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Abstract 

Reducing the Impact of Crowd Ceo-localization on Battery Life by 

Proposing Novel Information Distribution Algorithm 

Samuel Asferaw Dem ilcw 

Add is Ababa University, March 2017 

Geo-Iocalization is an inevitable challenge and problem wh ich has been studied for many 

years when dealing with wireless nodes as they arc equipped with limited life batteries. 

Emergence of 'crowd of wireless node users' across the world (espec ially in big cities and 

emerging big cities in developing countries) and increasing sensor network appl ications nrc 

exacerbating the problem. Existing wireless node localization systems depend on power 

hungry systems like GPS . Advances in b.1ltery design have been slow and difficult; therefore, 

it is essential for alternative strategies to be employed to realize the goals of reducing the 

impact of crowd geo-Iocalization on bauery life. Based on the type of infonnation required 

for localization, localizat ion methods can be divided into two categories: range-based and 

range-free protocols. Since range·based methods demand bauery hungry dedicated ranging 

components, range-free methods are explored. This thesis focuses on the investigat ion o f 

novel smart algorithms for crowd geo-locali7.ation. 

We have proposed the followi ng three but related smart novel rang-free localization 

algorithms for wireless networks: 

• Centre of the Smallest Communicat ion Overlap Polygon (CSCOP) localization 

algorithm 

• Selective Anchor Nodes CSCOP localization algorithm 

• Immune to Radio Range Difference (IRRO) localization algorithm 

To evaluate the accuracy and reliability of the proposed algorithms, we have conducted 

extensive MATLAB simulations and comparisons with other state-of-the-art related work on: 
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average, minimum, and maxi mum location error in a scenario of both sparse and dense 

crowd. Moreover, to sec the probabili ty of error distribution of the proposed algorithms, 

probability distr ibution of location error is developed using MATLAB nonnal lit fu nction. 

We have also investigated computational complex ity analysis of the algorithm us ing "Big 0" 

notation along with detailed elemental)' operations used in the algori thms. 

Results obtai ned from our experiments show our algorithms significantly out-perfonn other 

related work in the domain in case of both sparse and dense crowd geo-local ization. When we 

compare localization accuracy performance of our algorithms in case of sparse and dense 

crowd scenarios, they perfonn beller in dense crowd scenario. For example, the average 

location error of our CSCOP algorithm in case of dense crowd with 30 anchor nodes involved 

is 3.7176 (i n % rad io range) which means O.7435rn error while its error in sparse crowd 

with 8 anchor nodes is 8.3552 (in % radio range) i.e., 1.671 Ont in our simulation scenario, 

where communication range is 20m. The al gori thms, in addition to estimating reliable 

location, also define the smallest communication overlap polygon (SCOP) wh ich can be 

appl ied in search and rescue operations as margins where the node situated. Moreover, un like 

other related works which require at [cast three anchor nodes, the proposed algorithms work 

starti ng with two anchor nodes. 

Furthennore, un like other related algorithms, our Immune to Radio Range Difference 

algorithm breaks the traditional assumption that says "anchor nodes have the same radio 

range", by working in both homogeneous and heterogeneous rad io ranges which is a break 

through finding in the domain area. Although, this work focuses on the crowd networks, 

applications of the proposed geo-localization algorithms could range to all wireless networks 

from cellular to sensor. 

Keywo rds: Anchor Nodes, Range-free Localization, Sma llest Communication Overlap 

Polygon, True Intersection Points, Unknown Nodes, Wireless Networks, Wireless Nodes 
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CHAPTER J INTRODUCTION 

1.1 n.escarch Bl.lckground 

Locating wireless devices has a lways been a c ri tical problem; morc critical today, as 

the num ber of context-aware applical ions cOlltinually grows. L.1rgc num ber o f 

wireless device users and sensor network appl ications arc emerging everywhere. 111c 

increas in g pervas iveness of 'Smarll)honcs' is 51i l1lu llllin g n number of Location-Based 

Applications (LBA s) to become increas ingly popu lar and be adopted by mobile users 

for diffe rent Location Based Serv ices (LDS) i.c. social-networking, bus iness needs, 

and entertainment (as shown in Figure [- 1) r II . Some currently popu lar LBAs inc lude 

mobile socia l networking, hca lthcnrc, travel and public transport. 

Andro id LBS Apps by Cat egory 

Otlwr -----~ 8U~JS I Productivity 

.so Weather 

Sports .so ",~", ---

Figure 1· 1: Android and Whone LOS Applica tion by % Category (reported by 

Skyhoo kwi reless 2016) 

Of all localization technologies, G loba l Posit ioning System (G PS) has been widely 

used fo r different location based services; however, the active use of GPS applications 
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can cause device battery drain owing to their power-inlensive location-sensing 

operations. 

Despite an increase in process ing power, memory and scns ing capabilities, small 

wi reless nodes continue to sutTer baltcry life lil11it<l1ion hindering the active util ization 

o f LBAs. For example, the typical battery capaci ty o f 'smart phones' is barely above 

1000 mAh (e.g., the lit hi um-ion battery o f HTC Dream srnartphones has the capacity 

o f 11 50 mAh) [2]. Unfortunately, GPS, the core enab ler o f LI3As (Location Based 

Appl icntions) in many current LBAs. is power-intensive; its aggressive usage ean 

cause complete bnttery drain wi th in a few hours 131. Whi le the aggressive usage o f 

G I>S is specific to ditTerent applications, several LI3As - particu larly local traffic and 

soc ial networking - benefit from conti nuous location updates. Real Time Traffic, for 

instance, requ ires continuous GPS location updates showing that un less a mechanism 

is designed not to usc GPS intensively and continuo usly or other alternat ives, power 

scarce mobile dev ices will contin ue to sutTer from II shortage of battery life which 

hinders LBSs (Location Based Services). 

Im portantly, in the last few decades, a crowd of wife less node users has become a 

common phenomenon and th is is sel to increase. Figure 1-2 illustrates the case o f a 

globa lly mov ing mobi le phone user crowd in c ities or crowd of deployed senSOf 

networks. In the crowd there are two types of wireless nodes: location aware (anchor 

nodes) and location unaware (unknown) nodes. If each wire less node in a crowd 

depends on GPS for loca lization, it will result in huge consumption of scarce battery. 

To cope with this growing challenge, a mechanism to reduce the impact of crowd 

geo- Iocalization on battery life to benefi t LBSs fo r sustainable LBAs is a necess ity. 

2 



• • • • • ••• • • • • • • • • • • • • • • 
Figure 1-2: Crowd of Scnsor 'odes 

Many solut ions have been proposed to improve the bancry life o f wireless dev ices, 

but lill ie ri gor and attention has been devoted to reducin g the impact of crowd geo­

localizat ion Oil bancry lifc. 

LBA developers arc suggesting a reduction in the usc o fGPS by increas ing location­

update intervals (say, to Illorc than a minute), thus allowing GPS hardware to sleep 

between successive location-updates. Such a s imple so lution can improve batte ry life 

by forc ing applications to request location informal ion less frequently, but is slil1 

battery hungry because it still depends on banery hungry G PS. EnLoe (3 ) modelled 

the trade-a ll' between accuracy and energy consumption o f wireless device gee­

localization as an optimization problem. 
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To address this optimi7 .. ntion problem, Ihis thesis research auempt s to prese nt a nove l 

range-free geo-Iocalization method which compromises the trade-off between energy 

and accuracy by introducing sharing o f locntion infonnntion in the crowd using 

wireless nodes inherent radio frequency (RF) node con nect ivity metric i.e., it looks at 

the challenge of reducing the impact of the growing crowd of sma ll wi reless nodes 

geo- Ioca lization on bflttery lifc. To cope with this chall enge. it attempts to develop 

geo- Iocalization algorithms which arc both energy and precision effic ient : novel 

range-free smart co-operative geo-loeali7 .. a tioll algorithms. A crowd is the ideal 

envi ronment in which to share location infOrllHl lioli among wire less nodes where a 

location aware (anchor) node can easily share its location to locat ion unaware 

(unknown) wireless nodes. Hence, we deve loped smart gco- loca lization algorit hms 

which enable unknown wire less nodes to locnte themselves b.'lsed on shared location 

infomlat ion of anchor nodes using only es is ting infrastructure. 

1.2 Research Motivation 

Much rescarch has been done aimcd at obtaini ng high localiznt ion accuracy by using 

specific hardware in frastructures. However, these high accuracy research results arc in 

trade-off wilh hi gh battery power usage: fi rstly, power intensive, espensive, 

specia lized hardware is used in contrast to power scarce small wire less devices; 

secondly, crowds of small wireless device users and crowds of sensor networks arc 

emerging in cities and the trend will continue due to the number of emerging big 

cities especially in developing countries and increasing new applications of sensor 

networks. If thi s growin g crowd depends on battery hungry localization systems. GPS 

for example, it will diminish wireless devices' ballery life as their banery energy is a 

scarce resource. This research; therefore, using growing crowds of small wifeless 
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nodcs as an opponunity, desi res 10 foc us on rcd ucing the impact of crowd geo­

locali1 ... 1tion on battcry life by proposi ng novel range free algori thm . 

1.3 Research Problcm Statemcnt 

Wireless node geo-Iocalization is It di ffic ult problem to solve because of the low COSI 

demand due to thcir inherent scarcc battery problem. This made small wircless node 

localization fl lough problem to be ndd ressed wc ll . The comlllonly used gco­

loca lization system for wireless nodcs is P . but it is battery intensive npplicati on. 

Since emergence of wireless nodes. their !lumber and kind is increasing from time to 

time. Today, it is common to see crowds of ce ll phone users in cities and crowds of 

sensor nodes deploycd fo r various npl)licntions. In such a scennrio, the lise of bnttery 

hungry location services like GPS by all members of the crowd means a high energy 

eosl. To address this problem, location in fonnation of anchor nodes in a gi ven erowd 

can be shared using devices like Illuetooth and WiFi which results in significant 

energy saving from each wireless node perspective, and a huge saving when we look 

frOIll the crowd po int of view. 

Generul1y. wireless node geo- Iocaliz.ltion can be brondl y class ified into two: range­

based and ran ge-free schemes. Since range-based method . like GPS, demands ranging 

componcnt, it is energy intensive method but usually gi ves better accuracy when 

compared 10 range- free lIlethods. Onlhe other s ide, rang-free mcthods do not dem and 

ran ging component ; thus, they arc not energy intensive bUI they usually give low 

accuracy when comparcd with range-based ones. Sincc wireless nodes have scarce 

battery, the option at hand is optimi1.a tion of energy and accuracy on either of the 

above two methods that is by decreasing energy usage on the range-based method or 

by increas ing accuracy on the range- free met hods. Th is disse rtation attempts to 

5 



z 

investigate th is problem focussing on the latter solution by proposing novel range-free 

smart geo-Iocalization algorithms. 

Thus, this study attempts to answer the following research questions: 

I) How to develop smart, energy-accuracy efficient, mnge- free crowd geo­

locali7..ation algorithm ? 

2) How to increase the localization accuracy of range- free geo-locnlization 

methods? 

3) How to make range-free geo- locali7 .. ation algo rithm immune to anchor nodes' 

radio range difference (work with both heterogeneous and homogeneous radio 

ranges of anchor nodes)? 

1.4 Research Objective 

The general objective of this research is to dcvelop a smart and novel range- free geo­

localil..1tion algorithm to reduce the impact of crowd geo-locaJiu llion on buttery life. 

Whereas the specific objectives of the research look the following: 

Speci fic Objectives: 

I) To survey related works on energy-accuracy ertic ient for small wire less device 

geo-Ioea lization. This overview is used as the bas is for a comprehensive 

understanding of geo-Ioca li7..ation technologies, met hods and algorithms in 

order to propose novel algorithm that addresses the research problem. 

2) To develop a geometrica l and a mathematica l model for the problem of co­

operative range-free geo- localization of wireless devices. 
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3) To develop SOlan nove l cost efTective range- free geo- locali1..1I ion algori thm 

that locates location unknown nodes in the crowd using shared location 

infonnation of neighbour anchor nodes. 

4) To deve lop a novel mnge- free geo-Ioca lization algorit hm which is resil ient to 

rad io range dilTerence of anchor nodes witho ut the need to ins tall any 

addi tional dedicated infrastructure. 

1.5 Ope rat ional De fin it ions 

Geo-localiz.'lt ion: Find in g locat ion/position of a wire less dev ice ill wi reless network. 

In this thesis, word geo-Iocal iz.'l tion is used interchangeab le with 

word locali7 .. .1I ion as synonyms (with no meaning difTe rence). 

Radio Range: Refers to communication range or vis ibili ty of nodes. A wi reless node 

can be visible when it is in thc comm unication range (or radio range) of 

that node . 

Anchor node: A wireless node in the crowd which is awa re o f its location. Th is node 

shares its location in fo rm ation to the location unaware node to help 

estimate its location . 

Unknown node: A wireless node in the crowd unaware o f its location. This node uses 

shared location infonn ation of anchor nodes to est imate its location. 

Crowd: A sparse ly or densely popu lated wire less node network. 
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1.6 Scope of the SlUdy 

TIlis dissenation attempts to develop a novcl co-operative smart gea-Ioca lizat ion 

algorithm for wireless devices focusin g on range-free methods. Literature on the 

domain class ifies range-free methods into two: Local and Hop Counting (DV Hop) 

mcthods. This thcsis focuses on the fi rs t TlIethod assum ing an unknown node has at 

least two neighbour anchor nodes in thc crowd . Hence, it is delimited to the 

development of novel ra nge-free geo- Iocalizntion al gori th ms focusing on range- free 

loca l methods. To evaluate the proposed geo- ]octl li'l.mion algorithms MATLAO 

simu lat ion is used. 

1.7 Contribution of the Study 

This study contributes to range-free wireless device locali'l ... 1t ion techniques. The main 

target is to design sma ll wireless device co-operative geo- Iocalization algorithms 

which extend the battery life o fwirelcss nodes with rc liable location accuracy. Hence, 

the ma in contributions of this research can be summari zed as fo llows: 

• Three but related smart and novel range- frce geo- Iocalization al gorithms for 

green cnergy-accuracy effi cient localization o f sTlla li wireless dcvices, based 

on co-operative localization in today's growing crowd of wireless devices to 

work in infrastructure-less env ironments is deve loped in a way that has neither 

been reported elsewhere in current literature nor imp lemented in commercial 

solutions. 

• The proposed algorithms outperform other state-o f-the-art algorithm s in 

location accu racy in case of both sparse and dcnse crowd . 
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• Geometrical and mathematica l modc lling o f the sman co-operativc range-free 

geo- Iocalization problem in wireless networks is presented. 

• Un like other related algorithms which require at least three anchor nodes to 

estimate location of the unknown node. the proposed algorithms work with a 

minimum of two. 

• Unli ke other relnted algorithms wh ich assume "anchor nodes have Ihe same 

radio cOllllllun icution mnge", breaking th is tradition , a novel Immu ne 10 Radio 

Runge Difference ( IRRD) algorithm is proposed. This algori thm works in bolh 

heterogeneous and homogeneolls radio ranges. 

• 11le proposed algorithms, in nddition to estimatin g the location o f the 

unknown node, also define the Smallest Communication Overlap Polygon 

(SCO P) o f the anchor nodes which can be used as lhe sma llest likely area for 

search and rescue operation by definin g T IPs as the search boundaries. 

1.8 Organization of the Thesis 

This thesis presents our proposed approach in solving the impact of crowd geo­

local izat ion on battery life in wireless networks in the Slllan range-free geo­

localization paradigm. The organizat ion of the presentation of the thesis is as follows: 

Chapter 2 surveys related literature in the domain . This chapter survcys general 

li teratures on geo- Iocalization in wireless networks. 

Chapter 3 rcviews the relatcd work in the domain. nlis chapter reviews related work 

(rnnge-free methods and algorithms) on gco-loca li7_ation in wireless networks. 
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Chaptcr 4 presents and discusses the proposed olgorithms. In this chapter first each 

proposed geo-loca li7..atioll algorithm is presented, then computat ional complex ity of 

each of these algorithms is diseussed. 

Chapter 5 first describes the research methodology used in designing and mode lling 

the research problem, and method used in s imulation and performance eval uatio n o f 

the proposed algorithms. Then, it presen ts implementations and evaluations of the 

proposed algori thms. In this chaptcr the performance of the al gorithms is eva luated 

and compared with stnte-of-the-:lrt algorithms. 

Chapter 6 gives conclusions and highlights for future work . Finally, follow ing chaptcr 

seven, references used in the dissertation, on oppcndix o f publications and Mat Lab 

source code o f implcmentation software arc presented. 
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CHAPTER 2 SU RVEY OF RELATED 

LITERATU RE 

Geo- Iocalization is Ihe process of estimating the phys icn llocnti n of n device . ESlinmling 

n location of a wireless device requires a refercnce locution. To explain the process of 

loca lization, we cbssificd wire less devi ces (nodes) in to tWO: llnchor nodes and unknown 

nodes. Anchor nodes a f C a network entity wit h known locat ion. They arc used as 

reference location. Unk nown nodes nrc those nodes whose locati on is estimated based on 

the anchor nodes. 

2.1 Underlying Physical L:lycr of Gco-Ioc:llizlilion T ech nologics 

The performance of the loca lization process is directl y afTected by the underlying 

wire less technology used. Thi s underlying lechnology defines the physica l laye r of the 

localization scheme. [t defines the di fferent physical laye r spec ificat ions like : operating 

freq uency, bandwidth, modu lation technique, transmission power level, and anten na 

diversity. The freq uency spectrum, where the localizn tion scheme is deployed, di rectl y 

innuences localization perfonnance. Physical spectrum s for localization techniques arc : 

infrared (l R) [4], ul trasound (US) lSI [6] and radio frequency (RF) [7J 18]. 

Techno logies usi ng the same frequency spectrum may have different physica l layer 

spec ificat ions resulti ng in different loca li zation pcrfomlanccs. For instancc. Bluetooth 

and 802.1 1 occupy the same ISM band; however, they havc differcnt phys ical laycr 

related parametcrs likc transmiss ion power and modulation techniqucs. The pcrfonllancc 
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of Bluclooth is slightl y beller than 802.11 191 due to Bluetooth having lower transmission 

power which limits its transmiss ion range. 

Among al l the parameters of physica l layer. operating frequcncy plays the most 

significant role in defini ng loca lization choracteristics. lI ence. based on the underlying 

operating frequency, we classi fied the wireless devices in to three : Infrared (IR), 

Ultrasound (US) and Rudio Frequency (RF). Frequency (j) - In ' ime Period (7). Hence, 

at higher j, pcriod T is sma ll and a fi ner time resolution is offercd . From Frii s free space 

cquat ion (2. 1). 

Received POlI'er oc: (~) (2.1) 

where, wavciength A. oc: Ilf and cI is thc distance between the transmitter and receiver; 

attenuation of the signal s increases with frequency 110]. In general, higher freq uency 

leads to higher locali zation accuracy but shorter range. 

2. 1.1 Infrared (lR) 

Infrared was uscd in Acti vc Budge l4] which is onc of the ea rl iest local izuti on schcmes. 

Here, an IR badge is an anchor node periodically transmitting unique ID. To transmitlhe 

received IDs to a central server each room has an IR receiver because IR is limited to line 

of sight transmission. Then, the server maps unknown nodes' loca tions to the 

corresponding room. IR based localization schemes usuall y resu lt in lower accuracy and 

are affected by sun li ght. Moreover, it is not sca lable for large deployment areas. Due to 

thi s, IR is not a preferred unde rlined physica l layer used fo r local ization. 
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2.1.2 Ullraso und (US) 

Unli ke inrrared signal s, ultrasound signals can propagate through the walls . For 

loca li zation purpose, ToA CAn be precisel y measured using existing low-cost devices. In 

US based localizat ion, ToA provides more robust locat ion estimate when compared with 

signal strcngth (SS) measurements. Due to thi s it is a preferred method ror US based 

locali za tion. In Cricket [6J , unknown node uses ToA of US signal s from various anchor 

nodes to estimate its loc:llion. Since RF trovel s much faster than US. a RF signal is used 

by anchor nodes to indicate the stan or US transmission in Cricket. An unknown node 

measures the time dilTerence between the recept ion of RF and US signals from anchor 

nodes. Thi s dilTerence is the ToA ror US s ignals from anchor nodes to unknown node. 

Finally, using the broadcast anchor nodes location infonl13tion in the initial RF 

transmiss ion, the unknown node estimatcs its location. 

2. 1.3 Radio frequency (Rf) 

RF is the commonly used underlyi ng wi reless technology by most communication 

networks because RF location estimation systems arc less expensive than their dedicated 

counterpans. Localization based on RF underlying technology o r communication 

network, lowers deployment cost. The RF localization can use rece ived SS measuremen ts 

(example, RA DAR [8]) or ToA (examplc, GPS). Time o r arri val for RF signals requires 

prec ision time resolution (in order of nanoseconds) incrcasing hardware cost. Since 

highcr frequencies arc uscd, most surfaces act as rcncctors and a multipath elTect 

predominates; thus, RF based ToA techn iq ucs are preferred for large capita l, open area 

deployments (exam ple, [7]). On the other hand, RF based (3 -1 0 GHz) ultra wide band 
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(U WB) has a nanosecond precision clock and is in herenl ly inexpensive estimating ToA 

because of its tighttransrniller rece iver synchronization 1111. 

2.1.4 Su mmary of Underlying Ilhy5ica l Layer of Ceo-- Iouliulion Tec h nologie5 

The location of a dev ice is usually estimated by monitoring a disl:lnce dependent 

parameter such as wi rel ess signal strengt h from n base station with known location. [n 

practical deployments, signal stren gth varies with time and its relationship to di stance is 

not well defined . Due to th is chal lenge, RF is also exploited for range-free met hods 

which usc node connectivi ty (visibility) metric to estimate the locat ion of unknown 

nodes. Unlike range-based methods (discussed 111 hapter 3 sub-section 3. 1) which 

measure ToA, SS, TDoA or AoA, range-free (discussed in hapter 3 sub-section 3.2) 

methods usc node connecti vity to estimate location of the unknown node so avoiding the 

cost of measuring ToA, SS, TDoA or AoA by ranging hardware components of wire less 

node. Anchor nodes, when they arc in the communication range of a given unknown 

node, arc visible to the unknown node which can estimate its location bascd on these 

visible neighbour anchor nodes r 121. I-Iencc, wc based our work on thi s method. 

Some of the kcy parameter va lues for different frequency spectrums are presented 111 

Table 2- 1. 
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T:lble 2· 1: Parameters of Underlyi ng Ph ys icn l L:I)'el'" of Ceo·locllli7.a tion 

Tech nologics 

IR US I{F 

Fre(IU enc), (Hz) 3000 G 20 K 40 K 3 K 300G 

Sllccd in IiiI'" (m/s) 3)( 10' 343 (20' ) 3)( 10' 

GCO·IOClllizution IrSimplc ONAR GPS, Bluetooth, 
Techn ologies (www.irda .o rg) Medical Imaging 802. 11(W;F;), UW B 

2.2 Gco· loc:lliza lion Tcchnologics in Wireless Networks 

Today wireless networks arc becoming more popular than the we ll estab li shed and 

ex tensive ly deployed wired commu nicat ion network s of the past. The popul arit y of the 

wireless networks is mainl y due to its nature of ubiqu itous access and new services fo r 

mobile users allowing access from many locations and free roaming. Location Based 

Applications (LBAs), such as network planning, location based services, law 

enforcement and improv ing network performance demand the knowledge of the physica l 

locat ion of mobile user devices (like phones, laptops. PDAs and sensor nodes). 

There arc d ifTcrent technolog ies whi ch arc used to estimate the physica l location of nodes 

in wireless networks. The foll owing subsections present the prominent ones: 

2.2.1 Globa l Positioning System (G I'S) based Gco.localiz.a tion 

Satell ite-based navigation is the widely used technology for outdoor navigation. GP 

consist of 24 satellites (2 1 active) which revolve round Ihe earth al an altitude o f 

approximatel y 12.000 miles once every 12 hours I I3J. For Ihe fromcwork presented in 

thi s dissertation, the satellites act as anchor nodes whi le the GPS receiver is an unknown 

node as shown in Figure 2-1 . 
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GI) ntellite 1 ~ PS 31cllilc 2 

1)5 I~ceti\'cr 

rs 11Icllile If 

F'i~1I rc 2-1: G 1)8 LOClIlil$l1 iO I1 F'ra tII e\\ (I rk 

111C ntc ll itcs broadcnst their csnct locnlion to the P rccchcrS by trnnsrn illing 

"lI lrnnnnc" (npproximtHc orbi t inform:lI ion f, r nil lellilts) and "ephemeris" (precise 

satellite orbit information for short sc lion ) d.ltn. I\n unkno wn node ( I) receive r) 

measures ToA from different oneh r nodes (G1)S satel lites) to cstir1ltllt its distance . A 

GI> receiver identifies each S(l\cll ilc by the p~udornnd III (PN) code \\-hich is unique to 

each sfucllitc. The P code bct\\ccn fI Imnsl11iltcr nnd rccei\cr is s),nchroni/..ed prior to 

nn)' daHl exchange. The receiver and satellites hnvt to be: time s),nchroni/cd . The receiver 

may choose ony four npproprintc satellites or all 10 of the satellites in view ( ' all-in-view' 

scheme) to estimate its location. s ing the l oA infonnatlon from alleast four satellites, 

the receiver can estimate its location in 3-D pace (longitude, latitude and altitude). The 

location aceuruey of GP systems is about 6-12 metre (131. P can be used in 

conjunction with Bny wireless nel' .... orl (example. cellular ne' .... o rk) or as an independent 

scheme to dctcnnine location. I) is a RF based localinuion system openting in LI 

band ( 1575 .42 MHz) which is a high opcnting frequency .... ith many muhi-palhs in \I 
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cluttered env ironment and prohi bits GI) signal propagation from bui lding interiors. Gf' 

gives inaccur[lte results in cluttered or indoor environme nts where the di rect pa th to the 

sate ll ite is blocked so its usage is limited to open, outdoor environments. 

The esti mation method used in GI)S is mult ilateral ion. Since this technique is affected by 

outlie rs, mllny satelli tes ('a ll · in view' mode) can be considered for location estimation to 

reduce the dependence of estimat ion on olltliers. Since locati on is estimated nt nn 

unknown, GPS is a client-based 10cnlizCl\i on scheme wit h user privacy. The satell ites 

convert f' N codes (P-code) to nn encrypted code (I)( Y)-code) before transmiss ion to nvo id 

spoofi ng of satell ite signals by ma lic iolls users. Thus, GPS may be considered a secure 

localization scheme for mi litary applications. However, civi lian GI'S signals use only p. 

code and can be easi ly compromised since Ihese codes arc not very strong. The rece iver 

can be deceived by an attacker transmitt ing fake I>S re ference signa ls Jl 4[ . The GI)S 

receiver itse lf can be t3mpered with 10 di splay fa lse location. but thi s can be avoided by 

using tamper proof hard ware for the GI)S receiver. Th is cannOI guarantee security [ 15 J. 

l'lencc, ci vilian GI>S is insecure and considered 3S an open system. 

OPS services can onl y be extended and im proved in indoor environments. Consequently, 

GPS cannot be used as the onl y positioning technology to meet 311 requirements in all 

Iypes o f terrain . Though possible in some situations [ 16], OI'S sign31s cannot penetrate 

sufficientl y to most indoor en vi ronments to be used by 3 receiver. In urban environments 

and other Radio Frequency (RF) shndowed environments, sate ll ite nnvigation usun lly 

pcrfonns poorl y. Moreover, the Time to First Fix (TTFF) of a cold stan of a GP device 

cnn take 3 few minutes [1 7]. far too long for many applications. In spite of the fncI thai 

GPS loca liz3tion systems arc known for their battery hungriness, GP receivers arc 
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increasingly incorpormed in ·smllrtphones' . \Veyn M. 1181 says GPS is a n:l1urnl choice 

for integration into 'smartphones' fo r an opportunistic seamless localization system. GP 

currently provides the most accurate technique for loca lization of mobi le dev ices; 

norma ll y locating a device wi th errors of about 10 metres 11 91 120). However, it has the 

fo llowing major drawbacks: 

Firstl y, as we can see the Table 2.2 on page 28, the Illost energy hungry local ization 

technology of all is GPS; for example. Vtmek 1201 and Micro Blog 11 91 report Ih at a 

phone cont inually using GPS cnn last for 10 hours before its battery is drained, whi le 

En loc 131 reports 9 hours. 

Secondl y, if there is no linc-of-sight between a GPS device and the satellites then 

location infomlation cannot be determined. The immediate consequence of th is is GPS 

onen docs not work in indoor environments and in ci ty centres with man y high-ri se 

bui ldings [2 IJ. 

2.2.2 Ass isted G PS (A-G llS) Ollscd Geo- Iocillizu lio ll 

A-G PS geo-Ioca lization systems are set up to reso lve i) the long delay occurred in 

locat ing a mobile wireless node when using GPS ii) obstructions block the view from a 

handset to a GPS satellite r 17]. A·G P can be accurate up to 10 meters but trade-ofT of 

high energy COSI. Wireless A-GPS operates on wi reless networks like \ViF i and GSM. 

Figurc 2.2 shows principlc of A-GPS, 
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GPS Satelli te 2 

GPS S:lIcll ite I 

GI'S Satelli te J 

• 
• Assistance Message 

Figure 2-2: I'rill cipl c or A-G 1'5 

(( . )) 
Wircless node 
(\viFi or GSM) 

A-G PS impletllentalion requires A-GPS circui lry inside the phone. A-GI'S also requires 

message exchanges with an A-GI)S location syslem in the inrraSlructure [1 7 J. 

2.2 .3 Globa l System of Mobile (GS M) based Gco-loca li7.allon 

Global System ofM obilelCode Division Multiple Access (GS M/CDMA) mobile cel lular 

network has been used to estimate the location of outdoor mobile clients. However, thi s 

method usually gives poor location accuracy which does not mect the accu racy 

requirement or most LBSs. For example, the accu rncy or the method using cell-IO or 

enhanced observed time difference (£-OTD) gives low accuracy, in the range of 50- 200 

Ill, of cou rse, depending on the ce ll size. The accuracy is hi gher in densely covered areas 

(e.g, urban places) and much lower in sparsely covered areas (e.g, in rural environments) 

[7]. The GMS/CM DA rrequencies in different regions are different. Generally it rall s in 

850M Hz, 900MHz, 1800MHz, and 1900MHz bands . The GSM/CDMA network is 

already covered in most buildings; hence, there is no or less need fo r extra infrastructure . 
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Most GSM based posit ioning methods use the locotion of the difTerelll cell to\\ers sensed 

by the mobile device and can be used in network-based or tenni nal-based positioning. 

For network-based posi tioning the co-operation of the mobile operator flSI is required. 

onsequentl y, using standard hardware alone or infonnation like ce ll tower locations 

from the mobile operator. TO/\, TOOA, /\OA :lIld pure RS based met hods are not 

feasible e ither. Accordi ng to authors in 1181. the only viable method is to use a fingerprint 

based mcthod similar to \Viri along with RS I. The fingerp rint ca n be used for e ll -I[) 

loca lization or an R S fin gerprinting loca lizution. e ll-IO loca lization will onl y ident ify 

the area ce ll which is used by the mobi le dcvices. Nevert heless. as we can sec frolll Table 

2.2, this technology is the least energy-hun gry technique with a large eoveragc. 

1.2.4 Wireless Fidelity (WiFl) based Geo-loc:IIi1J1 lio n 

Wi Fi is the most used and popular indoor wireless locli lization technology because it is a 

widely available network infrastructure 1221. It has :1 series o r standards in IEEE 802. 11 

using two liccnce-excmpt bands: 2.4 Gll z. and 5 GI-Iz. Currcntly, most commercia l 

products, such as phones, laptops and tablets, support WiFi. Hence , lhe inrrastructure 

and user device cost can be very low. Wi-Fi locali z:lI ion systcms usc a radio propagati on 

mode l to fi nd the d istance to thc access poi nlS. TIlen, techniques like TOA. TDOA can be 

used to estimate the location o r a mobi le device. Ilowcver. among the methods of 

localization using WiFi technology, Illult ilatcration using timing is difficult to achieve 

because it is not feasible to get preci se timi ng inronnation rrom standard o r-the-shelr 

devices in a generic way. This makes ti me dependent locali7.3tion techniqucs: Time 

DifTerence o r Arrival (TDOA), Time or AlTival (TOA) and Round Trip Time CRT1) not 
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feasible for WiFi generic hardware . Multipalh distortion and variabil ity of Wi · Fi signal 

strength in time limi t the aCCUrAcy of such techniqucs. 

Currentl y, popular Wi-Fi localization solutions are b:lsed o n the scene analysis technique, 

ca lled the fingerprinti ng teChnique. Thi s method uses the Recei ved ign31 trength 

Indication (R S I) to measure the strength o f signals recei ved fro lll the surrounding access 

poi nts at discrete locations in space . Such a rAdi o mop has to be bu ilt in an o mi ne phase 

(befo re the system is opera tional). Then. the estimlltion o f the pos ition is mode by 

matching the measured R I fro lll severnl access poi nts (A I' ) wi th the RS I va lues o f the 

previously (om ine) ca librated location points stored in a radio map database. The 

accuracy of the fingerprinting technique is expected to be in the range o f 1 to 10 III 

depending on the om ine·bui lt radio map and the density o f APs, (231 (221· 

The major drawback Ofl hlS method incl ude: i) the o mine constructio n o f the RSSI radio 

map generated in advance Ii) updati ng is required whenever there is removal/relocation o f 

the existing access points and instal latio n of new ones [24 J; iii) the other fundamenta l 

prob lem in Wi· Fi fi ngerpri nt ing is thnt heterogeneous mobi le devices mcasure rad io 

s ignal stre ngth di lTercnt ly necessitat ing either a ca li bration for each ncw wi reless dev ice 

o r specia lized methods, li ke hyperbo lic location fingerprin ting (25J. 

RADAR [8] was one of the fi rst \Vi-F i fingerprinting localization systems. ince then 

many Wi.F i based loca lization systems have emerged. For example. Hensen et al. (26J 

propose SmartCampusAAU as a platfo nn which enables indoor loca lization and 

navigation supporting both device· and infrastructure· based positioning. The work o f 

Laoudias et al. [27] describes the localization approach based on signal strength 
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difTerences which is robust to device variations and maintains the local ization accurn y 

regard less of Ihc number and type of contributing devices. In addition 10 research ,~ orks. 

various commcrcia l WiFi fingcrpri nting based localizati n systcms are available on the 

market , like Ekahau Real·Time Location ystem 1281. kyhook Wireless I I I and 

Nav izon indoor locati on solutions 129 1. 

In genera l, to complement GPS, WiFi based loca lizat ion is used in indoor env ironments. 

As we can see from Table 2.2 WLA N (\v iFi) stnnds as the second most energy hungry 

localization technology next to GPS. 

2.2.S 81uctooth based Ceo· loca lh-.Jltlon 

I3luetooth is a wire less technology that can be used for loca li7.ation and track ing. It is a 

personal area network standard. It is widely used fo r short distance communication like 

earphones, ce ll phones. It uses a very low transmission power; as a result, the covemgc of 

Bluetooth is shorter than Wi Fi and other WLA tcehnologies. Thus, Bluetooth is not 

sui tab lc for large area loca liz.il ion. Like Wi Fi, it uses 2.4 GHz and 5 GI·Iz. bands. 

Bluctooth locali zati on systcms have si milar working princ ipl es as the self· local iza tion 

sc hemes of sensor networks, both types of systcms work bused on obta ining the range 

infonlmtion to anchor dcvices or access po ints and exp loring unknown device locations 

using va rious algorithms. Most of thc avai lable research and commercial systcms use the 

RSS I fo r calculati ng distances between Bluctooth devices and fi na ll y usc trilateration to 

estimate local ion of the unknown node. Moreover, many olher reported systems have 

explored prox imity and cell-based approach. Bl uetoolh geo.locali7.ation methods arc 

mainly based on RS 1 and Link Qual ity (LQ) measureme nts [30] . Cell-based mcthods 
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I 

depend on the proximity (visibility) o f OIuetooth beacons for estimating the position of n 

device and are gaining popularity with the realization o f Low Energy Bluetooth s tandard . 

The localization accuracy o f the system is I - 5 m nnd depends on the positioning 

technique used and the characteri sti cs (densi ty. layout. et .) o f the deployed infmstnJcture 

of Bluctooth devices and nnchors (beacons) 123 11311 . Examples o f Olueloolh posi tioning 

syslems include ZON ITH Indoor Pos itioning System 132 1. TOPAZ (331 and Appl e 

i Beacon [341. 

2.2.6 Oth ers 

Z igBcc: An emerging wireless cOllununication techn logy based on IEEE 802.15.4 

standard for PAN/LAN intended for applications which do not need s ignificant data 

throughput, but require low-powcr consumption is the ZigBee techno logy. It uses 91 5 

MH z band in the USA and Australia, 868 Mill. band in Europe. and 2.4 GI-Iz in other 

regions [35]. It is used for long di stance cOIllJllUniCnlion between devices in wireless 

mesh nctwo rk and whcn compared with WiFi slOndards, il has low cost, low data transfer 

rate and short latency time. LQ I (Link Qua lity Indi catio n) in IEEE 802. 15.4 standard is 

defined to indicate the quality of the link and can be used to derive RSS (Rcceived Signal 

Strength) integrating manufactured chips (CC24 30/CC243 1) [35 J to get the RS I making 

the implementation orthe system easier. 

ZigBee based localization uses proximity and TOA techniques based on d istances 

computed from RSSI o f the surrounding ZigOee nodes usually giving Ihe accuracy of 1-

10 m [36]. A flexible indoor Wireless Sensor etworks localization system us ing ZigOee 

R I level measurements is described in Larrnnag3 ct 31. 137). Their loca liunion system 
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consists of two steps: i) ca libration phase, v .. hich is perfonned \\hcnc"cr an unknown 

ZigOee node needs to be located and ii) actual positioning phase with 3m avcrage 

accuracy. 

Ull n l-Widc Band (U WI1): unlike other techn logy, UWIJ uses a sub-nanosecond radio 

pulse to transmi t data in a wide ran ge of bandwidth . Its transmiss ion can be regarded as 

background noise to other wireless technologies. hence in theory, it can usc any spectrum 

without interference with other users. It uses sma ll transmission power- 41.4dl3m/M l iz 

(meani ng the power consumption is low) and it is immune to multi-path problems in 

theory [38J. 

This tech nology has emerged providi ng beller positioning accunlcy than Wi-Fi. It is 

appropriate for hi gh-accuracy real-time loca lization using TOA. TDOA , AOA and 

fingerprinting. Its signals are less sensitive to lTlultipath distortion and environment than 

conven tional RF-based loca lization systems; as a result it gives hi gher accuracy. With 

bandwidt hs of at least 500M I-lz and high time resolution in the order of nanoseconds. 

locali za tion accuracy at a crn- Ieve l can be obtai ned !39l A MUS I -based method 140 1 

can achieve hi gh local ization accuracy. in the order of I cm, by using spatia ll y di stributed 

anten nas which transmit the same UWIl impulse sequence fo r se lf-localization of IR 

UWO nodes [41] but its usage for localization is li mited because of the high cost ofUWB 

equipment and infrastructure deployment (42) . Currentl y implemented and deployed 

UWB pos itioni ng systems include the Ubisense system 1431 and PulsON [44] system 

developed by Time Domai n. 
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Radi o Frequ ency Identifica tion (llFIO): RFIO systems are designed for the readcr to 

detect a tag in its vic inity and retrieve the data stored in that reader. 111erefore, the 

absol ute location of the tag is not kno\\n but the RFID system is :mnre thot a tag is 

posi tioned in the vic inity of a reader. Its aeeurney depends on the type of the ystem used, 

either active or pass ive RF ID 14 51. In addition to the proximity technique which estimates 

the locat ion of the tag accordi ng to n rcader locOlion. there ore mlln y other methods for 

performin g acc unl1e posit ionin g usin g acti ve RFIO tech nology; for instance: AOA , 

TDOA and RSSI achiev ing accuracy in the ran ge of 1·5 m depending on the dcnsit y of 

tag deployed and RFID readi ng ranges 146). Examples of such works inc lude Spot N 

147J and LA DMARC 148 1. 

Inrn lred (JR): Ded icated localizntion techniques, usually based on infrared and 

ultrasound technologies. give a high degree of accuracy but require expensive equipment ; 

are limited to a sma ll sca le and usua lly have high installat ion and maintenance costs (361· 

[n infrared (IR)·based systems, each tracked person weors a small infrared dev ice which 

emi ts a unique pulse siglllli representing its unique identilier. This emitted signa l is 

detected by at least one particular IR sensor in the vicini ty and sends it to a location 

servcr. Thcn, a location se rver estimates IR device locati on using aggregated daw 

obtained from li xed IR sensors deployed wi thi n the indoor environment. 

The IifSt IR positioning system, the Active Badge System (4). for example, gives location 

infonnation at the room or smaller level depend ing on deplo)ed IR sensor infrnstructurc. 

On the other hand, using on ultrasound time·of·Oight laterntion, ultrosound·based 

techniques give more accurate location than infrnrcd signnls. It gives accuracy in the 

ronge of I cm _ 1m [49]. The \\ell· known eX(1nlple include Active Bat System and the 
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rickel indoor location ystem (361. lIo\\ e\ cr, the ex istcn e of on Li ne of ighl (NLo ) 

circumstances and l11ultipalh propagmion in indoor environments arc the main problem 

in the development of reliable ultrasound·based indoor locnlil.nt ion ystems. 

Inert ia l sensors: The dead rcckonin g·based local i/(II i n lechniques. al so called Incrtial 

Nav igation Systems (IN ), can be used ~ r bot h indoor nnd outdoor positioning. For 

example. in indoor environment s, such systems use accelerometers to obtain human 

velocity ra te informalion through step detection and step length cstimation. n the othe r 

hand , di gital compass measurem cnts nrc used for di recti n and nngulnr rate inform ati II , 

Such systems havc becn im plemented in diver e indoor Irn ki ng dornni ns; for instance . 

pedestrian navigat ion (501 and mobile r bot I nlll..at i n 1511 (521. An Andro id 

smnrtphollc appl icat ion pcrfonning location tracki ng in homc and offiee envir nments 

using the integrated mOl ion sensors of the smnnphone nnd nn optional foot-mounted 

inerti al measurement unit for personnl 10cnll/..3ti n :md trocking is presented by 

I-Iardegger e1 al. [53J in their work Smart ActionSLAM. Ilowever, in such methods, even 

very sma ll errors in the nile in formation provided by ine rt ia l sensors cause an unbounded 

accumu lative growth in the error of the inl egrUled measurements, usual ly referred as the 

"drift error". 

2.2.1 Summ ary or Ceo· loca lb.a tion Tec hn ologies in Wlrelcss Networkin g 

Various local ization technologies. techniques of localization, coverage of signal, and 

battery consumption in hours and error in metres when used for loca lization from the 

above discusscd diffe rent literatures arc summarized in Table 2·2. The '\' mark fo r 

attribu tes means 'yes' . For example, is GPS available in mart Phone? Yes it is ava ilable . 

On the other hand ' . ' mark in the table refers to ' not )ct kno\~n '. 
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T :lblc 2· 2: A )~c\r icw of Gco· loca lizat iOIl Tcchllolog iCJ :lIId ystcms in Wi rcl('ss 

Networks 
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In recent yea rs, Location Based ervices (LI) s) are gaini ng B lot more inOuence in daily 

life. To obtai n the needed current location of devices vnri us local ization techniques are 

deployed such as Global I)ositiolling Systcms (GI' S). Ass isted GPS (A-GP ), Wireless 

Fidelity (WiFi)-based localizmion, ce llu lar network based loca lization technology. 

I3luetooth based localization and mon y more . M st modern dcv ices have on inbuilt P 

receiver wit h high accuracy maki ng GPS the predominontl y used loco lizationtcchnology. 

The usc ofG PS 10 acquire location information also comes m a price of very high energy 

consumption, as shown in Figure 2-3131 . 

This is serious problem because wireless devices hn ve wenk b:llteries. nle eXWI energy 

load caused by localization could use up all avn ilnblc energy from the ball ery aOer less 

than nine hours in smart ce ll phones 131. 
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Figure 2-3: Energy consumption ofC I'S, WiFi lind GSM for I}ositioll fixes 

C\'cry 30 scconds 

With the introduction of more advanced services likc geo-tagging and proactive location 

based scrvices, positioning updatcs are required much more frequently, sometimes even 

continuously over certain periods of lime. This puts extra stmin on battery life. To 

rcspond to this problem, several ways to increase the energy-emc iency of wi reless device 
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localizmion technologies have been proposed. In this review of relnled literatu re. su h 

improvement approaches towards energy e ffi ciency of wireless device localization are 

classified into four different cmegories, which are examined closely. 

2.3 1clhods of Improving Ihc Encrgy-Erticicncy of Wireless OC\'icc Ceo­

IOC'l lizlIlion 

Although GPS localization technology offe rs a high degree of Bccuracy in positioning. it 

is enormollsly energy hu ngry meaning wireless devices run out of power after about 9 

hours if used continuously 13 1. 1I0wever, the trend in battery capaci ty. technology 

deve lopment shows improvement not in line wilh need . An al ternative to in rells ing the 

energy pool, decreasing the energy usc of localization technologies could be promising 

options. For instance, the use of II ss istcd· PS inSlend of plain P alreudy improves 

energy consum ption. 

Recently, man y approaches to decrease the energy consumption of wireless deviccs geo­

localization have emerged. In general. most of these methods can be class ified into the 

fo ll owing categories: 

I) ubst itution ofG PS with other tcchnolog ies 

2) Introducing middlc-ware 

3) Sman switchi ng of localizntion technologies 

4) Smon reduction ofGPS operations 

5) Co-operati ve local ization 
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Except for the last one , all the above methods Drt: emplo)ed on the optimiL!1tion of 

batlery life of indi vidua l wi reless devices \\ ith no cooperation \\ ith other" ire less devices 

in the network . Each of these five npproa hes of redu ing energy consumption during 

wireless dev ice localization is discussed in subsequelll subsections: 

2.3. 1 Subs ti tution or C I"S wit h u th er Gco-Ioc:a ll l;l tio n "«hn o lo~ics 

This approach tries to overcome the energy issues f PS by substituting it completely 

wi th other techno logies like GSM, Wi Fi, Il lutoth und the like. 111ese days these 

technolog ies urc under exploitat ion for energy efficient loca lization technologies. 

Depending on what ki nd of wire less device is used, Wii=i sensing or M connecti ns 

are usua lly active most of the ti me whi le the phone is a live, which lowers the energy 

needed for positioning. Usuall y. while WiFi b:lsed approaches lire onen used for indoor 

track ing, G M based approaches nrc muinly lise fiJI outdoors (19) . 

LaMarca et. al. proposed a system ca lled 1>1:lce Lab [541 which cu n be used bot h outdoors 

and indoors. As shown in Figure 2-4 [541, their main goal was to prove alternote 

technOlog ies to offer ubiquitous local il.:ttion wi th low cost. The ir system lIseS already 

ex isting infrastructure of radio freq uency nnchors (beacons): WiFi access po ints. GSM 

cell towcrs and Bluctooth dev ices. In this method the wireless dev ice only listens to 

ceno in infonnation the beacon transmi ts, e.g. the unique identifier of a G M to\\er 

without requiring acti ve connection. For wireless dev ice positioning. Place Lab uses a 

large d:ttabase compi led and maintained by large communities \\hieh contains more th an 

2.2 million beacons of which more than 40.000 is G M to\\cr locations. 
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Figure 2·4: The Pillee Lab system lIrehilccturc 

2.3. 2 Inlroducing Middlc·warc 
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This method uses middle·ware as an interface between the actual battery and other 

imbedded sensors in the wireless device. Energy efficient cont inuous sensing on mobile 

phones can be achieved by modifying the cu rrent nrchitectu re of mobile ph nes by 

des igning to support continuous human centric sensi ng at a low power overhead. This can 

be achieved by design choices and integrati ng Little Rock in to an actual phone 1551· 

Litt le Rock is middle·ware or interface between the actual battery and other imbedded 

sensors, hence, not acti vely needed sensors in the \\ ireless device can stay turned 01T 

saving battery. 

The middle. ware can be a context aware middle·ware. For example, ACE (Acquisition 

ontex t Engine) is a context aware middle· ware \\ hieh infers users current context: like, 

driving or at home 156] 
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2.3.3 Smart Swil t hing of Ceo- lora liU lion Tl'thnOlol!i 

In smart switching of gco- Ioca li lation tcchnologies. the modelling of loca lization 

technology's energy consumption and accurn y is modelled in t\\ O difTerent \\3)'S : i) 

static model- assigns static (never chonge) \'ailles ii ) d)-nnmie model- updates and 

changes dependin g on the resul ts of performed posit ioning processes 157 1 1581. 

Independentl y of which model is used, the resul ting system intc lligently chooses which 

loculization technology should be used. The following sub-scctions discuss the two 

techniques: 

1.J.J. 1 lIierarchiclll POJil/(mi" N Algori"ml 

Figure 2-5 represents example architecture of the hiern rchien l positioning algorithm 

system [59). In th is figure, the wireless device moves a long the das hed line. n its way it 

comes 3CroSS GS M cell towers which nrc used to check whether thei r Co\!croge area 

overlaps the target zone. As long as th at is n t the elise, no highcr aceurney and less 

energy-efficicnt sensor has to be activated. In this Cllse, the nex t hi ghe r accuracy 

providing technology has to be turned on when the dev ice cnters the covcrage arca o f the 

second cell towcr. At th is montent , WiFi is turned on unti l the de"ice enters the nex t 

hi gher covcrage area that overlaps with Ihe tllrget zone, in th is case, the WLA of access 

point AA: 03. This invokcs again a shin to lhe hi gher a curacy technology GI)S. whi his 

used unti l the device actua ll y enters the torgct zone. in e Location Based crvices 

(LBSs) require diffe rent minimal locat ion accuracy "Blues, this approach 3110\\ s the 

power hungry technologies to stay tumed ofT for 3 long as possible. 
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Figure 2-5: Overview or th e hicrll rch ic:11 posil io ll ing :111;0 ril hlll flJll ct io ll uli ty 

2,1.1.1 /)YIU,"';c LOCflfion - /J{1SI.!I/ SCI/sor Seleclio" 

Lin ct. 01. fo llow a bas ically similar but slightl y different approach [57). They argue the 

precision req uired by location based services varies and corrctmes wi th each specific 

location of the wire less device. Consequently, Ihey propose n system wh ich ndnptivcly 

estimates the best local ization technology (sensor) for the current location and accuracy 

requirement. Unl ike a hierarchical algorithm which uses static model , they propose a 

complex and dynamic system, c" lIed a-Loc which adjusts to precision requirements of 

LBAs by using dynamic sensor error and sialic sensor energy consu mplion models. as 

shown in Figure 2·6 [5 71. 
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Figure 2-6: System des ign of II- Loc 

2.3.4 Smart Reduction of Neccssllry e l's Ol)c rll iions 

Th is method uses GPS in most situations becnuse it gives the ma.:~imum accuracy or all 

commonly used localization tech nolog ies. Ilowevcr. to be energy-efficient. the num ber or 

pcrronned GPS operations is reduced and opt imized, so the min imum alllount or energy 

is used while achieving an accuracy requi red by LllAs. This approach ean be rurther sub-

grouped into two: Pred iction Based Reduction and Movement Based Reduction. 

1.3.4.1 Prel/ictioll Bluel/ Rt!lluclioll 

Constandache ct. al. argue that the energy budget available to loca li7..a tion is only a 

rraetion or the battery because other parts or the wi reless device al so need energy (3 J. 

Hence, ror continuous positioning. the avnilable energy is not enough. As a result , the 

position or the device shou ld onl y be estimated intervals because no extra loca lization 

operation can be pcrronned . Having this cent ral idea, lhey propose a dcvice cCnlrie 
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localizn tion system, EnLoc (31 which tries to minirni/'e the 0 um) deviat ion or lI \ ernge 

local ization error for II given energy budget. Consequentl y. to explo ittypi al mo \ cmcrll 

und habitution practices of users: the system uses prediction based heuristics 10 predict 

the locat ion and movcment of wirelcss devices. so redu ing the number of locution 

rcudings needed. Using this prediction based approach; it is po ible to lower error mtes 

throughout the time loca lizuti on is active because it uses P . 111is method explo its 

movement patterns of the individuul user und habit ual wherelloou ts. muny slUd ies have 

showed such data is reliable [601. For the implement ation of thei r approach. 

Constandache e\. al. col lected dnln on the Uni versi ty of Illino is ca mpus . Thi s dOlO is used 

to describe the habitual movementS of a user and compilcd on tree based information 

rcpresentations as shown in Figure 2-7 . 

To decrease th e needed locnli zation ol>cral ions. posi tion estirnati ns nrc pcrformed if the 

user has started to move to a new 11lIbituai activi ty urea , depcnding on the ga thered 

infonnation. A linear prediction in combinntion with probability maps of cities is used to 

check whether the user's path de\' intes. If it docs devinte, r rendings ha ve to be 

pcrfonned to monitor his posi tion. In such cases there is no energy consumption 

red ucti on. 

Enloe works main ly with GrS; howcver, it also supports \Viri and G I based 

localization. Among the supported loca li7.ation scnsors. I] scnsor t)PC that minimizes the 

erro r for the whole time period is chosen based on prediction . This helps a sensor wi th 

medi um acc uracy, but low energy consumption to cond uct location readings morc 

frequently than others. 
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1.3.'1.2 M O\'emell/ Monitori"g BtlSl!l1 NCI/ll e/ jOt' 

Kjacrgaard ct. AI. developed a system. EnTrnckcd 16 11. which estimates wireless device 

IOC311011 using low energy consumption. The estimation of position depends on whether 

the wi re less dev ice is moving or not. If it moves, its speed is Icamed and used to estima te 

the poin t in t ime when the nex t location readi ng should be executed because the user 

moves fo r a certain distance or time, un til Ihe Inst known position will become too 

inaccurate for location based serv ices. Thus. thi s method reduces necessary GPS 

loca lization operations by moni toring and estimating the movement of wireless devices. 

EnTracked cOlliains a detai led model for energy consumption of various de\·iccs. like the 

GP rece iver, accelerometer and GSM radio. It also takes into considenuion the time 

taken to power on and 01T those devices and a delay model i used to provide the lime it 

takes for GPS to obtain a new posi tion fi x. Figure 2·8 illustrates the ir \\ o rks basic 
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workno w and system logic. After the first estimation, the system "ailS for the de\ ice to 

mo ve to makc the next position estimati n. up to thnt it uses the fi rst estimation. The 

movemen t checking is accompl ished using an ne clerometer. If mo\Cment is detccted , 

the velocity of the dev ice is mcasured for the ncxt position estimntion. To achieve Ihis. 

the inbuilt speed detennination function of the Gl) receiver cnn be used. 
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Figure 2·8: System logic or EnT rucked 

EnTrackcd was tested by emulation and real world tests. While emulation resulted in 43-

56% saving, the real world tests which were conducted during the phase o f one week in 

residential and urban di stricts achieved energy·e ffi ciency 62.3·69 .7% energy savings 

surpassing the emu lated va lues. 

2.3.5 Co-ope ralh'c Loca li7..li1 1ion 

The fo urth type of approach in decreasin g energy during wireless device localiz3Iion is 

co.opcrativc localizati on. The concept of COoOperation in net\\ orks is fa irly nc\\ : it relics 

o n direct communication between agcnts rather thnn through II fixed infrastruclUre 162J 

[631 64]. Co-o peration has been successfully npplied to " irelcss pcer.to·pccr 
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communication, leading to standards su h M f)tuetooth 1651 and Zigbee 1661 and is 

expected to be applied to cellular systems over the nex t fe \\ )enrs 1671 (68). 

As this method is the focus of this disscrtntion. the detail of mnge· frce eo--opcrnli\e 

loca liza tion methods and algorith ms nrc di ussed in haptcr 3 sub-se tion 3.2. \\ here 

anchor nodes share their posi tion to he lp unknown node to locate themselves. 

2.3 .6 S UIIIIII:1 ry on Mel hotls of 1m pro" inl! Ih e t: ncrl!y- t:fficie nry of Gto-loCM lI7,:t tlon In 

Wireless Network 

Wire less device locali7.ation energy improvemellls arc necessary devtl prnenLS in o rder 

to ensure the long-term usc of locution based se rvi es. Rescurch is I:Ickii ng this issue in 

many difTerent ways which cu n be clBssified into fi ve different cUleg ric. The firs t tries 

to substitute the commonly used und energy hungry P locali.wtion wi th more energy 

effic ient technologies, like \ViFi nnd G M; h wever. those locali .wtion te hnologies have 

much lesser precision than GPS resulting in a scri u dnmback 10 me location based 

services that requ ire good precision. As presented in work (8J and (541. the location 

precision can be enhanced by using ndd it iona l positioning teChniques such as re eived 

signal strength based estimations. Ilowever, 10 be able to usc them constantly. extensive 

preparatory work in the form of ward riving ond signal st rength measurements ho ve to be 

conducted which is again fo llowed by tedious maintenance of the collected data 10 make 

it up 10 dale. 

The second method uses middleworc 10 reduce po\\er usage by imrodueing inlcrface 

between the oClUal phys ical banery and localization sensors. The middleware tums on the 

se nsors onl y when there is a need for them otheo' ise they remain tumed off - so sa , ing 
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power. '111C third uses mUltiple locnlil.3lion technologies and smartl y s .... ilche betv.cen 

them bascd on the precision currently demonded. AI (lny time. on ly one kind of the 

ava ilable sensors is active by default, this is the onc onsuming the least energy but sti ll 

giving the demanded accuracy. A morc precise sensor is se lected onl y if morc precis; n 

thon the current sensor can prov ide is requi red . Apart from pcrfomling energy 

measurements for each loc3l iz<l li on strategy lind C nscqucn tiall y constructing Il model. no 

ex tensive preparatory work is needed. 

Approaches of the fourth clnssiricntion opply smart pred iction nnd estimation nlg rilhms 

based on user movement monitoring. Even though onl y GP is used, vcry encouraging 

energy savings can be achieved. However. these nppronchcs dcep ly penetrate user 

privacy, part icu lart y when compiling user based habituol mops. 

The final classification which is co-operative locnliz.'Ition look promis ing in saving large 

amounts or energy wasted ror wireless node loca lization on the cost or poor accuracy. 

evertheless, the improvement or energy s.wings should not be to the cost or a curacy. 

rather thi s method has to optimize both accuracy and cost (banery). I-Icnce, this research 

in vestigates th is appro:lch to reduce the impact or crowd or wireless device geo­

locali zation on battery tire while optimizing accuracy. 

40 



Delibenttely left IJI :t nk 

41 



CHAPTER 3 RELATED WORK: GEO-

LOCALIZATION METI-IOD 

AND ALGORITHM 

In recent years, Tllp idly growing loctuion bused npplicmi n ha ve ntlra ted n lot of 

research eITorts on gco· [ocat i'llltion of nodes in wireless nct\\ orks 169[ P OI [7111 72 ) 

(73). GPS, which is wide ly used locnlil.otion method wilh hi gh actum )', is n I [I sound 

solution for wireless network nppl icolions because il.$ high enersy onsumpli n is ngainst 

the energy scarce nature of wire less nodes' baltery [6911 72 1173 1174) (75 11 76). 

onsequclltly, researchers arc investigating innO"OIi'o'( ideas to realize energy efficient. 

proctical , ncxiblc and robust locati/.:miol1 in wireless netw rks. Generally, proposed 

loca lizotion methods can be categ riLed into \wo classes: i) range-based and i i) range­

free . The main dirrcrcncc in the heart of this c lassification lies whether ranging 

infonnation is requ ired or not in the loca lilation pr ess. 

Both ran ge-based and ra nge-free geo-IOClllilrllion methods and algorithms arc discussed 

in detail in the following sub-sections. respccti\ ely. Figure 3-1 sho\\ s the genern l 

classilication view of geo- Ioca lization methods in \\ ireless nct .... orks . 
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Range-Based 

AOA 

rOFrmOA 

RSS I r)v -h"-Melh()d~ 

Figure 3- 1: ClassHicli tioll of C Co- IOCIl Ii1.lll ioll Melh o~h In Wlrcl cs~ Nel" ork 

3. 1 Ra nge- Balsed Ceo- loca liza tion Method s 

As ils na me indicntes, ronge-based locn lilation methods delx:nd on It eunlle ronging 

results omong wireless nodes. To do these ranging re \llts, the wirele s node needs 

dediented rangi ng infrnstnJcturc to measure point-Io-point distnnee. angle. time or 

(re lative) ve locity. Once obta ining ranging resul l . the locat ion of\\irele s node can be 

estimated through geogm ph ica l computations like trihuer.ltion (also can be 

nlultilntcration) [691 1771 [781 1791 or triangulation (os presented in Ihe following 

subsections) [8J [80J [8111 821. 

In Trilaleration, as shown in Figure 3-2. Ihe \\irele node J is the node "hi h"e "ani 

to localize. In Ihe fi gure, the three nodes (AI. A2, and Al) are anchor (or beacon) nodes 

and know thei r locations. Here. it is assumed Ihe wireless node NJ has communicated and 

knows the location (x" )~} of each anchor AI and the distance til bet"ecn NJ and At. 
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, , , , 
(I, I , , , • 

Figure 3·2: TrilllfcrIIl lo lI l M ultillllCNl fion 

Then, N~ can estimate its laeolion usina I qUill I 11 (3 .1) .... hich I usuolly referred to O~ 

Iri lnlcrnlion. Inlhc equation the location of N. i unkno .... n and 'abelled II (.t.y). 

(x - x,)' + (y - YI)' ; ti,' 
(x - x, )' +(y - y, )' - ti,' 
(x - x, )' +U' -Y,)' ; ti,' 

(3 I) 

The following subsections cxpillin range· based locahuuion methods from the: \ Ic" point 

of the three types of fundamental rnnging infonmHlon (i ) angle of am'.1. ( ii) lime of 

Il rTiva llflight. and (ii i): r«CiH:d signnl lrength Indicator 



3.1.1 Angle of Arrh'a l 

AOA·bascd methods fi rst measure the angle at which a signal arri\(~s at an onch r node . 

Finally using triangulation an unknown node estimatcs il5 position (83) (841 . The 

computation is quitc simple; however. AOA techniques require spc inl antenna and may 

not perform well due to omni ·dircctionnl lIlultip;lIh renceti ns. Moreover, mcasuring 

signal s accuratel y can be difficult if an unknown node is surrounded by scal1ering 

objects. 

Localization techniques (RSSI, TOA and TDOA) usc distance estimmes for I ali/alion; 

however, Angle o f Arriva l (AOA) localiwtion method uses Ihe angle infomHl1ion for 

localization. Loca li7.3lion with AOA requi res twO angle measurements 11.5 sho \\n in 

Figu rc 3.3; for example, as the signal sent from the unknown node ~ arrive at aneh r 

nodes AI and A2, the anten na array of A Land A 1 can detect Ihe arriving signal's AOA as 

a ond p, respective ly. Finally, the two anchor nodes send the measured angle infonnat ion 

a and ~ as well os thei r posi tions (X i> YI) and (Xl. Y2) to an unkn \Vn node N;r. ow, N~ 

can compute the distance between anchors, denoted as d in the fi gure using the posi tions 

of anchor nodes. 
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, ' 

___ .~'.\? ________ yt' .. __ _ 
A, (x" )',) 

Ii -I 
Fig ure 3 -3: Angle of Arrhral (AOA) Loca li1.J1 t io n 

AI last, NJ/ computes its location (x" ... , y".~ ) using the Irinngul ulion method given 11\ 

Equalion (3.2) [83][841. 

d x sin a x sin p 
.T. ~ . = x, + sin(a + fJ) 

d x cos a xs in fJ 
YN, = ' in(O' + p) 

(3.2) 

Like other range-based methods AOA al so has shortcomings: i) it uses 3 1l1Cnna arroy for 

detecting the ang les which means it needs add itional dedicated ha rd\~ 3rC for angle 

measurement, an energy constrainl ; ii) the AOA measurement precision is affected by 

backgro und noise and/or mult i-path reflections which could result in signi ficant errors in 

nngle measurement which in tum alTect position cSlim(uion. 

46 



3. J.2 T ime o f Arriva l 

T A calcu lates distances based on transmission times and speeds of ignal (8S). The 

Olost popular TOA-bascd localizmion system is GJ> . P re ei\ er computes node 

position based on signal propagmion time by precisely synchroniJ'ing \\ ith a tellite'~ 

clock. 

The diSlance calculation using Ti me- f-Arriva l (T A) is usua lly more accurate than 

using RSS I, particu lar ly in the environm ent wilh mon y obstructi li S. for example. in an 

indoor o ffi ce space (851. Timc-of- Arrival (TOA) based d irect d istance measurement 

method is shown in Figure 3-4, where I . is thc signal transmiss ion instant from the on hor 

node, while l u is the signal reception instant at the unknown node. Assuming the n es 

nre synchronized (share n common clock). the TOA is computed asll. -1.1· i ... cl1 the 

speed o f signal propagation is equal to c (speed of lighl) . we can compute the dis tance 

between the nodes ascx~" -1.1· 

Anchor Nude Unknnwnll Node 

1= 0 -------
I • ....L..-+.... 

igna l 

"oj_LI . 

limc lime 

Figure 3 -4: Time-of- Arrival (T OA) Loca l i~L31io n in :I sy nchro nizcd 
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T A measurement ; ho\\e\er, demands perfect- )nc:h nitntlon <"hlch is not pmctiell in 

the renl nel\ .. rks) bet\\cen the t"O nodes. 'Ille 11-1 L stnndnrd 802. ISAllsuppon It t\\ -

"tty rAnging method to minimi/e the problem orsyneh ro l1l73tl n,OI depicted In l"i gure 3· 

5. 

NotJ ~ A 

or 

l 'IIIf' ..... _-- - -- - -- - - --- - --

Thi s two-way ranging technique necessitates thc \\\ 0 node to exchange al least 1\,.0 

pnckets. For example, in the figure, the node A stans a rongi ng l11ea urclllent by sending 

a rnnging packet to node Il nt time '"."" Then. node 13 recei\es the JXI ket rrom A. and 

repli es with a second ranging packet, transmitted aOer a delay aT. The packet is received 

by the device A at time '*P' ow, using Equation (3 .3). \\e can compute the propagation 

time from ode A to ode B. denoted as ' (lIP' 

(3.3) 
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It is obvious the two·way rangi ng method reduces the inOucnee of node s)nchrom.l.8tion. 

however, the loca lization techn iques based on T A till ho \ e the problem of node liming 

reso lution. To achieve a precise measurement of TO , wircle nodes need to h3\C ultra· 

resolution tim ing ability necessitating to be equipped \\ ilh spe in II) deSigned radio chips 

(86J (87( or h;gh speed clocks nnd processors (88 ( (89J (90( (91( . Uhm W;dc Band 

(U WIJ) t92 1 and Direct Sequence Spread Spe tnun (I S) are the 1\\0 widely used l OA 

Illeasurements in geo- Iocalization technologies 19)1. 13oth WO and!) ore wide-bund 

or ul tfa-widebnnd signal s with enhunced time domain resolution. Am ng TOA 

measurement technologies, Ihe D signnl has been used in rangi ng systems for seyernl 

years (e.g .. the GPS). To make such systems robust 10 noise and interference. a sigon! 

coded by a pseudo·noise (PN) sequence is tf:msmil1ed from the sender. At the rceei\er 

side the received signa l needs to be decoded with a loca l P scquence 1611. Finally. the 

distance between thc transmitter and the receiver is computed using the orrival time of the: 

received signal. In DSSS ranging systcms. the rcsoluti n of rOA estimation is mainly 

determined by the signnl bandwidth ; for instnnee. if a bandwidth of 100 Mil l is used. 

distance estimation errors nrc usuall y less than 3 metres under idea l I .. OS (line of sight) 

conditions 194} , but the systcm requ ires hi gh speed clock , for exa mple , th is neeess itnies 

the I>N generator to have a ti me resolution Of 311 cIISI 1/ 100 '11 11 10 n . 

One of the key fac tors that affect rOA estimation is ignol band\\ idth. the \\ ider the 

bandwidth. the higher the range measurement precision. Among the existing range-based 

localization technologies Ultra Wide Band ( WIl) systems (u uoll) with bandwidths 

more than I GHz) have shown a promising future. partieulorl ) for eomple'+: environmentS 

like indoor loca lizations 1891 , Moreo\cr, multi-path foding hos less effect on \VB 
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signals. Incorporating the UWB system on \\ireless node ; ho",e\ er. is not cas) beause 

UWB systems require sophisticated additional hard\\nrc to pro\ ide s", ift mphng and 

accurate timing; as a result , integrating it in wireles node is quite challenging BOO 

costly. Another variant of a TOA system is Time-OifTeren e-of·Armol ( II A). !'hi 

method requires base stations to transmit both RF' and ult rasound signnls simulumcou I) . 

Ilere, the RF signal is used for synchroni7ation reason. An unknown node fi rst omputes 

the difference of the arri val limes between the IWO signals. :md then detcnnines the 

distance 10 the base stati on. At last, usin g Ill ullila terfl lion on the c lie led mnge cstil1llHeS 

location on the unknown node is estimated. 

3.1.3 I~ecelved Signal Slr~nglh Indicalor 

RSS I cal culates distance depending ol1trnnsmilted and received po\\cr Ic ... els of mdio 

propagation mode l. RSSI is usually used with RF signals, Ilo\\c\ Cr. lhc l1leasurement 

estimation can be inaccuratc due to Illu ltipalh fading effect in outdoor em ironmenlS 195 J 

(96) [97J. 

Radio Signal Strengt h Indicator (RS I) is considered as the most popular modality for 

range estimation in wireless networks because al most every node in the wireless network 

has the ability to analyze the strength of a received mc suge. (95]. As 3 result, R 

infonnation can be obtained wi th no dedicated additional hardware for ranging \1;hen 

compared with other ranging methodS (96\ (97\ . Thi makes it energy efficient and cost 

effective. Consequently, in orde r to effecti\(~l y utilize R I for localization. twO t)'J)CS of 

methods have been studied: (i) direct caleulotion of di tanee from R 1: (ii) R 

fingerprinting. The following subsections discusse these t"'O t)PCS of melhods: 
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3.1.3. 1 Direct Calculot ion ofOislancc 

As the di stance from the emiss ion source in reases, the intens it), of an emitted signal 

decreases. Thi s decrease rc lmive 10 the orig inal intens ity is the BI1enU31 ion (98) , This 

signal atten uation with rcspc I to disHlncc occurs in It poly" mial manner. In the most 

ideal circumstances (free space), signnl power deca y r Itl1CIlu31 ion is proponionnl to (r, 

where d denotes the di stance between the Imnsmiucr llnd the receiver; such fill effect is 

also ca lled free spnce loss 1991. 13)' havi ng II function which orrclrncs ollcl1umion and 

di stance, di swncc between the Ir:lnsmill cr and the receiver can be cSlirnOlcd from the 

received signal strengt h by the receiver. nc of the commonly used rod; propagation 

mode ls is the log-distance path loss model (without mult ipa th efTects) in Equation (3 .4) 

RSS/ (d)[dBm 1= RS I,,, -10" IOg,,(.!!...-J 
d'~1 

(3.4) 

where, RSSI. which is a logari thmic measurement of s ignal strengLh is measured in dllm 

and d is the distance between emitter and receiver; RSSlfd is the signal strength vo lue at 

refe rence distance df~r and II is the attenulition constant (mtc at which the signa l decays). 

Gencrally, " is computcd from empi rical data which is usua lly around 2 in a free-space 

cnv ironment but increases if thc environment is more complex (wall s. large metallic 

objects, etc.). In complex cnvironmenlS with mony obstructions, for example. in an 

indoor officc space, the value of II rangcs bcl\\ccn 3 to 6 (100) . Derived from Equation 

(3 .4), a known model for comput ing the distancc d bcl\\ccn emitter and rcce i\ er is us in g 

Equation (3.5), where RSSlrd is meAsured at drd - I m. Finally, having thc distance, thc 

locations of nodes is computed using trilater:uion or mult ilatcration method. 
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RSSI.., -If:i.til 

d = 10 10.. .S 

., he R I vttlue in dditi n to the dl tan e 01 depend (In the po\l,a urPly. ntennl 

orientation. the III \ C01enl of the emitter .nd Ihe retelHr. and ccmple\I!) of the 

environment /I 0 IJ making It unpredl table /I 021 (I OJ I II OJ I II OS I (1061 beuu\(: the 

reflecti ng and flllcnuming uused b) object in the emlmnment un hD\e mu h l:tr er 

effcct on R Ithon distance. 

As It result. bloining the aCClimle dlslon e from R~"" \\lthOUI • deuuled mt'dcl of the 

physico I cnyironment is hurd 195 11 96111071(91) On Incatllutlon e\penment conducted 

using R 51 in open space. resuhs )how the lot:ulon error i, mimi)' ixt\\ecn 3.71n fmd 

4.5m wi th the comllluni lIIion runge about 25 m 1/081 ""tllch \\Ould havc been different If 

it is eomptex envir limen!. 

3. 1.3.2 RSSI Fingerprint ing 

As direct di stance estimlu i n from R ' i found to be III' curate In the Indoor enlrio. 

due to that a different method called R I fingerpnnlllla II becm proposed [109J 1/101 

Unlike the direct distance measurement method. RSS I finaerprllllln& mcthod Imohc.s 

h .. O steps: in the fi rst step (\\ hi h I referred 3S icamlll tep). anther nodc.s record the 

power le\ct of fr.:uncs sent pcriodienll) b) the "11"(1(: node . The current posltion.nd 

orientation of the wircle node is eontamed In these fram . Thl tep IJ .1 IlO"TIU 

the amine phase because it is usually pcr~ nned before the Ictl\>otlon of the Iocahuti{'ln 

serv ice provided by the net\~ rk. In the omine tcp. the .O(hnr node fNP each frlme 

with the measured R ' and the time of rttepCtCtn lIere. incc.1I the. nodes ~ 
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s)nch ronized , the time val ues nrc valid throughout the nety, ork. nee y,e fin ish the 

omine phase, we build a dtl.labase having ench Volrclc node' s locatIon and oncntatlon 

(nonh, south, cast, nnd west) and the R I mel1SurCl1lelll$ laken b) each linch r node. 

The second slep is rcrerred as online slep. In Ihi s slep the ph) si al I mion of wirclc 

nodes is estima ted by the beacon nodes by Illatching the empirical \lalue contained in the 

database and the online rece ived R SI measurement . 

ilowever, compared to the first method. the fingerprint ing method has the follo\~ i n8 

disadvantages: its omine setup is expensive lll1d it high daHl volume take high memory 

and online mapping time. Moreover. this melhod is nOt so nexible lx:euusc :my change in 

the configuration, for instance, the adding of n new nnehor nodc. \ViII involve build ing a 

ncw dntabase. This makes it complex and tedious work in the d)nnmic envi rolllnclII 

where anchor nodes can changc in their number and originallocati n. 

3. 1.4 Su mm ary of Rnnge-lJased Ceo- loea liu llon ~1 e l hod.! 

Among range-based mcthods, R SI methods ha ve the 10 \\ e5t cost because the R 

information ca n be obtai ned wi thout nny addi tionnl dedicated hnrdwnre. but thcy usua ll y 

give lower accuracy si nce the R SI signal is casily afTeeted by the environment. From the 

RSS I mcthods, the fingerprinting method gives bettcr prccision than the direct diston c 

calculation method, but it has the fo llowing serious short comings: i) it demands large 

memory for the databasc to store ami ne R I measurements and ii) it is not flexible: as a 

result, it is not a sound sol ulion in a dynamic \~ orld . 
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Even tho ugh T A and AOA ~5Cd methods can a hic\C bener preciston than RS r. the) 

011 look for additional hardv"are (for eXlimple. high·speed clod. 10 uppon uhrt-high 

resolution timing for" 1\ based method and omenno arTIly 10 cffecthcl) detect the 

nngles for AOA based method) puu ing addi tiona l pre sure on the SCllrte baller)' f 

wire less node . 

Table 3- 1 slImnHlriLcs Ihe typical range-based locoli /o ll n mt lhod li di u.s~d above. 

Table 3- 1: ompnrisoll of I(:III /.:C- Blued LOCll lillll illl l A lj,lori lhllls 

Ib li ge-BJlsed Methods SlrclI ):lh \ Vcak l1 C)S 

RSSI Direct -No addit ion,, ' dcdicuu::d -AlTcctcd by signn l 
Calculotion or ronging hnrd warc attenuation 
RSSI -Scnlnblc • t ow atturney 

-Low overhead cost 
Fingerprinting -No :Idd itional dcd iclilcd . ~on'5Ca lnb lc 

IHlrdwarc . on· ncl(iblc 
· I)ctter accuracy -Memory cOSt 

TOA Direct -Better accuracy than -Strict S.ynchronitation 
Cnlculmioll or R SI - Itro-high timing 
TOA -Low ovcrhc{ld cost req uirement 

-Expensivc hardware 
Two-way -Ikner accuracy than -Uhra-high timing 
Ranging R I requ irement 

- o ri gid s),llehroni/:lIion -Expcnsi\ c addi tional 
dedicated ronging 
hard wart. 

AOA - Lo\\' timing! -Expcnsi"c additional 
syneh roni/Jllion dedicated ranging 
requirement hardware 

-!letter 3ccuraC) than -lIanh\arc constraints 
RS I -Affected by multip3th 

rading and noise 
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3.2 n:tnge· ... rcc Gco· localil i lion \h:lht}(h 

Unlike mnge-based scheme . the I'1nac· fo:c \J. I'KJC UK' ""If .. .u"' ....... 

techniques. In order to estiml11C: the PO\ II IClf'I ~t un ",'lIIon Ihrw ~ on 

node connecti vity in fonn01 ion. i C., Yo M I \to llh ln the \1\:1"'''1) r.n of.hom IOf 

instance. if one node i \\ith in the vi, iblilly rllnac of annd~f noJe. W dl~c t"Ct",«n 

these twO nodes cnn be estimated . (mc nor .• IW thtw 1"' 0 nod« 11(" ,dcrn:d .. 

neighbour nods. 

enero ll y. there are (w type f node .. In till ' method Ilk ~ ",I\II.h .,c .\to tt pf 

their positions nre referred n nn hor (or bt-.UH1 ' n..l\.k \to nllc llt.1.e, nodt .. \ton,,1l arc 

unaware of their location nrc ailed un~ Jl(l Yon nodn Ihl mclOOd ""UlU) • tUl"M 

unknown nodes can henr from multiple . nlhor node, Yotllt .. h arc e,f n tuntkk,('d fh 

Unknown nodes fi rst gather the conne(.tl"ll) In'ClfTT\;I ll llf'I ... Yocll 

anchor nodes. and then cal ulllle Ih( lr o"n 1(\(111 n. 

The mai n adv3ntllge of the mn ge-frec schemc I lheyarc 1'f"""f",.IC 1(1 he unrkmcnlcd 

0 11 low-cost wireless/sensor networks 5111('C no bellC!,) hun r) ran In m'onn.tton It 

needed. Moreover, Ihey are robust- thc connedl\ ll)' In'(lfTNhOfl bd",«n , "'" 

easil y affected by the environment lien e:. the (!Xu cof ttu,.. "on thew mcthnd 

Genera lly. ran ge-free geo-Iocalll,alion . Iaonthm\ un he: damrC\J ml ",v tc II 

local methods and ii) 0 -hop (DI5ta.ncc \'C'Ch'of-ht'fiI.1 ul~ II ounc met 

(1 2]. In Ihe local methods. an un no"'" Mdt ooll«l the IocMIIOft .n((InftalI(Ia rita 

neighbour anchor nodes to estimate: I o~n lot lIOn On the oma In "'I"''''''''';~ 

method, eaeh unkno,," node 100 
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e Ilmaled hop si , es and lhen attempt to act the wnallcu ha~p count If) thc:1c: tnc:hor nodes 

Nc,< l. ( \cry unlo.no"n node e tlmale It dl\,ame I~ Ck.h o( lhc~ IIkhnr node: U\ln the 

hop count. At 11lS1. the unknov.n node e\llrntUe: dlClr 1(k;.IIIon u In tnl.lcrallon ""\10 vn 

the estimoted dist"n e 10 three opproprille . nl h r node, l"he (OUO" IO ub-- CIIon. 

present them in detai l. 

3.2. t Loell l MClho<b 

Local mel hod I Calil.lI1iOIl nlg rilhm include. elllmid (76) 1111,. Or/imal Ol1\ e \; 

POSi lioll ESlima li II ( rigillnl 1)1) 111 21. ImproHd '(lmCl( llo,lu<,n I \I!IlIOlion 

(Improved PE) (11 31 (1141. Approx llnnte Point · ln- Jrian ulllion (APIJ,) I!1 5). Ind 

lid-perpendicular 111 61 11171. I nch of thc!tC II li0rlthm I pre: " Icd In detl .. 1 III the: 

rOllowing sub-scetions: 

J. I, I. 1 CC"lrolli IIIJ:orllhm 

l3ulusu cl ot. proposed a enlroid algori thm \\hl h I probably the carlle t and imple 

runge- free schemc in which ench unlo.no\\-n node e~ l lfn3lc Its posi tion by comPUlllli the 

centroid or all the anchor node it hears 176). ncr Ihnt. thc unknov.n node can be: an 

anchor node and broad ast packet.s 10 Ihe ... icinlty. I hi method or loc.ahUi llon is \ Cr) 

simple, cconomic nnd si mple 10 implement lIo\\c\-cr. loc.h/..Allon accunlcy I \-ulnctlblc 

to the densilY and deployment or an hor nodc and I allon accuracy It &I\ C I poor 

when compared with other re latcd " r 

The authors se lected :1 simple: radio propa illion mode l 'wroprille: (or the ouldoor 

environment. In the model . perfecl sphcn . l l"1k1lo prope lion and l«nllCiI tfSNml Ion 

radio range for all anchor nodcs 1.5 as umcd r or c'(Implc. In rl~ 3-6. theft. are n 



anchor nodes at known locations: A (XI. YI ). A (XI.)'1) .. A (x •• ) '.1 \\Ith the: me 

communication rodio rongc reprcscnu:d R. These anchor node: are the nei~bour 

anchor nodes of Ihe unkno\\n node N. , nle haded part In the figure 00" the 0 \ c: rl p of 

these anchor n des lronsmis i n arca, 'Ihi method allempl 10 lite: the unkno"n node 

Nx inside thi overlap, 

'1 he au thors nssume thnt i) ench an hor nodes pcriod i all y (period 7) broad afiU Its 

locotion bencon signnl nnd Ii) all (\IIchor nodes arc \\ ell )"nehroni/ed to ovoid Illsi n$ 

during the trnnsmiss ions, We usc thei r de finition of terlll II ted below to easc the 

exp lonation on lhe al gorilhm: 

R: ode tr:msmission/colllllluniclllion mn"e 

T: Time interva l between two beacon signals tron milled by un hor node 

I : Unknown node NJ uses this nlllount oftill1e to olleet bencon signals, I > r 

NIttI/i, I) : Number of bell cons sent by nnchor A, in time I 

N"'~(;, 1) -' umber of bcacons reccl"cd by unknown node In Ilmc I (bc6c:ons are Knl 

Ily Bnchor A,) 

Ckh' Connectivity mel ric for anchor A, 

CM,/vWt: Threshold for CM 

(xml.YmJ: Estimmed posi tion of the unkno\\n node b) the entroid al gorithm 

(x •. y.): AClun l (or rcal) position oflhe unkno"n node 
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An hon A I. Al. A~ 
nkno"n node N. 

\' • 

Figure 3-6: clliroid algorithm geo-loca lilltf lOIl 

In thi s algorithm, during the fixed time period I , the unkn \\'n node I listen! to the 

channel and gathers a ll the beacon signnls from vnriou neighbour an hor nodes. L\ en 

though each anchor AI has sent Nl'efll (I, I) signals. due to Nld io propagation interferen e. 

the unknown node N~ may actually receive NffC<t(I. I) signal from AI' I herd re. N~ .. ( I. f) 

<- Nsent (i, t». '·Iaving thi s mctric. the authors then. define the connc<:tl\ it) metric: for 

each anchor All represented as CMI so as to know \,helher an an hor node is rtall) "ithin 

the radio range of the unknown node NJ using Equution (3 .6) be low. 

(36) 

They also set a threshold (referred as CM~) for eM •. The: unkno .... n node: NA considcn 

the corresponding anchor AI ns its neighbour \\hen MI is larger than CM~ othcmisc II 

will nOI consider AI as its ncighbour nnd will not use il to cstlmllic ILJ position t 10SI, if 
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N has " anchor nodes (A I II A ) 'Ih . . . 
¥ • 2 .. " a \\ 1 Onncct l\'ll ) melrlc larger Ihlln C,'f ..... I~n. 

NJ estimates its position aline centroid of these n nnchor node usi ng Equlltion (3 .7): 

{

XU" : (x, + x, + ... + xJ/1l 
YU" - &, + y, + ... + yJ/1l ( .7) 

Finall y, the Cen troid algorithm progrmnrnc pr cdufe is given bel w: 

Algo rit hm : Centro id 

1 During A period f , nonnal node N obll1ins the positIons of k anchors (A I. A, .. • A.) 

2 Xeen - 0;)1,", - 0 

fori - I 10 k 3 

4 

5 

7 

do -"t en - (xecn + Xl); Ycen - (y(", + y,) where (.\"j.)',) is the position of Ai 

xccn - :<Cen I k; Yem - YeaI ! k 

relurn Xcen and Yem 

Figure 3-7: Centroid Algorithm 

The authors computes the location error of the al gori thm using EquOI i n (3 .8) below. 

loealioll error = J (x, ... - x .. Y +(y_ - y.Y (3.8) 

They conducted an experiment in a lOx 10m outdoor p..1rking lot using 4 anchor nodes (at 

the di fferen t comers) wi th radio range nbout 8.94 m. In the experiment. the nnchor nodes 

are set to transmit beacon signals of thei r positions e'>'ery 2 seconds (1'-25) and CM."". i 

sct to be 90%. An unknown node keeps stntic for 41.9s (t=4 1.9s) e\ cry lime it mO\ e$ to :l 

new place inside the parking lot 10 receive the bencon signal for C5timating iLS local Ion 

The resul t shows about 1.83m average location error. 
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inc.c. thc.n adding the: R SI infonnatlon. some: ImproHmcnlt NH becn prctpostd on 

en troid algorithm. ne: of the:se i II We:iihted cllIroid I.ouli,,.tlon (W 1) II ,)nthm 

(III ). Equation (2 .10) sh "'5 how thl Gla nthm c mpuu: the I ttOn of the unkoov.n 

node:. NA • where (x" )'1) i5 the: C(H)rdlllllle of on~h~r ~ . nd" , I the v.eiKht 1\ Iited 

wi th the link bel\\een the unkno\\-n node Ind anchor n('lde I Ilcrt. the \olue of "I i the 

RS I value fanchor n de A, It the unk nov.n node 

"'''-0''-::--­;( .. ,1=- '" 
LUI, 
'0' 

• 

'0' 

(39) 

I heir experiment sh ws the RS I Yolue scll)cd by the: unkoo\\n node nrc: al\\3)' In the 

rangc of [- l iD dB, -50 dll ]. In order \0 Il1nke " , 10 be: P05111\-C. thc) cu i uloled II wing 

equoli on (3. 10). 

1 
w • -,=,,:,--

, - (RSSI, + 49 
(3.10) 

Findings of this experimcnt hove indicoted that. the c tl mated position by W L algorithm 

get closer 10 onehor nodes \\ ith higher "eighl.s "hen compared \\ Ilh the onginal entroid 

algorithm " hieh eSlimntes at the centre of all anchor node . 

J. I . I .2 Original CPE A lgorithm 

The onvex Posi tion Esti mation ( PEl algorithm \\a first propo5Cd b) Doherty et alto 

advnnce the accuracy of cntroid algonthm (112). l1\e IUthors firsc present their 

optimi7..ation oneeplthcn the) cstlmllle the po ilion of the un nov.n nodes u mg _joint 
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optimi.ltllion problem. For example. 10 I igurc 3 8. "here: lhc three an hor node Alo ' ~ l. 

If ) have the SAme communieation runge:. the unkno"'n nc>de V. IlIemptS to (' limi te: I 

Olion inside the communication (trun ml ion) o\erllp of II neighbour anchor node: . 

" he henn of the PE nlgori thm i e mputing the malic: I rectunale \\hi h bound, Ihe 

eommunicOlion overlop (shaded arc:1 in Figure 3-8), and then e: lum.illOa the: loclllOn of 

the unk nown node N~ 111 the en tre of Ihi re ulngle . 10 t-,plain how the) find thi 

smnlleSI rectong le. the nuth rs pro, ~e (Ill nbslr 1 optimllmlon model 

• • RalllC • • • • • • • 
A, '. 

.. ----~ ...... ~. 

• 

• • • ." • 

, 
• • 

• • 
• • • • , , 

f igure 3-8: EXlI Itl jJ le of CI'E II lgorit h 111 

.. ' "I 1 

For nn overv iew of th is abstract optiminll ion proces . let u look at I igure 3-9 In rigure 

3-9(a), the unkno\\ n node N~ stans with n big rectangle . 'e\l. V, tarts to optlmiu one 

side, in the figure. the right side of the rectangle. 109 through a large Ilmount of Ie 

and computations, the exact right side i found Ij 10 Figure 3-9(b). In the me \To") • .v~ 

computes for other sides. E\Cntually. the mallC51 rectangle ~"n 10 Figure 3-9(e) i 

found. The centre of this rectangle is eonsidered II the location oflhc un wn node. V" 
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a) Start b) One side c) Finnl case 

Figu re 3-9: Process of Original CI'.: ulgorilh m ill filld ing smallest rectll llgie 

Since the resource-l imited unknown node is unable to do complex computations required 

by the optimization process, the original CPE algorithm is a centralized local ization 

system. As a result, all unknown nodes arc required to send the co llectcd connccti vity 

infonnat ion to a centralized contro ller fi rst. Then, the centralized controller cSlimotcs the 

location of every unknown node, and sends them 10 the corrcsponding unknown nodes. 

Thi s causes high traffic; in other words, when the network is large, the PE algori thm 

sca les poorly. 

3.1.1.3 Improved CPE Algorithm 

To overcome the shortcomings of Origina l CPE, an improved, simplifi ed and distributed 

version of Origina l CPE algorithm (which we ca ll here aner Improvcd CPE) is proposed 

[1 13] [114]. Although both algorithms look fo r the smal lest rectangle which bounds the 

communication overlap of neigh bour anchor nodes, they difTer on how to find this 

rectangle. As shown in Figure 3-10, in finding the smallest rectangle, the Improved CPE 

algorithm fi nds an Esti mated Rectangle (ER) which is usually bigger than the o riginal 

smal lest rectangle without using a complex optimization process. 
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In estimat ing the location of the unknown nodc, the Improved I)E algorithm perfonn 

the following three steps: i) the unknown node N$ tmnsmits II location request signals to 

its neighbour anchor nodes, ii) then, receiving the requcst. thc neighbour anchor nodes 

agreed response to N$' iii) Finall y, N .. cstimatcs its posit ion NF./f (XIR. YER) as thc ccntre of 

ER using Eq uat ion (3. 11 ) below. 

_ min x; + max X j 
x /jR -

2 

A, • 

min >" + max )I, 
'YHI = 2 

N, 

Anchor Nodes: All A2. AJ 
Unknown Node: NJ 

Figurc 3-10 : Improvcd CPE Algorithm 

(3.11) 

Finally, the programmc procedurc of the Improved CPE algorithm is summarizcd as 

follows: 
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Algo rithm : " Improved CPE" 

I Su ppose the normal node N. has 1/ neighbour anchor nodes A I. A2 . . .• All ' The 
position of A, is (x,.y,). 

2 
3 

Xmu -Xl; Xm,n -XI;Y ....... 
fo r i - 2 to II 

Y I;)'mlll 

4 if x, < Xmm thcn xm'n - x,; clscif x, > XIM\ chclI XIM\ .- X , 

5 if y, < Ym,n thclI Ym,n )', ; else if )" > )'ma~ Ihell )'IM~ ) ', 

6 XllR - (Xm,n + xm •. ~)/2 ; .VFR (vmln + Yml,)12 

7 rei u rll XER and YER 

Fig u re 3-11 : Proced ure of Imp ro\'cd C Pt: II lgorll llll1 

3. 1.1.4 API T A lgorithm 

I-Ie et al. proposed an Approximatc Point·ln-Triongulat ion (APIT) lest based on the 

principle of dividing the whole network into triangular rcgions betwee n anchor nodes 

[ 11 5]. Theses triangular regions are made up of venices fonned by a ll the possible sets of 

connecting th ree neighbouring (lnchor nodes. l11e unknown node applies a test to 

detennine whether it is inside or outside the triangle fOn1led . TIle test is repeated for (I ll 

connecting three anchor nodes he3rd by unknown node. and the 10c(ll1on is estimated as 

the centre of gravi ty of the intersection of all the triangles that the node may exist in. 

For example, let us assume that in a network there arc 5 anchor nodes (A ., A2. A}, A • . and 

As) as indicated in Figu re 3-12. ln the ligure, the so lid circles orc anchor nodes. "hilt the 

ho llow c ircles are unknown nodes. The concerned unkno\\n node is marked as NA _ 



A, 0 

0 • , 
0 

0 
,\ , 0 

• 
o o 

• 
0 A, 

• 0 
AJ 

A, 0 

Figu rc 3-12: " " I' IT It lJ.:or ilh III net" ork ~CCII:l rio 

Like other mnge- free algorith ms. the APII nl" nlhm 01 t'I ~urn the unkoo"n node N. 

is aware of the positions ofnnchor nodcs. ll cnec.1lJ ho\\n in Fi gure -13. N, tM form 

triangles usi ng an y three anthor nodts. The o\Crlnp fthe triang!cs (N. Inside: I c . shadcd 

oreo in Figure 3- 13) is where iV, residcs. 10 do this. ho"e\cr. N. 110 to dctemune 

whcther it is inside or outs ide ofthcse tri angle 0 des ribcd In lep 1"0 oflhe ulgorithm. 

A, 0 

0 
, 

0 0 
0 0 0 

" 
0 

,\, 
A, 0 0 

Figure 3-13: Fo rm :. rion of t ria ngles by any th ree: :l nell or nod es in AP IT 

a lgo rithm 

65 



The A I)IT al gorithm h:lS 4 step : I) beacon c'(changc. 2) Poml-ln. rnangulat lOn (PIl ) 

tc ting. 3) APIT nggregation. and 4) cntre of r8\1t)" ( 0) po Itlon calculat lOn _ \I, hllc 

describi ng these steps. emphasis is gi\cn on Ihe 5CCond lep II is lhe hCIl~ of Ihe 

olgori lhm: First slep. bellco1l t!xdumJ;t! : It i Ils5umed Ihal Ihe one: r node pcriothe:all) 

broadeasl beacon signnl s (eonlOin ing their pos it ions) to Its neighbour node . In thl 

algorithm. il is mandatory ~ r en h anchor node 10 be eqUIpped \\ Ith 11 po\\crful 

transeeivc r in order to mnke its signal received by nil ullkno\\,n node in the nemork. 

Rece ivi ng the s igna l from an anchor AI. each unkn \\n node dele Is and r ords Ihe 

rece ived signnl 's R I value plus Ihe position o f nne:hor node A lI ere. Ihe R 51 

infonmuion is used in the PIT tesling step to eSlim. le \\helher It node is III ide" triAngle 

fomled by three anchor nodes. 

econd step.lhe POIII,-III-1'I'WlIglllllllOlI (PII) /(!j /m8 Ihl step checks ifan unkno\\n 

node N~ resides inside a triangle fonned by three . nchors r not. As indicated in I igurc 3· 

14, the Perfect I) IT test cnn be achieved by 111 ving N, along in ony direclion, f or 

exam ple, in Figure 3- 14 (a). the unkno\\n nade N, mo\ C$ in ever) possible direclion 

compari ng its di stance 10 anchor nodes (R I is u~ed 10 measure Ihe distance), If , finds 

its distanec to the three nnchor nodes nc\-cr in reases or dc..'Cre35e simultaneously. il 

assumes it is inside the three "nehor nodes olhef'\\'isc it is not 

Let us ta ke an example. in Figure 3- 14(a) \\hen lV. mo\(: • IInle 10 AI. its distance (0 AI 

decreases. but its distances 10 Al and A4 bolh increase. In thiS case. ,v~ is considered 10 be 

inside the triangle M IA2A4 (triangle laJ...cn from Figure 3- 13 abo\e). In contrast. N~ \\ill 

be considered outs ide a trinngle \\ hen lV. mO\-e5 II lilt Ie, If lIS distaned 10 thc three 
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vertexes of the triangle increase or de rease simultaneous!) In Hgure 3·!4(b). (or 

instance, when N:t moves a li llie in the dire Ii n shown by Itn arro ..... its dl Ulilee I three 

Bnchor nodes decrease simultaneousi)'; It It ~sult. N. i 

dA,AzA l (Iriangle taken from Figure 3· 13 above). 

• A, 

A , 

• 
. --­N ._ .. 

j • A. 

Figll rc3-14: I'erfeet (JITTcs l 

• A, 

n idcred oul ide the triangle 

\ 

. ~O 

• A, 

I lowever, in terms of im plementation, Ihe Perfect PII lest ha 1" 0 short omings: Fi rst. it 

is imposs ible to teSI in all directions. because there arc infinite directions around the 

unknown node Nx . ccond, the Perfect PIT lest requi res that unkno"n nodes can move, 

howeve r, unknown nodes Illay be fixed in somc :Ippl ieati ns; even if they move , their 

movement may not be only for Ihe goa l of locali7nlion. 

For thnt reason, as n substitute 10 IJerfecl PIT. an Appro~il11atc PIT (AI)IT) test is 

preferred . The APIT test assumes unknown nodes arc static. E, en if unkno"n nodes 

cannot move. the APIT method imagi nes the)' could mOH, and regard their neighbour 

nodes as their pos itions after movi ng. In the same W3) as N •. i(5 neighbour unJ..nov. n 

nodes have also rece ived signals sent from anchors. and h3\C noted down the 

corresponding RS values. This means N. can c mmunicatc .... ith these ncighbour 

unknown nodes and receive their R \ Blue . The rccel\cd R I \:tlues are used 10 
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= 
• 

compare the rc:hui\c di lance to dctcmunc ¥lhC'thcr I node" futthcf In Afkhor than the 

other node. 

In order to verify "helher N. I In Ide: the tn.nale: or not, 1M I)(rf(d I'IT I I (t-nIl\,I .. \. 

10 move It \ cry lin,/ stcp and then oh~f'\c, the ,h,n C (If II '-",IArkC' Icl "",hor nudn. tln 

the other side. in API r Icst. lhe slaw.: V, \Inually mmC\ I() 1101 nel h~r unkntl\lon node .. 

Unlike lillY moves in l)crfC<! t II I 1 le))I, the bl" nlU\cI 10 nCI¥hbPur unknmt." noJC\ un 

nust leSt errors in API I . 

I hird slep. II PIT (Iggrcgmfoft A, the: end or the: Indl ... ,dual 1)11 Ie' • I"roo h . rid 

A nlgorithm AP I r 08,,1'(,,111(' the rc ull. (~ll)ldc '(lui Ide d«I\I(ln, uf ""hlch ,.~mc 

mny be wrong). Inside dcd Ion I regarded II the Inllh and mc.rcmcnlcd. (In the other 

side. outside decisions arc rCKardcd I rol"C and the IV") .ru I dctrcmcnloo InUlII ) 

using this i n ~ nnnllol1 the ma'(irtlulll 0\ (rlnppma "rCIl I c\.llmllcd 

Fourth slep, OG 1'0$1110" culc-,dlJ(lO" 11I1311y. Ihe IIm31ed 1<"<lIlon of the unkno"n 

node is rega rded 3S the centre or 3n o\'erl"p rllnned rrom lhe triangle "t\c.re the: 

unknown node N~ resides, 

However, the APIT algorithm i nol' preferred loa!!, .. tlon.1 nlhm In ",rcie 

networks because of the foiloVom8 honcoolln : i) II rcquu'CS lona-!'M e anchor node 

stations, which requires c'pcnsl \ c hi h-poVoer IrlnllTul1C11 II) hIS",", fk Iblc 10 IdJ~ 

itself to the mobilil) or stalle nature or node Iii) It uw.11) rcquuu fTklf'C anchor nodes 

Ihan the a\crage numbc=r of anchors u.s.cd In locIII, .. ,.on 1\) 11K PIT I~ c.an cau 



serious crrors as dcscribed nbo\ c and Ihc loe.humon acCUrK) 10 Ihls method is . lTceccd 

by a node 's presence n hclhcr il is \\ Ilhln the triangular rCBI ns or not 

J. J. J.5 M ItI' I'(! rl'(!lI(/lcu/ur A/Nu"lhm 

Mid·perpend icular al gorithm 11 161 (11 71 \\as proposed to IInpro\c the a cura y of 

cn troid and C!lE algorithms. The corc princlplc of thiS algOrithm is to find the centre of 

thc anchor nodes COllllntlll icm ion overlnp nnd lake th is centre 0 the estunlued positi n of 

the unknown node. 

The authors fi rst prescnted the algorithm whcn on unkn \\ n node no. only 3 neighbour 

anchor nodes then gcncmlil.ed the nlgorithm to v.ark with III re ncighbour (In hor nodc . 

Like entroid and PE al gorithms. thc Mid.pcrpendi ulnr al"orl thlll 0150 a lllnc thc 

communicmion ranges of anchor n es (l fC nllthc me. " ho\\o in Hsure · 15. the 

unknown node Nl has threc neighbour all hor nodes (11 1. Ih and A,) \\ hieh mcan N, 

locates in the communicat ion overlap region ofaneh r node AI. Al and A}. Thi] o\'erlap 

is Illnrkcd as the shaded part in the figure. 

, 

• Nx: n\..no\\ n ode 

,\, 
N..,f. estimated Position 

o 

fig .. re 3.15: Mid- IJerpendicular" hen an cllte T rian gle (" ilh J ncighbou r 

anc hor node!) 
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To find Ihe cenlre of this communi alion o\erlap re"ion. the l uthors Uk the concert of 

mid· perpendicular. As sho\\n in Figure -I S " /.jne( IS the mld·pc:rpen~heullr or the line 

connecling the unch rs Al and A,. li enee. Une, passe through the middle PO lOt bcl" een 

Al nnd II). and it crosses the line (""hich connect Al and A,) St 5 righl sngle . A ordma 

10 the symmetry. Lme / gocs through the celUre orthe o\erlap region imilarl). /.jn 1 15 

the mid-perpendicul ar of the line conne<: tll1g AI lind A ) while Ime} is the mid · 

pcrpcndiculur of the line conne tins A I lind Al. BOlh Lm 1 nnd f IIItll go throui h the 

centre of the comlllunicntion overlnp region. I hus. the cross po int or the three mid-

perpcndiculur lines (Une,. IAlle) and I mel ) an be IOken ns the entre or Ihe o\erl p. 

They denotc thi s cross point us Nrntd • whi h is the: eSlimnted po III n or un~ llO"n node b)' 

th is nl gori thm. In fne t, the cross poim cun be e mputed uS illS on I)' 1"0 mid-perpendicular 

li nes; for instance, U"e, and I.me}. If the oordinates or the three an hors (AI. Aland Al) 

are respectively (X l. YI ), (.(2. )'2), and (Xl . ) 'J) . then I.mc,. \\hiCh i the mid-perpendicular 

of line AvlJ, can be presented as in Equation {3. 12). 

(3.12) 

Line}. which is the mid-perpendicular of line A III }, can be e~prcssed a : 

YI +YI ( XI+ X,) 'CI- X, Y- _ ;t-

2 . 2 ) , - ) ', 
(3.1 ) 

The cross point. N
m

r4, of the abo\e 1\\ 0 mid-perpendicular lines" Ith its coord'"~t1e (_f .... 

y.,,,,) . can be computed as: 
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(3. 14) 

EqUluian (3.14) n comple:< one, \." rk v .. hcn H.:! 

Al) fI rill nn nellie triangle, where nil the tingles nrc 1cs Ihon 90 degrees. 

Nevertheless, if the 3 neighbour anchor n Ie fonn It right Angled Irmnglc r [In obtuse 

angled triangle, then the c mpuwlion of N""1d is impler than Ihe "quoli " (3. 14). I'or 

example. Figure 3· 16 shows the scenario \\hen AI .... , ~ And AJ fonn a right angled lrinnalc 

where LA .A).41 is 90 degrees, and the side AIAl is the longest ide or the triangle. j;rom 

this fi gure we con see the cross poinl of the three mid.perpendiculars is ju t the middle 

point of the longest side A,Al. When the three neighbour uneh r node fonn a right 

angled triangle, NmWJ is the middle point of the longest side in the triangle ""hi h cnn be 

represen ted in Equation (3 .15), \\ here side A .... ' k i5 Ihe longest Side of the trinngle ,Ay l) 

with the coordinates (XI! y,) and (.1\ . )\) for If. and A~ . respceli\'e ly: 

( 
) (x, +x,. y, +y, ) 

xlIW/ ·Y .. - 2 . 
(3. 1 ) 

\\"here, A, (lnd A~ fonn the longest side of the right angled trinngle . 

\ 
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Nx: "I-..no"," Node 

N.J' Is t.mlned POSition 

o 

FiJ;u rc 3-16. Mid-I'cqlc lHl icu lar whell Il lJ.!h l AIIJ.!lcd TrlflnJ.!lc ( \'I ilh J Ncllt hbOUf 

Anchor Nodes) 

Moreover, th e S:lnlC equation also w rks in the case of :m obtuse nnglcd triangle:; for 

inst!Ulce, AI, A2 :Ind II ) forlll lll1 obtuse nnglcd Irinngle. (IS 5110\\11 in HguI'C -17. 

, 

A, N.t nkno" n ode 

L , 
N ... i EJlim31~ Position 

o Line 3 
, 

Fig .. rc 3- 17: Mid -perpendicula r algorith m'" hen an Oblu.sc 1-\ogled Triang le 

(w ilh 3 neig hbour anchor nodes) 

Angle LA. Ayf2 is larger than 90 degrees. and the ide A ,A ~ I the longest side of the 

triangle . From this figure \\ c can sec the eros point of the three mid· perpendicular line . 
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indicated liS "''I''. is goin8 to be Out of the o\erillp region In lead. the mnklh: polO' of Ide 

A .Al. denoled as N,",.J. become the cenlre of Ihe o\erlop. li enee. "hen the three 

neighbour an hors fi nn nil obl uM: Iri3n8le. N,.t4 i Slill the middle: poilll of the Ionge I 

side in Ihe Irinngle . 

1'0 compute N"'td. when NA has only three neighbour anchor node . the luthurt 

genera lized the above equntion as in I' qualion (3 .16): 

N (x y ) - { EqulltlOO (3 14), '(lhree .~hort (orm.n KVlC Ir"'lI le 
tf/jd l1'li,1' Mid - EqUIII.OIl (3 15), othc:rt ( 16) 

The Equation (3. 16) is a generulinu ion to estil11:lIe the Ioc:allon ofunkno",n node ",hen II 

has 3 neighbour anchor nodes. but \\hen N\ h in I tul m neighbour !lnchor nodes em>3 ) 

n more complex cal culation is prOI)()lIcd by the oulh N 0 fol1ov.·s: Amon" the m 

neighbour nnchor nodes AI. 11 2 .... II,", :tny three anehON cun "he one e timoled position 

"N'"td" using the Eq ulll ion (3 .16): therefore. as man) It C; IOCDIIOM of N, can be 

generated. The authors considered the It\ erage of all these poSItion a the final estlnlDtoo 

poS ition of the unknown node. N~ . 

The programme procedure of 1id-pcrpcnd icu lar olgorithm I presented in Figure 3-18 

below: 
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Algori lhm : "Mid-perpendiculllr" 

uppose Ihe normal node N hils m ntlahbour Inchon. f I. If J I If 

2. X-, 0 ; )'_. - 0; 

) , for ; - 1 to (m-2) 

" AI is choscn. (Xh)'l) iS lhe POSill n of If, 

S. fo r j .- (i + I) lo (m- l ) 

6. A) is chosen. ('\'J.jJ) is the po hion of AJ• 

7. for Ie U + 1) to 11/ 

8. 

9. 

10. 

II . 

tlk is chosen . (.t\.)\) is Ihe posillol1 o f til 

ul ulmcd itS Lqumion (3.16) b.l}Cd on Ihe an hON 

AhAJ. tll 

X-, .- i-.l + x.II : Y....., · Y. <t Yw 

X .- x- I J. Y 
.oJ _ .' -.J ),.Ie! 

11. return x-.J and ) 'w 

Fig u rc 3. 18 : I'roccd II rc uf ~ l id -pcrllcndicula r II ll!orlt hm 

Il owcvcr, for sma ll wi reless energy conslmlncd dc\ i c . rnl mcthod I comple\ Ind 

expensive (as discussed in Ihe eomp\cxity of olgonthl1ls In ~ection " II 3). On lOp of the 

complexi ty of the olgorilhm s, il II lso requires to decide "hat I)'J)C of tnangle an) three 

possible anchor nodes ronn which is : Idongles. "hcre m iS lhe number of ncighbour 

anchor nodes. Thi s adds onother comple"lt) on an alread) eomputallonall) (omplc" 

algorithm for sma ll wi reless nodes. nus indlelltc a need for In ligonthm v.hich I 

com putationally si mple bUI slill gi\es reIOII\eI) beller Ie urac)'_ 



3.2.2 OV-hOII Bued MtlhOO., 

/lop-counting technique lliso called Di tan e ector hop (OV.llop) method \ioU fi~t 

proposed by D. ieu lcscu llnd O. IUh (1181 . In IhlS method. c h unkno"n node 100L 

for anchor nodes for thcir cst imlllcd hop sile and po$illOn and then altcmpc to el Ihc 

slnnllest hop COUIII to each nnehor nodes using n s.""cd routlnK prot 01 Incn. II 

estimntes its distnnccs to ench nnchor nodes u ing the hop ounl to them I IOAlly. the 

unknown node uses tri llllenuion I com pute it cstirnatcd locntion u InK the c, lIIu[lted 

distances to three npproprimc ncighbour ltnchor node . 

Although the above local method IIlg ri tlun ( cntr Id. n&lIlnl PI . Imrro\ e PI . 

AI)n' and Mid- Perpe ndicular) all require n unknown node hn at least 3 neiGhbour 

anchor nodes, in practical sccnarios. the num ber o( unLn "" nodc is ah\l) In re than 

anchor nodes. TIlere may be II ease \.,.here unkno"n node may hn .. e Ie than J 

nei ghbou r anchor nodes. or even no neighbour nnehors. In I lgu re 3-19; (or e,.,,,mple. III a 

small network topo logy the re arc 3 anchor nodes (A .. A:. A,) and 5 un!..no"," nod (N •. 

N1• NJ• Nh N$)' The connectivity bcl\~een nodes is displll)cd by line of dashe . We can 

sec thut the conccrned unk nown nodes N~ and N. have no neighbour anchor nodes. '\lhilc 

the other unknown nodes al l ha ve onl y one neighbour anchors. I hi hows that nonc of 

the a lgorithms already introduced in previous subsection (including thc ronge·based 

schemes) can loca lize these unknown nodes. Ne\ cnhcJess. in such case OV-hop 

algorithm can be used. Its loca lizalion stcp arc presented 115 (0110", 

Thc est imation of the unknown nodc's loc:lllon in D · lIop algonthm in\ohes (our teps 

Stcp I : Flooding throughout the nct\\ ork each anchor node broadeasu • beacon pac ct 

wi th the node location nnd a hop-count valuc lO iliali/cd to one each recei\ 109 node 
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retains only the minimum hop-coun! \al ue fV'r (3 h. ho _. ". f II ". n r I~ 0 • psc"'eu It n:cc 1\C 

while packets with higher hop CQUIlI \alues to II n I ho p I U IIr Inc r node Ire liJM)rtd . 

defined as inva lid infonnation. ext the retained \nlid p.'lckct IIrc noodcd OUI\\.ard In the 

network incrementing hop-coUlu \(llues by ne al c \ el) IOtennedllle hop . In th. 

manner, the en tire nodes in the network gct the smallest hop unt 10 c:\cry lin hor node 

A, 

• N, '. .. 
•••••• •••• 

A •• A~, A,: anchor nodt's 
Nh Nl • N). N •• N •. ' normal nodClj 

. , N. N, .,' • .. . .. .. • ..... "I . . . . . 
" ." • •••••• 

....... 
.' 

\, 

, 
, . , , 

• '. '. 
' . 

•••••• • 

Figu rc 3- 19: E X111IIIJIc o f network tOlw logy for 0 \,- 1101> II IJtorl ih III 

For example, if we look at the cnse in Figure 3·19. nt Step I. the anchor node A, 

broadcasts a message carrying its position (X I. )'1) and II h P count field inilial i/cd aJ O. 

Upon receiving th is messnge, the unknown node Nt. firsl increments the hop count ficld 

by 1. Ri ghi now. the hop countmcssngc is rcne\\ ed b) Nt. IS 0 result. the \alue ofthc hop 

COunt fie ld message is I. Then. Nt records the informalion in 11.$ data~. notlO do"n 

Aftcr this, N/ broadcast the rcnc\\cd message nnd NJ recCiH~5 the ~east message J 

N/. N
J 

carry OUI the same process. includ ing rene\\,"g the message. rccordi n the 
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message infonnation into N/s datnbasc, nnd rcluying the message. As a rc u11. N~ can 

know its hop count to AI (denoted as "OIJL ,,~) as 2. In the same WII). r~ cnn be Ii\·"are of 

its hop counts to other anchors, as well as other anchors' positions. 

Step 2: Calculating Average Hop Size: Havi ng the hop- OUlli value to other an h r 

nodes, an anchor node esti mates an average hop size and floods iliO the entire nel\\ ork. 

Then, unknown nodes receivin g the hop-size. Ihey mul liply the hop-sile by the hop-e unt 

value to estimate their di stance to the lmchor node . The lIvcrnge hop-si/e is computed by 

anchor node i using the followi ng Equation: 

(3.17) 

where (XI, YI ), (Xj. Yj ) arc coordinates of anchor nodes i and beacon nodc j . hj
•j is the hop 

count between node i and node). E..1eh anchor node broadcasts it hop-si:e 10 the network 

using contro ll ed flooding. 

tep 3: Receive Hop-size Infonnation: Unk nown nodes receive and save hop-Sfu! 

infonnalion and they transm it the hop-size \0 thei r neighbou r nodes. 

Step 4: Chooses three Anchor Nodes: Each unknown node in the network chooses three 

anchor nodes which are closest to it (lnd computes the distance to the chosen anchor 

nodes. Finally, usc trilateration 10 estimate the position of the unknown node. 

Despite the fact that the DV-hop algorithm can localize the unkno\\n nodes \\ohieh hnH 

less than three neighbour anchor nodes. its coarse localization accurney needs to be 

improved. Consequently, there arc Ol:IIlY follo\\ -up studies of D -I lop method. but in the 
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roJlowing subsections on ly the representative DV-hop algorithms are presented such as 

DOV-hop (Differential OV-hop), Selr-adaptive DV-hop, and Robust OV-hop. 

3. 1.1.1 DD V-hop Algorithm 

The OV-hop rollow-up work called DDV-hop (Differential DV-hop) algorithm changes 

Step 2 and Step 3 oftht;: urigina l DV-hop algorithm (119]. 

DDV-hop algorithm in Step #2, each anchor Ai in addition to ils hop-size also called 

distance-per-hop (dphi) , it also broadcasts the differential error or dphi to the entire 

network. The differential error, denoted as diff_erri' is computed as: 

(3 .18) 

where md is the number or anchor nodes, hop,j is the hop count between A, and every 

other anchor Aj, and d
ij 

is the distance between Ai and AJ• Here, hop'J is obtained through 

In Step 3, DOV-hop differs from original DV-hop on how to compute the estimated 

di stance between an unknown node N:J and each anchor A,. In the original DV-hop 

algorithm, when an unknown node N:J receives the di stance-per-hop value of A" N:J 

immediately computes its estimated distance to A, as dph , )( "op,~\{.r: ' but in DOV -hop 

algorithm, N:J uses its own distance-per-hop value denoted as dp1rddY instead or dp" ,. Here, 

d 
. . r 11 chor nodes' di stance- per-hop. The 

plrddv IS com puted as the weIghted sum 0 a an 

78 



_" Y e ILlcrentlB errors of weighting coefficieOl of dphlt referred as). is dctcnn,'ncd b th d'~ , 1 

anchor nodes' distance-per-hop as follows: 

(3, 19) 

where m* is the number of difTerential errors received by N~. '111cn, dplldltY is computed 

as: 

mO 

dphdd' = I (A, X dph,) (3.20) ,., 

To compute a more accurate average distance per hop for unknown nodes, a weighted 

method is used based on the differential error of each anchor node's distance-per-hop. 

The authors proposed this algori thm to improve the accuracy in asymmetry (not 

regularly) distributed wireless sensor networks. In such networks, the ir simulation results 

show DDV-hop algorithm increases accuracy by about 18%-20% from OV-hop 

algorithm; of course, on the cost of hi gh network tra mc because the new data 

"diITerential error" (difLerri) should be broadcasted by every anchor node in the network 

adding another cost on the scarce battery of nodes. 

3. 1.1.2 Se/f-Adapth'e DV_hop A lgorilhms 

In Self-Adaptive DV-hop algorithms one that requires RSSI information and one whieh 

does not were also proposed as original DV-hop algorithm follow-ups (120). Here, one 

without RSSI in fonnat ion Self-Adaptive DV-hop algori thms is presented . This algori thm 

changes Step 3 of the original DV-hop algorithm, slill having the same network overhead. 
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When an unknown node N;r computes its estimated distance 10 A, al Srep 3, distance- per-

hop va lue denoted as dphadp, which is com pUled as the weighted sum of anchor nodes' 

di stance-per-hop, is used instead of the original nV-hop 's di stance-per-hop, Unlike in 

DDV-hop algorithm, in Self-Adaptive algorithm the weighting coefficient (J.~) of tlph, 

(each anchor Ai' S distance-per-hop), is determined based on N/s hop counts to A,; the 

more hops between N;r and Ai. the smaller va lue assigned 10J.~ which is computed I1S 

follows: 

(3.2 1) 

Then, dphadp is calculated as: 

(322) 

Th ... 1 . thO work is that the nearest anchor node 10 an unknown node e governmg pnnclp e m IS 

always has the most accurate average distance-per-hop which helps to compute a new 

. h of the Self-Adaptive al gorithm is distance-pef-hop, Simulat Ion results show t e accuracy 

h ' I ( scenario is "cry special : the 30% better than DV-hop algori thm, However, I e Slmu a IOn 

f h 'mulalion area and Ihc unknown nodes anchor nodes are distributed at the comers 0 I e Sl , 

are regularly distributed inside the area, 
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J.I.I.J Robust D V-hop Algorithm 

Robust OV-hop (ROy) algorithm is another fol low-up localiLll.lion algorithm of the 

origi nal OV-hop algorithm [121). ROV -hop algorithm c mputes the distance-per-hop 

va lue between Ns and AI> (referred as dphNK",) as thc weighted sum of the di stance-per-

hop values between A , and every other anchor Ak, lIere. the di stance-per-hop bch\een A. 

and Ak is denoted as dph,,k, which is ca lculated :IS: 

(3.23) 

where (x" Y,) and (Xk, )\) are the posi tions of A, and Al. respectively. hOP,L is the h p 

count between A, and At. Consequently, Ns needs to know the hop count bct\\ ccn any t\\ o 

anchors. This necessitates each anchor to broadcast at Step 1 its hop counts throughout 

the network. The weighti ng cocfficient l"k. is computed as follows: 

( .24) 

Subsequen tly, dphNs,;can be computed as: 

(3.25) 

b i 

Here, if Nr is on the shortest path between A, and At this \\cighting coefficient \\ill hale 

the maximum value. The core princ iple of this algorithm is if an unkno\\ n node tV, places 

od th n the distance-per-hop bct"cen the 
on the shortest path between two anchor n es. e 
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tWO anchors will be the most accurate for this unkno\\n node. This conc:cp1 hdps Ihi 

algorithm to obta in a more accurate average distance-per-hop for each unkno"" node 

The simulation resu lts show that Robust nV.hop algorithm has from 10'/, to 40'/, an 

accuracy improvement compared with original DV.hop algorithm dependmg on the 

di stribution o f se nsor nodes. However. alllhe three nodes' di slribulions in the s imulation 

arc ve ry specia l: the first is 3n isotropic (regulnr) dist ribut ion. Ihe ccond is oshnped 

di stribu tion, and the thi rd is X-shaped di stribution. Moreover, Ihi nlgorithm has high 

network traffic compared with the original DV-hop algorithm because 31 SICP 1. in 

addition to the distance pcr hop, each anchor node needs to broad nSI its hop coUn! to 

other anchor nodes throughout the network wh ich incurs high netn ork traffic. 

When we look at these follow-up algorithms of original DV-hop. the) tr) to gct a more 

accurate weighted distance-per-hop value for each unkno\.\n node \\hich require: 

addi tio nal info nnation like differentia l error in 111 91. This increases the algorithm 

compu tational complexity and broadcasting thi s computed additiona l infonTlation causc: 

additional bottleneck to the network trame consuming morc energy of wireless nodes· 

scarce battery. 

3.2.3 Summ ary of Range-Free Geo-loca li lJ1 lion Mtl hodJl 

Th is section tries to summarize the introduced popu lar range-rree geo-Iocali/3tion 

algorithms discussed in the previous subsections; these algorithms are compared and 

contrasted as shown in Table 3-2. 

The Centroid and the Improved erE algorithms both hu\e 10\\ l1el\.\ oo. o\erhcad .nd 

. 1 · I I . uccurae) Although the origlO.1 low ca lcu lation complexity, but With re atu e y 0\\ • 
PC 
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algorithm gives better accuracy. it is comple,I( and centralized causing high neh~Ori. 

traffic and computational cost. The APIT algorithm is not a preferred algorithm bccBU.se 

it requi res special anchor nodes with high powered Iransmillcrs and also depend on the 

R SI infomlati on of which signal varies in dilTcrelll environmellts. Mid-perpendicular 

algorithm al so suITers its own shortcomings: i) the algorithm is a com puuu ionall) 

complex algorithm to be used for energy scarce small wireless dev ices ii) it (lIsa require 

to detect or measure ang le of a tri angle fonned frolll three unchor nodes 10 decide \~hi h 

equation has to be used between ils two angle based equations which fan her ompl ictucs 

Ihe algo ri thm. 

On the other hand , unlike the above local range- Crte methods requiring ttl lensl 3 

neighbour anchor nodes for an unknown node to estimnte its lociltion. DV-hop based 

algorithms do not impose such a requirement. Uowevcr. they havc Ihc follo\\ ing short 

comings when compared wi th local mcthods: i) Ihey cnUSt hi gh nCh\ rk o,'crhcad: il) 

they give poor accuracy which rarely sati sfics the location accuracy demanded by Illany 

location based applications and services. 
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Table 3· 2: Compa r ison of Range-Fret Geo· loca lization Meth ods , 
R:IlIgc-frce 
Aleor ithms 

Strength \\'eaknes<ll 

Centroid Low overhead cost ·An unknown node needs at Icast 
3 neighbour anchor nodes 
-Low nrecision 

Original CPE Good prec ision -An unkno\\n node needs III Icasl 
3 neighbour an hor nodes 

• clll rnli/ cd, 
· llluh overhead co~t 

Improved e PE Low overhead cost ·An unknown node needs at lenst 
J neighbour anchor nodes 

·Low ,")recision 
APIT No ideal rad io assumpt ion . Low precision 

-Il igh po\\ cr consurnptl n. 
· RSS I needed 

Mid· Good accuracy in regularly -An unkno\\11 node needs at ICASt 
perpendicula r deployed 3 neighbour Mellor nodes 

-ll iu.h -comoulalional complexit y 
DV·hoD -Low nccumc). 
DDV·hoD No constrai nt on thc number -ll igh nc!\\ork o\Crhcad 
Self-adapti ve DV. of neighbour anchor nodes 
hOD 
Robust DV·hoD 

From a genera l geo· localization perspective. the major strengths and \\caknCSsc5 of 

range·based and range· frcc schemes arc compared lind contrasted in Table 3·3. When \\e 

compare the two broadly classified gco· loclIli zation methods. the Tangc·free loca liza tion 

methods do not need any additiona l rangi ng hard ware and can be taken as cost--cfTecti\ c 

so lutions fo r battery scarce wireless network nodes; howe\cT. they arc less precise than 

range.based loca lization methods. Hence. this work focuses on ho\\ to increase their 

I loca lization accuracy. 
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Table 3-3: Comparison or Rangc-bllsed an,l Ran ge- r G il· . 
\.I ree eo- 0<:11 ILahOn 

Algo rithms 

Range-Rased Range-Free 

Better accuracy Lower Accurncy 

High energy consumption Low energy consumption 

Need addi ti onal ranging devices Docs not need ndditional muging devi es 

Eas il y affected by multi-path fading More robust 

and noise 

Usc measu red distance/angle/t ime to Usc radio range node COllnCClh ilY meld 

estimate location 

Non-smart methods Smart methods 

On the other hand, range-based localization methods arc more accumte than rnngc-frcc 

loca lizat ion methods but consume high energy as they need dedicated cxpcn i\C. 

special ized and banery intensive additional infrastructure for rnnging. except R 51. 

However, RSS I informat ion is vcry sensitive to the envi ronment ; as a result . it gels easily 

affected by obstructions like walls, for instance, in buildings. 

Therefore, we focus on the range-rree loca li zation algorithm. From mnge-free \\e focus 

on the loca l methods assum ing unknown node has at least t"O neighbour anchor nodes in 

the crowd. In Chapter 4, we have introduced our novel mnge-free sman gco-Iocalization 

algorithms in wireless networks which increase locaii7J1lion accumc) "hen compared 

with the state-of-the-art algorithms with reasonable computational compleXity. 
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CHAPTER 4 OUR SMART NOVEL RANGE-

FREE GEO-LOCALIZA TJON 

ALGORITHMS FOR WlIlELE 

NETWORKS 

Th is chapter presents ou r three but re lated gco- Iocnlilfuion alS rilhms. Lach nlsofllhrn I 

d iscussed in a separate subsection . Computatiollol complexity of the algorithms is 01 

d iscussed and compared wilh other related algorithms at the end orthe chnplcr 

Since unknown node resides in the communication ranges o\crlap of neighbour I'In hor 

nodes, we hypothesis that to increase accuracy and 10 be It relmble rnngc- frt:c gt • 

local izati on algorithm, range-free local method gco- Ioca lilolion algorithms must .Iuays 

esti mate the location of unknown nodes inside all neigh bour an hor nodcs' 

communication range overlap region . Determining lhe \cniccs of the smallest 

commu nicati on overlap pol ygon which we ell il the True Intersection Points (lIPs) and 

estimating the position of the unknown node N~ lit the centre or these riPs. I) . 1"a)5 

guarantees the est imated posi tion is inside and at the centre or the communicat ion o\ erlap 

region of anchor nodes ; 2) increases accurney because Ihe Tills are ncar to the un ~no"n 

node, ~ when compared to the anchor nodes. 
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4.1 Centre of the Smallest Communication O"' rJap Pol) gon ( 

localization Algorithm 

0 1') G 0 -

Regardless of their accuracy. Centroid. Original PI' , Impro\Cd PI . and ~lId -

perpendicular arc popular range-free loca lizat ion algorithms. Ilo .... c\'cr. (tecum) is I'"~ 

important parameter for most location based applications (I I}" ). 1.001.:1n& cri li aliy. 

these popular algorithms give rcilllivcly low uecurney \\hen compared to the locptlon 

nccuracy demanded by most Ll3As. To solve this shoncoming. \."c p pose: our 

localization algori thm ca lled Centre of the malicsl ollll11unicmion ,·trlap Pol)" n 

(C COP). 

The core principle of CSCOP localization algorithm is: i) first, find the malic I 

Communication Overlap Polygon (SeOP) where the unkno\\'11 node resides. ii) then. 

estimate always the location of the unknown node at thc centre of thc Oil Other 

related algorithms haye attempted to do this but no one has sueee sfull y managed it 

always. This so lycs the shortcomings of other related algorithms by estimating the 

locat ion of the unknown node always insidc SCQI' . The problem is how to pinpoint the 

seol'. 

4.1. 1 I)i npointing the Smallest Communication O,·trl.p Pol)lton (S 0 1') 

Like Centroid, Original ePE, Improyed CPE, Mid.pcrpcndicular. and other rtlnted 

algori thms, we assume all anchor nodes have the same communication rallge. 1I0 .... e\(r. 

unl ike other related algorithms which assume: an un~nown node: NJ has al least) 

n . hbo h d CSCOP assumes at least 2. To Illustrate: the principle of clg ur ane or no es, 

pinpointing the SCOP, let us look at Figure 4·] below: 
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y 

o 

AI ( 10, 10) 

A I , A~, Aj : Anclm nodes 
N..: U l1known Node 
Nez",,: EstimaledPo.iti:mof N.by CSCOP A~hm 

Figure 4-1: Pinpoinling seol' 

In Figure 4-1, the unknown node Nx has 3 neighbour anchor nodes; (A I. A, and Al), As 

these 3rc its neighbour anchor nodes, unknown node J/. actually localeS inside the ') 

(the shaded area in the figu re) o f these anchor nodes. lienee. ony range· free localiul1ion 

algorithm, to be reliable and with better location accumcy, has to 31" .. 0)5 estimote the 

locatio n o f the unknown node inside thi s shaded region wh ich \\ c caHlhc C P. O. \\C 

have to find SCOP first. 

To pinpoint the SCOP, we perfonn the fo llowing 2 steps: first. find Intersection Points 

( lI)s) o f communi cation ranges o f anchor nodes. second, dClcnnine True Intersection 

Points (TIPs) which make the venices of the seop rrom False Inu:rseclion PointS (riPs) 

which do not make the vertices or the SCOP among 11'5. 
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4. 1. 1.1 Findi ng Inlers«tion " oints (IPs) 

In the Figure 4-1 t we have 3 anchor nodes. \\hieh means 3 circle \\ Ilh mdl_ ~u31 10 their 

commu nication range R. To find Ihc intersection Poims (lI.s) orlne ci les. "c sohe ea,h 

circle' s lI)s wi th every olher circle in thc itcmtion of ; using Lqutlllon (4 I), "here (x 

Yl) and (x}. Yj) arc the posit ions of thc two anchor nodes invohcd in Ihe cal ulollon of 11'5 

ond R is communication range of anchor nodes (or radii of (l circles). 

{
(x -xY +(y- y,), = R' 

{x - xJ +(y- yJ =R' (4.1) 

The IPs of 2 circles can be I. 2 or infinity. If it is infinity. Ihc h\ O circles arc idcnli 01 

which means they are one and thc same circle. l ienee, 2 different circle inter I eIther 

at 1 poinl (as in Figure 4-2(0» or al 2 points (as in Figure 4-3(a» . I'or example. if"e tah 

Al and A2 anchor nodes in Figure 4· 1, they intersect at points I),) (19.S, 6.5) and P6 ( 15.5, 

18.5). TOIa lly, in Figure 4- 1, using Equation (4.1), we havc 6 11'5 (1' 1. I)l. I)J. P,. I) ~. and 

4.1. 1.2 Determin ing True Interse(, tion Poin t~ (TIPs) 

To detenni ne T IPs which arc the vertices of COP we check the distance bc:t,~ecn caeh 

IPs to each anchor nodes' pos ition whether it is I(,ss than or equal to R (radIUS) using 

Equation (4.2), where (x/1'J,y",, )and (x" yJnrc the coordinate of thc IPs Ind anchor 

nodes' location respectively and R is communication ronge of anchor nodes. 

(4.2 
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If IP's diswnce to each anchor node is tess than or equal to R. that Intersection I'oint i 

token as a TIP . If not, that point is considered as II False Intersection Point (I'll'). F('Ir 

instance, using equation (2) among 6 IPs in Figure 4.1. P" p~. and I', orc: elliS .tied IS 

TII)s an d P4, PSI and P6 are c lassi fi ed as Fit's. Since \\e are interested in the lW 4 the) 

fonn the vertices of the SCQP, we take on ly I' " 1'2. ,,"d 1'). 

In Figure 4- 1, when we compare pos itions of anchor /lodes (A I.;\2 and A) \\ jth po it ion 

of T IPs (PI. 1)2 and PJ), the positions of the IUller are nearer 10 the unkno''''' node. N, 

This increases locati on accuracy of the algorithm because estimation of the locOlion of 

unknown node, N. is based on Tl I)s. Moreover, S 0 1' f l iPs as its \eni es) can be u}(d 

as the smallest search area for the unknown node while its centre is the e tllnatcd location 

of the unknown node. 

Now, let us look at the possible range of TIPs in different scenarios in the follo\\in" 

figures: Figure 4-2 shows that two (Figure 4-2(0» or 1I10re anchor nodes (Hgurc 4-2 (b) 

and (c» can have a single T IP which is at the salllc tilllc the S P ofthc nnchor nodes. 

In sllch a scenario, the estimated and the real location of the Ul1kIlO\\11 node N. is the 

same, 0% locat ion error. Th is can be true in theory but in rea lity it is difficult 10 aehie\ e 

100% accuracy. 
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A, 
• y y A, A, 

• • p , , 
P R' . 

, A, , 
R', R' , • • .. 

A, A. A, 

0 x 0 x 0 x 

a) b) , ) 

Figu re 4-2: Senafio- I, SCOP with one TIP regll rd~ or i n rrell~t: in numbe r or 
anchor nodes 

Figure 4-3(a), 4-3 (b), and 4-3 (c) show the number of 1'11'5 clln bcjUSII\\O. regardless of 

the number of neighbour anchor nodes. In Figure 4-3(c). the 1\\0 'IPs arc formed from 

the intersection points of the two farthest anchor nodes: AI and Al . bUI not , . 

Figure 4-3: Senario-2. scor as ,",,'0 TIPs 

More importan tl y, in Figure 4-3(c). we can nOle that Ihis :tlgorithm c\dudcs anchor 

, I chor node I\ } \Iorca\ c:r, Figure 4-nodes that docs not contribute 10 TIPs. l o r c"nmp c nn . 
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2(3), Figure 4-3(a) and 4-3(c) show us Ihis algorithm can also "on. "" Ilh ani) 2 anchor 

nodes. 

Unlike Figure 4·2 and Figure 4-3, Figure 4·4 sho\~ s us \\hen the number of neighbour 

anchor nodes increase in number, the number of TI Ps may also in rcnsc. l or (,ample. 

when the num ber of anchor nodes increased from ) in Figure '1-4(3) and to 4 in I i8Uft 4-

4(b), the nu mber of TIPs has also increased from 3 to 4, 

y 

o x 0 x 

a) b) 

Figure 4-4: 5coario-3, seol' wilh more Ihan 2 Til's 

Looking at Figure 4-2 to Figure 4-4, the TIPs can be: i) jusl n point a sho\\n in Figure 4-

. 2) .. . ) 0 than 1\\0 points as In 2 (Seoario- I), ii) two points as in Figure 4·3 (Sellano- or 111 m rc 

from I 10 k \\ here k is the number of Figure 4-4 (5e03rio-3). Hence. TIPs may range 

h be f TIPs is less than or equal 10 the number of anchor nodes. In other words, t e num r a 

anchor nodes. 
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4.1.2 The Ce ntre or the Smal lt'S1 Communication O\rrlap POI) , 0" 

Once we pinpoint SeQP by identifying the TIPs a5 115 \(nices. then \lo t an c tlm:uc the 

location of the unknown node as the centre of the COP. Assuming finall) \\c hD\C n 

number of TIPs ident ified by usi ng Equation (4.2) and these" num bers of Ill's :Ire I),. 

P2 P~. Then, unknown node N:t locates itself nllhe cent roid of these" numbers of liPs 

by using Equation (4.3): 

{
xeseop : (xnp! + xnPl + .. , + xnr..)/n 

YcscOP - (YnPJ + YTlPl + ... + YTIJ·")/n (4 . ) 

number orTl?s. The resu lt xcscorand YCS("(lP is the position of the un~no",n node. NJ • 

Figure 4-5 summarizes the programme procedure of OP locnliz3tion algorithm 
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Algorithm: Centre of the Smallest Communication Q\crlap Pol)gon ( 0 " ) 

I 
2 
J 
4 , 

During a period I, unknown !"IOdt N obtains tht ,. 
( ) 

. .... . • POSI tionS 0 ntlahbouf anchor nock:s fA .f 
x,. y, IS a COO,ulnalt poinl, II' is Inlerstclion POInI Til) • T I . x __ O. Y _ . • I rut nlen«lIon I)Olnl 

6 
7 
8 

• 
10 

- .-ror i- I to (Ie-I) 
A, is chosen. (x. y,) iS lhe position of A 
ror j -(i+l) to k • 

end ror 

A) is chosen. (x ... )~) is the position or If 
1 Pj(x"y,)I -calclllatedas (4 . I )bll$~onlUlChorsA and' 
CI - Cl+1 ' I 

II end for 
12 ror i- lloC I 
IJ 
14 

" 16 
17 
18 
I. 
2. 
21 

" 2J 

IP •. is chosen (x,. y,) is coordinate of II', 
ror J- 110 k 

A ) is chosen (.r~ y,) is the position or A J 

TI P[(x" Y,» - calculated and checked as (4.2) baKd on IPs oo.llputed 
C2 - C2 + 1 

end ror 
ror i-- I toC2 

do .raro, -- (xaro,+TIP (x,) ;Y....., - (Y.-. + TII'V,) 
t nd ror 
.raro, -- .raro,IC2; y......, - y.....,1 C2 
relurn Xaro, andy....., 

Figure 4-5: Procedure of CSCOI' loca li7.ation algorithm 

A., 

To reduce computational cost of CSCQ r algorithm. selecli\ c Anchor lodes SOl) 

algorithm is introduced in the following sub-section. Unl ike C OP algorithm. thi s 

algorithm, bases only on the selected neighbour anchor nodes for estimatioll ofunkllO\\1l 

node. The deta il of the algorithm is described in the follo\\ ing sub-section . 

4.2 Selective Anchor Node Centre of the Smallest Communication O\Cr lap 

Polygon Localizalion Algorilhm 

In thi s section we introduce selective anchor node C COP algonlhm. The core ponelplc , 

behind thi s selecti ve anchor node eSeQP algorithm is seie<:ting the anchor no<ks "'hich 

are the main contributors of the smallest communication o\crlap pol)gon ( OP). A 
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eseop algorithm works starting with 2 neighbour anchor nodes. klectl\ e 2 and sel«:II\C 

3 anchor nodes CSCOP algorithms arc presented rcspe ti\el) . 

4,2, J Selective two Anchor Nodes CSCOI' l.oraliutlon A1lorilhm 

Here, we select two appropriate neigh bour anchor nodes \\ hich beuer contnbute to the 

fonnat ion of seop. [n Figure 4·6. we have 3 neighbour anchor nodes of nonnRl llOde N, 

A 10 A2, and A). In thi s figure we see the seop (shaded area) of the 3 neigh ur lUI hor 

nodes is actua ll y formed from the comm unication ove rlap of the t\\ neighbour anchor 

o 

. A h Nod~ eseol' algorithm Figure 4-6: Principle of Selecllve two ne or 

. th se 2 neighbour anekor node as (0110"5: the) More distincti vely, we can characterize e 

d \\ ilh an) other tv. 0 anchor node paUl In have the longest distance between them compare 

. . d' 'b t' In this figure. J\ and 1 tu\c the kKl cq the entire neighbour anchor nodes Istrl u Ion. 

distance between them, We can find these (\\O anchor nodes b) using Eq\U;uon (4 .a l 
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be low which is derived from the Pythagorean Theorem. To find the di lAnce bel"«n 1"0 

points (X1'YI ) and (X2'Y2 )' all thm one needs to do is usc the coordinatc orlhesc ordered 

pairs and appl y the distance fonnu la. If there arc k neighbou r anchor nodes, there "III be 

C; distances in lOla I. By comparing these distanccs, the unkno\\n node, N. can find out 

the twO farthest neighbour anchor nodes; for example, represented AS A, and A
J
• 

d = J(x, -x,)' +(y, - y, )' (44) 

where, d is di stance between two points; (X1'YI) lind (x2 'Yl )arc coord innl e points Ort\'" 

din-erent points . 

Like other related range-free algorithms (Centroid, CI'E. Mid-perpendicular, and 0 1»). 

Selcctive Anchor Node CSCOP also assumes neighbour anchor nodeS ha\ c thc me 

communicat ion range and period ically beacon thei r location. To genemli/c, foil " ing the 

same steps, we can select 2 appropriate anchor nodes among k ncighbour anchor nodes, 

when k is greater than two. Here is the programme procedure for the electi\ e t"o Anchor 

Nodes escop localization algorithm: 
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Algo rithm : Selective two Anchor Nodes CS 01) 

I Suppose Nx has k neighbour anchor nodes A .. A2 •.. • A~ . 
2 fori - I 10 (k-I) 
3 A I is chosen. (x" YI) is the position of AI' 
4 fo r )- (; + I ) lok 
5 .Aj is chosen. (Xi . y) is the position of A

J
• 

6 Find the farthest anchor nodes using (4.4 ). suppose they nre A
j 

A
J 7 ellft 

8 (X",id, )'mid ) -calculated using CSCOP nlgorithm based only on sere ted t .... o 
anchor nodes: AI> AJ 

9 ret urn X mld and Ymid 

Figure 4-7: Ilrogrammc procedure of Sclccth'c ''''0 Anc hor Nodd: SOil 
algo rithm 

4.2.2 Selective three Anchor NooC'! CSCOP 1 .• ouJiulion AIKorllhm 

In Figure 4-8, we have 4 neighbour anchor nodes to unkno\\ n node, N1 : 1\10 A:. A) and /I.,. 

In thi s figure we sec the SCOP (shaded nrea) fonned b) Ihe " ncighbour nnchor !lOdes is 

actual ly fo rmed from the communication overlap of the three neighbour aneh r node ~ AI. 

A2 and A). In general, the three farthest neighbour anchor nodes (AI. 1\2 and Al) nre the 

main contributors to the smallest communication overlap polygon. 
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". 
". 

R.ngc=Hi •••• • _ -=:::::10;... 
AI (10, 10) • • A, I, 10) 

A. (17, 8 

o • 

Figu re 4-8: Principle or Sclcclh e three Anchor Node; " 0 1' Aiio r-Ilhm 

C haracteri stica lly, we can characteriJ'c these) neIghbour IIIlxhor node '3 (,,110\\ I) the: 

first two 3rc identified as we ha ve discussed in d e 11\ ( h\O Arkhor 'ode ("'It OP 

algorithm sleps. 2) nle third nei ghbour anchor node i olle "11h lon~c" pcrpcnd"ular 

di stance from the line connecting the lWO fanhesl anchor node . In the fiaurt. me 1"0 

rarthest neighbour anchor nodes arc AI and I\ J. Other anchor nodu In the: fi ure arc '\ :r 

and A •. Comparing the ir perpendicular disllmcc 10 II line conn«lIn& \ .nd \ , clelll) •. \ , 

(wi th 10m distance) has a longer distance Ihan A .. (" llh 2m dIJlln(C). . the lhmJ 

neighbour anchor node which contributes more 10 the: (QfmJlton of Lhc \fTUIUe" 

communication overlap polygon is A2. Following (he wnt rnxcdurc. "c tan tckd the 

three best neighbour anchor nodes \\ hich COninbulC mmt to the: lmllka rommuniUltt:Orl 

overlap polygon among k number of neighbour anchor nod« "hen lS paltf lharIl 



Here is the programme procedure of Selcctive three Anchor odC3 OP Algonthm In 

its programme procedure, fi rst, unknown node, N~compulCS the di Ian c bel\\CCn an) '"0 

neighbour anchor nodes using di stance Equll tion (4.4) nbo\ c, 

Then, N;x looks for the third neigh bour anchor node ""hich is farthest pcrpc:nd icul3r 

distanced to the li ne connecting AI and Aj among nil olher neighbour anchor node c'(ccpt 

AI and Aj using Equati on (4.5). Assuming the cquilIioTl of the ri ne conne ling the (\\ o 

forthcs! points is Ax + ily +C= O and a point IS ("",,). thell. n pcrpcndicu lt'lr distance 

between the point and the line can be ca lculated using Equat ion (4.5), \\ hen: d i distoncc: 

between the li ne and the point. 

(4 S) 

Finally, the unknown node, Nx can compute its posilion using OJ> algorithm b:~ 

only on the three se lected neighbour anchor nodcs: A .. A, and A". 

Figure 4·9 below ill ustrates the programmc procedure of Sc leeli\c three Anchor odes 

cseDP al gorithm: 
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Algo rithm : Selective three Anchor odes ese op 

1. Suppose Nez has k neighbour anchor nodes A,. Al • I'l l 
2. fori - I to (k-I) 
3. A, is chosen. (XhYi) is the position of A" 
.J. for j-(i + l) tok 

5. . A} is chosen. (xJ. yp is the position of A
J
• 

6. Find the farthest anchor nodes using (4.4); suppose they are AI AI 
7. emf 
8. elld 
9. for m - I to k 
10. Am is chosen. (x,.y,) is the position of Ani 
I [ . Find the anchor node with farthest pcrpcnd iculnr di stance to the line usinu 

A. A e 
(4.5 ); assume it is Am 

12. end 

13. (Xmid, Ymid ) -calculated using eseop algori thm based onl y on se lected three 
anchor nodes: A" AJ and Am 

14. return Xmid and YmiJ 

Figure 4-9: Prog ramme proced ure of Selceth'c Ihree Anchor 'odes SOl' 
A lgo rithm 

The related algorithms in the domain and our algorithms prescnted SO far ( 0 1' and 

Se lective Anchor Nodes eSeOP) only work in homogeneous radio range of anchor node . 

As a result , these algorithms assume "anchor nodes have the same communication range", 

The question here is in the reality there arc anchor nodcs with different eomlllun ication 

ranges, so how can we break this tmditional assumption And htl' e range-free geo-

localization algorithm that works with heterogeneous communication range o f ancho r 

nodes. To address this problem we have introduced an algorithm \\ hich is resilient to 

anchor nodes ' comm un ication range difference in the follo\\ing sub-section. Th is is a 

break thro ugh work in the domain knowledge. 
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4.3 Immune to Ra dio Ra nge Difference (IRRD) Gco-Iou liza lion J\I j.!orhhm 

Range-rree loca l gea-Ioca lization algorithms: Centroid, Original CPE.. Impro' cd !'E. 

Mid-perpendicular, eseop and Se lective eSeOI) All assume "an hor nodes ha\ c the 

same communicat ion ranges". To break this tradi tional assumption. \\ c proposed a gco­

localization algorithm which is Immune to Rndio Range DilTerc:n t (IRRD). rhis i 

significant breakthrough work in the domain area. 

This algorit hm works in the same steps as eseop algorithm bUI in a different 

environment. While eseop assumes anchor nodes have the snrnt communicati n range. 

Ihi s algorithm breaks this traditional assumption and makes CS or 10 \\ ork with 3n h r 

nodes having homogeneous andlor heterogeneous communiemion mnge . 

Like CSCOP localization algorithm, it works in 2 steps: In fi rst Step. it find the P 

where the unknown node resides; in the SL'Cond step, it estimates the position of the 

unknown node, N$ at the centre of this pinpoi ntcd secp. ow. thc problem is h w to 

make CSCOP immune to anchor nodcs' communication mnge dilTcrcncc. 

4.3. 1 Determinin g the Smallest Communication O"trl. p Poln on (SCOIJ) 

To ill ustrate how this algorithm works with anchor nodes that have comm un ication range 

difference, let us look at Figure 4·1 0 below: 
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• 
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Figure 4- 10: Finding Intersection ('oints (II's) 

In Figure 4- 10, the unknown node Ns has 3 neighbour anchor nodes: (A I. A2. and Al) ''''Ilh 

their different communication ranges (r/. ' I, and rJ. rcspt."Clhcly). ow, unkoo\\n node: 

Ns's neighbour anchor nodes have different cOlllll1unicnlion ranges (r /. ' 1. and ' '1). 

Allhough unknown nodc's neighbour anchor nodes have differtn t communicatIon rangCJ. 

they 3rc its neighbour anchor nodes. As a result, it locales inside lhe P of these 

neighbou r anchor nodes' (Ihe shaded aren in the figure). lienee. \\c hlnc 10 find P 

first. 

Finding SCQP works with two steps: lirs!, we find Intersection Poin (IPs). then \\c find 

True Intersect ion Points (TIPs) among these IPs. 

4.3. 1. J Find in g Intersection Points (IPs) 

The firs t step in pinpointing the scar is finding IPs. Figure 4-1 0 sho.... 3 l1(.ighbour 

anchor nodes for the unknown node, N:A' In other \\ords . .... e h3\ c 3 Circles (A I. \ :. and \ ,) 
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with radii r io r ), and f) , respectively. I-Ienee. 10 gel IPs oflhcS( circle."c sohe for II) of 

C<lch circle with every other circle using Equation (4.6) C; tlmes. "hcrt (x . ) ,) and ( . >.) 

arc the positions oflhe two anchor nodes invoh cd in the cnlculll1ion of IPs; r, and rJ are the: 

co mmunication ranges (radii) oflhe two anchor nodes im oh cd. respecll\cl) 

{
(X-X,)'+(Y-Y,)' = ,.,' 
(x-xJ' +(y-yJ' =,./ 

IPs of any given 2 circles cou ld be 1,2. or infinity. If it is infinity. the 1\\0 circle Me 

identica l which means they arc one and the same circle . Thu . any 2 different cl r Ie 

intersect either at I point as in Figure 4-12(0) or al 2 points as in l;i8urc 4· I 2(b). I r 

instance, in Figure 4- 1 D, if we take AI and A 21 Ihey inteI'$Cct (II 11)1 and Ijl •. In I igurt 4· ' O. 

More importantly, the nexl question is how we idcntiry rruc Intersection l)oiot5 (I Ws) 

rrom False Intcrscction Points (FIPs) among thcse IPs in IRRD algorithm. 

4.3.1 .2 Determining True Intersection I'oinls (TW5) 

The second step in pinpointing the SCOP is identirying TIPs rrom '· lPs. r1lc fll's arc the 

vertices or SCQP. Those IPs which ronn \'cniccs or SCOP arc idcntificd as riPs "herea 

those wh ich do not are False Intersection I'oints (F IPs) using Equation (4.7). "here (x"". 

YIP,) and (XI' YJ) are the co.ord inatcs onhe IPs and anchor nodes location. respcClI\ el)'; ,, ' 

is array of communication range ("/ . r ] . ... , rJ) or anchor nodes (At. A ~. .. AJ. 
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(47) 

To identi fy TIPs, we compare the distances bch\CCn ench IPs to C\ C'r) ""chor's POSltlOO 

whether il is less than or equal to rJ (respective col1llllunicntion runge of anchor node) or 

not. If W' s d istance to each anchor is less thon or equal 10 rJ• dun II> i5 identified a II l iP 

J f not, it is regarded as a FIP. For example, as we can look :\1 Figure 4·1 1. am 118 those Sil( 

IPS in Figure 4-10, IP I, 1P2. and Ill} nrc identified ns TIPs whereas JP~. 11)1. nnd II}II nre 

considered as FIPs. Fina lly, we take only TIPs (Til) ,. T II)2. and lIP) becnusc they fonn 

the vertices o f the SCQP. 

' . 
• 

• 

liP 
• 

o 

Figu re 4-11 : Identifying True Infers«lion l'oinl1 (1'11'5) fro m fo"al.se 

(ntcnecHon Points (FII',) 
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4.3.2 The Centre of the Smallcst Communication Ourlap .'ol)lon 

Once we identified TIPs as its venices of SCQP. then \\ c e (imGle the posllion of the 

unknown node, Nez al the centre of these TIPs (or SeOI) . Assuming finall) \\c h4\C m 

number of TIPs: PI. P2 .... Pm ident ifi ed by using (2), then. UnknO\Hl node NI loclllc Itsclf 

at the centre of these TIPs using (4.8), where(x y ) (x y ) (x ) ' )Ire 1l7'I' tl7', • Trl ' ,..J . . . ,.. . tr. 

co-ordinates of TIPs and m is the number of TIPs. 111C result .\' and y is Ihe 

location orthe unknown node, NJ: 

{

X /RJID : (xrl1'. +Xrll'2 +",+ xrl',.)/m 

Y IRJIJ) - (Yru' , + YrlPl + ... + Yr". )/'" 
(4 .8) 

Let us look at the likel y range of TIPs in IRRO using the follo\\ ing fi gures: Hgure 4-12(1J) 

confimlS anchor nodes can fonn a single TIP which is the COP at the So'!;mc lime. 1"hi 

indicates the estimated and the real position of the unkno\\n node is one and the same (00;, 

location error) which holds true in theory but dimcul tto ochic\c in rcalit) . n the othcr 

hand, it can be j ust 2 as indicated in Figure 4-12(b) ; just 3 as in Figure 4-11 . or k as in 

Figure 4-12(c), where k is number of anchor nodes involved . Figure 4-12(b) also indicntcs 

the algorithm can work with just 2 anchor nodes. 
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Figure 4-12: SCOP as onc, two, k Tills 

In concl usion, un like olher re lated algorithms, Immune 10 Radio Range Difference (IRRO) 

a lgorithm as its name suggests works with both heterogeneous and hornogcllc u.s 

commu nicatio n ranges o f anchor nodes. Furthcnnorc, Ihis algorithm, like 

defines the smallest frontier where thc unknown node resides which is the P. fonned 

from TIPs as its vertices. 

Figure 4-1 3 summarizes the programme procedure of Immune 10 Radio Range Difference 

(IRRD) locali zation algorithm. 
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Algorithm: Immune to Radio Range Difference (IRRD) AI h 
10 ' . gontm 

unng a penod I unknown nod N b . 
A, A.) and the",r . ~ ~ 0 lams Ihe positions of k nClghbour Inchon (A I 

~ .. " . . com~umcatlon range. r
J
• • 

2 (x" y,) IS a coord mate POint, Interscct ion Poilll (IP) 1 I . 
3 x _ 0')' 0 . rue ntc~1I0n POlO' (l iP) 

cxop ,CsaJp -

4 for i -- I 10 (k- I) 

5 A, is chosen. (x" y,) is the position of A . 
6 for j - (i+ I) 10 k I 

7 Aj is chosen. (xf. Yi) is the position of A 
8 W[ J-(x" y;)] - calculated as (4.6) bllsed on onchors If !lId A 
9 Cl = CI+ I ' I I 

10 end for 
II cnd for 
12 fori - l/oC I 
13 IP i is chosen (x;. YI) is coordinate of 11\ 
14 for j_ 110 k 
15 k j is chosen (x,. y;) is the position of k J 

16 T IP[(x" y,)l- ca lculated and checked as (4.7) based on III 
communication range r J 

17 C2 : C2+ 1 
18 cnd for 
19 for i- I loe2 
20 do Xcscop - (XCKOp+ TIP (x,) ;)btOp - (f(~ + IWU'Il) 
2 1 end for 
22 
23 

X(srop - x~Dp le2: f csrop - f (KOfII C2 
return x(srop and Ycscop 

computed Rnd 

Figure 4· 13: Progra mme procedure of Immune 10 Madio Mll nge Uiffcrcncc (I H ItU) 

gco·localization IIlgorithm 

4.4 EVllluation of Computational Complexity oflhe A lgorithms 

Th is sub·sect ion analyses computational complexi ty or the localizalion algonlhms: 

Centroid Convex Position Estimation (ePE), Mid.pcrpcndiculnr. our proposed P 

and Selective Anc hor Nodes escop and IRRD, 

Recent studies have shown that software has 3 major impa t on the (ocrg)' con umption 

or the device it is executed on (122) (1 23J 1124) 1125), Quantlr)III, (1lC'r&>' consumption 

o f hardware through sensor devices is relnti\cJ) C3S) but Inll)'ZIII, sofhuf( and 
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algorithms is not because quantifyi ng energ) is hanh\are dependant Ind one hh to rtl) 

on caplUrcd data [122J (l 23J 11 24) 11 251, Signific3m efforts ha\C been dc\oted 10 

develop an algorithm power and energy consumption models In man) htcr2turc NJllhc~ 

nre no analyt ic models applicable and comprchcnsi\cl) \alidded )cI1l2211123) (124) 

1125]. Hence, the generi c cost analysis of algorith ms is in Big 0 nOlmion 

Analysis of the com putational complex ity of nn algorithm reqlllre detcmllnlllg Ihe 

amount of resources (like time, storage and cncrgy) for its execution. A dll'e I me ure of 

algorithm 's energy consumption is highl y dependent on thc spe lfic hnrd\\are irtullI'y. It 

energy cost is usually expressed in tcnns of COll1pulfHionnl comple'(it) J\lgonthtn 

computationa l complexi ty is usually expres~ed using "Big 0" nOtation "hi h ~Upprt~~ 

lower order tcmlS and mu ltiplicative constants {126) . ~ or instancc. ir an olgonthtn ",Ith 

input size of n has at most 3n6 + 5" clcmcntury operations. its compulluional comple"t) I 

O(n~. This example shows that "Big 0 " notation 5uppre sc lo"er order term and 

multipl icati ve constants and only takes the hi ghest exponent. Ilo"c\er. III addition 10 "UI" 

0 " notation representation, we have lookt.-d al the dctailed clemcntat') computational 

anal ys is orthe algorithms. 

4.4. 1 Computationa l Complexity or Ctnlroid Algorllhm 

Centroid algorithm computat iona l complexity 3031)5i5 is based on Its cqu.uion in 176). In 

the equation, unknown node's x-axis coordinate computation requires (n-I) " ... and one 

"r' V . d·natc similarl) Thererore. the ocu'IIlcd number of . \ c compute y-axls coor I . 

. . ~ C "Iroid algorithm is 2(n-1) ..... and 1 yr elementary operations without suppressing or c 

II the omnullltlOnal comple",) of cnltOld where" is number of anchor nodes. cnee. ,.-

algorithm in " Big 0 " nOlation rcprcscnltllion iSo(fl) . 

109 



4.4.2 Co mputational Compluity of Impro\·td CI'E Algorithm 

Improved CPE algorithm computational complexi ty anol) sis is based on ItS equtuion In 

[11 3J (114J. This equation finds x-axis co-ordinate using three clememary operation 

"+", "f' and "comparison". To find the maximum ond minimum values omonsxl'X" . .x .. 

of ne ighbour anchor nodes, fi rst we compare XI ond x,. Assuming.1'l < x
J 
\\i thoul loss of 

general ity, temporary minimum and maximum va lues nrc sellO bexlond x
1

• respectively 

by fi rst comparison. In the subsequent comparisons. wc eomporc cu h 'C, with Icmpomry 

max imum and minimum val ues. If XI is grcoler than lempomry mu:<imum. il is lu~en 

temporary max imum value else it wi ll be compared with temporary min imum \ alue. If It 

is less than the temporary minimum value. it wi ll be tuken as tempomr) min imum l or 

each x" we need one or two comparison operations; hence. \\C ha\ c 3n a\erose number 

of comparison operations. In total. the number of comparison operat ions rcquircd to "el 

" " min{xJandmax for Improved CPE algorithm is 1+3n(n-2) YJ(311-4 ). Besides lhese 
I-I I_I 

compari sons, to compute x-coordinatc, Improved CI'E needs OIlC "+" und onc .. ,. 

operati ons. We compute for y-coordinate in the same "ay. Thus. thc total number of 

elementary operations needed to compute Improved CPE is (311 - 4) "comparison", t\\ O 

"+" and two "f'where n is number of anchor nodes. IIcnce. in " BIg a' notalion. the 

' I I '( fePE Algorithm is the same as Centroid algorithm. "hich is computatlona comp eXI y 0 

0(11) , 

4.4.3 Co mpu tat iona l Complexit)' of Mid_ptrptndicu lar Algorilhm 

To analyze the computat ional complexity of the Mid-perpendicular localizaoon 
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algorithm, we base its eq uation in l1161111 7). lis equation has h~ o ClIst . In t~ first CASe: 

where the three neighbour anchor nodes form an acute tnO,ngle rd ' . compullng l-COO m3te 

of the unknown node requires four clcmcm3rv O""nltions: "+" ..... .. . .. d -r b 4 8 
" J I'~ '" an ) •. 

10, and 1 times respective ly. Similarly, cOl1lpUling y-coordinntc nlso rcqulI'I! the me 

operation. In the first case, in tOlal it requires 8 "+" ,16 ".", 20 ". ", and 2 ",. WhcrC4 In 

the second case where the three anchor nodes fOfm ei ther n righl .onglcd trinllgle r nn 

obtuse-angled triangle , the equat ion demands only olle ....... lind one ",. cJcmcntory 

operat ion to compute x and y coordinate. As n resul1. the l.vcmgt number of the: 

elementary operations requi red for the two cases when the num ber of anch r nodc 

equals three is 5 "+", 8 "~", 10 "t" and 2 .. ,.. 

When neighbour anchor nodes arc greater than 3. among" neighbour an hor nodcs, the 

authors propose 10 seleci any three of them to compute an unkno\\n node 's posill n I hi 

leads us to have a lotal of C; positions. Fina lly, the average of nil C; positions is token 

as the linal estimated posi tion of unknown node, N,. Therefore, Mid-perpendicular 

algorith m has 6C; -1"+", 8C;"-", JO C;"x", and 2C;+1 .. ,. elementary operations. 

where II is number of anchor nodes. So. computational complexity of Mid-perpendicular 

algorithm is o(IIJ). 

4.4.4 Computationa l Complexity of our CSCO P Algorithm 

Computat iona l complexity analysis of our escop algorithm bases its cquation at sub­

sect ion 4. 1. Assuming we have n number of neighbour anchor oodes. First. to get IPs of 

flh m and compute for their IP usmg these neighbour anchor nodes, we select any 1\\ 0 0 e 

Eq uation (4. 1). Here we need the following three elemental) opc:rations . 2 "+". 4 .. -" 
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and 4 ". ". Totally, we haveC; circle pai rs in so lving IPs. Which means. \l.C ha\ C U ­
• 

"+" 4C" "-" and 4C~ "*" '2 ' 2' 

Nex t, we find TIPs using Equation (4.2). lIere, we compare the distance bc:t\l. een t'a h 

IPs to every anchor node with communication range (R) of lUI hor noot's . In the 

algorithm, number of IPs is less than or equal to two times the num ber of anchor node , 

Hence, if the number of anchor nodes is II, the maximum /lum be r of IPs is 2" l or our 

computat ional complexity analys is, we take the worst case for the num ber of 11>5 \\hi h is 

2n. In a single compari son, we ha ve Ollt "+", 2 " - " and 2 .. . .. elementary pcmllons. 

Tota lly, we have 2,,2 comparisons and 2,,2 "+", 4,,2 " _" and 4,,2 .. • .. clemclllary 

operations in this step. 

Finally, in the location estimation process using (4.3). \I. e ea lcu lute the centre of TIP , In 

th is step unknown node's x-axis coordinate computation requires (,,-1) "+" Ilnd onc ",. 

Similarl y, we compute y-axis coordinate. The number of elementary opcmlions for this 

step is 2(n-l ) "+" and 2 "f' . 

I-Icncc, the detailed number of elementary operations for our COP algorithm is 2C; 

+2n2+2(n _l ) "+", 4 C;+ 4,,2 "_". 4 C;+ 4,,2 .. • ... 2 "(':Uld 2i comparisons. Thus. 

computational complexity of CSCOP algorithm in "BIg a- is 0{,,1), less than lid -

perpendicular algorithm 's computational complexity. 
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404.5 Computat ional Complexity of our Sdtcth't CSCOP All:orilhml 

In Ihi s sub-section we look com putat ional complexi!) of Our t .... o s~lectl\c In hor node 

CSCOP algori thms: Selective tow Anchor Nodes seop and ~Iecli\t~ Ihree Anchor 

Nodes CSCOP. 

4.4.5. 1 Co mp uta tional Compluity of ou r Stltcth'e '''0 Anchor '0(1t... seol' Alltorlchrn 

Computational com plex ity analysis of our Selective two An h r Node (W 

algorithm bases its equation at sub·section 4,2, 1. Assum ing thnl there are n neighbour 

anchor nodes, procedure of Selective two Anchor odes C P loca li/3lion algorithm 

requires computing the two fa rthest anchor nodes among iu 1/ neighbour nnehor node 

This process requires comparing distance between any 1\\0 anchor node dcmandm C; 

"+" ,2C; "··', 2C; " x" and C; ;'comparison", Atiasi. the unknO\\'n node N •. calcuhue 

it s location us ing CSCOP localization algorithm based on the h\O selected anc hor node 

Hence, in Selecti ve two Anchor Nodes eseQI' locali1Jllion ulgorilhm Ihe o\<ernll number 

ofelemenrary operations involved is C;+3 "+", 2(C; +2) " .... 2(C;+2) "x". I "r.c; 

"Comparisons" , Therefore, the computlltional complex it)' for Selccti\C: 1\\ 0 Anch r 

Nodes CSCOP localization algorithm in "Big 0" nOlat ion can be expressed asO(n l ) . 

4.4.5.2 Computa tional Complexity of our Sd«ti\'t IhrtC' Anchor Nodu SCOP 

Algorithm 

Compu tat iona l complexity analysis of our Sclecti\e three Anchor -":odes C COl) 

I · . . b ' 42 1 Assuming that Ihere are n neighbour a gonthm bases Its equatIon at su ·secllOn ,,' 

anchor nodes, procedure of Selective three Anchor Nodes C cor 1~IiZJlion aJgorithm 

h ods among its n neighbour anchor nodes requires computing the two farthest anc or n e 
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This process requires comparing di stance bel\~ecn an) ' .... 0 anchor nodes demand,". C" 

"+",2C; "-",2e; "x" and C; "comparison", The ntxt procedurC' of dectl\c three 

Anchor Nodes CSCOP localization algorithm is finding lhe third anchor node .... Im 

longest perpendicular distance to the line connecting the IWO farthest anchor node . 1111 

procedu re needs 3(n -2) "+", 6(11-2) " x" (n -2) ",. and (,, - 3) "comparison" AI 

last, the unknown node Nx• calculates its locat ion using COP locllli.llllion nlg nlhm 

based on the three selected anchor nodes. lienee. in elective three An hor odes 

CSCOP localization algorithm the overall number of elementary opcnu ions in\ ol\'cd is ( 

C;+3n+ IO) "+", 2(C;+9) "_", 4n+2 " x", n "/", and ( ;+".J) " mp:m50n 

Therefore, the computational complexity for Selective three An hor or 

localization algorithm in "Big 0 " notation can be expresscd as O(n' ) . 

4.4.6 Computational Complexily of our IRRO Algorithm 

Compu tat iona l complexity analysis of our algorithm. IRRD, bascs its equation at su 

section 4.3 and it has the same computational complex ity as CS P algorithm because 

both fo llow the same procedure. The onl y add it ional cost is memory cost to sa' c the 

array of different rad io ranges of anchor nodes. 

Table 4. 1 summarizes the computational eomplc'(ities of the algorilhm discussed . OO'c 

d ' .. B (7' lallon " BIg both in detailed number of elementary operations requ ired an III Ig no 

complex,·!)' anul)'Sis suppresses lo" cr order tenns and A' notation in its algorithm 

h· hu\C considered a detailed number of multiplicative constants. To complcment I IS \\ ( 

elementary operations for the comparison. 

· I lcxity of the algorithm . both 
When we compare the compul311Ona comp , 

cntroid .00 
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Improved e PE algorithms have the lowest computational comple'(il ), follo\'.ed b) OUf 

cseQP localization algorithm which focuses on Ihe n curnC) imr ro\ cment. MId. 

perpendicular algorithm has the highest computational complex it)' compared to others. 

Tab le 4-1: Summary of Computa tional Complnily of the A Iil: o rilhm~ 

Localization 
Algorithms 

Centroid 

Improved e PE 

Mid­
perpendicu lar 

eseop 

Selective two 
Anchors escop 

Selective three 
Anchors escop 

IRRD 

Number of t:lcmcnlary 
Operation .• 

2(n- l) "+", 2 "f' 

2 ,,+,. , 2 "r' , (3"-4) 
"Comparisons" 

6C; _\ u+", 8C;- 1 "-", 
ID C; "x", 3nd2C;- 1 .," 

2(C;+n'+(n-l» "+", 4C;+ 
4 2 ,,_ ,. 4C·"+ 4,,'·'· " 2 "(' " . : ' 
and 2n' "Comparisons" 

C;+3 "+", 2(C;+2) h.", 2( e; 
+2) " x ", 1 "rtc; 
"Compari sons" 

(e; +3,,+ 10) "+", 2( C; +9) ". 

" 4n+2 " x" 11 "I". al/d (C; , , 
+n-3) "Comp:lrisolls" 

2( C; +n'+(n. l)) "+", 4 C;+ 
4n2 "_n, 4 C; + 4,,2 """ , 2 "r 
and 2n2 "Compari sons 

liS 

Co mputa tional 
Complexity 

0(,,) 

0(,,) 

0(,, ' ) 



Deliberalely len blank 
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CHAPTER 5 IMPLEMENTATIONON AND 

PERFORMANCE 

EVALUATION 

This chapter first discusses the research methodology used in the implemcllIollon then 

eva luates and compares the accuracy pcrfonnancc of our geo-loculi/ulion algOri thm "11h 

the state-or-the-art algorithms in the domain. Performance evaluAtion of the algorIthm i 

evaluated from both sparse and dense crowd ncl\l,.ork pcrspcclhc 3 di u sed In the 

following sub-sect ions: 

5. 1 Resea rch Methodology 

The re lated work review showed there arc two kinds of gco-Iocnlinllion methods range-

based and range-free. The fonner is morc accurnlc but energy hUIlgr) method \ .. hich I 

not appropriate for battery scarce small wireless devices " .. hi Ie the Inlier is less energy 

hungry but with coarse accuracy. As a resu lt, this work focuses on the latter one beeau.sc 

it consumes less energy and properly addresses the inherent short battery life problem of 

wireless devices, 

. k h Cree method is furthtr cia lfied mto t"' O: In the review of the related wor • t e range-II 

. V II ) thods In the local methods. an un no"'n loca l methods and hop countmg (or 0 - ' op me ' 

r ' ' hbo anchor nodes dllutly to estimate node collects the location information 0 Its nelg ur 

. . . DV II method each unkno" n node Its own location, On the other Side, to - . op , 
ro.-

" ld then 311emplS to get the ~II~ hop 
anchor nodes to give their estimated hop sizes 01 
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count to these anchor nodes. Then, every unknO\~n node estim:ucs Its dluancc to I~ 

anchor nodes using the hop Count. Fina lly. Ihe unkno\\n node appl) Irilltlcrtllon to 

estimate Ihei r location depending on the estimated dislance 10 Ihree Dpp~nate 

neighbour anchor nodes. Assuming we call find neighbour 3n hor nodes fI r :6 "I ~ en 

unknown node in the crowd, we focused on the first method. 

After ident ify ing the gaps and Ihe shortcomings on the d mllin, \\c ha\e tried to model 

the research problem mathematica ll y and geomctri cally. 

Then, from the conceptualized mathematical and geometrical models. \\e h3\e de\el ped 

our three bU I related novel geo-Iocalization algorithms: i) entre of the malic 1 

Communicat ion Overlap Polygon (CSCOI}). ii} Simplified SOP. iii) Immune to RadiO 

Range Difference (IRRD). 

These algorithms are related algori thms adding addi tional significant features on the 

original algorithm, CSCOP. From the set of Intersection Points (IPs). I rue Intersection 

Points (TIPs) wh ich constitute the vertices of the Sma llest ommunicat ion O\ crlap 

Polygon are identified leaving aside Fal se Intersection Poi nts (I' Ws) ",hich do not 

constitute the vertices of the Sma ll est Communication 0 \ erJap Pol)gon (this is discusscd 

in deta il in Chapter 4). 

Finally, the developed algorithms arc evalualed using IATLAO Simulation In both 

. Th I f r algorithms are compared "11h o~r sparse and dense crowd scenanos. e reSU IS 0 OU 

. I ' M TLAO is used "Ith ide.l 
state-of-the-art algorithms in the area. In the si mu IIlion j 

. . h . (. renee or path loss. no frame collision 
scenarios: ideal radio propagation Wit out lIIter e 

h odes \\ ilhin II radiO commUniUlton ran c 
and no mobility for nodes. To make ane or n 
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(neighbour anchor nodes) of the unknown node, the simulntion area is configurtd • 
square with side length "2 x range" and the unknown node is placed at the eCnlre of the 

simulation area. The radi us is taken as the communication mnge of nodes. We II umed 

the unknown node N~ has commun icated with its neighbour anchor node and ~no .... 

their locations. It is also assumed that anchor nodes shared location has no error. 

Using respecti ve algorithms: Centroid f76 J, Improved CIl!! 111 31 (1141, Mid. 

perpend icular ( 11 6J [ 11 7J and our algorithms, unknown node N. computes i1.5 e5ti,mued 

locat ion. The accu racy of these algori thms is quantifi ed by the metric "Iocntion error" and 

" location error % radio range" where the locat ion error is the disHlI1CC beh\een N.'s 

estimated pos ition and the rea l position. The "location error % rad io rangc" is obtnincd It., 

the percentage of location error by the node rad io range. Lo".er location error 1""0), 

indicates better accuracy; the unit is in meters. 

Table 5·1 lists the genera l parameters used in the simu lation. In Ihc tablc. "Rnndom 

sim ulation nu mber" re fers to the number of simulations \\ ith different geographic 

distributions of anchor nodes. Although the num ber of neighbour anchor nodes range 

from 2 to k for CSCOP and Se lective two Anchor Nodes CSCOP and 3 to k for others. 

we considered a maximum of 8 anchor nodes in a scenario of spafSC cro\\d and a 

maxim um of 30 anchor nodes in scenario of dense crowd for our simulation purpose. To 

. .. be f h odes the random simulation numhcr is reduce subJectIVIty, fo r each num r 0 ane or n . 

set to be 5,000. 
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Table 5- 1: General Simu lation Parameters for r •• 'o.m < I" I ' 
I' I n e ~ ' a ual lOn 

List of Parameters 

Simulation Area 

Node Radio Communication Range 

Radio Propagat ion 

Real posit ion of N~ 

Number of Anchor nodes "/t' 

Random Simulation Number 

40m x 40111 quare Area 

20 metres 

Idcal , no path loss. no interference 

N,(20m,20m) 

2 or more for P and tJecliq~ 
two Anchor Nodes OP: 3 or 
morc for others 

5,000 

To have a comprehensive view on the loculizntion accuracy pcrfonnnncc of the 

algorithms, the simulation results on i) average, ii) maximum. iii) minimum location error 

values and iv} error probability distribution arc compared lind presented in table and 

figures in the following sub-sections. 

5.2 Performance Evaluation of Centre of .he Smll lle~iI Communiclttion 

O verlap Polygon (CSCOP) Localizalion Algo.ilhm 

5.2. 1 Sparse Crowd 

In (his section, (he accuracy performance of our localil..ation algorithm. C Oil. is 

compared with the state-of-the-art algorithms in a scenario of sparse cro",d. To make 

d . . I ,. ancho. nodes arc uniform random I) dIstributed 10m sparse crow In our Sl mu a Ion, 

r h h . 40 by 40m square simulation arta. Other slmui:ulOn away Irom eae ot er In a m 

. bl 5 I d described in sub-section S.I ,bo\c . parameters used are those listed In Ta c . an 
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i. Average Location Error o/CSCOP in case O/Sparse Cro"d 

Table 5·2 shows average location error of Centro id , impro\ed IlL, \lId'pcrpcndl ular 

and our CSCQr algorithms in case of sparse cro"d. The tnble ShO" 5 unhJ..c other 

algo ri thms CSCQr algorithm works starting with t"O anchor node . While 'cntroid 

algorithm perform s the least followed by improved CPE and Mid·perpendiculnr, 0 1) 

al gori thm out performs other algorithms, especially its perfontlnnce in rea~e 

significa ntl y when the number of anchor nodcs incrctlsc. For example. the 8\ernge 

location error of our CSCQP algori thm in case of sparse cro" d \\ ith 8 lin hor node 

invo lved is 8.3552 ( in % radio range) which means("'!""x IOO) 8.3552, x 1.67 10m 
20m 

error in our simulation scenario. 

Table S-2: Average Location Error C'I, Radio Range) orCSCOl' in a.5C of 
Soarse Crowd 

N.Q.of 
Centroid Improved Midptrptndicular CS 01' 

A nchor ClJE 
Nodes 

2 . . . 34.2183 

3 31.3390 30.6425 29.481 5 29.5689 

4 24.5119 23.5846 22.0-197 22.0055 

5 20.2617 19.3202 17.8475 16.9917 

6 16.8469 16. 1074 14.8366 13 .20-16 

7 14.313 I 13.3125 12.6475 10.4468 

8 12.9570 11.8614 11.4229 U552 
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Figure 5-1 presents the average location error perfonnance of these algorithms 10 casc of 

sparse crowd. In the figure the y-axis is average location error (·Ie radio range) 100 the \ _ 

ax is is number of anchor nodes involved in the Jocnlinllion process. The figure ho\\o our 

new eseop algorithm oUI-performs other state-of-the-art algorithms in the loc.lil.3tion 

accuracy. The figure also shows that unlike other algorithms it also \~ r~ \\ith t\\O 

anchor nodes. 

More important ly, as the number of anchor nodes increase. its perti nnnn e is advanced 

incrementa lly when compared with the others. For instance. it ho\\cd high aeeume), 

improvement in the case of more anchor involvement (5. 6. 7. and 8 an hors) than from 

less anchor involvement (3 and 4 anchors) because as more anchor node arc 111\ ohed. 

seop is reduced in size (or TIPs. which arc vertices ofSCOP. arc nearer to the un~ no\\n 

node). For example, when we go from Figure 4-4(3) to Figurc 4-4 (b) in chapter 4. \\ C 

nOlice the SeQP (shaded region) decreases as the number of anchor node increase: from 

3 to 4. This indicates eseop is a reliable algorithm for crowd geo- locali13Iion. In 

genera l, the fi gu re shows the accuracy performance improvement from entroid 

al gorithm to our eseop algorithm is morc significanllhan from Centroid to other statc­

of-the-art algorithms. 

III 



~ 

g 

35~~----,...~== 
-e-- Centroid 

Improved CPE 
-e-- Mfd.perper'lt,liculil 
-+- escop 

• 
c 
o 

'~ 15 
o 
-" 

10 

52~--~3~--~4~--~5----~6-----~7--~B 
number of neighbor anchor nodes 

Figure 5-1: Average location error (°/. radio range) orcscop in sparse cro"d 

ii. Minimum-Maximum Location Error o/escop in Case o/Sparse Crowd 

The maximum and minimum location error value of these algorithms is prescnted in 

Figure 5-2. The y-ax is is location error (in % rad io range) and the x-axis is number of 

nei ghbour anchor nodes involved in the process of location estimation. The figure 

indicates the min imum location error for all four algorithms is zero or ncar to zero. On 

the other hand, the max imum location error is rclali\'cly higher: aimosl 1\\0 limes the 

average value. To know where most orlhe location error probabil ity lies ("hcthcr around 

minimum, average or maximum), we need to look for error probabilit) distriOOtton. 
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Figure 5-2: Maximum and minimum localion error in (.;. or radio range) 

of CSCOP in sparse crowd 

iii. Probability Distribution ojCSCOP Location Error in case o/Sparse Croll d 

Figure 5-3 shows the location error probability di stribution of the algorithms in the case 

of 8 anchor nodes in sparse crowd. It is generated using the MATLAIJ stati stics loolbo1( 

normal lit funct ion. In the figure the x-axis is locat ion eTrOf (in % radio rnngc) and )-u'Cis 

is probability of error occurrence. 
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Figure 5-3: Probability dislribulion or CSCOP location error in 
sparse crowd (8 neighbour anchor nodC!l) 

The figure indicates CSCOP has the least location error distribution and hi ghest 

probabi lity (peak of the curve) occurrence of the average error. The probability 

Occurrence of average error values of the algorithms (when number of anchor nodes is 8) 

arc peaks of the respective curves. When we compare tllese peaks, our C COl' algorithm 

has the highest peak. Hence, its average error is occurring" ilh a higher probabilit) than 

others. When compared with others, it also has highest probability occurrence of 

minimum location error (which is zero error). Its maximum localion error is occumng 

with a probabil ity near zero. These make il a more reliable geo.localiz:uion algonthm 

When compared wi th others. 



In general , location accuracy performance evaluation shows our algorithm ( P) 

outperforms other state-of-the-art algorithms. This is because unliJ..e other related 

algorithms, eSeQP always first pinpoints seop and then locates the unkno"n node 

inside the SCQP, improving accuracy, which makes it a re lllli\ely rel iable and accumte 

local i7.3tion algori thm. Our algorithm improves the accumcy since the vertices of OP 

(or T IPs) arc nearer to the real posit ion. As the number of anchor nodes increase. "e gel 

TIPs nearer to the unknown node whi ch at the same lime increases loc3tion 3ccumcy. 

Furthermore, thi s a lgorithm, in addition to improving location estimntion of the unkno",n 

node N~, a lso defines the smallest boundary where this node resides " hieh is Ihc I) 

fOllTled from T IPs as its vertices. This can hclp to define the smnllcsl search area in 

search and rescue operation by having TIPs as the boundaries " here to look the unkno\\-n 

node. 

The presented algorithm is an accuracy-cost efficient localization algorithm for " irclcs 

networks. It finds many appli cations ranging from scnsor to cellular nCl\\orks; morc 

importantly to crowd/swarm networks because when compared with other state-of-the-art 

algorith ms, its performance increases most significantly as thc number of neighbour 

anchor nodes increase. 

5.2 .2 Dense Crowd 

'"' for locali7.ation algorithm. COP. is In this sub-section, the accuracy penonnance 0 u 

compared 
.' '0 of dense cro"d. To rna e with the state-of-the-art algOri thms 111 a scenan 

. d I distributed 2m aWll) from each other III 
dense crowd anchor nodes are umform ran om Y , 
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a 40m by 40m square simulation area Other parameters u" d ·,n Ih . I · • ••• . ..... e $Imu aiion I n: I.OUK 

stated in Table 5-1 and di scussed in sub-section 5.1. 

i) Average Location Error o/escop in case of Dense Croll d 

Tab le 5-3 shows the average location error of the gea-Ioca lization algorithms in ease of 

dense crowd. The simulation results in the table show thai v .. hilc ( /llfoid locnl wui n 

algori thm performs least followed by Mid-perpendicular nnd impro\cd I>E. our P 

local ization al gorithm performs best when compared wi th others in case of dense ro" d 

Improved e PE loca lization algorithm performs beller than Mid-pcrpendi ulnr 

loca lization algorithm in case of dense crowd unl ike in case of sparse crov.d \\here the 

later perfonns better than the fonner. The pcrfomlance increase from entroid alg nthm 

to our CSCOP algorithm is more sign ificant than from Centroid to other algorithms III 

both sparse and dense crowd network. For example, its location error in ease of 0 

neighbour anchor nodes is 3.71 76 in % radio range which means (2.... x 100) . 3.7 1 76. 
20m 

x = O.7435rn error, which is much smaller error when compared wilh its 1.67 10m crror in 

case or dense crowd which is more than 100% increase in accuracy performance. 
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Table 5-3: Average Loca lion Error (% Radio R ) res . angt: 0 COP In CIII~ or 
Dense Crowd 

N!! of 
Improved 

Anchor Centroid Mid perpendicu lar COl' 
er E 

Nodes 

5 28.2199 25.5849 25.3491 24.7057 

10 19.4334 16.07 18 17.432 1 14.2601 

15 15.3683 12.0264 13.7545 9.9689 

20 13.0334 9.8088 11.6695 7.57 19 

25 11.3366 8.3948 10. 11 90 5."587 -

30 10.1586 7.1124 9.1874 3.7 176 

Figure 5-4 presents the average location error pcrfonnnnce Oflhcse algorithms in C3$e of 

dense crowd. In the figure the y-axis is average location error (% mdio moge) and the x' 

axis is number of anchor nodes involved in the process of goo· loculi /olion. Iltc figure 

shows our new escop algorithm out-pcrfonns other St3Ic-o f-thc-lIrt algorithms. 

Especially, when the number of anchor nodes increase, its pcrfonTlallce increascs more 

significantly than other state-of-the-art algorithms. When "c compare 3\Cmge location 

error performance of our algorithm escop in case of sparse cro\\d Figure 6·1 and dense 

crowd Figure 6-4, it performs better in case of dense cro"d. 
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Whcn we compare improved CPE and Mid-perpendicu lar algori thms. unlike in easc of 

sparse crowd where the later outpcrfonns the fonner, the fonner outpcrfonns the later in 

case of dense crowd. Nevertheless, our CSeDI' algorithm sign ificant!) out pcrfonns 

other algorithms in both sparse and dcnse crowd scenarios. 

ii) Probability Distribution of Location Error o/escop In Cast 0 Dense Cro"Md 

Figure 5-5 shows the location error probability di stribution of the algorithms in the case 

of dense crowd with 30 anchor nodes involved. The figure is gentrated uSlOg the 
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MA TLAB statistics toolbox normal fil fi . I UnctIon. In the figure rhe . x-aXI is location error 

(in % radio range) and y-axis is probabT f I ily 0 error OCCurrence. 
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Figure 5-5: Probability distribution of location error of CSCOP in caJC of 

dense crowd (30 neighbour anchor nod(5) 

The figure shows cseop has the least locat ion error distribution and highc I proba lli l ) 

(peak of the curve) occurrence of the average error "' hen compared to other algonlhm 

The probability occurrence of average error values of the algorithms (y,M:n number of 

anchor nodes is 30) arc peaks of the respective CUI"\ CS. When we compare these pa 
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our cscor algorithm has the highest peak Thus its avrrose e " " h 
• I ITor IS occurrmg " It • 

higher probability than others. The performance increase from Centroid to our S ') 

algorithm is more significant than from Centroid to other slatc -of-thc-3rt algorithms. 

More importantly, the figure also shows escop has highest probabiJil) OCcurrence of 

minimum locati on error (which is zero error) when compared wilh olhc~, For example, 

when we look at the figure, the probability of occurrence of zero error for enlroid and 

Mid-perpendicular algorithms is ncar to zero probability where as for impr 'cd flL~ nnd 

for our eseop is near to 0.02 and 0.06, respectively. l Ienee. Ihe figure 5ho" 5 the 

probability occurrence of zero error of eseop increases by 200% "hen comp.1rcd to 

improved ePE and increases by more Ihan 500% when compart"d with entroid and ~hd · 

perpendicu lar. 

The figure also shows, unl ike other algorithms, ils maximum location crror is occurrina 

wi th a probability near zero. The figure in addition shows CSCOll has smallest ma:<imum 

location error when compared with other algorithms. These all make it a more reliable: 

geo-Iocal ization algorithm when compared wilh other state-of-the-art algorithms. 

5.3 Performance Evaluation of Selective Anchor Node eSCOrt Loca lilJl tion 

Algorithm 

5.3.1 Sparse Crowd 

f bolh our Sclecti\c t" O and dectl\c three 
In th is section perfonnance accuracy 0 

" pared \\ lth thc ~13Ic~f-thc:..a.r1 
Anchor Nodes cseop localization algOrithms arc com 

" ePE M"d perpendicular, and C algonthms (Centroid, Improved -, l -
COP) in the: ease of 

ad s orc unifonn nandoml) distnbulcd 10m 
sparse crowd. To make sparse crowd, anchor n c 
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away from each other in a 40m by 40m square si mulation arca Oth . . cr pammeters ukd In 

the simulat ion are those listed in Table 5.1 and sub-section 5.1 abo\e. 

To eva luate the accuracy of these local ization algorithms, a comprehensi\c anal) is of 

their average location error is essential. Moreover, probability distribution of local ion 

error which shows where most of the error occurs (either at average error va lue, m(l;..imum 

error va lue or minimum error va lue) has to be evaluated. 

I} Average Location Error of Selective Anchor Nodes CSCOP Algorltlmu '" eme 0 

Sparse Crowd 

Figure 5-6 compares the average location error pcrfonnance of electi\e 1\\ 0 and 

Selective three CSCOP algorithms in sparse crowd. In the figure. Y-l1.'(i rcpcresents the 

location error in percent communication radius (% radio range) of anchor nodes "hile 

x-axis refers to number of neighbour anchor nodes involved in loca li7n1ion of unknocn 

node, N~. In the figure, Selective three Anchor Nodes CSCOP algorilhm pcrfonns 

bener than Selective two Anchor CSCOP algorithm, especially when numocr of anchor 

nodes increase. 
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Figure 5-6: Average location error (o/a radio range) of Sel« lh't; "' 0 Ind 

Selective three CSCOP in case of sparK crowd 

Figure 5-7 shows the average location error pcrfonnancc of thc algorithms. In the figure. 

Se lective three Anchor Nodes CSeDP algorithm pcrfonns bener than an) olher 

algorithms. It has a big difference in pcrfonnancc compared to clCCli, c 1\\0 Anchor 

Nodes CSCDP algorithm. Both CSeDP and Selective three Anchor odes S OJ> 

perform better than the others. Comparing thc twO; hO\\lc"cr, the latter pcrfonns slightly 

better than CSCQP in sparse crowd. 
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Figure 5-7: Average loca tion error (DID radto ra nge) of Selectht CSeO]' In 

case of sparse crowd 

The fi gure also shows unlike other algorithms which look 10 tllleaSl anchor nodes. both 

Se lecti ve two Anchors CSCQP and escop algorithms work starting with two an h r 

nodes . As the number of anchor nodes increase (5. 6, 7, 8). thc performance of both 

escop and Se lecti ve three Anchor Nodes also increases when compared \\ iln others 

Comparing the two, sti ll the latter perfonnce slightly belter. 
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ii) Probability Distribution of Loc(I(ion E"Qr of Sel eCIII'f! Anchor Nodes C OP In 

Case of Sparse Crowd 

Figure 5-8 presents the probability distribution of location crror of the algOrithm . II IS 

generated by using the MATLAB statistics toolbox nonnal fit funclion. In Ihe figure. Ihe 

x-axis is location error (in % radio range) and y-axis is probabilil Y OCcurrence of error 
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location error, our Selective three Anchor Nodes eseop ha th h" h " 
5 C IS e SI probabllil) (pal. 

of its curve) with least location error value . The error value at this peak belongs 14 IlJ 

average error which is occurring with highest probability \'ohilc its maximum location 

efror is occurring with a probability near to zero. 

Moreover, it also has highest (equal to eSCOP) probabi lity of minimum location error 

(which is zero error) making it more reliable than others in sparse crowd. olllrory to (hi . 

our Selecti ve two Anchor nodes escop has poorer pcrfonnance thnn Ihe others. c'( CPl. 

in minimum location error probability occurrence. 

In general, simulation results show Selective three Anchor Nodes OJ> algorithm 

pcrfonns better than any other state-of·thc-an algori thms in toca liltll ion accum )' 

opt imizing the trade-off between accuracy and computational cost. As thc OP is ncar to 

the unknown node it increases accuracy. It also defines the smallcst search area whcre the 

target is situated. Its centre is the estimated location of the unknown node. 

5.3.2 Dense Crowd 

In this section, the accuracy performance of our both Selecti vc two and Sclecti\'c threc 

Anchor Node CSCOP localization algorithms are compared with thc sUl1c-of·thc-an 

I " " " d k To make dense cro" d. anchor nodes are a gonthms In scenano of dense crow networ . 

unifonn randomly distributed 2m away from each other in a 40m by 40m square 

sim ulation area. Other simulation parameters used in the sim ulation are the same as 

indicated in Table 5- 1. 
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i) Average Localion Error of SeleClil'e Anchors eseop Algoruhm in ClJM 0 Den 

Crowd 

Table 5~4 shows average location error of algorithms in case of dense cro\O.d . ThC' table 

shows our CSCOP algorithm outperfonns other sulte-of·lhe·a!1 algOrithms follo\O.ed b) 

our Selective three CSCOP geo·localization algorithm. Our elccli\c 1\0. 0 S P 

perfonm least when compared with other algorithms. Improved CPE pcrfonns beller than 

Mid·perpendicular algorithm in case of den se crowd unlike in cnse of sparse cro\\d "hcre 

the later performs better than the former. When we arrange the pcrfonnnnce of algorithm' 

average locati on accuracy from list to top perfonnance in case of dense cro\\d is II 

follows: Se lective two CSCOP, Centroid, Mid·perpendicular, Impro\oed I)E. electhe 

three eseop, eseop. 

Table S~4 : Average Location Error of Seleclh'e CSCOP in Cfl5C of Dense Cro"d 

N20f Mid· Sel« li,·c Scleclh c 

Centroid 
Improved escor tM " th ree Anchor 

ePE perpendicular cseor CSCOI' Nodes 

5 28.2 199 25.5849 25.3491 24.7057 26.4328 24.0061 

10 19.4334 16.0718 17.4321 14.2601 18.1927 13.3837 

15 15.3683 12.0264 13.7545 9.9689 15.2434 9.6941 

20 13 .0334 9.8088 II .6695 7.5719 12.8481 7.6716 

25 11.3366 8.3948 10.1190 5.4587 11 .6720 6.3661 

30 10. 1586 7.11 24 9.1874 3.7176 10.0889 4.6727 
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Figure 5-9, shows the average location error of S . 
OUf clecll\ c Anchor 'odes 

algorithms in relation to other algorith I h P 
ms. n I e figure the x-axis is the number of anchor 

nodes involved in the gea-Iocalization prOCess and the )'.axi, ,., I~' · . """,lion error of 

algorithms (in % radio range). 

30,-~~~=::::;] It -e- CentrOid 

l"- 15 
~ 

~ • 
c 
o 

.~ 10 
o 
.2 

5 

Improved CPE 
--&- Mld·perpendlculilt 
-+- CSCOP 
- Selectrve two Anchor. escop 

Seleclrve three Anchor. escop 

--.... ..... ~ 

°5~----~1~O------~15~----~~-----~~----~ 
number of neighbour anchor nodes 

Figu rc 5-9: Average location error (% radio range) of Selcclh'c Anchor Node! 

escop in case of dense crowd 

In the figure when we compare the perfonnance of our Selectilc mo Anchors C COP and 

Centroid algorithms, at the beginning with less number of anchor nodes our lecli\c 1"'0 

anchors escop performs better but gradually as the num~r of an hor nodes ,"' ohat 

increase, both perfonn almost the same. When we compare Mid-perpendicular .nd 
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Improved e PE algorithms, the latter outpcrfonns the 'orm I"k"-•• ~r un I 'e h l'l;: C~ In pat1( 

crowd where the fonner outperfonns the Inlier When .. "' co . .. mpare OUr OP and 

Selecti ve three CSCOP, the latter pcrfonns slightly beller ilt the beginning bUI. the 

number of anchor nodes involved increase in number, the fonner perfamls ixlter IhM the 

latter. Generall y, when we compare all algorithms in Ih is dense cro\\d scellArio. our 

CSCQr and Selective three Anchor Nodes CSeQP outpcrfonn other algorithms. 

it) Probability Distribution oj Localion 1..;'ror of Seleclil1(! AI/chors SCOP In Cas <I 

Dense Crowd 

Figure 5· 10 shows probability distribution of location error of eleclive J> 

algorithms in relation with other algorithms, In the figure , x-axi s is the location error (in 0;. 

radio range) and y·axis is probability occurrence oflocation error. 

The figure shows our Selective two Anchors CSCOP pcrfonns least than other algorithms 

but it has better probability of occurrence of zero error when compared \\ ilh both Mid· 

perpendicular and Centroid algorithms. In the figure , our Selective three Anchors CS 01' 

perfonns considerably better than Se lective two Anchors CSCOP, cnlroid. 1id· 

perpendicular and Improved CPE algorithms but slightly less than our CS or ulgorithm. 
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Figure 5.10: Probability distribu tion of location error of Scl«li\'c cseol' in CII"C 

of dense crowd (30 neil::hbour anchor nodes) 

To sum up, our CSCDP and Select ive three Anchor Nodes cseop out pcrfonns other 

statc.of-the-art algorithms in the area in both sparse and dense cro\\d nc!"orks. 

Especially, when the number of anchor nodes increase in number. the performance 

Increase of these algorithms is more significant when compared with other algorithms. 

When we compare both; however, while the laller performs slightl) bener in case of 

sparse crowd, the fonner performs slightly better in case of dense cro .... 'd OCI\\ OO: but this 

is in trade off the computational cost. On the other hand, Sdccti\e tWO An hor or 
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perfonns least. When we look other algorithms pcrfonnanct , \.\hile Mid-ptrptndicular 

pcrfonns beller than Improved ePE in case of sparse crowd . thc latter ptrfonns better than 

the fonner in case of dense crowd_ Therefore, our eSeOI) and Selecti\c three Anchor 

Nodes eseop are recommended algorithms in both sparse and dense cro\.\d "hilt the 

latter with add itional plus advantage in reducing compUlationol complex it) by selecting 

only three anchor nodes and the fanner with beller accuracy pcrfonnullcc in case of dense 

crowd. eseop algorithm is also selective anchor node algorithm. Although it does n I 

select only th ree anchor nodes like Selective three anchor Nodes escop, it seleclS only 

anchor nodes which contribute to TIPs among all neighbour anchor nodes. 
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CHAPTER 6: CONCLUSIONS AND FUTURE 

WORK 

6. 1 Conclusions 

Since its introduction, the wireless network is becoming morc prevalent despite it 

challenges. Among these challenges is gea-Iocali zation of wireless nodes becau SOlnll 

wireless dev ices are battery constrained. However, in loday's SOC iety loclu ion 

information is becoming as important as time infonnation as LOAs increase in ' )PC: Cllld 

number: object tracking, smart home, hospital surveillance, environment sun cillan c 

soc ial networking, shopping, public transport, group tOUf and travel. ( I , A a result. 

problem of wireless network node localization has given significant altcnl ion b) man) 

different research ers. 

Wireless network node localization solutions can be broadly classified inlo 1\\0: mnge 

based and range free. The difference lies whether ranging devices are required or 001. A 

ran ge-based method, as its name indicates, uscs add itional dedicalcd mngi ng devices. li~c 

timers, s ignal strength rece ivers, directional antennas and/or antenna aml)s to locate 

. d I tf g strict requirements on signal nodes. Th is method may give a fine-grame resu t pu 10 

. however, these requirements result in high meaSUrements and time synchronization; 

power consumption of scarce battery. 

.. thods do nOI requ ire add itional baue ry On the other hand, range-free localizatIOn mc 

. urements among nodes; instead the) uSC: 
hungry ranging devices for dIstance/angie meas 
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node connectivity and appropriate range-free localization algo 'th J h' 
n ms. n ( IS method, tht 

nodes which are aware of their locations are called anchor nod h'J h 
cs W Ie 01 ers arc called 

unknown (or location unaware) nodes. Since range-free '''''alizat',o hod d 
"" n mel s 0 nOI need 

energy hungry ranging devices, they do nOI consume high battery power .... hic.h makes 

them more appropriate to energy constrained wireless nodes localization; hO .... c\'cr. they 

usually give coarse-grained accuracy. Due to their poor precision, research focuses on 

techniques to improve their accuracy. Range-free localization methods can be further 

classi fi ed into two groups: local and hop-counting (OV-Hop) methods. 

In the local methods, an unknown node collects the location information of ils neighbour 

anchor nodes directly to estimate its own location. For instance, in the Centroid algorithm 

which is proposed in [76], each wireless node estimates its location as the centroid or the 

locations of its neighbouring anchor nodes. This algorithm can give good accuracy ir 

anchor nodes are regularly positioned [116, 117). However, ir the anchors arc not 

positioned regu larly, it gives low accuracy. 

A second type of range~free localization method is hop-counting (also known as OV. 

Hop) method and it was first proposed by Nicul escu and Nath in II J 8). In this method 

. h· (mated hop sizes and then each unknown node looks for anchor nodes to give t elf es I 

h od Then every unknown node attempts to get the smallest hop count to each anc or n es. , 

. . h h count Finally, the unknown eSllmates its distances to each anchor nodes usmg t e op . 

. . d ding on the estimated distances nodes apply trilaterat ion to estimate thelf locatIOn epen 

veral rollow-uP studies on OV­
to three appropriate nearest anchof nodes. There are se 

Hop method [11 9] but our focus is on the first type of method. 
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Compared with range-based methods, range-free method 
s arc more COSH: ITet1 I\ C 

because no additional ranging devices 8rc needed Duc to th ·, ' d 
. I , .... e l ocuse OUf (c.search 

on the range-free method and as we are interested in the cro"·d 0 h ' ... , ur (escare lOCUse on 

the loca l method of range-free method. 

Since the start of a local method of range-free localizat ion research, many local mnge­

free locali zation algori thms have been proposed. These include: cntroid , OI1\ C1( 

Pos ition Estimation (ePE), Improved ePE, Approximate Point-in-Triangulation (APII ) 

and Mid-perpendicu lar. Among these, Centroid, Improved ePE, Mid-perpendicular arc 

well known algorithms. Nevertheless, these algorithms give coarse accuracy \\hich doc 

not meet location accuracy demands of different LBAs. Some: are: also computatiollall) 

complex and costly; for example, Mid-perpendicular algorithm, IIcncc, \IoC arc intcrested 

in new localization algorithm which improves location accuracy and computational 

complexity. The following three but related novel range-free algorithms arc thc major 

contri butions of this dissertation: 

i) Cent re of the Smallest Communication Overlap Polygon (CSCOP) Ilgorithm: 

• escoP's locat ion accuracy performance outperfonns other slatc-of-thc-an 

algorithms in both sparse and dense crowd scenarios. is proposed, Thc proposed 

.. I pol)80n algorithm first finds the vertices of the smallest communication o\er ap 

. . f the unkno" n node at the centre which are TIPs. Then, it estimates the position 0 

ad ',increases the aecumc), of of TIPs. Since TIPs are close to the unknown n e, I 

, It hows that as the number of the algorithm. Besides, the simulallon rcsu s 

. . be thc perfonnance of this proposc:d 
neighbour anchor nodes Increase In num r. 
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al gorithm increases more significantly than other statc-of the n I . h Th' 
• .0. a gom ms. IS 

quality makes it appropriate localization algorithm for cro .... d \I. ircless nct .... on. 

Thus, it is a novel way of reassessing a known problem successfully "hich .... 

nol addressed well by other related work . 

• As CSCOP is range free localization method it did not require b:mcry hungr) 

ranging devices fo r distance/angle/time measUrement, as a result, it i tl battery 

efficient method compared with range-based methods like GI'S. 

• While other related algori thms require at least 3 neighbour anchor nodes to 

estimate the location of the unknown node, the proposed algorithm requires 31 

least 2. This helps the unknown node to estimate ils location in II less anchor node 

density. 

• Applications of the proposed algorithm range from sensor net\\orks to cel lu lar 

networks. More specifi cally, in crowd wireless networks like group tour and 

travel, airports, stadiums, city centres, etc. 

• Algorithm Computational Complexity: Both Centroid and improved 

algorithms have relatively low computational complex ity O(n) level \\ hen 

compared with our CSCOP algorithm which increases to O(nl) level. On Ihe other 

hand, Mid.perpendicular algorithm has a computational complexity as high as 

O(nJ) . Here, n is the number of neighbour anchor nodes for the unkno\\'n node. 

iii) Selective Anchor Nodes and Seleclive Ibrft Anchor Nodt':5 CSCOP 

a lgorithms: 

. utational complexity or C COP b) 
• Here, we are interested in decreasmg camp 

II neighbour anchor nodes. Then. 
selecting appropriate anchor nodes among a 
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once we se lect appropriate anchor nodes we apply Cscor I . h 
' a gom m only on the 

selected anchor nodes. In Selective two eseop, we select the two farthes1 

neighbour anchor nodes using simple distance formula. These anchor nodes make 

the smallest overlap when compared to other pair of neighbour anchor nodes. In 

Select ive three Anchor Nodes, we select three anchor nodes which arc major 

contributors to the smallest communication overlap polygon than any other three 

neighbour anchor nodes. The firs t two anc hor nodes arc selected using the some 

step as Selective two Anchor Nodes algorithm. The th ird anch r node is 

perpend icularly fa rthest distanced node from a line connecting the h~ O fnrthest 

nodes. Finally, we apply eseop algorithm on the selected anchor nodes only to 

estimate position of the unknown node. This decreases computational cost of 

eseop as it only applies on the selected anchor nodes instead of all neighbour 

anchor nodes. As there is significant difference in location precision between 

them, we propose Selective three Anchors eseop than SeleCli\'e tWO Anchors 

CSCOP. 

iv) Im mune to Radio Range Difference (IRRD) algorithm: 

• . cscor I ·,hm 10 work in both I) Here, we are interested in extendmg a gOrl 

homogeneous radio communication range and 2) heterogeneous radio 

communication . I networks unlike olher related range of nodes in wire eS5 

algorithms. . I d with different radio communication As we have wire eS5 no es 

algorithm that works in a wireless network of ranges, we need to have an 

. . ·s will make the proposed algorithm 
different radio communicatIOn ranges. Thl 

communication rang difference of 
resil ient localizat ion algorithm for radio 
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• 

wireless nodes; more importantly thi s is a break th h . , roug work In the domaIn 

since it breaks the traditional assumption- "all anch od h . or n es an~ the same radiO 

range" and it is original contribution to thc domain knowledge. 

Our algorithms (CSCOP, Selective two CSeQP and IRRD) work slaning \.I.ith 

two anchor nodes unlike other related algorithms which require at leasl three 

anchor nodes. 

• To evaluate localization accuracy or these algorithms, we have conducted 

• 

extens ive MATLA8 si mulations in both sparse and dense crowd sccnario . The 

results show our algorithm out-perronn other state-or-the-art algorithms: ntroid. 

Improved ePE and Mid-perpendicular algorithms in both sparse and dense cro"d 

geo-Iocalization. Especia lly, when number or anchor nodes involved increase. our 

algorithms (eSeOp and Selective three Anchor Nodes CSeQP) significantl) 

outperform other algorithms in both sparse and dense crowd. When we compare 

our algorithms performance in sparse and in dense crowd, they pcrronn better in 

case of dense crowed. For example, the average location error or our C 01' 

algorithm in case of sparse crowd with 8 anchor nodes involved is 8.3552 (i n % 

radio range) which means(_X- x 100) = 8.3552, ,1'= 1.671 0m error and its 
20m 

. d . h)O cighbour anchor nodes is 3.7176 locat ion eITor in case or dense crow Wit n 

(
X 00)-37176 ,1'= 0 7435m error in our (in % radio range) which means - x I -. , . 

20m 

simulation scenario, where communication range is 20m. 

. es rrom crowds or cellular net" 
Generally, application of our algOrithms rang 

to sensor networks. 

148 



6.2 Future Work 

As follow up work, we point the following future work directions: 

• In the implementation of the algorithms we used MATLAO simulotion \\ ilh ideal 

scenarios: ideal radio propagation without interference or path loss, no fmme 

co lli sions, no mobility but this is not true in the reality. Moreover, local methods 

of range· free geo-localization algorithms: Centroid, improved PE, 'lid . 

perpendicular, eseop and Selective Anchor Nodes escop assume the radio 

communication range of nodes' is identical and spherical. In reality. howc\cr. 

rad io propagation could be irregular due to factors like outdoor nnd indoor 

environment, antenna, etc. As a result, it will be interesting to invcsligolc the 

algorithms further in the real radio propagation scenarios. 

• To obtain the perfonnance of our algorithms in real environment it \\ill be 

interesting to develop protocols and prototypes. This could help to im pro\e 

further proposed algorisms. 

• Since the proposed methods are implemented in no mobility metric. it \\ ill be 

interesting to see their perfonnance introducing mobility of nodes. 

• Local methods of range-free geo-Iocalization algorithms: Centroid. impro\l~d 

h Nod C COP and IRRD ePE, Mid-perpendicu lar CSCOP, Selective Anc or es 

od fI the unknown node "here as DV­work when there is neighbour anchor n es or 

hop methods do not impose this requirement. but the later usually gj \ C 'o\\, 

. ' bine of both methods to optimiu: 
accuracy. Hence, it will be mterestmg \0 com 

their short comings. 
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• 

• 

Security: Th is work does not considered security ISsue of shared localion 

infonnation of users; however, location information shared has 10 be anonyms to 

the identity of the user for security. Hence, the issue of security of indi\iduals 

when sharing location infonnation is a future work direction. 

Cloud Perspective: This work has seen the problem from distributed point of 

view; however, as cloud usage will be common in the future; cro .... d geo­

local izati on in the cloud context is also a future work direction far us. 
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Annexes 

Annex 1: Publications 

So far the following three papers from th is thesis work were published in inicmalionaJ 

IEEE conference proceedings. One paper for imemational high double standard 

journal IEEE/ACM is on progress receiving comments for refinement. 

In ternational Confere nce Proceedings 

Demilew, S.A.; Ej igu, D.; Da-Costa, G.; Pierson, l-M ., "Novel reliable range. 

free geo- Iocalization algorithm in wireless networks: Centre of the smallest 

communication overlap polygon (eSCOP)," in Communications and 

Networking (Blac/cSeaComj, 2015 IEEE International Blaele Sea Conforence 

on, vo l., no., pp.181-185, 18-21 May 2015 

do i: IO.lI091BIackSeaCom.2015.7 18511 1 

2 S. A. Demilew, D. Ejigu, G. Da-Costa and J. M. Pierson, ~Range·frtt 

se lective anchor node center of the smallest communication o\'erlap polygon 

localization algorithm in wireless networks," IEE£ AFRICON. 2015. Addis 

Ababa, 2015, pp. 1-5. do;: 10.1109/AFRCON.20IS.7332049 

3 S. A. Demilew, D. Ejigu, G. Da-Costa and 1. M. Pierson, "Novel range-free 

immune to radio range difference (IRRO) geo-Iocalization algorithm in 

wireless nenvorks," IEEE AFRICON. 2015, Addis Ababa, 20 15, pp. 1-4. doi: 

10.1109/AFRCON.20IS.7331966 

International Journals 

EO' "Energy Aware Cro'ltd 4 S. A. Demilew, G. Da-Costa. 1. Pierson, D. JlgU, 
. . I "I££EJACMTransoclions on Geo-/ocalizalion, " InternalIonal Journa OJ 

. dent for refinement) NehVorldng, 2016. (Submitted and receIve comm 
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Annex 2: MatLab Source Code 

Se tting Parameters ~. 

Hsize .. 40; ~ Si::e of one side in square sunula.i 
Crange .. 20; % communication unge of nodo" 
Oint1 0 .5; i Distance of interval of on~ sH. 
Nint l .. Hsize / Dintl; 'I divide the H"ize lnto NIr,! 
Narea - Nintl .... 2; i Narea : number of ,nt .. rvals jn the 
Rnum- 2000000 ; >, times of simulations t('mpoury 
mindist .. 2; 
Nanc-30 ; 'i numbel- of anchors 
Pnom- 120 ,20) ; ~ true position of normal nod,! 
loeerr - zeros (1, 6) ; '~ location error , Ii algntl:h 

1 'er ... "b , .~.l are. 

locnum - 0; resultl- I ] ; result2-[) ; result3-1); result4-[I; r .. ult~. 
I) ; result 6 - Il ; 
Reount - l ; % in i tial : number of SiftlUlatlons 
whi l e Reount < Rnum 

Pane .. zeros(Nane , 2) ; 
int i al ization : Nanc anchors randomly distr t,\ltu1 

nodechosen-I:Narea; 
Rseq - randi(Narea, (l,Nanc]); 

Nane random numbers between l : Nal"~ilJ , but n't "Ire y 
from each other 

rhr t 

fo r seqeount-l:Nanc ; exchange , because may ~Xl'· twO .AM 
numbers In Rseq 

nodetemp-nodeehosen(seqcountJ; 
nodeehosen(seqcountJ-nodechosen(Rseq(Seqcountl); 
nodechosen(Rseq(seqcount))-nodetemp; 

end 
Rseq- nodeehosen(I:Nane) '; 

Rseq .. sort(Rseq) ; 

now sure th t. ~r. til 

are diCfforfw' 

Pa ne ( : , 1) .. {O , 5+floor ( (Rseq-l) /Nintl) ) ' Oint1; 
Panc( :,2 )_(0 , 5+mod(Rseq-l,Nintl)) ' Ointl; 
lwhe t her t he normal node has 3 r,eiqhbour n:h,r 
onehopnum ... 0 ; 
for Ncount-I : Nanc 

disanct emp _ sqrt(pnom- panc(Ncount,1:2J ) , (pnom-
Panc (Ncount , l : 2)) ' ) ; 

if disanctemp <- Crange 
onehopnum- onehopnum+l ; 

end 
end 
onehopcountl - l ; 
while onehopcountl < Nanc 

aneposl~panc(onehOpcountl,1:2J; 
tl + I' onehopcount2 - onehopcoun . 

.. , 

while onehopcount2 <- Nanc 
ancpos2_ panc(onehOpcount2,1:2 1; 2I ' (ancposl-ancpos2 • : 
distanclto2_sqrt((ancposl-ancpos 

end 

if distanelto2 < mindist 
onehopnum - 0; 
onehopcount2-Nanc+l; 
onehopcountl-Nanc+l; 

end t2+1; 
onehopcount2 - onehopcOun 

end 1+ 1 ' 
onehopcountl - onehopcount • 

152 



i~'t,~ pe r fo rme all a l gorithm3 " 
first n e ed to detec ~ wheth~ r ~ hel e 

if onehopnum--Nanc n .... , . 
locnum- locnum+l ; 

%~~ Centroid Localization Algo r t hm 
Pnomtemp-mean(Panc , 1); 
errtemp"'sqrt ( (E'nomtemp-Pnom) • (Pnomtemp-Pnolll ) ') i 
errtempl-errtemp ; 
locerr{l ,l l-locer[(l .l l+e[[temp; 
resultl-[resultl ;errtemp!Crange ' lOO]; 

"-%% i mproved CPE Loca li ZH 1on Algort thm 
CPElef t-rnax (Pane ( ; , 1) ); CPErlght-m!n (Pane (; . 1) ) ; 
CPEup- min ((Panc{: , 2)); CPEdown-max ((Panc( ;. 2) ) I; 
Pnomternp-{ (CPEleft+CPEright}/2, (CPEuptCPEdownl/2!1 
errtemp-sqrt ( (Pnomtemp-Pnom)· (Pnomtemp-Pnom) ' ) I 
errtemp2-e rrtemp; 
locerr(1 ,2 )-locerr(1 , 2)+errtemp; 
result2-[resul t2;errtemp/Crange ' lOOII 

~~,% Mid-per pe nd icu la r Local lzat on A q'll l t hal II) 
allresult- {] ; 
f o r onehopcountl-l : (onehopnum-ZI 

ancposl-Panc(onehopcountl,I:Z): 
for onehopcountZ-(onehopeountitil : (onehopnum-I I 

ancposZ-Pane(onehopeountZ,I:Z): 
for onehopcount3-{onehopcountZtI):onehopnum 

anepos3-Panelonehopcount3,I:ZI: 

xa-ancposl (1) ;xb_ancposZ(1) ;xc_ancpos3(1);ya_aneposI(Z ) ;yb-.nepo.Z Z 
: yc-a nc pos3 (Z) ; 

distl- sqrt ( (aneposl-aneposZ) , I.nepo.tl-.ncposl ) " j 

distl-sqrt ((aneposZ-ancpos3I ' lancpo.tZ-.ncpo.J I I : 

dist3-sqrt ( (ancpos3-anepos 1) , (anepo,J-lIncpo,l l ' I 
if distl AZ>_distZ A Z+dist3 AZ 

resultemp_mean({aneposl;aneposl],l J : 
t t emporllIY n :J t (or P'.t tl n 

elseif distZ"Z>-dilltl AZ+dhtJAZ 
resul temp-mean ( {aneposZ: anepo.3 J • 1 ) : 

elseif dist3 A 2>_distl"'2 t dilltZ"'Z 
resul temp-mean I [anepo1l3 : anepo.t I] • I I ; 

else • 
resul temp (11- ( (xa"'Z-xb"'l) , (ye-YII ) + (XI Z-

ICe"l) ~ (ya-yb) + (ya -yb ) • (yb-ye ) • (ye -ya ) II (Ixa-xb) ' ye+ (;lIe-u l 'yb- l;l1b­

xc) 'ya ) IZ ; 
resul temp (Z) ... ( (ya"'Z-yb"'2 J , (xc-x. • I y." Z-

/« b) ' xc' (ye-y. ) ';lIb- Cyb-
1'eAZJ • (xa-xb) + (xa-xb ) • (xb-xe ) • (xe-xa) ) 1'a-1' 
1'e ) 'xa ) ll; 

:~iresult_[allresult; resuitempl: 

end 
end 

end 
Pnomtemp-meanlallresult . l); pn--"' " ) . I pnOllltetnp- '- • errtemp_sqrt {(Pnomtemp-Pnom 
errtemp3-er r temp; , 
IOCerr{1 ,3 )-lOcerr(1 . 3)+errtemp·100I' 
result3_fresult3:errtemp/Crange ' , 
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~ ~ CSCOP Localization Algoti hm , 
I F- [J ; '!c ini tia1izing Int ~rseCllOn 

6 communication clrcles • .. .. 
fo r ii- 1: fNanc-l ) 

cI- Fanc fii,1:2 ) ; -emer rn 
j j- f ii+l ) :Nanc 

c2 - Panc(jj , 1:2 ) ; '''flter f he se 
dnch,,! f. 1 .. 

rl - Crange; rlldiu, "r t he !1 lit 

r2 - Crange; r.:ldius ,,[ ! hI! aec nn 
D - normfcl-c2); distilnc~ bet .,."en ir 
cosAlpha .. (rl"2+O~2 - r2"2) I (2 ' rl 00) ; 
U_AB - fc2 - cl)/O; unit ve '''01 f,:,m 

t'TlLer 

• • 

1, • 

• ... 
sec(,nd 

-U_AB(ll]; ~ pupendl 
, lnit v " 

r 

• 

• t , 

1. use the cosine of alpha t, Coli ciliate the ,en t f the 
:( vector a10nq and pcnpenrliCIl <\ ! to A8 h.t l •• d t 

% intersection poinL 
intersect 1 - cl + u AS {rl "cosA l pha pu AI 

( r l " sqrt (l - cosAlpha ~2 ) ) ; 
intersect 2 - cl + U_AB frl · cosA l pha ) pu AI 

( r l *s qrt(1 -co sA1pha"2 » ; 
IF - [IP;intersect lJintersec t 2 ] ; Ut.v 

- !-Lte r, - ;t1 nts f a 
n1 atl n 1r .~ 

end 

TIP 
o -

end 

.. ] J ; % intialize True Inter:'lc"t 
zeros(length(IP),length[panc) ) ; 

on Polrts 
zo:-roll N" rix I 

rJiat n e bet ..... 
'foUl' Po n 
c h "1 n'Xiell 

test .. zeros(length (IP) /leng th(PSnc) ) ; t"ltOS -."tt x f 
101.c,,1 va • 
dt'nt"! .1 

for ii - l:lenqth(IP) 
IPtemp - IP(ii,:); 
for jj - l:lengthfPanc ) 

end 

Panctemp Panc( jj ,: ) ; 
I , ." • D(ii , ,' j) .. norm ( IPtemp-panc temp; 

fr nUt.I 
points t , • p< 

D(ii jjl .. floor(D (ii,j j)) ; 
test/Cii , jj) .. O(ii,jj )<- e ran!!".; .L ~iea 

II!4te II 
• 

if all (test (ii.: )) 
TIPtemp" IP(ii,: ) ; 

TIP _ ]TIP;TIPtel:1P l ; 

end 
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end 

Pnomtemp - mean(TIP,l); 
errtemp .. sqrt (CPnomtemp-Pnolll ) ' (PnOllllt _p , 
errtemp4 .. errtemp; emp no.) I 
l e cerr 0 , 4) .. locerr (1 4) f 
result4 .. [ ,errtemp. 

result4; errtemp4/Crange' 100] ; 

~~ Se lective two Anchol Nod~~ C. Loc~ll&a 1 
longanc-zeroS(1 . 3); lonoes~ Ill!' e t 
fo r onehopcountl .. 1: (onehopnum-l l Q. 

ancposl - panC(onehopcountl,I:2 1; 

. , ,. 
anc pos2) . ) ; 

for onehopcount2-Conehopcountltl ) : onehopnu. 
ancpos2-panc(onehopcount2,1:1); 
distancl toZ-sqrt ( (ancpo.!! l-ancpoa2 ) • (ancpo.! 

end 
end 

if distanclto2 ) longanc(J) 
l onganc(3)-distanclto2; 
longanC(l)-onehopcountl; 
longanC(21 - onehopcount2; 

end 

a ncposl-Panc(longanc(l) , 1:2); 
ancpos2-PanC(long~nc(2),1:2); 

Ulo 
.TI P- ( j ; , initiali ~ i nQ lnters,!,,'tion fein! • r " • communication circles 
e 1- ancposI; , centre of ,h_ CirH 
e 2 ancpos2; , cen tre of ,h. .!IeC'ond 
,1 -Crange; • r adi u.!l of ,h • l i(st 
a -Crange; • r~diu.!l of ,he , cond 
0 -norm(cl-c2) ; , dist a nce bP.t .... ~en 
co~Alpha - (rl "2+0"2-r2"2) I (2 ' rl ' O); 
u AS - (e2 - - cl)/D; unit. veet )t I" III 
pu_ AS - [u AB(2) , -u_A8(1) I; pelf/f'ndl -

~ use t he cos ine of alpha 0 ~alculate 

~ vector along and pcrpendicui;n - t. 1\B 

i, h fan 
e1 • f " rele 
i, 10 , .. 

fir~! e. 
"U vo 

h,. lfOnQ ! 
that I ... ds 

, 

, , 

, 

, . 
• 

• 

• 

% inttH"Sec t ion point 
intersect I - cl + u A8 

c os Alpha" 2» ; 
(rl ' cosAlpha) + pu_A! (rl' . qrtl,-

intersect 2 
COs Alpha"2» ; 

cl + u AS (rl ' CosAlpha ) 

TIP _ [intersect 1 ; intersect.2j; II r ta' 
po; r, ~ 

nodes 

pu_AS 

l' Int iI!'( • 
f • -Pnomtemp - mean(TIP , l) ; • 

errtemp _ sqrt«Pnomtemp-pnom) , ( pnomtemp-pn~J 

e rrtemp5 - errtemp; 
l oeerr(1 5) _ locerr(l. 5)+ errte:r.p: 
resultS: [resultS; errtempS/ Cranql ' 100 1; 

"Se l e c tive th r ee Ancho r Nodes ;sr ~ 111 
1 '

''!S ~ ! "11 C n e' ;. l onganc-zeros (I, J); • C'n "" 
fo r onehopcountl - 1: (onehopnu:t'I-l ) 

ancpos I - Pane (onehopeount I, 1: 2: ~ 1 ) "onehopnlla 
for onehopcount2-(onehopeount " 

rl' . qr t 11-

• 



ancpos 2 ) , ) ; 

end 

a~cpOS2- ~anc(onehoPcount2.1:2 ) ; 
dlS tanCi toZ-sqrt ( (ancposl-ancpos21 . ' .ncpo.l-

if distanclto2 > lonqanclJ ) 
lonqanc I31-distanclto2; 
lonqanc Il'.onehopcountl; 
longanc(2J-onehopcount2; 

end 

e nd 
ancpos2- Panc{longanC(1),1:2); 
ancpos3-Pancllonganc(2) ,1: 2); 

.; :< 

dist2 - 1onganc(3) ; 
xb- ancpos2(1) ; )(c-a ncpos3(1) ; yb-ancpos2(2 ) ; ye •• nepa.] (2)1 
longanc(3)-O ; 
for onehopcountl-l :onehopnum 

longanc (2) 
if onehopcountl ~ .. lonqanc{l) " onehopcount l __ 

ancposl .. Panc(onehopcountl,1:2); 
dis temp .. abs (a ncpos 1 (l) • (yb-yel *ancpo.l (2) • ( lie. 

xb) +yc ' ( xb-xc) +)(C · Iye-yb») Idist2; 

end 
end 

if dis temp > langllnc!J) 
longanc(31-distemp: 
anctemp .. onehopcountI; 

end 

ancposi-Panc(anctemp, 1:2); 

selectedanc-[ancpos2;anepos3;ancposl[; 

IP- (] ; :e. i nit ia li z ing I ntersection Point!'! c! ",neh r :xIe ' 
, communic at ion ci rcles 

f o r ii- 1 : (length(selectedanc)-l) 
cl- selectedanc(iLI:2); II centle ·f hI" 'ir~' ir Ie 

t o f anchl r node 
for jj-(ii+l) :length (selectedanc) 

c2 _ selectedanC(jj,I:2); centr~~! the.~ 
I clr~le ~ t .n hOI nod. 

-I • radius o t the tHst eire!. ~ - Cr ange ; 1 
r2 _ Crange ; I, radius of the Sf>": nd 1C e 
o _ norm(cI-e21; ). dis t ance betw~"r, 1 u 
eosAlpha - (rl~2+0A2-r2~2 )/( 2 ' rl ' O ) ; U' 
u AB _ (c2 - cIllO; una v+.! "t¢r no. t 

second ;entre 
- u AB ! I ) ); perpendl" l.Il" t t 

pu_AS [u_AB(2), - UIUt ,.f> • [ 

• It qth , • , 1 ha to -a lcu . te t ~ use the cosine 0 a p AD ~ 
'i vecto ~ along and perpendicul. r t 

• •• d. t .. 
i n t e rsection point 
intersect 1 cl + u_AD (rl ' co","lph. PU. " 

( r l ' s qrt (1-cosAlphaA2 )) ; 
intersect_2 - cl + u_AB !rl ' CosAl ph' : pu" 

t (rl ' s qrt(l-cosAlpha"2)I ; . 1.1 teuec t 2J; • "Y 
IP _ [IP ·lntersect_ . n -

, PItS o f an,h) r 
~ Inte r section 0 n 1 
\ nodes communicatIOn eire e 

end 
end 
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end 

TIp .. [] ; !. initialize True Inte r~e~· ion 
o .. zeros (length (IP) , length (llelectedanc ) I : :tor II .. r A 
~distance between Inte rSection Point. t •• h Ar ,.. 
test .. ZerOS(lengthfIP),length (selectedancll l ur I au 
!:o f logical v<llue 1n identHlca ion )( •• 
f o r 11 .. 1:1ength(IP) 

" 

IPtemp " IP{ii, : ) ; 
for jj .. 1 : length (llelectedanc) 

Panctemp .. selectedanc {jj ,: ) I 

, 
• 

D( H , jj) .. norm(IPtemp-panc ternp ) ; 0 .~I 
~f[om intersection poi nts 0 an hOl n 1 
D{ii , jj) .. floor{O(U , jj)) ; 

• 
poin I 

'od 

end 

test(ii , jj) .. D(ii , jj)<_ CrInge; • 
if a11(te5t(ii ,: )) 

TI Ptemp .. IP(ii , :) ; '4 True Inters" t on f int 
selectll'd 

end 
end 

e nd 

it it II'IOIl'U r ter 1, 
TIP" (TIPITIPtemp) ; , AC":Ulllular.,!j uuy f.r, 

• Intenection ~lnU 

Pnomtemp .. mean(TIP,l) ; , 
e [ctemp .. sqr t ( (Pnomt.emp- Pnom) • (PnOlntemp-Pno.) ) J 
errtemp6 - errtemp; 
1ocerr(l , 6) - locerr(l , 6)+ errtemp: 
result6 - [ r esu1t6: errtemp6/Crange "lOOI: 

Rcount - Rcount +1 ; 
if locnum -- 5000 

Rcount - Rnurn +1 ; 
end 

if loc num- - O 

end 

l ocerr- 1ocerr llocnurn ; dlo r~n" 
00 Ipercentag"" ot t/I locerr- loce r r/C r ange 'l ; 

. The END ~H%" 
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