover
function (based on the equation derived in [5]).

operators consider problem-specific information in order t
carry the sensors from parents to offspring. Then, a local
A. Initial Population Generation search is applied on the output from the selected crossover

The first phase to generate a solution for initial populatidfP€rator, which aims to improve the quality of the offspring
is to determine the number of sensors considered in tR% Modifying heading and/or tilt angles. Finally, a mutatio
solution, which is set randomly between the upper and tRgerator is applied on the output of the local search.
lower limit of the sensor quantity. The sensor mode (which /N our study we consider three different crossover opera-
can be detection, recognition, or identification) and th@rs: Which are the Contribution-Based Crossover (CBXg, th

horizontal depth of view &) on the given sensor mode aré roXimity-Based Crossover (PBX), and the Cut and Splice
considered in order to calculate the limits. Assume that ofg™0SSover (CSX). The CBX and CSX operators are the ones
problem is the recognition of the terrain and the maximufat consider problem-specific knowledge. All three crosso
depth of view of sensors for recognition mode is equal {3PEralors generate a single offspring as the output.

Ammas and the minimum depth of view is equal 19,,;,,. The 1) Contribution Based Crossover (CBX) Operatofhe

number of sensor$S| in the given solution is determinegmain idea behind this operator is to carry a sensor to the
randomly by using (1): offspring from one of the parents based on its contribution,

which is expressed in terms of utility of the sensor. The eens
. . , . in both parents are examined in this operator. One sensor is
Terrain_Dim Terrain_Dim .
(Ai A7_) xvy (1) select_ed randomly_from each parent and the better one, which
mes min has higher total utility value than the other sensor, is ndove
In this equation,Terrain_Dim is the length of one di- into the offspring as the first sensor of the offspring. Atteac
mension of a polygon on XZ plane of the generated terrain.dtep, one of the remaining sensors from each parent is edlect
should be noted that the length, with respect to the X andand the best one of selected sensors is moved to the offspring
axis, is the same, since terrain generation algorithms usedthe sensor keeps acceptable proximity distance with alicrsn
this study consider grids. The terms and~, are constants, that are already in the offspring. The steps of calculathey t
which are assigned from the rangé$ < ~+; < 1.25 and proximity distance is given below:
1.0 < v < 1.75, with respect to the complexity of the terrain.  Assume that the senssy, is the sensor that has the highest
After the sensor quantity of a solution is determined, thietal utility value (highest contribution value) among ttve
type of each sensor is randomly set by preserving the invessnsors that are selected from the remaining sensors of each
proportionality to sensor capacities (i.e., the view rang&h parent solution; and assume thgt, is already located on
respect to given sensor mode). Therefore, a given solutipnlygonm with the heading anglé,, as given in Figure 3.

)y < 1S) < (
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inequality:
1S < (187 +185]) * € (4)

In this inequality,|S¥’| and|SY’| are the number of sensors
allocated in the first and the second parents of the offspring
respectively; and is a constant which is less than 1. Here,
there is no lower limit for sensor quantity in the offspring.
The number of sensors in the offspring can be less than both
two parent solutions due to the restrictions on both protimi
distance and heading angle.

2) Proximity Based Crossover (PBX) Operatom this
operator, firstly, a crossover poiritis selected randomly by
consideringl < k < m — 1 wherem is the minimum of the
number of sensors used in two parent solutions. Starting fro
the first sensork sensors of the first parent are copied to the
offspring. The next phase is to copy sensors from the second
L. 8 : : | A | parent. Starting from the first element of the second parent,

5 | _ sensors are copied to the offspring in order by considering
the inequalities given in (3). The first equation is for tegti
the proximity distance and if the current sensor of the sdcon
Fig. 3. Contribution Based Crossover parent passes this test for all sensors already in the aftspr

it is copied to the offspring. Otherwise the second testteela
with viewing angle is applied. The upper bound for the number
Assume thats,, is one of the sensors that is already copiedf sensors in the offspring (given in (4) ) is applied in thexPB
to offspring; ands,, is located on polygom with the heading operator; we do not consider a lower bound.
angled,,. Assume that (horizontal) viewing angles ©f, and 3) Cut and Splice Crossover (CSX) Operatdhis operator
s, are au, andc«,, respectively. In order to decide whetheis similar to the original single-point crossover operagsr
sensors,, located on polygonm will be accepted for the proposed in the literature. As in the previous operator, a
offspring, the following two inequalities are considered: crossover point is selected randomly from the rafigen — 1]
wherem is the minimum of number of sensors existing in two

Dmn

Zz

D(n,m) > (A, + Ap) X p (2) parents. Then, both parents are separated at the giverozesss
0 — 0] > am + an % 3) point and two children are created by exchanging tails aed th
e 2 better one is selected as the offspring. The tests of praximi

The right side of the first inequality is the acceptable progistance and viewing angle are not applied in this operatut,
imity distance. The distance between sensors (in othertworEpere is no upper bound on the number of sensors considered.
the distance between the center of masses of polygons m and
n, D(m,n)) should be equal or greater than the acceptabffe Local Search Phase
proximity distance, which is computed by multiplying the After a solution is generated using the crossover operator,
summation of depth of views with a problem specific constanhe local search phase targets on improving the quality of
u, where0 < p < 1. The depth of view value of each sensothe solution by modifying angular attributes of sensorse Th
is based on the sensor mode considered in the experimentgeps of the local search phase is presented in Fig. 4. At each

If s, validates the first inequality, it is selected for théteration of the local search, the sensor with the minimum
offspring the second inequality is no longer consideredh-Si utility of visibility value is selected. Here, we considensor’s
ilarly, if the sensor fails in the first inequality but it vellites individual utility of visibility values.
the second one, it is still moved to the offspring. If the dagu  The heading angle is updated by adding a predefined
distance between heading angles of sensors (the left sidénietrement amountd) repeatedly until the first improvement
the second inequality) is greater than the summation of half utility of visibility for the given sensor (steps 8-10)ekt,
of the horizontal viewing angles of two sensors, the cardidahe value oféy is a predefined constant which is set based
sensor is copied since they are looking at different dicersti on the terrain size (i.e. the number of polygons on the tejrai
even if the distance between them is less than the acceptaine parameters of terrain generation algorithms that are fo
proximity distance. The terns, an angular constant relatedspecifying the terrain complexity. If there are large numbe
with overlapping ratio of horizontal viewing angles of serss of polygons on the terrainjy can be low; otherwise a
is set t00.8 unless otherwise specified. higher value can be set. In our experiment, = 25°, unless

If it does not validate both of the inequalities, the cantidaotherwise specified.
sensor is dropped and sensor selection is performed from th&'he next phase (given in steps 10-13) is to modify the tilt
remaining sensors of parents. This process is repeatedgs langle of the sensor in order to improve sensor’s visibility.
as the number of sensorkS() moved to the offspring is less Similar to the heading angle, an increment amount) (is
than the upper limit, which is computed by using the follogvinadded to the tilt angle of the given sensor repeatedly. This
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process is repeated until all possible alternatives calvarel .
the alternatives are selected from the range given below:

—90 + B <o <90 — BY (5)

whereg”, 3V are the lower and upper (vertical) Field-of-View
(FOV) angles of the given sensor ands the tilt angle which
is already updated with the given increment amount.

This process is repeated until one of the following two
conditions occurs: a) the cumulative improvement ratioton t
utility of visibility of the modified sensorsi) is greater than
or equal t020% or b) where at least 40% of sensors in
the original solution are considered as part of the localcdea «
process. The percentage values considered for the stopping
condition is updated with different values as part of our
experimental study. The improvements are not directlytegla
with the total utility value of the solution, because diffat
sensors which view common polygons are not tested. Only
local improvements of sensors are considered and number of

Update. This operator updates the location of a sensor
in two steps, which include selecting the sensor, and
selecting the new location of the selected sensor. We
consider two alternatives for each of these two steps. The
sensor for the update operator is selected either randomly
or is the one that has the minimum utility of visibility
value. The target location is either selected randomly
from the whole terrain or is selected randomly from
the same region where the original sensor is located.
The region concept is explained in the subsection for
generating the initial population.

Delete. This operator deletes one of the sensors, which
can be either a randomly selected sensor or the one which
has the minimum utility of visibility value.

Insert.A new sensor is added to the solution on a polygon
that is randomly selected either from the whole terrain or
from the region which already includes the sensor with
the minimum utility of visibility value. The sensor type

sensors to be examined is limited in order to bound the runnin
time of this phase.

and the heading angle and the tilt angle of the new sensor
is set randomly by considering the feasibility ranges of
angles.

1. Sensors of the input solution is kept in the $et 2) Angular Mutation Operator:This category is for updat-
2. Ir < 0 /I total improvement ratio. ing the angular properties of a sensor, which is either satec
3. g+« 0 // number of sensors considered. randomly or is the sensor of the given solution that minirsize
4. &g « increment amount for the heading angle. the utility of visibility value. This class has two operatpone
5. &7 « increment amount for the tilt angle. of which is selected randomly. The mutation operators are:
6. Select sensos,, that hasmin,,es Uy (A, si, ). « Mutation on Heading AngleThis updates the heading
7. while (Ir < 0.20 or ¢ < 0.10 x |S]) do angle of the selected sensor randomly.
8. while no increase iUy, (A, sm, pr) and 6 < 360 do « Mutation on Tilt AngleThis updates the tilt angle of the
9. Om = Om + 0n sensor randomly from a predefined feasible range.
10. If no increase in utility of visibility One extension is to select one of the two mutation operators
11 Store the original value @in.. from this class non-uniformly. Specifically, the mutatiamthe
12. for (o= —90+fr; 0 <90 - fu; 0 =0 +dr) do heading angle can be selected with a higher probability than
13. Computel, (4, sm, pi) With new o value the mutation on the tilt angle.
14. Keepo value which maximizes/., (4, sm, pr)- In addition to these two classes of mutations, updating
14. If no increase in utility of visibility the sensor type is also considered as a mutation operator. In
15. Store the original value afm. our experimental study, type of a randomly selected sensor
16. ¢—q+l1 is updated randomly at every 100 generations; if the update
g' dSE_Ilect anothes that hasmins;es Uv (4, 51, px). causes an improvement, it is accepted; otherwise it is tesjec

. enawniie

The update on the sensors type is applied for both of the
mutation classes given above.

Fig. 4. Steps of the Local Search Phase
IV. EXPERIMENTAL STUDY

) In this section, we present the results of computational
D. Mutation Operators experiments in order to evaluate the effectiveness of obritly

Mutation operators in our study can be considered in twevolutionary algorithm. This is coded in C programming
categories, which are the locational mutation operatang, alanguage and the computational experiments are conducted
the angular mutation operators. In our experimental stugdy, on a cluster of machines, each of which has an Intel Xeon
can either select one of the two categories randomly at teie fi2.33 Ghz. processor running the Linux operating system. The
mutation and do not change the category during the executidefault values of general parameters listed in Table | are
or select the category randomly at each mutation case.  considered in our study, unless otherwise stated.

1) Locational Mutation Operators:This category deals Although the performance of our genetic algorithm is ex-
with only the locations of sensors (i.e. the polygon numbessnined for longer durations as part of the experimentalystud
on which they are located) and the heading and tilt angles d@rds not worthwhile to run more than 1,000 generations.
not modified. If this class is selected, one of three diffemgs  The total utility value of each generation of a sample run
erators (called update, delete, and insert operators)ésted with a visibility-domain mission is given in Fig. 5.a. This
randomly. figure indicates that the amount of fitness increased before
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TABLE |

DEFAULT SETTINGS OF SELECTED PARAMETERS OFExPERIMENTATION O OUr experimentation is set with the default values of the

1,620 tests considered. Specifically, the initial popuolatof

Parameter | Value our algorithm is set randomly without any heuristic. The
1-Coeff|icient8|0f Sensors Quantity Limits | y1 = 1.00y2 = 1.75 increment amount of heading angl&y is set to25°, which

in Initial Population . ) .. . .

2-Coefficient for Depth of View =04 is one-fourth _of the minimum horizontal viewing angle of
in CBX and PBX sensors considered. The increment amount of the tilt angle
3—Eoefﬁé¢i$m for Sensor ngntity €=05 is set todr = 3°. A visibility-dominant, that occurs mission
Inherited from Parents to Offspring - . . .
4-Improvement Ratio in Local Search Phaise I = 20% !oy sele_ctlng recognition mode of sensors with a rough terrai
5-Sensor Ratio in Local Search Phase SR =10% is considered.

6-Number of Edn%mlesf_ (df?tectlorhd \ (10, 40, 100) In each complete replication of the experiments, all pdssib
recognltlon and identification modes . . . . .

7 Tournament Size 5 combinations of the levels of factors given in this table are
8-Number of Generations for Termination 1000 examined; therefore, we involve full factorial design irsth

study [19]. Based on the analysis of variance (ANOVA)
on the total utility value for a visibility-dominant misgip

the 1,000th generation is significantly greater than thewarho four main effects are observed: population size, crossover
of fitness increase after the 1000th generation. Based on tperator, selection strategy of the source sensor in nomtati
cross-correlation figure (given in Fig. 5.b) for the same, rumnd interaction between the population size and the cressov
the utility of visibility and the utility of stealth increaswhile operator. The “Pred. R-Squared” of 0.8733 is in reasonable
the utility of cost decreases with an increase in number afreement with the “Adj. R-Squared” of 0.8742. The optimiza
generations. tion results are acquired by setting the goals for the taikdyu
value and generating the optimal conditions. Specificéitig,
population size is set to 50, the contribution-based cramso

T T , \ is selected, and the sensors with the minimum visibilityueal
. il is considered for the mutation operator. However, the norat
. i operator does not have a significant effect on total utilgy f
% v ;/ a visibility-dominant mission.
i B. Experiments on Problem-Specific Parameters
:z - The second category aims at mainly identifying the
o MDA 0 S0 GO0 70D Dm0 0w problem-specific parameters including terrain type and the
three utility weights for determining a specific mission.-Ad
o8 e — ditionally, it includes three algorithm-specific paranretéhat
o7 g™ St |- are not considered in the previous subsection, which are the
06 strategy for selecting the initial population, the incrernealue
E ol i in heading angle and the increment value in tilt angle (see
Xh Hﬁﬁ% Table IIl). The best values of the algorithm-specific partare
o I " observed in the previous subsection are taken into account i
03 our experiments given in this subsection.
02 —_— Based on the analysis of variance, the first three param-

T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Number of Generations eters (given in the first three columns of Table Ill) do not
Fig. 5. Performance of Hybrid Evolutionary Algorithm witrespect to  Significantly affect the total utility values. The terraippe,
Ngmber of Generations for (a) Total Utility Value, and (b)rél Individual \whether a smooth or a rough terrain, and the mission type,
Utilty Values given with different weights of three utilities, affect theality

. s L ...0f solutions as expected. Therefore, the experiments of the
The experimental study presented in this section is clasksifi . . ;

. ) : : previous subsection are extended for the other alternative
in two categories. In the first category, the experiments afe

performed by considering the algorithm-specific para - m|ss_|ons, Whlch are the stealth-dominant mission and tké co
dominant mission.

our evolutionary glgonthm. The second category focuses °"Eor a stealth-dominant mission, it is observed that the
the problem-specific parameters of the experiments. ! : . .
population size, crossover type, mutation type and interas
) ) - between them affect the total utility value significanthhid
A. Experiments on Algorithm-Specific Parameters relation is strongly proven with the “Pred. R-Squared” of
The four algorithm-specific parameters which are popul@&.9479 and “Adj. R-Squared” of 0.9488. The parameters given
tion size, type of the crossover operator, type of the maomatiin Table Il for the stealth-dominant mission are set to those
operator, and sensor selection criteria in mutation aloity wvalues observed for the visibility-dominant mission. Sarly,
their sets of values are presented in Table Il. The valuesfor a cost-dominant mission, all four parameters and imttera
the table causes 54 different combinations, each of whichtisns between them affect the total utility value signifitan
run with 30 replications. Moreover, the remaining paransteThis relation is reasonably agreed with “R-Squared” values
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TABLE I
ALGORITHM-SPECIFICPARAMETERS

Population | Crossover Mutation Source Sensor in
Size (A) Operator (B) Operator (C) Mutation (D)
1. 30 1. Contribution-Based (CBX)| 1. Location-Based| 1. Random Sensor
2.50 2. Proximity-Based (PBX) 2. Angular-Based | 2. Sensor with
3. 100 3. Cut and Splice (CSX) 3. Random Minimum Visibility

TABLE Il

PROBLEM-SPECIFICPARAMETERS

Initial Population Increment in Increment in | Utility Weights Terrain

Selection Strategy Heading Angle | in Tilt Angle | (wyis, Wst, Weost)

(75% Heuristic, 25% Random) 25 3 (0.6,0.3,0.1) Terrain 1 (smooth)

(50% Heuristic, 50% Random) 50 5 (0.3,0.6,0.1) Terrain 2 (smooth)

100% Random 75 7 (0.25,0.25,0.50) Terrain 3 (rough)
10 Terrain 4 (rough)

The population size is set to 30, and a single-point crogsov
and location-based mutation operator is selected for a cos
dominant mission.

C. Performance Evaluation and Discussion

Number of Sensors Examined

In this section, the effects of various factors on the qualit
of solutions are measured and related discussions aredavi
a) The Effects of Termination Condition in Local Search: T R I

Number of Generations

_S'_n_ce the Sensor conflguratlons are generated r‘_andomlyem Hlb 6. Local Search Termination Condition for a VisibiliBominant
initial population, they may not have the most suitable dagu Mission

behaviors. Specifically, the utility of visibility for mosif the
sensors in initial population may be less than 0.01. Thelloca
search phase given in Fig. 4 aims at improving the utility dpcal search phase. The first alternative is denoted as ‘iHgad
visibility of sensors by updating the heading angle and ilhe t— Tilt” which updates the heading angle of the selected sensor
angle of a set of selected sensors of the given individual. @ its first improvement; then all possible alternativesitf t
our experiments, the local search phase is terminatedreitB@gles are examined to get the maximum utility of visibility
when a total 0f20% improvement is achieved or the numbefhe second one, “Tilt- Heading”, changes order of updates
of sensors examined reachesli@ of sensors in the given on heading angle and tilt angle of the first alternative. frent
solution. the third alternative removes the local search phase cdeiple
Based on the experimental study on number of sensd¥ increasing the generation size to 2,000. It should bedtat
examined in local search phase at each generation, the amdbat the generation size is set to 1,000 for the first and the
of improvement on the worst sensor is large enough to provigecond alternatives.
the predefined improvement ratio (i.20% improvement on  The second column is for mission type, where M1, M2, and
the utility of visibility) during the first 200 generationsf o M3 represent the visibility-dominant, stealth-dominaatd
execution for the visibility-dominant mission (see Fig.. 6)cost-dominant missions, respectively. The three casesdohn
The number of sensors examined increases slightly with arission type give almost equal total fitness values. Sirfte, t
increase in generation number. A total of six sensors amgmber of heading angle alternatives is less than the nuaiber
examined before leaving the local search phase after thih 300t angle alternatives, the running time of the “Headingilt”
generation. The number of sensors in individuals is aroumgdse is longer than the running time of the “FilHeading”
60 for the given terrain when the recognition sensor modeise. The algorithm, without considering the local search
is considered; therefore, six is the upper limit wheéd% phase, reaches equal total utility value with the other two
sensor ratio is considered. As a result, the local searchepisa alternatives by doubling the number of generations. Tioeesf
terminated due to the limits on improvement ratio in theiearl the “Tilt—Heading” case is selected in our experiments due
generations. Moreover, it is terminated due to the sengar rato its shorter running time.
for the later part of a given execution. A similar observatio c) The Effects of Injecting Individuals to Population:
is done for the other missions considered. The first extension is to inject three sensors randomly into
b) The Effects of Alternative Strategies for Local Searcl60% of the population at every 100th generation, where the
As mentioned above, the local search phase of our algoritlatiributes of the inserted sensors are randomly generates.
improves the quality of solutions by modifying angular attotal utility value of this injection method for each missio
tributes of a set of selected sensors from the individualgiven in Table V are very close to that of Table IV, where
Table IV presents the performance of three alternativesien ttests of the both tables are done with the same terrain, the
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TABLE IV
PERFORMANCEEVALUATION OF ALTERNATIVE TECHNIQUES FORLOCAL SEARCH PHASE

Update on Mission | Number of | Utility of | Utility of | Utility of Total Exec. Time
Local Search Type Sensors Visibility Stealth Cost Utility (min.)
M1 64.2 0.4953 0.7549 0.4476 | 0.6621 26
Heading-Tilt M2 63.8 0.4192 0.9183 0.5491 | 0.8418 25
M3 12.6 0.1186 0.9683 0.9117 | 0.8618 9
M1 64.2 0.4992 0.7479 0.4425 | 0.6614 18
Tilt—Heading M2 62.8 0.4263 0.9112 0.5516 | 0.8408 17
M3 12.0 0.1191 0.9660 0.9114 | 0.8610 8
Local Search M1 72.4 0.5041 0.7645 0.3770 | 0.6615 24
M2 67.0 0.4176 0.9224 0.5049 | 0.8363 21
Excluded M3 7.1 0.1123 0.9949 0.9447 | 0.8901 8
TABLE V
COMPARATIVE RESULTS OFINJECTIONMETHODS FOR THEHYBRID EVOLUTIONARY ALGORITHM
Updates Mission | Number of | Utility of | Utility of | Utility of Total
Considered Type Sensors Visibility Stealth Cost Utility
M1 77.0 0.5253 0.7506 0.3606 | 0.6694
Sensor Injection M2 74.6 0.4489 0.8999 0.4754 | 0.8304
M3 38.9 0.2583 0.8570 0.7272 | 0.7626
Sensor Injection & M1 57.6 0.5016 0.7718 0.4556 | 0.6751
Deletion M2 55.8 0.4218 0.9291 0.5748 | 0.8554
M3 23.0 0.2013 0.9181 0.8281 | 0.8261
TABLE VI
PERFORMANCERESULTS ON ASMOOTH TERRAIN WITH DIFFERENTSENSORMODES
Sensor Mission Number of | Utility of | Utility of | Utility of Total
Mode Type Algorithm Sensors Visibility Stealth Cost Utility
M1 RS 13.9 0.3578 0.6536 0.5161 | 0.5267
Detection HEA 14.7 0.5716 0.8000 0.4607 | 0.7419
M2 RS 9.7 0.2337 0.7997 0.6785 | 0.6894
HEA 14.7 0.5200 0.9615 0.5415 | 0.9216
M1 RS 80.7 0.4283 0.6108 0.4389 | 0.5524
Recognition HEA 59.7 0.5561 0.7433 0.4840 | 0.7061
M2 RS 54.9 0.3036 0.7020 0.6241 | 0.6465
HEA 62.3 0.4743 0.9162 0.5811 | 0.8731
M1 RS 227.7 0.3053 0.7411 0.4673 | 0.5138
Identification HEA 178.2 0.4557 0.8339 0.3482 | 0.6474
M2 RS 162.7 0.2289 0.7764 0.6117 | 0.6620
HEA 170.3 0.3957 0.9439 0.5061 | 0.8409

same sensor mode, and the same values of parameters. cost-dominant mission is less than the previous results.

Moreover, the average number of sensors in the solutions d) The Effects of Sensor Modédst this part, we present
for both the visibility-dominant and stealth-dominant siis the effectiveness of our algorithm for detection, recagnit
are 15% higher than those values given in Table 1V, and thand identification modes of sensors on both smooth and rough
cost-dominant mission triples the sensor usage. Theretfoee terrains. Since sensors have limited range for all modet®eps
utility of visibility of the solution is improved due to ineases slope on the view cone of a sensor decreases the visibility
in sensor quantity for all three missions. In the visibilityrange of the sensor. Therefore, the total utility value ol
dominant mission, the total utility value is not affected son a smooth terrain is higher than the total utility value on a
much due to the strong reduce on the utility of cost. The totadugh terrain, when comparable number of sensors areediliz
utility value decreases for the stealth-dominant and tre-coon both terrains (see Tables VI & VII). Three different semso
dominant missions, since the increase rate of the utility efodes on both the visibility-dominant (M1) and the stealth-
visibility is less than the decrease rate of the utility ofto dominant (M2) missions are considered in these tables.

In our second extension, the first injection is combined with The performance comparison of the hybrid-EA (HEA) with
deletion of the worst sensors. Specifically, the sensorssezh@ random search method (RS) is presented for all sensor modes
utility of visibility is less than one third of the averagelity and mission type’' pairs in Tables VI and VII. The best
of visibility of the solution are removed from the solutionindividual in a randomly generated initial population ofth
at every 100th generation. After the deletion operatioe, tHHEA with 50 individuals is the output of the RS method for
sensor insertion procedure is applied as mentioned in teach test. The individual utility values and the total tytilof
first technique. There is a slight increase in the total tytili the solutions generated by the HEA significantly outperform
due to the increase on both the utility of visibility and thehose of the RS method for both smooth and rough terrains.
utility of cost values, for both the visibility-dominant drihe  Additionally, the required number of sensors to cover a 3-D
stealth-dominant missions. However, the total utility bet terrain varies according to the selected sensor mode. Since
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TABLE VII
PERFORMANCERESULTS ON AROUGH TERRAIN WITH DIFFERENTSENSORMODES
Sensor Mission Number of | Utility of | Utility of | Utility of Total

Mode Type Algorithm Sensors Visibility Stealth Cost Utility

M1 RS 11.3 0.2062 0.7773 0.5784 0.4645

Detection HEA 16.3 0.4710 0.8022 0.3980 0.6545

M2 RS 8.0 0.1221 0.8193 0.6863 0.6516

HEA 16.3 0.4239 0.9555 0.4670 0.8561

M1 RS 77.3 0.3321 0.6697 0.3990 0.4975

Recognition HEA 63.0 0.4946 0.7574 0.4548 0.6638

M2 RS 445 0.2075 0.7393 0.6483 0.6321

HEA 61.3 0.4215 0.9084 0.5637 0.8385

M1 RS 214.3 0.2509 0.7697 0.4347 0.4777

Identification HEA 180.6 0.4022 0.8430 0.3658 0.6121

M2 RS 141.9 0.1744 0.8025 0.6260 0.6564

HEA 166.5 0.3406 0.9415 0.5220 0.8148

TABLE VI
PERFORMANCECOMPARISON ON ASMOOTH TERRAIN WITH RESPECT TOCOVERAGE AND STEALTH

Recognized Polygons (%) Observable Sensors (%)

Sensor Mission | Algorithm when V(S,Pp;) when Vg(S,Pps,)

Mode Type > 0.1 > 0.5 >0.75 > 0.1 > 0.5 >0.75

M1 RS 0.58 0.44 0.15 0.71 0.45 0.19
Detection HEA 0.88 0.73 0.27 0.49 0.21 0.03
M2 RS 0.38 0.29 0.09 0.60 0.39 0.15
HEA 0.83 0.65 0.21 0.20 0.01 0.00
M1 RS 0.71 0.52 0.17 0.80 0.36 0.07
Recognition HEA 0.87 0.70 0.24 0.63 0.17 0.01
M2 RS 0.53 0.36 0.11 0.73 0.31 0.05
HEA 0.79 0.58 0.17 0.34 0.00 0.00
M1 RS 0.59 0.34 0.08 0.67 0.14 0.02
Identification HEA 0.77 0.56 0.16 0.53 0.04 0.00
M2 RS 0.45 0.24 0.05 0.64 0.13 0.02
HEA 0.71 0.47 0.11 0.25 0.00 0.00

the behavioral attributes of sensors including depth ofvyiebles VIIl and IX. Specifically, the column fdrg (S, P, ps,) >
horizontal and vertical angles for the detection mode ateebe 0.1 gives the percentage of the sensors that are at légst
than those values for the other modes, fewer sensors aigble by enemy sensors. It should be stated that the Idweer t
required to cover in the detection mode for both smooth ampercentage is the better the result. As in previous resoits,
rough terrains. method significantly outperforms the RS method with respect

Performance comparison of the algorithms with respetd the percentage of sensors observed. Our algorithm pzevid
to percentage of the polygons recognized by sensors Hfficient deployments of sensors so that none of the sensors

percentage of sensors observed by enemies are presentetffh be at leasts% visible by enemy sensors for some of
Table VIII for a smooth terrain (related with the tests ofh® test cases given in the tables. The difference between

Table V1) and in Table IX for a rough terrain (related with théh€ percentage of the observable sensors, and the difierenc

tests of Table VII). Here, each terrain is represented byt afse P€tween the numbers of recognized polygons for both of the

triangular polygons and every terrain is generated withdfixedlgorithms widen when the visibility ratio increases.

number of polygons, which is 32768. The percentage valuesrig. 7.a and Fig. 7.b represent the coverage map of the rough

of the observable sensors are the averages of five differgpid the smooth terrains given in Fig. 2.a and Fig. 2.b. The

scenarios with different locational and angular behavioirs coverage maps are the output of sample runs by considering

enemy sensors. a visibility-dominant mission on detection sensor mode rghe
The percentage of the number of polygons observed is givemis, Wst, Weost are equal to 0.60, 0.30, and 0.10 respectively.

for three different minimum visibility ratios((1,0.5,0.75) in  The remaining parameters of the sample run were determined

the tables. Specifically, the column f&i(S, P, p;) > 0.1 gives by considering the results of experiments on algorithmegiee

the percentage of the polygons that are at I¢a%t visible by and problem-specific parameters. Fig. 7.a gives the coeerag

the sensors deployed. Our algorithm significantly surpagse 0f 14 sensors located with a total utility value of 0.7199eTh

RS method for all sensor modes with all missions studied. Aility of visibility, the utility of stealth and the utilit of cost

a specific example, when detection mode with the visibility«alues are equal t0.5439, 0.7925, and 0.4476, respectively.

dominant mission is considered, our algorithm observesoupftig. 7.b gives the coverage of 9 sensors with the total wtilit

80% more number of polygons on smooth terrain and up t@lue0.7571.

132% more number of polygons on rough terrain. Weather occlusion constraint is added to the terrains given

Additionally, the percentage of observable sensors ar aia Fig. 2 by setting the weather permeability value(té. It
given for three different visibility ratios0(1,0.5,0.75) in Ta- represents a global heavy rain condition over the giveailest
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TABLE IX
PERFORMANCECOMPARISON ON AROUGH TERRAIN WITH RESPECT TOCOVERAGE AND STEALTH
Recognized Polygons (%) Observable Sensors (%)
Sensor Mission | Algorithm when V(S,Pp;) when Vg(S,Pps,)

Mode Type > 0.1 > 0.5 > 0.75 > 0.1 > 0.5 >0.75

M1 RS 0.34 0.25 0.09 0.64 0.36 0.13

Detection HEA 0.76 0.58 0.20 0.49 0.17 0.05

M2 RS 0.21 0.14 0.05 0.63 0.31 0.12

HEA 0.70 0.52 0.16 0.24 0.00 0.00

M1 RS 0.58 0.38 0.13 0.77 0.30 0.05

Recognition HEA 0.81 0.61 0.19 0.61 0.14 0.01

M2 RS 0.38 0.24 0.07 0.70 0.24 0.03

HEA 0.73 0.50 0.14 0.38 0.00 0.00

Wi | uen lo72  |oss  |o1a  lose  |oms | o000

Identification - RS 036 0.18 0.04 0.63 0.10 0.02

HEA 0.63 0.39 0.09 0.25 0.00 0.00

Fig. 7. Coverage of Sensors for a) Rough Terrain, and b) Smoetrain

. . T . Fig. 8. Coverage of Sensors with Weather Occlusion for a)gRoterrain,
Due to the partial occlusion, the visibility of sensors ire thang by smooth Terrain

solution and the visibility of enemy sensors decreases (see
Fig. 8). For the case of rough terrain (see Fig 8.a), thetytili

of visibility decreases t0.2682 and the utility of cost value is . . . - .
. terrains with various characteristics. The results of eixpents
almost equal to the nonoccluded version of the same terrain.

On the contrary, the utility of stealth increaseste672 due cléarly point out the effectiveness and robustness of ol HE

to the decrease in the visibility of enemy sensors. Henee, tRased solution under all values of several algorithm- and

total utility value decreases .56 which causes up ta2% problem-specific parameters.
change. Similar decrease is observed for the case of thetkmoo
terrain.
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Abstract—In this paper, we propose a framework for deploying
and configuring a set of given sensors in a synthetically generated
3-D terrain with multiple objectives on conflicting attributes:
maximizing the visibility of the given terrain, maximizing the
stealth of the sensors and minimizing the cost of the sensors used.
Because of their utility-independent nature, these complementary
and conflicting objectives are represented by a multiplicative total
utility function model, based on multi-attribute utility theory.
In addition to theoretic foundations, this paper also present
a hybrid evolutionary algorithm based technique to solve the
sensor placement problem. It includes specialized operators for
hybridization, which are problem-specific heuristics for initial
population generation, intelligent variation operators which com-
prise problem specific knowledge, and a local search phase. The
experimental study validates finding the optimal balance among
the visibility, the stealth and the cost related objectives.

Keywords-Sensor planning; multi-attribute utility theory; hy-
brid genetic algorithms.

I. INTRODUCTION

In the military operations, reconnaissance, surveillance and
target acquisition can include a plurality of sensor platforms
that are used to collect information about an area under surveil-
lance and play a vital role [1]. In order to detect position of
foes, some sensors should be placed to cover a certain terrain
to provide maximum visibility while maintaining sensors’
stealth.

In this paper, we develop a framework and a novel solution
approach for determining the optimal number of sensors, locat-
ing and setting their orientational sensor-specific parameters in
a synthetically generated 3-D terrain with multiple objectives.
Our solution approach relies on rational trade-off between
three conflicting objectives which are maximizing the coverage
area while maintaining the maximum stealth, and minimizing
the total acquisition cost of deploying the sensors.

Motivated by our constructed framework, this paper ex-
plores the employing of a hybrid evolutionary algorithm for
sensor placement and orientation problem. Simple evolution-
ary algorithms are generally poor for solving the complex
combinatorial problems [2]. GAs are usually strengthen with
the domain-specific characteristics [3], [4], [5], and they are
combined with specialized heuristics to produce hybrid sys-
tems, which are called with different names including hybrid
evolutionary algorithms and memetic algorithms [6].
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DOI 10.1109/ISDA.2009.127
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In this paper, we propose two specialized crossover opera-
tors called the Contribution-Based Crossover (CBX) and the
Proximity-Based Crossover (PBX) that comprise the domain
specific information on sensor placement problem, and a local
search technique for improving the quality of solution. Exper-
iments on synthetic 3-D terrains with various characteristics
are conducted in order to present the effectiveness of our
GA-based framework. The results of the experimental study
clearly show that our proposed approach is very successful
in deploying and utilizing sensors by considering the multiple
objectives.

The remainder of the paper is organized as follows: In
Section 2, we first present an overview to Multiple Attribute
Utility (MAU) theory, which is followed by our novel multi-
attribute utility function model and its sub-objective formu-
lations. Section 3 gives our hybrid GA-based formulation
for solving the sensor optimization problem. Performance
evaluation and experimental study is discussed in Section 4;
and Section 5 concludes the paper.

II. MULTI-ATTRIBUTE UTILITY FUNCTION FOR SENSOR
OPTIMIZATION PROBLEM

Utility analysis is a widely preferred multi-objective op-
timization method, since it enables, especially in military
applications, the testing of various scenarios (such as risk
averse, risk prone, etc.) under uncertainty or limited data cases.
If there is more than one objective, utility analysis gets very
complicated and can only be applied if certain decomposition
conditions (additivity, independency, etc.) are met [7], [8].

If there is more than one objective which are both conflicting
and at the same time supporting each other and if all objectives
are independent, multiplicative or multi-linear utility function
may be used. Our basic assumption states that in a military
operation, the perception behavior of the sensors should rely
on rational trade-off between three conflicting criteria (pri-
orities). These three criteria are: maximizing the information
about the land, minimizing the data collected by the enemy
and minimizing the total cost of the positioned sensors.

In our formulation, the total utility value is computed as
a multiplicative function over the given three attributes. For-
mally, the total function to maximize, U (A, S, P), of scanning
an area A using a set S of sensors which are located on a set
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P of polygons (i.e. the sensor s; located on the polygon py),
is represented with the following formulation:

U(A: S7 P) = Wyis Uvis(Aa S> P) + Wt Uet(A7 Sv P) +
Weost Ucost(57 P) + Wyis Wst Um's (A, Sv P) Ust (A7 Sa P) +
Wyis Weost Uuis (A, S7 P) Ucost(sa P) +
Wst Weost Ust(A> S7 P) Ucost(Sa P) +
Wyis Wst Weost Uvis (A7 57 P) Ust (Aa S; P) Ucost (57 P)(l)
where Uyis(A, S, P) is the utility of visibility of area A
by the set of sensors S located on the set of polygons P;
Ust(A, S, P) is the utility of stealth of the set of sensors S
located on set of polygons P and U.s:(S, P) is the utility
of the cost of the sensors S located on set of polygons P. In
this equation, wy;s, Wst, Weost are the weights (coefficients) of
visibility, stealth and cost utility functions, respectively, where
0< Wyis, Wst, Weost < 1 and wy;s + Wep + Weost = 1. These
weights are set based on experimentation on a given terrain
by considering various military scouting missions.
Additionally, we also consider the total utility of each sensor
s; located on polygon pj, in our computations, which is rep-
resented by U7 (A, s;, py). By using the Equation 1, this term
requires Ugis(A7 Sjvpk)’ Ugt(Avsjvpk) and Ugost(Av Sjvpk)
terms, which are the sensors-specific utility of visibility, stealth
and cost, respectively.

A. Computing the Utility of Visibility

The value of utility of visibility is derived by using the
amount of visibility of the terrain, which is computed by
adding the visibility of all polygons on it. Formally, the utility
of visibility of area A by the set of sensors S (located at set of
polygons P), Uyis(A, S, P) is computed using the Equation 2,

Zp1 cA V(S7 P7pi) X Wpi

Zp,; €A Wpi

where, W,,, is the weight of the polygon p;, which indicates
the importance of the polygon, and V (S, P, p;) is the visibility
value of polygon p; by using the set of sensors S located on
the set of polygons P, which is computed by the average of
visibility of the points on polygon p;. Since any point can
be recognized by multiple sensors (with different visibility
values), maximum visibility of the point is considered in
computing the visibility value of polygon p;. In our study,
four points, i.e., the three corner points and the center of
mass, are considered as the selected polygon points. The term
Vs, (55, Pk, b) is the visibility of the destination point b (which
can be one of the four points of polygons) from the sensor
s; located at source point a (which is the center of mass of
polygon py). This term formally defined by Equation 3,

Uv’is(Aa Sv P) = (2)

_ D(a, b) w
Vas (9,20, 0) = (1 =y X =) x (1= mpax c”)
1— o

x(1— max ) (3)

where D(a,b) is the distance between point a and point b;
A, is the depth of view and and 7, is the range effect
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coefficient of sensor s;. The range values varies with respect
to different types of the problem addressed; i.e., there will
be three different range values (for detection, recognition,
identification) of each sensor.

Weather density (0') and object density (1¢) of polygon
pi, where their values are in the range 0 < %W , %O <1, are
used to compute the permeability value of a ray that traverses
from an origin to a predefined destination through the given
polygon p; by considering object and weather conditions over
the polygon.

The second term is the weather permeability value, which is
derived by the density values of weather conditions. The term
¥ is the weather density over a polygon p. where p, is a
polygon that is in between point a and point b. The density
values of weather conditions over all polygons in between
points a and b are considered as part of LOS algorithms ( [9],
[10]) and the maximum value is returned if no intermediate
point (between a and b) is obstructed by terrain.

The last term in Equation 3 is the object permeability value,
which is set by using the density value of objects. There can be
two types of objects located on synthetically generated terrain,
which are natural objects such as trees and artificial objects
such as buildings. It should be noted that the values of weather
density (V) and object density (1)) of polygon p. are in
the range 0 < ¥V, 99 < 1.

B. Determining the Utility of Stealth

The utility of stealth value for a set of sensors that are
already located on the terrain is derived by subtracting the cost
of the total visibility of the located sensors (by using enemy
or opponent objects) from one. For this purpose, a predefined
number of opponent objects of different types are scattered
across the terrain randomly (by utilizing angle and distance
constraints), as part of a given scenario m. These objects are
the vehicles carrying opponent sensors. In our experimental
study, the angle-based locational attributes (such as viewing
angle, depth of view etc.) of opponent sensors can be set with
those values of either best or worst sensor in our system.

The utility of stealth of a set of S sensors that are positioned
on a set of polygons P by considering r different scenarios (for
setting the opponent objects) is computed with the following
equation

2

1 - Zsiest(Evp,Psi) X Ry (A, si,ps;))

T

Ust(A, S, P) =

“
where Vg (FE, P,ps,) is the maximum visibility of the sensor
s; (located on polygon p,) from the set of opponent vehicles
FE which are located on set of positions P. As in the sensor
visibility, it is computed by,

VE(E7P7pSi) :mgg{VE(ejapkapsi)} (5)
€j

The Vg(e;,pr,ps;) term in this equation is the visibility of

a single point on the terrain (where the sensor s; is located)

from an opponent sensor located on polygon py. Here, this

term is the dual of the term V& (s;, pk, b); therefore it is also

computed with the Equation 3.



The Ry (A, si, ps, ) term is the ratio of the utility of visibility
of the given sensor s; to the cumulative utility of visibility of
all sensors, as shown in the following equation.

Uvis (A7 SiyPs; )
Zs]- cs Um’,s(Aa Sjapsj-)

It should be noted that the denominator in the previous
equation is not the overall utility of visibility, but it is the
cumulative utility of visibility. It is due to the fact that overall
utility of visibility may be even equal to utility of visibility
of a single sensor, which may generate a negative value in
Equation 4. If a sensor with a high utility of visibility value
(and therefore a high utility ratio) is completely seen by an
opponent object, this will significantly decrease the utility of
stealth.

The locational attributes (polygon number, heading and tilt
angles, sensor types) of r x| E| opponent sensors are set at the
beginning of the program execution, where |F| is the set of
opponents considered at each scenario.

RU(A7 8i7p5i> =

(6)

C. Computing the Utility of Cost

In our study, the term cost of a given sensor s; includes two
separate meanings a) the (normalized) financial cost of sensor,
NCostrp(s;), and b) the (normalized) placement cost of sensor
to its current location (i,e., polygon k), which is represented
by NCostr(si,pr). Based on these terms, the utility of cost
for a set of sensors S placed on a set of locations P is formally
defined by

Ucost (S, P) =1 — {ZS, es(wr XSNCOStF(Si))
Y5 e slwr x NCostr(si,pr))
|5

It should be noted that financial and placement (locational)
costs are independent, and wr and wy, are the weights (from
the range [0..1]) of the two cost terms, respectively. In our
experiments, wg 0.7 and wy, 0.3, unless otherwise
specified. The placement cost term in the right side of this
equation is computed by NCostr(si,pr) = Pr(Si, Dk) X @s;
where Pr(s;,pr) is the locating probability of sensor s; on
polygon pi; and g, is a sensor specific constant that is set to
1, unless otherwise specified. The locating probability values
of all terrain polygons are set by considering the heights and
slopes of polygons and characteristics of the sensors (i.e.,
sensor carriers). In order to simplify the model, this term
can be set with the weights of polygons based on the second
method explained in Section II-A. In Equation 7, N|S| is the
normalized value of sensors usage, which is computed by

sL
E(S)’

}x NIS|. ()

N|S| = 8)
where |S| is the number of sensors used in the solution, and
E(S) is the expected value of the number of sensors for the
given terrain, which is equal to the mean value of upper and
lower limits of sensor usage.
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III. HEA-BASED SENSOR PLACEMENT

In order to build hybrid evolutionary algorithms (HEA),
there are various methods to incorporate specialized operators
and domain specific knowledge with evolutionary algorithms.
We consider problem-specific heuristics for the initial popula-
tion generation. There are novel intelligent variation operators
presented in our study, such as Contribution-Based Crossover
and Proximity-Based Crossover operators that incorporate
problem specific knowledge. Additionally, a local search phase
is applied on the output of the variation operators.

In our GA-based approach, each solution contains the type
and the locational attributes (position, heading angle, tilt angle)
of sensors. There is no restriction on sensor quantity; therefore
string representation supports variable-length chromosomes.
Additionally, this work has no restriction on the order of
sensors in a given solution. A steady-state Genetic Algorithm
is applied which generates one individual at each iteration. We
consider tournament selection mechanism and the tournament
size is varied in the experiments. The value of the fitness
function is set with the total utility value.

A. Initial Population Generation

The first phase to generate a solution for initial population is
to determine the number of sensors considered in the solution,
which is set randomly between the upper and the lower limit of
the sensor quantity. The sensor mode (detection, recognition,
identification) and the horizontal depth of view (A) on the
given sensor mode are considered in order to calculate the
limits. After the sensor quantity of a solution is determined, the
type of each sensor is set randomly by preserving the inverse
proportionality to sensor capacities (i.e., the view ranges with
respect to given sensor mode). Then, locations of sensors in
each solution are determined with a heuristic which aims to
distribute the selected sensors evenly on the given terrain.

B. Crossover Operation

Our GA-based approach includes a set of variation operators
(crossover and mutation operators) and a local search phase
that is applied in between crossover and mutation operators.
In our study we consider three different crossover operators,
which are Contribution-Based Crossover (CBX), Proximity-
Based Crossover (PBX) and Cut and Splice Crossover (CSX).
It should be note that CBX and PBX are the ones that con-
sider problem-specific knowledge. All of the three crossover
operators generate a single offspring as the output.

1) Contribution Based Crossover (CBX) Operator: The
main idea behind this operator is to carry a sensor to the
offspring from one of the parents based on its contribution,
which is expressed in terms of utility of the sensor. The sensors
in both parents are examined in this operator. One sensor is
selected randomly from each parent and the better one, which
has higher total utility value than the other sensor, is moved
into the offspring as the first sensor of the offspring. Then,
at each step, one of the remaining sensors from each parent
is selected and the best one of selected sensors is moved
to the offspring if the sensor keeps acceptable proximity



distance with all sensors that are already in the offspring. The
calculation steps of acceptable proximity distance is explained
in the following part.

S

o,

Dinn

Sh)

9 ; \ B \ Mom

z

Lx

Fig. 1. Contribution Based Crossover.

Assume that the sensor s, is the sensor which has the
highest total utility value (highest contribution value) among
the two sensors that are selected from the remaining sensors
of each parent solution; and assume that s,,, is already located
on polygon m with the heading angle 6,,, as given in Figure 1.
Assume that s,, is one of the sensors which is already copied
to offspring; and s,, is located on polygon n with the heading
angle 6,,. Assume that (horizontal) viewing angles of s,, and
sp are o™ and ", respectively. In order to decide whether
sensor S,, located on polygon m will be accepted for the
offspring, the following two inequalities are considered.

D(n,m) > (A, + Ap) X p )
om0 > %m (10)

The right side of the first inequality is the acceptable prox-
imity distance. The distance between sensors should be equal
or greater than the acceptable proximity distance, which is
computed by multiplying the summation of depth of views
with a problem specific constant, x. The depth of view value
of each sensor is based on the sensor mode considered in the
experiments.

If s,, validates the first inequality, it is selected for the
offspring; then, the second inequality is not considered any
more. Similarly, if it fails in the first inequality but it validates
the second one, the sensor is still moved to the offspring. If the
angular distance between heading angles of sensors (the left
side in the second inequality) is greater than the summation of
half of horizontal viewing angles of two sensors, the candidate
sensor is copied since they are looking at different directions
even if the distance between them is less than the acceptable
proximity distance. The term &, an angular constant related
with overlapping ratio of horizontal viewing angles of sensors,
is set to 0.8 unless otherwise specified.
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If it does not validate both of the inequalities, the candidate
sensor is dropped and sensor with the next highest total utility
value is considered. This process is repeated as long as the
number of sensors (|S|) moved to the offspring is less than
the upper limit, which is computed by using the following
inequality.

1S| < (IST] + |557]) = € (11)

In this inequality, |ST| and |SI’| are the number of sensors
allocated in the first and the second parents of the offspring,
respectively; and € is a constant which is less than 1.

2) Proximity Based Crossover (PBX) Operator: In this
operator, firstly, a crossover point k is selected randomly by
considering 1 < k < m — 1 where m is the minimum of the
sensor quantities of the two parent solutions. Starting from
the first sensor, k sensors of the first parent are copied to the
offspring. The next phase is to copy sensors from the second
parent. Starting from the first element of the second parent,
sensors are copied to the offspring in the order by considering
the inequalities given in Equation 10. The first equation is for
testing the proximity distance; and if the current sensor of the
second parent passes this test for all sensors already in the
offspring, it is copied to the offspring. Otherwise the second
test related with viewing angle is applied.

3) Cut and Splice (CSX) Operator: This operator is similar
to the original single-point crossover operator proposed in the
literature. As in the previous operator, a crossover point is
selected randomly from the range [1..m — 1] where m is the
minimum of number of sensors exist in two parents. Then,
both parents are separated at the given crossover point, and
two children are created by exchanging the tails; and the better
one is selected as offspring. The tests of proximity distance
and viewing angle are not applied in this operator, and there
is no upper bound for number of sensors considered.

C. Local Search Phase

After a solution is generated using the crossover operator,
the local search phase targets on improving the quality of the
solution by modifying angular attributes of sensors. At each
iteration of the local search the sensor with the minimum
utility of visibility value is selected.

The heading angle is updated by adding a predefined
increment amount (dy7) repeatedly until the first improvement
on utility of visibility for the given sensor. If there are large
number of polygons on the terrain, §; can be low; otherwise
a higher value can be set. The next phase is to modify the tilt
angle of the sensor in order to improve sensor’s visibility. An
increment amount (d7) is added to the tilt angle of the given
sensor repeatedly. This process is repeated until all possible
alternatives covered.

This process is repeated until one of the following two
conditions occurs: a) the cumulative improvement ratio on the
utility of visibility of the modified sensors is greater than or
equal to 20%, b) at a least 10% of sensors in the original
solution is considered as part of the local search process. Only
local improvements of sensors are considered and number of



sensors to be examined is limited in order to bound the running
time of this phase.

D. Mutation Operators

Mutation operators in our study can be considered in two
categories, which are the locational mutation operators, and
the angular mutation operators.

1) Locational Mutation Operators: There are three types
of mutation operators in this category which deal with the
locations of sensors: the update, the delete and the insert
operators. The other parameters of our experimentation is set
with the default values.

The first operator updates the location of a sensor in two
steps: 1) selecting the sensor, and ii) selecting the new
location. The sensor for the update operator is selected either
randomly or it is the one which has the minimum utility
of visibility value. On the other hand, the new location is
selected randomly either from the whole terrain, or from
the same region where the original sensor is located on.
The second operator deletes one of the sensors, which can
be either a randomly selected sensor or the one which has
the minimum utility of visibility value. The last operator
in this category adds a new sensor to the solution on a
polygon that is selected randomly either from the whole
terrain or from the region which already includes the sensor
with the minimum utility of visibility value. The sensor
type and the heading and the tilt angles of the new sensor
is set randomly by considering the feasibility ranges of angles.

2) Angular Mutation Operator: This category is to update
the angular properties of a sensor, which is either selected
randomly or the sensor that minimizes the utility of visibility
value. There are two operators in this category, which are
mutation on the heading angle and mutation on the tilt angle.
The former one updates the heading angle of the sensor
randomly, and the latter one updates the tilt angle randomly
from a predefined feasible range. One extension is to select one
of the two mutation operators from this class non-uniformly.
Specifically, mutation on the heading angle can be selected
with a higher probability than mutation on the tilt angle.

In addition to these two classes of mutations, updating
the sensor type is also considered as a mutation operator. In
our experimental study, type of a randomly selected sensor
is updated randomly at every 100 generations; if the update
causes an improvement, then it is accepted; otherwise it is
rejected. The update on the sensors type is applied for both
of the mutation classes given above.

IV. EXPERIMENTAL STUDY

In this section, we present the results of experiments that
evaluate the effectiveness of our algorithm. The experiments in
this study were performed on a cluster of PCs, each of which
has Intel Xeon 2.33GHz processor running Linux operating
system. The default values of general parameters in our hybrid
evolutionary algorithm listed in Table I are considered.
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TABLE I
DEFAULT SETTINGS OF SELECTED PARAMETERS OF EXPERIMENTATION

Value
(20%, 80%)

Parameter |

-Sensor Allocation Probability
in a Terrain Region (center, random)

-Coefficient for Depth of View in Crossover Operators pn =04
-Coefficient for Sensor Quantity e=0.5
Inherited from Parents to Offspring

-Improvement Ratio in Local Search Phase Irp =20%
-Sensor Ratio in Local Search Phase SR =10%
-Number of Enemies (detection, (10, 40, 100)

recognition and identification modes)
-Tournament Size 5
-Number of Generations for Termination 1000

The first set of experiments is for identifying the values
of GA-parameters, which are the population size, the type
of the crossover operator, the type of the mutation operator
and the sensor selection criteria in mutation. The population
size is assigned from the set {30, 50,100}. Three crossover
operators and two categories of mutation operators given in
Section III are considered in the experiments. Additionally,
the source sensors for mutation is selected either randomly
or the one which has minimum visibility. The combination of
those parameters constructs 54 different cases, each of which
is run with 30 replications. Therefore, a total of 1620 tests are
conducted in the first set of experiments. On the other hand,
the other parameters of our experimentation is set with the
default values. Specifically, initial population of our algorithm
is set randomly without any heuristic. The increment amount
of heading angle (dz7) is set to 25°, which is one-fourth of
the minimum horizontal viewing angle of sensors considered.
The increment amount of the tilt angle is set to ép = 3°. A
visibility-dominant mission by selecting recognition mode of
sensors with a rough terrain is considered.

The optimization results are obtained by setting the goals
for the total utility value and generating the optimal con-
ditions. When the results of experiments are examined, the
population size is set to 50, the contribution-based crossover
is selected, and the sensors with the minimum visibility value
is considered for the mutation operator. However, the mutation
operator does not have a significant effect on total utility, when
a visibility-dominant mission is performed.

The second set of experiments evaluates the effects of
the following parameters on the performance, which are the
strategy for selecting the initial population, increment values
for the heading and the tilt angles, the mission-specific utility
weights and the terrain type. Initial population is set either
randomly or based on the heuristic presented in Section III.
The increment value in heading and tilt angles are assigned
from the sets {25,50, 75} and {3, 5, 7, 10}, respectively. Three
different missions (visibility-dominant, stealth-dominant and
cost-dominant cases) and two terrain types (smooth and
rough terrains) are taken into account in the experiments.
The coefficients (wyis, Wst, Weost) given in Equation 1 are
set with {0.6,0.3,0.1}, {0.3,0.6,0.1}, and {0.25,0.25,0.5}
for visibility-dominant, stealth-dominant and cost-dominant



missions, respectively. Based on the analysis of variance, it
is found that the first three parameters do not significantly
affect the total utility values. Both the terrain type and the
mission type affect the quality of solutions as expected.

A. Performance Evaluation and Discussion

In this part, we present the effectiveness of our algorithm
for detection, recognition and identification modes of sensors
on both smooth and rough terrains. Since sensors have limited
range for all modes, a steep slope on the view cone of a sensor
decreases the visibility range of the sensor. Therefore, the total
utility value observed on a smooth terrain is higher than the
total utility value on a rough terrain, when comparable number
of sensors are utilized on both terrains (see Tables II & III).
Three different sensor modes on both the visibility-dominant
(M1) and the stealth-dominant (M2) missions are considered
in these tables.

TABLE II
PERFORMANCE RESULTS ON A SMOOTH TERRAIN WITH DIFFERENT
SENSOR MODES

Sensor Mission Number of | Total
Mode Type Algorithm Sensors Utility
Ml RS 139 0.5267
Detection HEA 14.7 0.7419
M2 RS 9.7 0.6894
HEA 14.7 0.9216
Ml RS 80.7 0.5524

Recognition HEA 59.7 0.7061
M2 RS 549 0.6465

HEA 62.3 0.8731

Mi RS 227.7 0.5138
Identification HEA 178.2 0.6474
M2 RS 162.7 0.6620
HEA 170.3 0.8409

The performance comparison of the HEA with a random
search method (RS) is presented for all sensor modes and
mission types pairs in Tables Il and III. The best individual
in a randomly generated initial population of the HEA with
50 individuals is the output of the RS method for each
test. The individual utility values and the total utility of the
solutions generated by the HEA are significantly outperforms
those of the RS method for both smooth and rough terrains.
Additionally, the required number of sensors to cover a 3-D
terrain varies according to the selected sensor mode. Since,
the behavioral attributes of sensors including depth of view,
horizontal and vertical angles for the detection mode are
better than those values for the other modes, fewer sensors
are required to cover in the detection mode for both smooth
and rough terrains.

V. CONCLUSIONS

Positioning and utilizing multiple sensors for acquisition of
a given environment is one of the fundamental research topics
in various domains including military operations, computer vi-
sion and robotics. The contributions of this paper can grouped
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TABLE IIT
PERFORMANCE RESULTS ON A ROUGH TERRAIN WITH DIFFERENT
SENSOR MODES

Sensor Mission Number of Total
Mode Type | Algorithm Sensors Utility
M1 RS 11.3 0.4645
Detection HEA 16.3 0.6545
M2 RS 8.0 0.6516

HEA 16.3 0.8561
Ml RS 77.3 0.4975
Recognition HEA 63.0 0.6638
M2 RS 44.5 0.6321
HEA 61.3 0.8385
M1 RS 214.3 0.4777

Identification HEA 180.6 0.6121
M2 RS 141.9 0.6564
HEA 166.5 0.8148

in two-folds. Firstly, we present a novel multi-attribute utility-
based framework for deploying and configuring multiple sen-
sors in a 3D terrain that combines three conflicting objectives
into a unified total utility function, which are maximizing the
coverage area while maintaining the maximum stealth and
minimizing the total acquisition cost of deploying sensors.
Secondly, this paper presents a new hybrid evolutionary al-
gorithm (HEA) based solution for the constructed framework.
The computational study clearly points out the effectiveness
and robustness of our HEA-based solution under various
values of several experimental parameters.
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Abstract

Wireless Multimedia Sensor Network (WMSN) is a network of wirelessly interconnected sensors that
can gather multimedia information, like sound and vision. One of the most important design issues of
WMSN is connected coverage. Although there are many studies about coverage for WMSN, most of
them are based on two dimensional terrain assumptions. However, especially for outdoor applications,
3D terrain structure affects the performance of WMSN remarkably. In this paper, a novel 3D WMSN
simulation environment for connected coverage issues is presented. There are four main modules of the
simulation environment. The Terrain Generator (TerGen) generates a synthetic 3D landscape with
different weather conditions (snow, rain, fog), object occlusions (artificial or natural objects) and
toughness levels (smooth or rough). The Scenario Editor (SenEd) is used to define various sensor types
that have various behavioral and locational attributes. The outputs of TerGen and SenEd are the inputs of
the Simulator Engine (SimEn) which simulates the WMSN and gives the performance results. The
Optimization Module (OptMod), which is optional, can be used to determine the location of the sensors
optimally, while satisfying some constraints. Different scenarios are simulated to show the capabilities of
the simulation environment. The performance results show that 3D terrain structure affects the coverage
performance of WMSN directly. The object occlusions and weather conditions are also very important
for WMSN coverage.

Keywords: WMSN, connected coverage, simulator



A New 3-D Wireless Multimedia Sensor Network Simulation Environment for
Connected Coverage Problems

1. INTRODUCTION

In recent years, with the pace of the developing micro-electro-mechanical systems (MEMS)
technology, it has been possible to integrate battery operated sensor, computing power and low power
wireless communication components into one small size device. Wireless sensor networks (WSN) are
composed of a large number of sensor nodes, which are densely deployed either inside the phenomenon
or very close to it [1]. Wireless multimedia sensor networks (WMSN), which can be considered as a new
type of WSN, is a network that consists of wireless sensor network devices that have ability to retrieve,
process and store multimedia data such as video, audio and images [2]. Connected coverage is one of the
most important design considerations of WMSN systems. WMSN nodes should be deployed so that
while the covered area is maximized, the nodes of WMSN must be able to form a connected network [3].
In this paper, a new 3D WMSN simulator for connected coverage problems is presented.

Connected coverage concept is firstly investigated for wireless sensor networks (WSN). Huang and
Tseng have presented an extensive survey about WSN connected coverage problems [4]. Several
simulators are developed and used for connected coverage issues for WSN. Some of them are general
purpose network simulators which have an extension for WSN and some of them are developed
specifically for WSN. OPNET [5], ns-2 [6], GloMoSim [7] are examples for general purpose network
simulators. TOSSIM [8], EmStar [9] and SENSE [10] are examples for WSN simulators. There are a
number of WSN simulator tool surveys in the literature. [11-13].

Although WSN and WMSN are similar, WMSN has its own unique behaviors for coverage [3]. While
scalar sensors can be modeled as circle, multimedia sensors are modeled as sector. This is why the
solutions for WSN connected coverage problems cannot be applied to WMSN directly. The coverage
problem for video sensors is an old and well-known problem [14]. However, connected coverage issues
for video sensors take place along with the development of WMSN. To the best of our knowledge, the
only study about connected coverage in WMSN is presented in [15]. In this paper, Han et al. propose the
problems of deploying a minimum number of directional sensors to form a connected network to cover
and two approximation solutions.

The terrain structure of the WMSN affects the connected coverage performance of the WMSN
directly. Mostly, the existing simulators and studies support 2D terrain representation, which is quite
acceptable assumption for indoor applications [16, 17]. However, for outdoor applications, like border
surveillance, a 2D terrain representation is not enough to simulate coverage and connectivity issues for
the WMSN. If the terrain is represented in 3D, more realistic results can be produced for outdoor WMSN
systems [18]. There are a few number of 3D based visibility analysis and coverage model studies
available. In [19], Zhao et al. propose a novel 3D visibility model. However their approach is specially
designed for visual tagging problem and it can not be directly used for coverage problems. The model
proposed in [20] is also 3D based, but this model is only valid for convex regions. In [21], another 3D
based visibility model is presented especially for the presence of random object occlusion. However, this
model does not take into account of other occlusion types, like weather occlusions or natural occlusions.
Becker et al. introduce a discrete 3D space modeling in [22]. In this model, it is assumed that the target
space to be observed is the volume where a human being might navigate. It is not sufficient to model
large scale outdoor applications for coverage issues.

In this paper, a new 3D coverage model and a new WMSN simulation environment based on the new
coverage model is presented for connected coverage problems. The new simulation environment
generates 3D environments synthetically, covers the terrain with different user defined objects,
determines the weather conditions, deploys the multimedia sensors on the generated terrain, sets up the



characteristics of each sensor, and collects the performance results. It also has an optional optimization
module that can locate the multimedia sensors according to the specified optimization parameters and
constraints.

The remainder of this paper is organized as follows: In Section 2, the architecture of the simulation
environment is introduced. In Section 3, the perception model is discussed. In Section 4, we present the
coverage and the connectivity models. The sample scenarios which are designed to show the capabilities
of the simulation environment and resulting simulation experiment performances are presented in Section
5. In Section 6, the conclusion is stated.

2. THE ARCHITECTURE OF THE SIMULATION ENVIRONMENT

There are four main modules of the simulation environment. Synthetic terrain generator, TerGen,
generates the 3D landscape with specific weather conditions (snow, rain, fog), and natural details (lakes,
rivers, forest, etc.). Scenario Editor, SenEd, sets the general system parameters of different sensor
systems like video camera, night-vision, or mobile radar. All the data produced by TerGen and SenEd are
given to the simulator engine, SimEn, and SimEn processes the scenario and produces the performance
results. Optimization module, OptMod, is an optional component that tries to find the optimal location
and utilization of the sensors for a given set of parameters. The user of the system can set the parameters
and the constraints. The general system infrastructure of the simulation environment is illustrated in
Figure 1.
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Figure 1. General system infrastructure of our simulation environment.

2.1. Terrain Generator Module (TerGen)

TerGen generates 3D synthetic terrains that can be covered with different objects and weather
conditions. TerGen produces six different map data which are height map, polygon map, objects map,



weather condition map, importance map and constraint map. The height map defines the 3D structure of
the terrain which is represented by a set of triangular polygons. These polygons are stored in the polygon
map. TerGen can cover the terrain with natural or artificial objects that affect the visibility conditions
directly. The object data are stored in the object map. Another parameter that affects the visibility is
weather conditions. TerGen supports to create different weather conditions by the help of the weather
condition map. The weather condition data can be set either for the whole terrain (global) or for a user-
selected region of the terrain (local). The importance map is another map produced by TerGen. If there
are some areas that have higher priority than the rest of the terrain, the user can provide this information
in the importance map. The constraint map is used to restrict locating sensors on certain regions.

TerGen includes two different algorithms for height map generation, which are the Hill Algorithm
[23] and the Diamond-Square Algorithm [24]. Hill Algorithm starts with a 2D flat terrain and considers
random displacements. The generated terrain is normalized and the valleys are flattened out in order to
provide a more realistic terrain. Diamond-Square Algorithm also starts with 2D flat terrain, and applies
the diamond and the square steps repeatedly. An additional post processing phase takes place to smooth
the unnatural looking spikes [25]. In Figure 2, two different sample terrains are presented.
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(a) (b)
Figure 2. Sample terrains generated by (a) the Hill Algorithm, and (b) the Diamond-Square Algorithm.

Each generated terrain is represented by a set of triangular polygons. For each polygon, the following
attributes are stored in the polygon map:

e Polygon number, which is a unique number for each polygon,
e The coordinates of the polygon corners,

e Normal vector,

e The center of mass point,

All the remaining maps generated by TerGen are based on the polygon map.

Object map stores the polygon number, object type, object density and object height data. Object map
considers two basic object types; natural and artificial objects. Natural objects can be forest, bush, or lake,
and artificial objects are buildings on the terrain.

Weather condition map, which also uses polygon structure, sets various weather conditions on the
terrain, including rain, snow, fog, and temperature value. There are two different categories for the
weather map. Global weather map holds weather information which is valid for all polygons of the
terrain. Heat and humidity information is stored in the global weather map. Local weather information is
stored in the local weather map. It includes the type and the density information for each polygon. Type
information supports rain, fog and snow. Density data which are used in the visibility model of the
simulation environment change between 0 and 1.



There may be certain regions that have more importance than the rest of the terrain. This can be
thought as a common passage used by intruders. TerGen module provides an interface to set different
importance levels and constraints for specific regions of the generated terrain. Importance map contains
the importance value for each polygon. While default importance value is 0.5, the importance value can
be set to 0.0, 0.25, 0.50, 0.75, or 1.0.

The last map generated by TerGen is the constraint map. A user may put constraints on certain areas
on the terrain to restrict locating sensors on these regions. When a polygon is set as constrained, no sensor
can be located on that specific polygon. This feature of TerGen can be used for rough geographic areas,
or hostile regions. In Table I, a summary of maps generated by TerGen is presented.

TABLE |. SUMMARY OF MAPS GENERATED BY TERGEN.

Maps Properties
Description Stored Data
Height 3D terrain height Height
Polygon Polygons that compose 3D structure of the | Polygon number
terrain Polygon corner coordinates
Normal vector
Center of mass point
Objects Natural and artificial objects deployed on | Polygon number
the terrain Object type
Object density
Object height
Global weather | Weather conditions for all the polygons of = Heat
the terrain. Humidity
Type (fog,rain,snow)
Density (between 0 and 1)
Local weather Weather conditions for specific regions. Polygon number
Type (fog,rain,snow)
Density (between 0 and 1)
Importance Importance level of the polygons. Polygon number
Value (0.0, 0.25, 0.50, 0.75, 1.0)
Constraint Forbidden regions to put sensors. List of constrained polygon number

2.2. Scenario Editor (SenEd)

The maps generated by TerGen are an input for simulator engine (SimEn). Another input for SimEn is
scenario information produced by SenEd. The Scenario Editor Module (SenEd) is used to define the
parameters of various sensor systems.

In this simulation environment, there are four different built-in sensor types which are CCD camera,
night vision camera, thermal camera, and mobile radar. Basic attributes of a sensor are composed of
behavioral and locational attributes. While behavioral attributes specify the visibility capabilities,
locational attributes are related with the positional characteristics. The behavioral attributes of a sensor, s;,
are as follows:

e Depth of view of the sensor, A;. It specifies the range of visibility for the given sensor.

e Horizontal viewing angle, ;. The viewing angle indicates the wideness of viewing area of the
Sensor.

e Vertical lower and upper viewing angles, which are £, and Sy, respectively. These angles bound
the vertical viewing area of the sensor.

e Communication range, ri. Sj can communicate with another sensor if it is in the communication
range of s;.



e Financial cost of the sensor, CostF;. It is the financial cost of the sensor.
Depth, horizontal angle and vertical angle values are different for detection, recognition and
identification modes. Locational attributes are as follows:
e The location of the sensor. It is stored as the polygon number, ps;, on which the sensor is located.
Based on our assumptions, each sensor can be located only on the center of mass of the polygon.
e The heading angle, 6.
e Thetilt angle, g;. It is the angle between sensor and its carrier which is in the range of (=90 + f)
<06i < (90 — pu), where f, By are the (vertical) lower and upper viewing angles of the sensor s;.
All the sensor attributes are illustrated in Figure 3. In Figure 3, the sensor resides at point O and E, is
the XY projection of E.
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Figure 3. Behavioral and locational attributes of a sensor.

A multi-mode approach is considered for the characteristics of the sensors in order to provide more
accurate and meaningful results for the perception process. Multi-mode sensor architecture is designed to
characterize the differences among detection, recognition and identification concepts.

Detection is the active searching process to determine the existence of an object. In detection mode,
only the prominent characteristics of the object can be determined. In recognition mode, sensor can
perceive the object’s real type and the some additional properties that cannot be determined in detection
mode. For example, while detection mode can only give information that there is an object in a certain
polygon, recognition mode can determine whether the object is a human or animal, soldier or civilian,
natural or artificial construct. In identification mode, sensors can distinguish the friendly targets or hostile
ones, and acquire the detailed information about the objects.

3. PERCEPTION MODELING FOR THE MULTIMEDIA SENSOR SYSTEMS

In this section, we present the perception procedure of a sensor s; located on a polygon px. The
perception calculations are performed in three phases:

1. Horizontal Field-of-View (FOV) test for all polygons.

2. Vertical Field-of-View (FOV) test on the polygons selected in Horizontal FOV test.

3. Applying Line-of-Sight (LOS) algorithm on the polygons selected in the Horizontal and Vertical

FOV tests.

Horizontal and Vertical FOV tests are run for constructing the view-cone of the sensor, si. LOS

algorithm is used to select only the polygons that are visible from s;.



3.1. Horizontal FOV Test

Main purpose of the horizontal FOV test is to provide a proper filtering in XZ axis. In Figure 4, a
sensor and its horizontal FOV test is presented.

The required inputs for horizontal FOV test are the location, the heading angle, the depth of view and
the horizontal viewing angle of the sensor. The output of horizontal FOV is a set of polygons in the
horizontal FOV area of the sensor.

Figure 4 represents XZ projection of the terrain that is visualized as polygons. In this figure, the
sensor, s;, is placed on point O; heading angle is ¢ =zOB, and the horizontal viewing angle is «, = AOC .
Testing all the polygons is computationally intensive process. To determine the candidate polygons for
FOV test, we first form a bounding rectangle that includes O, A, B and C points. This rectangle is shown
as KLMN rectangle in Figure 4. Then, these points are extended to the nearest polygon points so that it
will form a new rectangle (K'L'M'N’) so that new rectangle will bound and include KLMN rectangle.
Each polygon within the K'L'M'N’ rectangle is tested for visibility within AOC . In order to decrease the
complexity of horizontal FOV test, we assumed that a polygon can pass FOV test if the average visibility
of the three corner points and the center of mass point of the polygon is greater than zero. The polygons
which are within the K'L'M'N’ and visible from the sensor can pass horizontal FOV test.

Figure 4. A Sample terrain for the horizontal FOV test.

3.2. Vertical FOV Test

The polygons which can pass from the horizontal FOV test is the input for the vertical FOV test. The
upper viewing angle, the lower viewing angle and the tilt angle are the main attributes used in vertical
FOV test.

In vertical FOV test, the first step is to calculate the sensor’s lower slope, p, and upper slope, pu,
which can be calculated as in the following equation.

Lu =tan(a+/;’”) , pthan(U_:BL) (1)

For each point to which the vertical FOV test is applied, the slope between the sensor and the selected

point is calculated. If the slope satisfies the following inequality, then the point passes the vertical FOV
test.

min(py, o) <tana <max(py, o) (2)



3.3. Line-of-Sight (LOS) Algorithms

In order to calculate LOS between two points, the height information of the ray and the terrain play a
critical role. For each polygon between the points, the height of the terrain at that point is compared with
the height of the ray for the same point. If the terrain is higher at the given point, it is concluded that the
ray is blocked. If the ray is not blocked, there is LOS between the two points.

There are two different methods to determine the height value of each (x, z) point, which are the
interpolation method and the nearest post method [26]. In this simulation environment, we implement the
Janus Algorithm [27] as an interpolation-based algorithm and the Bresenham Algorithm [26] as a nearest-
post based algorithm.

4. THE COVERAGE AND THE CONNECTIVITY MODELS

In this section, the mathematical formulation of coverage and connectivity of a WMSN is given by
using the proposed perception modeling approach.

4.1. The Coverage Model

The perception model that includes horizontal FOV, vertical FOV and LOS tests, determines the
polygon set in the scope of the sensor. It does not consider the weather condition or object occlusions.
Our coverage model uses perception model to calculate the coverage of the WMSN terrain.

The coverage of a set of sensors, S, on a set of polygons P, Cov(S,P), is formulated in Equation 3,

ZV(S, p|) x WpI
Cov(S,P) = &

2.W,

p;eP

€)

where w, is the weight of the polygon p;, and Vv (S,p;) which is computed by the Equation 4, is the
visibility value of polygon p;,

V(S, pl) = AVg (maXsJeS (VsJ (Sj! pk ,b))), Where b € pi (4)

where, V; is the visibility of the point b, from the sensor s; where resides at the center of mass point of py.
A certain point can be perceived by multiple sensors. In this case, the maximum visibility is selected as

the visibility of the point. V(S;: Pi) is simply the average of the maximum visibility values of the points in
pi. Calculating all the visibility values for all points in a polygon is computationally expensive. In this
simulation environment, three corners and the center of mass point of the polygons are selected as
representative points for visibility calculations.

V; (s, p,b), which is the visibility of the point b from the sensor s; where resides in the center of mass

point of py, is formally defined in Equation 5.

dia,b
VSj(Sj’pk’b):(l_nsJ’ X (Aa )
5
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The first term represents the decreasing visibility sourced from the distance. », is the range effect

coefficient of sensor s;; a is the coordinate of the sensor; d(a,b) is the Euclidean distance between the
sensor and the target point b; A, is the depth of view of s;. The visibility of the sensors decreases, when

the distance between the target point and the sensor increases. The second term, the weather permeability,
is the effect of the weather conditions. In this term, . represents the weather density of the polygon pc.



Each polygon has a weather density value in the weather map that represents snow, fog or rain. If weather
density is higher, the visibility is lower. The weather permeability is defined as the maximum of the
weather densities between the sensor and the target point. The last term is the object permeability, which
is the object version of weather permeability. In 3D terrain representation, a polygon can be covered with
objects. Different objects may have different transparency levels. This information is stored as object
density. x° represents the object density of the polygon pc. The object permeability is the maximum of
the object densities between the sensor and the target point. If there is an object with higher object density
between the sensor and the point, object permeability gets lower.

4.2. The Connectivity Model

Connectivity is an important constraint for our problem. A network is connected if a node can
communicate with all the other nodes. In order to test the network against connectivity, a connection
assumption is needed. In most of the studies, it is assumed that if two sensors are in a certain
communication range, they can communicate with each other. On the other hand, due to weather
conditions or occlusions, they may not be able to communicate even if they are located in the range.

In this simulation environment, it is assumed that two sensor nodes s; and s; are connected, if the
visibility between the sensors is greater than a predefined communication threshold (z), and the distance
between them is less than the communication range of the sensors, r;, and r;. Formally, a connection
between two sensor nodes s; and s; are established based on the following equation:

1 if V, (s;,pe,0) =7 and d(s;,s;) <r,r,
V(s;,s;) Wheres; and s;€ S

where b is the coordinate of si, and d(s;,s;) is the Euclidean distance between the sensors.

5. ILLUSTRATIVE SCENARIOS AND PERFORMANCE RESULTS

In this section, a number of scenarios with different parameters are generated and the performance
results of the experiments using these scenarios are given in order to show the capabilities of the
simulation environment.

5.1. Sample Scenarios

The simulation environment’s Terrain Generator, TerGen, can generate terrains with different
toughness levels (smooth, rough). It also can cover the terrain with weather and object occlusions. The
sample scenarios are summarized in Table IlI. The scenarios are designed to show the performance
difference sourced from the toughness of the terrain and the occlusions.

TABLE Il. TERRAIN STRUCTURES OF THE SAMPLE SCENARIOS.

Toughness Occlusion Type
No occlusion

Obiject occlusion
Smooth .
Weather occlusion

Weather and object occlusion

No occlusion
Object occlusion

Rough -
Weather occlusion

Weather and object occlusion




There are four different groups of scenarios about occlusions: no occlusions, object occlusions,
weather occlusions, weather and object occlusions. There are two toughness levels in the scenarios:
smooth and rough. The simplest scenario is the smooth terrain with no occlusion. The most complex one
is the rough terrain with weather and object occlusions. While a smooth terrain sample with no occlusion
and with weather and object occlusions are presented in Figure 5, a rough terrain sample with no
occlusion and with weather and object occlusion is presented in Figure 6.

(@) (b)

Figure 5. Smooth terrain with (a) no occlusion, (b) global weather and object occlusion.

(@) (b)

Figure 6. Rough terrain with (a) no occlusion, (b) global weather and object occlusion.

Scenario Editor (SenEd) is used to set sensor parameters. SenEd can define different types of
multimedia sensors, like camera, microphone, and radar. In this paper, we use CCD camera based
wireless multimedia sensor. The parameters of the sensor are presented in Table Ill. In the scenarios,
only detection mode is considered.

In order to show the whole capabilities of the simulation environment, we also use Optimization
Module (OptMod) in the scenarios. While the simulation environment can only simulate a specific
WMSN deployment scenario, it can also be used as an optimization tool to locate and utilize the sensors.

OptMod support different optimization techniques. The user can implement different techniques to
locate and to utilize the sensors for maximum coverage and connectivity. Optimization problem can be
expressed in terms of single objective or multiobjective function. In this paper, we define our problem as
a multiobjective function of cost and coverage, and we try to find optimal solution with Genetic
Algorithm (GA).



TABLE Ill. BEHAVIORAL PARAMETERS OF THE SENSOR USED IN THE SCENARIOS.

Parameters Mode Value
Detection 600 m
Depth of view Recognition 300 m
Identification 150 m
Detection 160°
Horizontal viewing angle | Recognition 120°
Identification 80°
Vertical lower and upper ) 50°
viewing angles 50°
Communication range - 300 m

In this paper, our optimization problem is to maximize the coverage area and to minimize total
acquisition cost of the sensors, while satisfying the connectivity constraints. Let a terrain set P, and a
sensor set S are given. The problem is formulated as follows:

max z,=Cov(S,P)
min  z, =) CostF/E(S)

ieS (7)
subject to
s, iInG(S,E), Vs, €S

Here, CostF; is the financial cost of sensor i, and E(S) is the expected value of the number of sensors
for the given terrain. G(S,E) is a connected graph where vertices of G are the sensor node set S and edges
of G are the connections of the WMSN. The edges of G are set by using Equation 6.

Since the problem described in Equation 7 is a multiobjective optimization one, a unified objective
function is needed. The complementary and conflicting objectives, cost and coverage, are represented by
a multiplicative total utility function model based on the multi-attribute utility theory. The total utility
function is presented in Equation 8.

U w U +w U +w w U U

tot = cov - cov cost cost cov ~ “cost cov . cost (8)
where U, is the utility of the coverage of the terrain, and U is the utility of the total cost of the
sensors. In this equation, W,y and weest are the weights of the coverage, and the cost utility functions
respectively, where wgo, + Weost = 1. These weights are set based on experimentation on a given terrain by
considering various military scouting missions.

The total utility function is accepted as the fitness function of GA. The details of the GA techniques,
which are not the main contribution of this paper, can be found in [28].

5.2. Performance Results

Firstly, the experiments are performed in order to find the most effective parameters of our GA
method in OptMod, such as crossover type and mutation type. The second category of experiments,
which focuses on the effects of various terrains with different toughness levels, occlusions and weather
conditions, are conducted to show the capabilities of the simulation environment. In this paper, only the
second category experiment results are presented. While our WMSN simulation environment is coded in
Java programming language, the GA approach of our framework (OptMod) is coded in C programming



language. The computational experiments are conducted on a cluster of machines, each of which has an
Intel Xeon 2.33 Ghz. processor running the Linux operating system.

In order to show the capabilities of the simulation environment, the effects of various factors on the
quality of solutions are measured using the scenarios generated before and related discussions are
provided. The resulting coverage maps are presented in Figure 7-10.

(@) (b)

Figure 7. Coverage map of the (a) smooth, (b) rough terrain without object and weather occlusions.

(d) (b)

Figure 8. Coverage map of the the (a) smooth, (b) rough terrain with object occlusion.

(@) (b)

Figure 9. Coverage map of the (a) smooth, (b) rough terrain with weather occlusion.



(@) (b)

Figure 10. Coverage map of the (a) smooth, (b) rough terrain with object and weather occlusions.

Since the scenarios include different terrain structures and different occlusion types, the resulting
coverage area are highly affected and are different in each case. It should be noted that each terrain is
represented by a set of fixed number of triangular polygons.

Performance comparisons of the scenarios with respect to fitness function presented in Equation 8 are
presented in Table IV.

TABLE IV. PERFORMANCE COMPARISON OF THE SCENARIOS.

Scenario Fitness Value | Connected Solution (%)
Smooth — no occlusion 0.5838 96
Smooth — object occlusion 0.5559 96
Smooth-weather occlusion 0.5245 98
Smooth-weather & obj. occlusion 0.5143 100
Rough-no occlusion 0.5552 94
Rough-object occlusion 0.5515 80
Rough-weather occlusion 0.5010 82
Rough-weather & obj. occlusion 0.4911 72

In a nutshell, the 3D terrain structure and the occlusion level strongly affect the resulting coverage
area. The best solution is obtained with smooth terrain with no occlusion scenario. The occlusions
degrade the performance of the system. Another factor that affects the performance is terrain toughness.
When the terrain toughness is rough, the GA can find the worse solutions than the smooth ones. The
lowest fitness function is obtained for the rough terrain with object and weather occlusions. Besides, the
percentages of connected solutions are very close to 100. That is, in the worst case, approximately 40
individuals out of 50 ones in population have a connected solution. This also points out the effectiveness
and robustness of our GA-based solution approach under various values of several experimental
parameters.

6. CONCLUSION

Wireless multimedia sensor networks (WMSN) are a new family of Wireless Sensor Networks (WSN)
that allow retrieving video and audio streams, still images, as well as scalar sensor data. Especially, for
military missions, like border surveillance or gathering intelligence, WMSN has many promising



application areas. Connected coverage concept is one of the most important design issues for WMSN.
WMSN nodes should be deployed so that while the covered area is maximized, nodes must be able to
form a connected network. Although there are some researches about WMSN connected coverage
problems on 2D terrain which is an acceptable assumption for indoor applications, there are very limited
studies about connected coverage problems on 3D terrains. In this paper, a new WMSN simulation
environment for connected coverage on 3D terrain is presented.

The new simulation environment is composed of four main modules, TerGen, SenkEd, SimEn,
OptMod. Terrain Generator, TerGen, generates six different maps to represent a synthetic 3D terrain.
Height and polygon map are generated for representing the 3D structure of the terrain. TerGen can cover
the terrain with natural or artificial objects with its object map. The weather map can set different weather
conditions for a certain area of terrain or for all the terrain. By the help of the importance map, it is
possible to mark polygons for different levels of importance. The constraint map can restrict the area that
can hold the sensors. SenEd, which is another module of the new simulation environment, creates basic
behaviors, locations and parameters of the sensors. SenEd can hold different sensor parameters for
detection, recognition, and identification mission modes. The outputs of TerGen and SenEd are the inputs
of Simulator Engine, SimEn. SimEn takes the synthetically generated 3D terrain, sensor parameters and
calculates the coverage and connectivity performance results.

While this simulation environment can be used just for simulating a proposed system, it can also be
used for optimization purposes. Optimization Module, OptMod, can be customized for different
optimization techniques to optimize WMSN systems for certain objectives and constraints. For example,
OptMod can locate the sensors to maximize coverage while maintaining connectivity.

In order to show the capabilities of the simulator, a series of scenarios with different terrain
complexities and different occlusions are generated. In order to try to find optimal sensor deployment and
utilization, a GA-based solution approach is implemented in OptMod. The simulation and optimization
results show that the terrain structure and the occlusions highly affect the connected coverage
performance of the WMSN.

ACKNOWLEDGMENT

This research was supported by The Scientific and Technological Research Council of Turkey
(TUBITAK) with a research grant (no. 106E159). Additionally, parts of the computations have been
carried out by using UYBHM at ITU through a grant (20432008).

REFERENCES

1. Akyildiz I.F. and Su W., Sankarasubramaniam Y. and Cayirci E., “Wireless Sensor Networks: A
Survey”, Computer Networks, vol. 38 (4), pp. 393—-422, April 2002.

2. Yick J., Mukherjee B., and Ghosal D., "Wireless sensor network survey,” Computer Networks,
vol.52, no.12, pp. 2292-2330, August 2008.

3. Akyildiz I.F., Melodia T., and Chowdury K.R., "Wireless multimedia sensor networks: A survey,"
Wireless Communications, IEEE, vol.14, no.6, pp. 32-39, 2007.

4. Huang C.F. and Tseng Y.C., “A Survey of Solutions to the Coverage Problems in Wireless Sensor
Networks”, Journal of Internet Technology, Vol. 6, No. 1, pp. 1-8, 2005.

OPNET Inc., http://www.opnet.com/, last visited on 06/25/09.
Network Simulator - NS-2, http://www.isi.edu/nsnam/ns/ last visited on 06/25/09.



10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

Zeng X., Bagrodia R., Gerla M., "GloMoSim: a Library for Parallel Simulation of Large-scale
Wireless Networks", Proceedings of the 12th Workshop on Parallel and Distributed Simulations --
PADS '98, May 26-29, 1998 in Banff, Alberta, Canada.

Levis, P., Lee, N., Welsh, M., and Culler, D., "Tossim: accurate and scalable simulation of entire
tinyos applications™, Proceedings of the 1st international conference on Embedded networked sensor
systems, New York, NY, USA: ACM Press, 2003, pp. 126-137.

Girod L., Elson J., Cerpa A., T. Stathopoulos, N. Ramanathan, and D. Estrin, "Emstar: a software
environment for developing and deploying wireless sensor networks,” Proceedings of the annual
conference on USENIX Annual Technical Conference, Berkeley, CA, USA: USENIX Association,
2004, p. 24.

Sameer S., Kim W., and Agha G., "SENS: A Sensor, Environment and Network Simulator,"
Proceedings of 37th Annual Simulation Symposium, Arlington, VA, 2004.

Mekni M., Moulin B., "A Survey on Sensor Webs Simulation Tools," Proceedings of the Second
International Conference on Sensor Technologies and Applications, pp.574-579, Cap Esterel,
France, 2008.

Singh C.P., Vyas O. P., Tiwari M.K., "A Survey of Simulation in Sensor Networks,", International
Conferences on Computational Intelligence for Modelling, Control and Automation, December 10-
12,2008, pp.867-872.

Korkalainen M., Sallinen M., Kéarkkdinen N., Tukeva P., "Survey of Wireless Sensor Networks
Simulation Tools for Demanding Applications,” ICNS, Fifth International Conference on
Networking and Services, April 20-25, 2009, pp.102-106.

O’Rourke J., Art Gallery Theorems and Algorithms. Oxford University Press, 1987.

Han X. C., Lloyd E.L., Shen C.C., “Deploying Directional Sensor Networks with Guaranteed
Connectivity and Coverage”, Proceedings of IEEE SECON 2008, San Francisco, CA, June 16-20,
2008.

Horster H., Leinhart R., “Optimal Placement of Multiple Visual Sensors”, In “Multi-Camera
Networks - Principles and Applications”, Aghajan H., Cavallaro A., ACADEMIC PRESS, 2009, pp:
117-138.

Tezcan, N. and Wang, W., “Self-orienting wireless multimedia sensor networks for occlusion-free
viewpoints”, Computer Networks, vol. 52, no. 13, Sep. 2008, pp. 2558-2567.

Ma H., Zhang X., Ming A., “A Coverage-Enhancing Method for 3D Directional Sensor Networks”,
INFOCOM 2009: The 28th Conference on Computer Communications, April 19-25, 2009.

Zhao J.; Cheung S.C.; Nguyen T., "Optimal Camera Network Configurations for Visual Tagging,"
IEEE Journal of Selected Topics in Signal Processing, vol.2, no.4, pp.464-479, Aug. 2008.

Ram, S., Ramakrishnan, K. R., Atrey, P. K., Singh, V. K., and Kankanhalli, M. S., “A design
methodology for selection and placement of sensors in multimedia surveillance systems”, In
Proceedings of the 4th ACM international Workshop on Video Surveillance and Sensor Networks,
October 27, 2006, pp. 121-130.

Mittal, A. and Davis, L. S., “A General Method for Sensor Planning in Multi-Sensor Systems:
Extension to Random Occlusion”, International Journal of Computer Vision, vol. 76, no. 1, Jan.
2008, pp. 31-52.



22,

23.

24,

25.

26.

27.

28.

Becker, E., Guerra-Filho, G., and Makedon, F., “Automatic sensor placement in a 3D volume”, In
Proceedings of the 2nd international Conference on Pervsive Technologies Related To Assistive
Environments, Corfu, Greece, June 09 - 13, 2009, pp. 1-8.

Nystrom B., Terrain Generation Tutorial: Hill Algorithm, 2000.

Fournier A., Fussel D., and Carpenter L., “Computer Rendering of Stochastic Models”,
Communications of the ACM, vol. 25, no. 6, pages 371-384, 1982.

Grumet M., Terrain Modelling, Technical Report, Institute of Computer Graphics and Algorithms,
Vienna University of Technology, 2004.

Proctor M.D., and Gerber W.J., “Line-of-sight Attributes for a Generalized Application Program
Interface”, The Journal of Defense Modeling and Simulation, Vol. 1, No. 1, 43-57, 2004.

Handerson D., “ModTerrain: A Proposed Standart for Terrain Representation in Entity Level
Simulation”, MS Thesis, Naval Postgraduate School, California, 1999.

Topguoglu H., Ermis M., Sifyan M., “Positioning and Utilizing Sensors on a 3D Terrain: Part Il -
Solving with a Hybrid Evolutionary Algorithm”, submitted to IEEE Transactions on Systems Man
and Cybernetics — Part C: Applications.



Path Planning for Mobile Sensor Platforms on a 3-D Terrain Using
Hybrid Evolutionary Algorithms

Mesut Sifyan, Haluk Rahmi Topcuoglu, and Murat Ermis

Abstract—1In this paper, a novel hybrid method for path
planning problem of multiple mobile sensors on a 3-D terrain
is proposed. Our method proceeds in two phases: the global
path-planning phase, and the local path planning phase. The
first phase constructs a connectivity graph generated by a prob-
abilistic roadmap (PRM) method and selects the control points
of sensors’ paths from the set of nodes generated by the PRM
method. In the local path-planning phase, a hybrid evolutionary
algorithm is proposed to determine the intermediate points,
which are between control points of sensors’ paths in order
to complete the paths. The local-path planner considers the
accessibility of control points, smoothness of each path, visibility
of terrain covered by mobile sensors and the total cost of all
paths (i.e. the total length of all paths). The experimental study
points out the effectiveness of our framework under various
terrain and sensor characteristics.

I. INTRODUCTION

Path planning problems exist in various fields such as
robotics, computer aided design, manufacturing, installation
systems, computer animations, and aviation applications [1].
Path planning algorithms aim to solve problems by com-
puting a set of continuous configurations to reach goal
positions from initial positions by avoiding collisions. Path
planning process is a computationally intensive process and
it has exponentially growing complexity with respect to the
dimension of configuration space. For this reason, finding
exact solution in three dimensional environments is an NP-
hard problem [2]. Complexity of path planning problem
also depends on the sensors (robots or mobile platforms)
to be involved in path planning together with the degree
of freedom of the environment. In multiple paths planning,
the communication between mobile sensors and collision
avoidance in dynamic environment may cause overhead when
compared with single path planning.

Several methods have been proposed in the literature for
global path planning including path planning with Voronoi
diagrams [3], cell decomposition [4], and sampling based
path planning [5], [6], [7], [8]. Since gathering global in-
formation about the environment is a complex and time
consuming process, sampling based techniques like proba-
bilistic roadmap (PRM) [6] or rapidly exploring random tree
(RRT) [7] can be used to generate paths efficiently. Despite
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of the fact that the paths generated by using probabilistic
roadmap are not optimum solutions, it is one of the fastest
algorithms for multiple paths planning problem and it gives
configuration space that does not include any obstacle.

Coverage path planning is a specific type of path planning
problem. There are many robotic applications related with
coverage path planning like cleaning room [9], land mine
detection [10], autonomous underwater covering [11], and
agricultural crop harvesting [12]. In most of these applica-
tions, coverage problem generally aims to reach all possible
points on the environment. There are several other studies
on coverage path planning that considers artificial potential
field [13], and neural networks [14]. While some of these
studies focus on single robot systems, some of them are
related with multi-robot systems. Although there are various
studies on path planning including coverage, most of the
algorithms were designed to consider only two dimensional
environments [15], [16].

In this study, a novel hybrid EA-based framework for
path planning of multiple mobile sensor platforms on a 3-D
environment is presented by considering multiple objectives.
The visibility of the terrain covered by mobile sensors, the
smoothness of paths, total costs of all paths, and accessibility
of paths are the objectives used in our study. Additionally, our
model considers collision detection of static obstacles on the
terrain and collision avoidance with other sensors considered
in the problem.

The remainder of the paper is organized as follows: In
Section 2, we present the global path planning phase of our
novel framework. Section 3 gives the details of our hybrid
EA-based solution approach for the local path planning
phase. Performance evaluation and experimental study is
discussed in Section 4, and Section 5 concludes the paper.

II. GLOBAL PATH PLANNING FOR DETERMINING
CONTROL POINTS

Our solution framework is performed in two phases: a)
the global path planning phase which generates control
points of sensors’ paths by considering only visibility and
distance criteria in order to reach all accessible regions in a
given terrain, and b) the local path planning phase which
fills intermediate points between control points in order
to complete the paths based on accessibility, smoothness,
visibility and cost criteria.

The global path planning phase requires three consecutive
steps in order to determine the control points of sensors.
Firstly, nodes of a connectivity graph are generated by using
the probabilistic roadmap (PRM) technique. Then, a set of



sample nodes from the graph are selected based on their
locations and distances among them. Finally, assignments of
control points to the paths of mobile sensors are performed
with a function called VPD (visibility-per-distance) function.
In this section we present the details of those three steps of
the global path planning phase.

A. Probabilistic Roadmap Generation

In a multiple path planning problem, multiple initial-
goal queries increase the complexity of the path planning
algorithm. There are a set of sampling based path planning
techniques that spend substantial time for preprocessing
models for future queries [1]. Probabilistic roadmap (PRM)
is a sampling based technique which construct a topolog-
ical graph called roadmap that efficiently solves multiple
queries [6]. The paths of sensors can be easily generated on
the roadmap to reach from each of sensors’ initial positions
to their target positions without any collision. PRM method is
used for the global path planning, which requires two phases
of computation [6]:

e Preprocessing Phase. In our framework, the number of
candidate nodes to be considered in PRM is set and the
terrain is separated into square regions whose count is
equal to the number of candidate nodes. Each candidate
node in the corresponding region is located on the center
of the region with a probability of 20%, and on any
polygon from the region with a probability of 80%.
Then, a subset of candidate nodes in the neighborhood
of each node are selected in order to provide a connec-
tivity graph. This operation is performed by the radius
method [6] where all nodes within a circle of radius r
centered at the location of a given node ¢ are selected
as the neighborhood set of the node i (see Figure 1).
Then, each nodes in the neighborhood set is tested
whether it is accessible from the node 7 or not based on
sensor and terrain characteristics. Specifically, accessi-
bility from the node ¢ to the node j means that the slope
of each polygon on the route between node ¢ and node j
is less than the maximum slope of climbing for the given
sensor. It also considers whether any obstacles of the
terrain are on the route or not as well. Each accessible
line segment between any two nodes is represented as an
edge in the connectivity graph. The nodes which cannot
access to any neighbor are not included in the graph.
Therefore, the generated graph represents the accessible
regions on the terrain.

e Querying Phase. The path of each sensor platform is
generated by considering the connectivity graph based
on the initial-goal pair of the sensor. The nodes and
edges are selected from the graph by using the Dijk-
stra’s shortest path algorithm. The generated paths are
free from any collision with static obstacles and steep
regions to climb.

Number of candidate nodes, neighborhood distance of the
nodes and maximum slope of climbing are the three critical
parameters that can affect performance of the generated

Fig. 1. Selection of nodes in the neighborhood of a node by radius method

probabilistic roadmap. The number of candidate nodes affects
adaptability of the generated PRM graph to the terrain. In
rough terrains, nodes which are deployed densely affects the
size of search space directly. On the other hand, only smooth
parts of the terrain can be represented in search space if nodes
are deployed sparsely.

Since radius method is used for neighbor selection in our
framework, the edge count of a node directly depends to
the length of radius (i.e., the neighborhood distance). If the
radius of the circle is very small, the number of neighbor
nodes would be very small and the possibility of representing
a node in the graph would decrease accordingly. However,
if the radius of the circle is very large, the computation time
of querying phase would become exhaustive due to increase
in the number of edges of the node.

Another parameter of the mobile sensor platforms is the
maximum slope of climbing. If the maximum slope value
increases, the size of the search space will increase due to
the increase in the number of represented node in the graph.

B. Determining the Control Points

This step determines control points from the nodes of the
connectivity graph by considering all accessible regions of
the terrain. If there are steep regions like hill or valley, sensor
platforms cannot climb to these regions but control points
can be selected around these regions in order to increase
the visibility of the whole terrain by surveilling inaccessible
regions with moving around it (see Figure 2). This step is
conducted in two substeps:

« Firstly, node selection is performed by considering the
number of neighbors connected to the node. Starting
from the least number of edges to the most, a node
is selected as a control point if there is a predefined
distance from the node to the previously selected control
points. Nodes which have few edges are generally
located around steep regions like valley and hill. In order
to prevent selecting a node located near the boundaries
of the terrain, the node are replaced with one of its
neighbors that is not located in the boundary region. The
following substep may increase the quantity of control
points.

o If there are accessible regions that is not represented



with a control point, additional control points are se-
lected from the nodes of the connectivity graph in order
to get smoother paths.

Fig. 2.

Selection of control points on the terrain

C. Assigning the Control Points to Sensor Paths

As the final step in global path planning, selected control
points are assigned to the paths of sensor platforms by using a
function, called VPD (visibility-per-distance) function, which
is adapted from the term Mppy given in [17]. VPD function
considers change rate on both the visibility of given terrain
and the path length whereas Mppy considers visibility of
a point and distance traveled to visit the point. By VPD
function, the contribution of a control point for each sensor
path is calculated and the control point is assigned to the path
that gives the highest contribution value. If a control point is
very close to a path, it is assigned to that path without any
calculation. The formal definition of VPD is given below:

Let S be the set of all sensors in the problem and s;eS be
a sensor platform in the problem. Let k, be a control point
generated in previous steps of local path planning phase, and
let K be the set of control points that are already assigned
to a path. The term V(s;, K;) represents the visibility of
the sensor s; on its path that consists of set of control
points K;. The VPD function is computed by Equation 1,
where AV (S, k,) represents the ratio of the current visibility
value, V'(S, K%), and the new visibility value after adding
the control point k, in the path, V (S, K% + kq):

vpp— AV(Sky)

- 1
Ad(s;, kq)" " W

In this equation, Ad(s;, kq) represents the ratio of current
path length without considering new control point k, and the
new path length after adding the control point &, to the path
of sensor s;. Additionally, the term « represents the weight
of the visibility in VPD function, where 0 < o < 5. If a = 5,
adding control point considers the visibility parameter, and
if o = 0 it considers the distance parameter.

III. LocAL PATH PLANNING PHASE FOR DETERMINING
INTERMEDIATE POINTS

For the local path planing phase, a hybrid steady-state
evolutionary algorithm (HEA) is proposed. It generates a
single individual at each iteration after the crossover and
mutation operators, which is replaced with the worst in-
dividual in population. Parent selection is performed by
tournament selection mechanism with a tournament size of
5. In order to provide hybridization, both problem-specific
methods included in initial population and problem specific
variation operators are considered in our study. This section
presents the details of our hybrid evolutionary algorithm
based local path planner.

A. String Representation

Initially, the string representation of each path includes
coordinates of control points of the path in the order from
initial to goal location, and the string representations of sen-
sors are concatenated in order to provide string representation
of the solution. The string representation of each sensor is
extended with variable number of intermediate points added
to each sub-path, where a sub-path is a path between two
control points that are neighbors based on their positions on
the string (see Figure 3).

(XoYor Zo)

(XY Z5)
(XY, Z,) O Control point
(Xo10Yo1s Zos) © Intermediate point
Fig. 3. The representation of a sensor’s path

B. Fitness Function Evaluation

The fitness function evaluation of a solution is computed
by considering the visibility, cost, smoothness and acces-
sibility criteria. Specifically, fitness value of a solution R,
which is the combination of paths of sensors considered, is
computed by Equation 2:

f(R) = V(A,S, P)" (wgD(R) + wsS(R))' ™" —w.C(R)

(@)
of visibility
(S(R)) and

where w,,wq,ws,w. are the weights
(V(A,S,P)), cost (D(R)), smoothness
accessibility (C'(R)) components, respectively. Here,
0 < wy,wyg,ws < 1 and w., > 1. Since, the main
emphasize in this study is the coverage of the terrain, the
visibility and the other terms including cost and smoothness
terms are separated in the equation, and the weight of
visibility (w,,) is used to determine the effect of these terms.

1) Visibility Component: The calculation of visibility for
mobile sensor platforms is based on the visibility calculation
for static sensors [18]. As in the case of static sensors,
the perception model includes generation of polygons which
are located on the covered region and the calculation of the
visibility values for those polygons. Since there is a finite
number of points on a path, the path can be considered



as a set of line segments. The area percepted by a sensor
is localized by using horizontal field-of-view (FOV) and
vertical FOV tests, where these tests are applied on each
line segment in the path.

e Horizontal FOV test. The purpose of horizontal FOV
test is to filter points on the terrain by considering XZ
axis. The inputs required to perform this method are
heading angle, horizontal viewing angle, depth of view,
and the initial and target points of line segment. The
view cone of stationary sensors, which is represented
as two triangles, is converted to two trapezoids for a
mobile sensor that moves on a line segment to limit the
computation. Assume that a sensor located in position
O;_1 moves to position O; in Figure 4. Point filtering
for this line segment is provided by checking the
points on the terrain whether they are in one of these
trapezoids, 0;_1A4,_1A;C; and O;_1B;_1B;C; or not.

X

Fig. 4. Horizontal FOV test on a line segment of a path

o Vertical FOV test. The point set generated from
horizontal FOV test is used in vertical FOV test as
input. The tilt angle, upper and lower vertical viewing
angles of the sensor and the location of points are used
in vertical FOV test. Since the tilt angle parameter of a
mobile sensor changes with respect to the slope of each
polygon on a line segment, vertical FOV test for static
sensors is repeated for all polygons on the line segment
with different tilt angles. In Figure 5, vertical FOV
test of a line segment is shown with different tilt angles.

Y =
L X1 Yia

Xz

Fig. 5. Vertical FOV test applied on a line segment

All points that pass vertical FOV test are examined
in order to determine whether there is any occlusion
between the point and the polygon on the line segment.
It is performed by a line-of-sight (LOS) algorithm.

Our framework supports both Janus and Bresenham
Algorithms. LOS algorithm is applied to each position
in the path. Finally, the visibility values of points that
pass LOS test are calculated by using the visibility
formula given in [18].

e Visibility Computation. The visibility component of
the fitness function is equal to visibility of the given
terrain, which is computed by adding the visibility of
all polygons that is performed by the perception model
explained in previous part. In Equation 3, W), is the
weight of polygon p;, and V(S,p;) is the visibility
value of polygon p; by using the set of S mobile
Sensors.

Zpi €A V(Svpl) X W;Di
Zpi €A Wpi

The visibility of a polygon is computed by Equation 4.
Since a point can be recognized by multiple sensors and
different locations of the same mobile sensor, maximum
visibility value of the point is considered in calculating
the visibility of a polygon. In Equation 4, the maximum
visibility value of point b in polygon p; is selected
from the paths (R) of a set of mobile sensors (S) that
maximizes the visibility value when sensor (s;) passes
polygon (pg) on its path (Rs;). The visibility value of
polygon p; is computed by the average of visibility of
the selected polygon points, which are the three corners
and the center of mass of the polygon.

V(A,S,P) = 3)

) ma'XSjGS, GRS,{is]'(S'vpkvb)}
V(S7 i) X:Z)EpZ Pk j J
( )

2) Cost Component: The cost component is calculated by
using the length of sensors’ paths. Both the average of path
costs of sensors (d(Rs)), and the ratio between the cost of the
shortest path and the longest path (min(d(Rs)/ max(d(Rs))
are considered in Equation 5. If the length of paths are close
to each other, the movements of sensors from initial to goal
points may take approximately equal time. Here, A constant
is used to determine the importance of path length difference
and A = 0.50 unless otherwise specified.

n

- ZSGS d(RS) minses{d(Rs)} A
D) == Caxestam)y) @
d(Rs) =2—A{ Z d(mi, miy1)/E(r)}
1€ Rs

To normalize path length of a sensor, it is divided by
estimated path length value given in E(r), which is computed
by using horizontal field-of-view, the size of the terrain, and
average value of all polygons’ slopes (see Equation 6). In this
equation, the area of the terrain by considering XZ plane
is divided into the number of mobile sensors to calculate
the estimated area covered by one sensor given in term
APS (area per sensor). By equalizing the APS value to
percepted area computed in horizontal FOV test to form an
equation and solving this equation gives the expected path



length, E(r). In Equation 6, x constant is used to get an
approximated value of estimated path length in 3-D.

(APS — A2 x sin(a/2))
E(r) = (2 x Ay x sin(a/2)) o ©
3) Smoothness Component: Although it is assumed that
mobile sensor platforms have advanced capabilities, the turn-
ing angle of sensors must be greater than a predefined value
to prevent possible problems in changing the direction. In
calculation of smoothness component, the angle between any
adjacent two line segments («(l;, l;+1)) are computed and the
narrow ones which may prevent turning are determined. In
Equation 8, in order to increase the effect of the number
of infeasible angles on smoothness, all values are multiplied
with each other.

s(Rj) = H a(l;,liy1) / min (a), @)
i€ R;
where a(l;, li41) < min ()

Then, smoothness of the solution is computed by taking
the average of smoothness values of each path (see Equation
8).

Z?:l s(Rs)

n

S(R) = ®)

4) Accessibility Component: Accessibility component cal-
culation for a solution is performed by testing the acces-
sibility from the initial point to the target point for each
line segment. In accessibility test, which is also used in
probabilistic road map generation section, the slope of each
polygon and the objects located on the path are considered.
Accessibility component is calculated by dividing the number
of polygons which fails the accessibility test (o(p;)) to the
number of polygons which is located on any of sensors’ paths
(Ry) in the solution.

_ ZSGS Z:z'eR8 o(pi)
ZSES RS

C. Initial Population Generation

C(R) ©)

The first step of initial population generation is to select
control points. In order to get variety in individuals of initial
population, control points are randomly selected from sets
of assigned control points and their alternatives which are
determined in the global path planning stage. The alternatives
are selected from control points’ neighborhood region.

After the selection of control points, intermediate points
are determined to generate sub-paths. In generating sub-
paths, primary and secondary intermediate points, which are
selected from nodes generated in PRM, are used. Primary in-
termediate points are the points on the shortest path between
any adjacent two control points and secondary intermediate
points are the points which connect any two of primary
intermediate points by considering accessibility (see Figure
6). When selecting intermediate points, all primary and
secondary intermediate points are ordered and divided into

two groups with respect to their locations. After determining
the number of intermediate points to be selected, half of them
are selected from the first group and the second half of them
are selected from the second group randomly.

N p
—

Fig. 6. Primary and secondary intermediate points that are used to generate
sub-path

© Primary intermediates
© Secondary intermediates

The final step in initial population generation is to deter-
mine the heading and tilt angles. To get maximum coverage
on a path, the heading and tilt angles of sensor can be
adaptively changed for each line segment. In the problem
of multiple sensors, a region can be surveilled by more than
one sensor. So, heading angle and/or tilt angle of one of
these sensors can be oriented to a different region for making
the solution more efficient. In our study, the heading and
tilt angles are either set randomly or the heading angle is
oriented to the direction of each line segment and tilt angle
is set with the slope of the polygon that the sensor passes.

D. Crossover Operators

Since the number of control points on a path for a specific
sensor is same for all individuals in a given solution, and
the locations of those control points are in close vicinity
due to the heuristic-based initial population generation, our
crossover operation is only performed on sub-path level of
individuals. Two different crossover operators are presented:

o Visibility Based Crossover. In this operator, the visibility
value of each sub-path for a given sensor is computed
in both parents firstly. For each sub-path pair, the one
which has the highest visibility value is copied to the
offspring. This operation is performed for all sensors
given in the problem.

e Random Crossover. As in the previous method, the vis-
ibility values for sub-path pairs are computed. For each
sub-path pair, sub-path for the offspring is randomly set
from one of the parents with a probability of 0.4. For
the rest of the offspring, sub-paths are selected from the
parent which has higher fitness value. This operation is
performed for all sensors.

E. Mutation Operators

We consider four different mutation operators where three
of them are applied on intermediate points and the last one
is for the control points.

o Intermediate Point Insertion: If the solution includes an
infeasible path, which is due to narrow angle between
two line segments or due to existence of a line segment
which is inaccessible, a new intermediate point is lo-
cated randomly within the rectangular area that bounds
the infeasible line segment randomly. This process is
repeated for a predefined number of trials in order to
generate a feasible line segment; otherwise, the mutation
operation is not performed. If this mutation operation



TABLE I
DEFAULT VALUES OF PARAMETERS USED IN GLOBAL PATH PLANNING

Parameter Value
Percentage of sensors allocated in a terrain region (80% - center) (20% - random location)
Minimum distance between any two control points 250
Minimum distance of control points to the boundaries of terrain 90
Maximum edge count in selection of control points 5
Maximum distance of control point to a path to assign it directly 40
Sensor quantity 3

TABLE I
PARAMETERS USED FOR GLOBAL PATH PLANNING WITH THEIR ALTERNATIVES

Node Neighborhood VPD Control Point Mission Weights
Quantity Radius Constant Quantity Visibility (w.) Cost (wy) Smoothness (ws)
81 200 2.0 7 0.70 0.65 0.65
100 250 3.0 10 0.50 0.35 0.35
121 4.0 0.30
TABLE III
OPTIMUM VALUES OF GLOBAL PATH PLANNING PARAMETERS ON A ROUGH TERRAIN
Mission Weights Node Neighborhood VPD Control Point
Visibility Cost Smoothness Quantity Radius Constant Quantity
0.70 0.65 0.35 100 250 2.0 10
0.70 0.35 0.65 81 250 2.0 10
0.50 0.65 0.35 100 250 3.0 10
0.50 0.35 0.65 81 250 2.0 10
0.30 0.65 0.35 100 250 3.0 10
0.30 0.35 0.65 100 250 4.0 7

is selected and if there is not any infeasible path, a
new intermediate point is inserted into the sub-path
which has the minimum visibility with a predefined
probability.

o Intermediate Point Update: If the solution includes
an infeasible path, one of the intermediate points on
the infeasible line segment is updated with another
point around from the same region as in the previous
approach. If there is no intermediate point update, a
point is selected on the sub-path which has the mini-
mum visibility with a probability of 25% and selected
randomly with a probability of 75%. After the selection,
its location is changed randomly within a feasible range.

o Intermediate Point Deletion: If there is an infeasible
path in the solution, one of the intermediate points is
removed that causes infeasible line segment. Otherwise,
this operation is not performed.

o Control Point Update: The location of a randomly
selected control point is changed with a point which
is in the same neighborhood region with the removed
one.

F. Collision Avoidance in Dynamic Environment

In our framework, a collision avoidance method is im-
plemented to prevent collision among sensor platforms in a
solution. It tests whether there is an intersection between the
paths of any two sensor platforms. If there is an intersection,
the arrival distances between initial points of sensors and the
intersected point are calculated. If the difference between

arrival distances is less than a predefined threshold value, it
is expected that there will be a collision occurrence between
the sensors. To prevent collision, a new intermediate point is
inserted to one of the paths around the intersection region.
Because of changing the arrival distance of each sensor
platform to the intersected point, this type of collision is
avoided. In our experimental study, this module is applied
on all population at every 200 iterations.

IV. EXPERIMENTAL STUDY

In this section, we present the results of computational
experiments in order to identify the settings of various
parameters and to evaluate the performance of our algorithm.
For all experiments, the number of sensors in the problem
and their initial and goal positions are predetermined. The
experiments in this study are conducted in two phases.

A. Experiments on Global Path Planning

Performance evaluation of this phase of our algorithm
is performed with different missions and various terrain
types. The parameters used in global path planning are
separated into two groups, which are predefined parameters
and experimental parameters. The default values of constant
parameters do not change for any computational experiment
and they are listed in Table I. In Table II, the parameters
to be examined are given with their alternatives.

In pre-experimental stage, the variables which are listed
in Table II are evaluated to determine the most suitable
values. In these experiments, six different missions are tested



TABLE IV
OPTIMUM VALUES OF GLOBAL PATH PLANNING PARAMETERS ON A SMOOTH TERRAIN

Mission Weights Node Neighborhood VPD Control Point
Visibility Cost Smoothness Quantity Radius Constant Quantity
0.70 0.65 0.35 100 200 2.0 10
0.70 0.35 0.65 81 200 3.0 10
0.50 0.65 0.35 100 200 2.0 10
0.50 0.35 0.65 81 200 3.0 10
0.30 0.65 0.35 100 200 2.0 10
0.30 0.35 0.65 100 200 2.0 10
TABLE V
DEFAULT VALUES OF PARAMETERS USED IN LOCAL PATH PLANNING
Parameter Value
Population size 50
Generation limit 2000
Tournament size 5
Minimum rotation angle 30°
Intermediate point ratio copied from primary and secondary intermediate points 0.60
Percentage of intermediate points in the solution (primary,secondary) 66% - 33%
Coefficient of the importance of path length difference in cost component 0.50
Crossover ratio in random crossover 0.4
Accessibility weight (wc) 5.0
Maximum difference of arrival distances in collision detection 25
Iteration count required to perform collision avoidance 200

TABLE VI
PARAMETERS USED FOR LOCAL PATH PLANNING WITH THEIR ALTERNATIVES

V and Table VI, respectively.

Mission Weights
Crossover Mutation Visibility (w,) Cost (wy) Smoothness (ws)
1. Visibility Based Crossover | 1. Intermediate Point Insertion 0.70 0.65 0.65
2. Random Crossover 2. Intermediate Point Update 0.50 0.35 0.35
3. Intermediate Point Deletion 0.30
4. Control Point Update
5. Random (1 - 4)
with 432 comblpatlons of pgrameters where the tests are TABLE VII
perf(?rmed on dlfferer'lt terrain types (rough and sm'ooth BEST VALUES OF LOCAL PATH PLANNING PARAMETERS ON A ROUGH
terrains). The most suitable values of parameters are listed TERRAIN
for rough and smooth terrains in Table III and Table IV,
respectively. Maximum slope of climbing is set to 45° for Mission Weights
all experlments presented ln thls paper' ViSibility Cost Smoothness Crossover Mutation
0.70 0.65 0.35 1 1
. . 0.70 0.35 0.65 1 1
B. Experiments on Local Path Planning 0.50 0.65 0.35 1 5
In the second phase, performance evaluation is done with 0.50 0.35 0.65 1 5
different missions on both rough and smooth terrains that 0-30 0.65 033 ! >
: : gh : 0.30 0.35 0.65 1 5
are used in previous stage by using the specified values of
global path planning parameters. The parameters of local
path planning are also separated into two groups which are
predefined parameters and experimental parameters. Those TABLE VIII
parameters with their alternative values are listed in Table  BEST VALUES OF LOCAL PATH PLANNING PARAMETERS ON A SMOOTH
TERRAIN
In Qrder to find best values qf local path planning param- Nission Weights
eters in Table VI, a pre-experimentation phase was estab- Visibility | Cost | Smoofhness | Crossover | Mutation
lished. In this experiment, 120 combinations of parameters 0.70 0.65 0.35 1 5
are tested for 6 different missions; and each combination is 0.70 0.35 0.65 1 1
. . 0.50 0.65 0.35 1 5
run with 30 replications. In Table VII and Table VIII, the 0.50 0.35 0.65 1 5
optimum values of these parameters are given for rough and 0.30 0.65 0.35 1 5
0.30 0.35 0.65 1 5

smooth terrains respectively.
The specified parameters of local path planning, which




are listed in Tables VII, and VIII, show that visibility-
based crossover significantly outperforms other crossover
operator; and applying randomly selected mutation operator
outperforms all mutation operators presented in this study.
Finally, the overall performance of the algorithm is examined
by considering the specified values of global and local path
planning parameters. The terrains generated for previous
experiments are used to evaluate the effect of local path
planning on paths that are generated by global path planning.
In Table IX and Table X, the performance comparisons of
local path planning and global path planning algorithms are
given where maximum slope of climbing is 45°.

TABLE IX
PERFORMANCE RESULTS OF DIFFERENT MISSION TYPES ON A ROUGH
TERRAIN
Mission Weights Fitness
Visibility Cost Smoothness GPP LPP
0.70 0.65 0.35 0.5905 | 0.6954
0.70 0.35 0.65 0.6311 | 0.7093
0.50 0.65 0.35 0.6216 | 0.7385
0.50 0.35 0.65 0.6651 | 0.7150
0.30 0.65 0.35 0.6743 | 0.8386
0.30 0.35 0.65 0.6960 | 0.8300
TABLE X
PERFORMANCE RESULTS OF DIFFERENT MISSION TYPES ON A SMOOTH
TERRAIN
Mission Weights Fitness
Visibility Cost Smoothness GPP LPP
0.70 0.65 0.35 0.5899 | 0.6901
0.70 0.35 0.65 0.6229 | 0.7149
0.50 0.65 0.35 0.6200 | 0.7762
0.50 0.35 0.65 0.6674 | 0.7271
0.30 0.65 0.35 0.6618 | 0.8435
0.30 0.35 0.65 0.7010 | 0.8301

In the performance comparison of local path planning
(LPP) phase with global path planning (GPP) phase, fitness
function presented in LPP phase is used. For all missions,
LPP phase improves the quality of solutions generated in
GPP phase by considering the components of fitness func-
tion. As a specific example, when the weights of visibility,
cost and smoothness are selected as 0.30, 0.65 and 0.35,
respectively, the quality of solution is improved 24% in
a rough terrain and 27% in a smooth terrain. Since the
visibility component is dominant in GPP phase, LPP phase
improves the quality of solutions by considering the cost and
smoothness criteria, additionally.

It was observed that GPP algorithm adapts its parameters
to the environment to get maximum contribution. Therefore,
terrain and sensor characteristics do not have a great effect on
the overall performance of the algorithm by considering all
missions. It is shown by considering the performance results
in Tables IX, and X.

V. CONCLUSIONS

We present a novel hybrid framework for the path planning
of multiple mobile sensors on a 3-D terrain. The contribu-

tions of this paper can be grouped in two-folds. In the first
phase of the framework, the control points are determined
with the help of the probabilistic road map (PRM) and mod-
ified visibility-per-distance function. In the second phase, a
new hybrid evolutionary algorithm is presented for utilizing
intermediate points that are between the control points in
order to complete the routes of mobile sensors.
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