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Abstrak

Penempatan nod adalahlah satu daripada isasasyang mempengaruhi prestasi
kawasan liputalan sambungapenderia tanpa wayar (WSN)alam WSNberskala
besar,nod penderiadisebakan secara rawak di mana beberapa pebera adalah
berseleralin terlalu rapat dan jauh dari satu sama |denempatan rawalni
menyebabkan beberapa iseperti lubang liputanpertindihan dan kegagalan
sambungardi mana ia yang menyumbang kepada prestasi kawasan liputan dan
sambungan WSNModel penempatan nod dibina untuk mencari penempatan nod
yang optimumdan mengekalkan kawasan liputan serta menjamin penyambdngan
dalam peempatanrawak. Prestasi Algoritma Perlanjutan Tolakan Maya (EVFA)
dan algoritma Carian koo (CS) dinilai dari segi putan dan sambungan. EVFA
menunjukkan peningkatan kawasan liputan dan sambungan adalah terjamin
berbanding dengan algoritma CS. Kediuga algoritma ini mempunyai kelebihan
tersendiri dalam meningkatkan prestasi liputan selepas pelancaran rawak awal.
Pendektan EVFA boleh menyusun semula nod penderia menggunakan daya tolakan
dan tarikan selepas pelancaran rawak awal dan algoritma CS adalah lebih cekap
dalam meneroka carian kawasan liputan maksimum dalam penempatan rawak.
Kajian ini mencadangkan algoritm@etanjutan Tolakan Maya dan Carian Cuckoo
(EVFCS) hasil gabungan antara algoritma EVFA dan CS untuk tgamkmpatan

nod dalam @ncaran penemptan nod yang optimum. la bertujuan untuk
meningkatkan liputan rangkaian dan hubungan dengan mirkarulmbangli putan

dan kawasan bertindil®atu siri kajian eksperimen kepada penilaian algoritma telah
dijalankan dalam persekitaran simulasi. Dalam EVFCS, algorittha@igunakan

untuk mencari nilai jarak ambangan yang terbaik dan menggunakan nilai tersebut
untuk menyusun semula kedudukan terbaru nod. Hasil kaji@nunjukkan bahawa
18.212madalah nilai jaralambangerbaikyang mampunemaksimumkafkawasan
liputan. la juga dapamengurangkan masaldhbangliputan dan pertindiharserta
menjamin kualiti sambungan Ini membuktikan bahawa EVFCS mengatasi
pendekatan EVFA dan mencapai peningkatan yang signifikan dalam kawasan
liputan dan menjamin penyambungan. Perlaksanaan algoritma EVFCS dapat
memperbaiki masalah yang dihadapi selepas penempatan rawak awal.

Kata kunci : Rangkaian penderia tanpa waydrubang liputan, Pertindihan
kawasan, Algoritma Perlanjutan Tolakan Maya dan Carian Cuckoo (EVFCS)



Abstract

Node placement is one of the fundamental issuesédttfiatts the performancef
coverageand connectivity in Weless Sensor Network (WSN). In a large scale
WSN, sensor nodes are deployed randomly where they are scattered too close or far
apart from each other. Thiandom deployment causissues such averagehole,
overlapping and connectivity failure thetrtributesto the performance of coverage

and connectivityof WSN. Therefore, ode placement model is develop find the
optimal node placemeninh order to maintain the coverage and guaranteed the
connectivity in random deploymenthe performance of Extended Virtual Force
Based Algorithm (EVFA) and Cuckoo Search (CS) algorithm are evaluated and
EVFA shows the improvement of coverage araad exhibits a guaranteed
connectivitycompared to CS algorithm. Bog#igorithms have their owstrength in
improving the coverage performancehe EVFA approacltan relocateéhe sensor
nodes using aepulsive and attractive force after initial deploymemtd CS
algorithm is more efficient in gtoring the search of maximum coverage area in
random dployment. This study proposed Extendedirtual Force and Cuckoo
Search (EVFCS) algorithm with a combination of EVFA and CS algorithfind

an optimal node placementA series of experimental studies on evaluation of
proposed algorithm were conducted witlsimulated environment. In EVFCS, the
algorithm searches the best value of threshold distance and relocated the new
position of sensor nodes. The result suggested 18.212m is the best threshold distance
that maximizes the coverage area. It also minimikesproblems of coverage hole

and overlapping while guaranteeing a reasonable connectivity quiaptpved that

the proposed EVFCS outperforms the EVFA approachaammievel a significant
improvement in coverage aread guaranteed connectivitfhe imgementation of

the EVFCSimprovedthe problens of initial random deployment.

Keywords: Wireless sensor network, Node placement, Coverage hole, Overlapping
area Extended Virtual Force and Cuckoo Search (EVFCS) algorithm
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CHAPTER ONE
INTRODUCTION

1.1 Background

In recentyears, WrelessSensorNetworks (WSN) have become one of threost
promising technologiesin sensing applicatiorenvironment. The WSNgrovide
flexibility in sensor nodes deployment antintenance. Furthermoret has the
ability to be deployedn highly dynamic environmentience enableéhe sensor
networks to be potentially used in a wide range of civilian and military applications
[1], including security surveillamg environmentalmonitoring, habitat monitoring,
hazard and disaster monitoring, health field applicationsjderwater
communication[2], home applicationssuch as smart environmén and smart
agriculture system[3-5]. The basicgoals of aWSN generally depend on the
application and havemany functios which include determininghe value of
parametes at given locationto detectand monitorthe occurrencef events and
tracking an objectA wireless sensor network consists of distributed autonomous
sensornodes to cooperativelysenseand monitor a physical or environmental
condition such as temperature, sound, vibratipressure, motion or pollutants

an environmental networfl6], sensor nodes can bsad to measure the temperature
underatmospheric pressurthe amount of sunlight and humiditfrhe sensor nodes
arealso used to deteatvehiclemovementgstimaing the speed and direction of the
vehicle. In a military sensor networgensomodes are usedor battle surveillance

[1] to track the enenies asthey movethrough he geographic area covered by the

network.



WSN consists of a number of sensor nodes and one or more bases sliapensd
across a geogphical region of interesf(ROIl). Each sensor has wireless
communication capability and some level of intelligence for signal processing and
data processinfy, 8]. In addition, with the integration of sensing, computation, and
wireless communicatiorcapabilities the sensor nodes can sersed monibr
physicalinformation from the environmenprocess the information, and report them

to the base station¥he processed information is then linkedhe outside worldr

to the end useria the hternet or satellites. A group of sensmdes collaborat and
transmit the informationwith each other througha singlehop or multihop
communication The multthop communication im WSN environment is illustrated

in Figure 1.1.

Internet base station

(o) _Ox. (o]
T 0¢---0° 0,

sensor nodesO
(o]

0

R

end user

----- + multi-hop communication

Figure 1.1: Wireless Sensor Network Environment

In WSN, node placemeis thefundamentalssue thaaffectsthe performance on the
WSN application andts operatios, and is closely related tahe coverageand
connectivityof the WSN nodesAccording to[9], coverage is usually interpreted as
how well a sensor network wikense andnonitor the region of interest and
regardedas a measure of quality of service (Q@8WSN applicationsln addition,

it is important to maintain the coadativity in order to have the best sensing coverage

area. Thareas of coverage and connectivity eliesely related. Connectivity can be
2



defined asthe connection between sensor nodes that can communigtiteone
anotherto transfer informton to thebase stationrHowever, sensors nodes are often
randomly deployed and this had led to constraints such coverage holes, sensing
overlapping and even connection failu@onnectivity and coverage problems are
caused by the limitedensing communication rangas well as limited battery
capacity. The node placement planning can be used to solve and improve the

coverage and connectivity problem of sensor nodes.

1.2 Wireless Sensor Network

WSN consist of small, sensing, splfwered nodes which gather information or
detect special events within a region of interest. The information gathered is then

processed and transmitted to a base station using a wireless communication medium.

Sensing, processing and communicatwoa three key elements whose combination
in onetiny device gives rise to a vast numberapplicationd 10]. The main function

of sensomodes is to sense or monitthre environmentor event in the region of
interest. Therefore,the coverage anadonnetivity of a sensor nodare the major
concern of WSN in evaluating the QoSf WSN applicationg11]. Accordng to
[12], the positioning of sensor nodes affects coverage and connectivity performance
of the WSN application. Coveragefers to the diameter of the sensing area covered
by sensor nodes, while connectivigfers to the information transmission lirorn

the target area to the base statidne to the large number of sensor noded urse
WSN environment, the total cost for sensor netwat&ploymentcould be high
Therefore, it is important to optimizthe placement of sensgrodesin WSN

environmentm order to achieve treedequateoverage and connectivity.



1.2.1Coverage

Coverage is the most important feature of a WSblerage is usually interpreted as
how well a sesor network will monitor a regioaf interesf12]. It can be thought as
a measure of quality of servi¢®@oS)in WSN environment anis applicationg 13,
14]. The coverage of the monitored region can rbaximized through proper
planning of nodes densityroper planning of node density can aff@aetl coverage
performance Coverage problem iassociatecon how to ensure that each of the
pointswithin aregion to be monit@dis covered by the sensor nodé&d]. Coverage
problens in WSN are basically caused by three main reasdnagequatesensor
nodes to cover the whole ROI, limited sensing range and random deployf#nt
Each sensor node can detect or monitor the environment within some very limited
distance from itself. That distané® knownas sensing range. In order to maintain
the coverage area, the sensor nodes need to bel pleicwo close from each other
sothatthe range of each node can be maximizédhe same time, tanalso avoid
sensing overlapping aedundancythat eventually results imveruseof the sensor
nodesHowever, die to thdimited sensing range¢he sensor nodes need to be place
not too far from each other to avoid coverage Bolhe WSN goal is to have each
location in theregion of interest within the sensing rang® ensure the region is

covered byat least one sensoode.

Coverage can be measurad different ways depending on the application.
Generally, there are many factdahatinfluence the coverage performance in WSN
such as deployment strategy, sensing range, communication range, positioning of

sensor nodes and algorithm characterigdic Proper design is required to ensure



ample area within the ROI is covered while connectivity quality is maintained as this

affects coverage performance.

1.2.2Connectivity

In WSN, after collecting the information from thegion of interest sensor nodes
need to transmit the aggregate data to the base sthtiosinglehop or multithop
communicationConnectivityrefers to theability of sensor nodes in the netwdxk
communicate betweewith one another based on their routesl dransmission
distance.The sensor nodes exchange informatwithin the environment of the
monitored region. This information is made accessible to the external user through
one or more base stat®rjl5]. However, die to the limited communication
capability, each sensor node has to act as reoiteelp othemodesto forwardthe
informationto the base stationfl6]. Therefore,it is important to ensure that every
sensor can communicate with each other directly orrefay nods to the base
station. Two sensor nodeare said to be connected if they are located within the
communicatiorrange of each anothgt7]. A network is said to be fully connected if
every sensor nodeair can communicate with each othielence, connectivity affects

the robustness and throughput of the wireless sensor ngtigprk

1.2.3Node Placement

The first step required in WSN to design the placement of sensor nogikin a

sensor networkield. Sensor node placement is vital to ensure the tradeoffs between
optimal coverage and acceptable connectivity quality is achieved within the
monitoring areaThe ways of the sensor placement are closely related to the WSN

applicationand functios [19]. According to[20], placement of sensor nodesl

5



give adramaic impactonthe effectiveness and efficiency of the WSdnsor node

can be placed in deterministic or random positishizuka and Aid421] stated that

when a lot of sensor nodes are placed in a large area, it is not realistic to place them
all at predetermined positipmence, randomgl placement is chosefrurthermore,
sensor nodes placement will affect the coveragéd connectivity in thenonitoring

area but by placing too many sensor nodéhin region of interest is not the best
solution. Therefore, he optimal node placement apach is used to maintain the
coverage areavhile maintaining theconnectivity based on distance and sensing

range of sensor nodes

1.3 Research Motivation

Coverage and connectivity are the fundamental issues related to random deployment
in WSN application. Ses nodes are deployed randomly in tiegion of interest

and causeé problemssuch ascoverage hole overlapping and connectivity failure.
These problemaffect theperformanceoperatiorand QoSn WSN applicatios and
environmers. A sensor nodédasa limited radius of sensing armbmmunication

range Due to random deployment, some of the sensor nooelsl deployed too

close to each other while others are too far afdnis situationgives an impact to
coverage and connectivitf these nodessomearea may not be covered by a sensor

node and some will have tlerlapping of sensing area.

Node placement is closely relaténl the coverage and connectivignd gives an
impactto WSN applicationsThis scenario hapresented the motivatiofor the
problemto be solvediy proposing an algorithm to find an optimal node placement
as a solution of coverage and connectivity problem in random deployhsansor

nodes The mobile sensor nodes tlaae attacked to autonomous robstareused as
6



an alternative to discover the problem of coverage $)oleverlapping and

connectivity failure.

1.4 Problem Statement

Sensor nodes deployment in WSN can &ehieved throughdeterministic or
randomlyplacemenstrategiesDeterministic placement of sensor nodegasier to
implement rather than random deploym¢@t. Deterministic approach imostly

used in a small and friendly environmeit. many WSN applications hower,
sensor nodeare deployed randomly due to various factors such as inaccessibility of
terrain, large scale of the network impractical or infeasible to deploy the sensor
nodes in deterministic wagnd etc Due to these reasons, sensor nodes are deployed
randomly in a distributed, sophisticated and independent mdforegxample, WSN
applicatiors used in military missios) disaster recovery or forest fire detectiozed

to be randomly deployed as the areas involved are very riskinfasibleto place

the sensor nodi@ deterministic deployment.he best optiothereforeis by placing

the sensor nodes randontily scatteing the node$rom anaircraft over the region of
interest.However, random deployment of sensor nodes in aim@asive does not
fulfills the coverage and connectivity requirement since it is impossible to configure
the exact locatiom for the sensornodes[22]. Thus, the situation mailead to
coverage and connectivity problem such as coverage holex)gpping and

connectivity failure.

The first step required in WSN & proper design ofnode placemenithin the
sensor networkeld [23]. Sensor nodes placement is the kEYSN surveillances
it considersthe sensing coveragef monitoring areaand connectivityfor data

transmission to the base statidwwcording to[24], placement of sensor nodes give
7



an impact to the effectiveness and efficiency of WBBnce,node placement is the
fundamentalissue thatneeds to be addressed asaftects the coverage and
connectivity in theVSN applicatios and operatios. In WSN, themainissuewhen
deploying an efficient sensor network i® find the optimal node placement
strategies.Crucially, WSN requiresthe node placement of sensor network to be
designed. The way of the sengdacemat is related to the WSN applicatisrand
environment The optimal node placement approach is used to mairtath
guaranteeptimal coverage area arghtisfactoryconnectivity in a region of interest.
The £nsor nodes used WSN have several constraingsich as restricted sensing
and communicationange as well as limited battery capacity. These limitations bring
someissues such adata aggregatiorgoverage connectivity, network lifetime and
schedulingn WSN environmenf25]. Both coverage and connectivity probleare
caused byhe limitation ofsensing angdommunicatiorrange In order to solve both
problems, the solution must consider on how the sensor nodes are posititmed

region aredo ensure a coverage and connectivity are guarafi2éed7].

The first concern in deploying sensor nodes in WSN is the coverage degree in the
monitoring region of interest (RQIThe coverage issue is a fundamental problem
for wireless sensor networkg28, 29]. Coverage is considered as an important
measue of quality of service provideby WSN The first requirementoncern in
coverage area i® guarantee that any event or condition change ataaggtpoint

in agiven area can be sensed by at least one senderAccording to[12, 30, 31],
coverage problemin WSN is basically caused by three main reasaamely (i)
inadequatesensors to cover the whole Rli) limited sensing range angii)
random deployment. A sensing rangkesensor nodés restricted to certain radius

which consequently brings the coverage problem. By increasing the radius and
8



placing many sensor noslen the monitoring area can enhanced the coverage area
but this is costly and not the best wWi@4]. In random deployment, some of the
sensor nodesre deployed too close to each other while others are too far apart
which causeto coverage problem. The sensing capabilities of the serstes are
wasteddue to the closeness of sensor nodes that would eventaaisesensing

overlappingwhile nodes far apaftom one anothetause coverage holes

The second requireamt concered is the connectivity.Due to the multhop
communication, the information may be processed and aggregated by several sensor
nodes and forwarded to the base staft). Connectivity also can be defined as the
ability of the sensor nodes ttransmit and reportthe information from the
monitoring aredo the base stationf there is no available rou@due toconnectivity
failure between sensamodes the data collected by the sensor nodes cannot be
processed and transmitted to the base stdfiachsensomode has communication
range which defines therea in which anothesensomode can be located in order to
receiveand transmithe data This isdifferentfrom the sensingange which defines
themonitoringarea ofthe sensor nodé@ sensor network is said to becbnnected if

at least ongathbetween any two sensoodes The coerage area and connectivity
are closely relatedin WSN environment.An important principle that must be
consideedis the sensingnd communication range whexemmunication rangdy,

is at least twice of the sensing rangg then the coverage of an area implies the
connectivity. This rule is very useful in placing the sensor nodes WSN [9].
Accordingto [30], deployment otoo many sensor nodesrist the bessolution in
order to maintairthe coverage area @rmronnectivitydue to sensor cost and may
result in nonoptimal useof several sensor nodef€overage and connectivity

problems are caused by the limitationsainsingand communicatiorrange[2§]. In
9



order to solve both problemthe optimal placement of the sensor nodes must be
consideredo mantain the coverage area and connectivity betwieerersor nodes.

The restricted sensingadius consequently bringghe coverage problem. By
increasing the radius and placing too maeypsomodes canenhancdahe coverage

area but this isvery costly. As illustrated in Figurel.2, it also may cause the
coverage hole and the sensing overlapping due to the random deployment of the

sensor nodes.

Figure 1.2 Coverage Hole and Overlapping

In Figure 1.2,A to G and R refer to sensor nodes. Sensor nédes located in a
coverage hole (dark shaded), where it is located far apart from other Rpdean
example of a redundant sensor within an area where its range overlaps with other

nodes.

From theconnectivity point of view, large distances between nodes will weaken the

communication links, lower the throughput and increhsenergy consumption.
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The Virtual Force Algorithm (VFA) has been used to overcome the coverage
problem in random deploymef®2, 33] wherethe sensor nodes are relocated after
the initial random deploymentiowever, the VFA approachkonsidersonly the
coverage aspect. Thug34] has proposed an Extended Virtual FeBased
Algorithm (EVFA) using an ideal threshold distance vali#gRs in order to
improve the connectivity problem in the original VFAhe coverage and
connectivityproblemsin random deploymerdan be improve from the EVFA using

a best value of threshold distarinstead ol/lo Rs in order to minimize the coverage

hole andoverlapping with a maximum coverage area and a guaranteed connectivity.
To address this problem, the suitable planning needs to be conducted to ensure that
the sensor field has maximum coverage area while coverage holes and overlapping
remain minimum The sensornodesneed to be placed in a position such that the
sensing capability of the network is fully utilized to ensure high quality of service.
Thereforethese coverage and connediiproblems neetb beaddressdduring the

node placement phase.

1.5 ResearchQuestion

Thisresearchocuses on providing answer for the following problem:

a. How the placement of sensor nodes ensuring the coveliaggandom
deployment?
b. How the placement of sensor nodggaranteed the connectivity in random

deployment?

11



1.6 ResearchObjective

The main objective of this researhto developan algorithm foroptimal sensor

nodesplacement irwireless sensor network. Tkabobjectivesare:

a. to develop a EVFCS algorithmin order to maintainthe coverage and

guaranteed theonnectivity in RO

b. to evaluate th&VFCS algorithm in term of coverage and connectivity.

1.7 Scope of the Research

The scope of this research is foedon finding the optimal node placement in
wireless sensor network (WSHgld. In this thesis, theensor nodes are assuhte
be deplogdusingarandom deployment scheme in an area of 100 x 1@¥en an
open space aremith no obstaclebetweerall nodes.The experiment was conducted
using simulation. fie area of 100 x 100 m is useyl most research in conducting
a simulation tqoracticallyrepresent the WSN environmaesith a limited number of
sensor nodes[34-37]. The sensor nodes used are comgistof dynamic
homogeneousiode withthe samesensing and communication rangée sensor
nodes can be relocated after the initial deployment assdimd to havelimited
movementand are attachedto the autonomousnobile robot. The aitonomous
mobile robot are equipped with various sensor nodes godsesommunication
capabilities These robotgan be used andact as higkperformance mobile sensor
nodes in WSN [38]. The autonomousobots grasp the environmental circumstances
using various sensor data obtainéwm the WSN, and use these dataseveral

different tasks
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1.8 Research Contribution

Sensor placemenplanningis a very important issudor sensor deployment. In
random deployment there are several proBlelme to the random distridan of
sensor such as coverage lspleverlapping andconnectivityfailures. Due to tkese
problens, the sasor node placement algorithm wadevelopedThe solution an be
usedto maintain the coverage area and connectixithe first phase afensor nodes
deploymentin WSN. The algorithm can be used as dieraative solution in WSN

application with random deployment scheme.

1.9 Organization of Thesis

This thesisis organized as follows. Chapt@ne states the background of the
research, the objectives, the scope and contribution of the research. Qivepter
corsist of literaturereview and the similar work done by others. In Chapteee
the methodology adapted is describéebroughly The analysis andesult are
presented in Chapter Four and Chapter Fivediscussions with the condion are

justified in Chapter Six
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

Wireless Sensor Networks (WSNs) have beenused in sensing, monitoring and
tracking applications. éhsor node deployment & critical issueas it affects the
performance, detection capability and also ¢ostVSN applicatiors. Sensor node

can be deployed in two schemesther deterministic or random deployment.
However, for largescale WSNs, deterministic deployment is not practical and
impossible to be implemented. Sensor nodes are deployed randomlyppindrthe
sensomodes from the plane. Due to random deployment, coverage and connectivity
constraints such as a coverage gabwerlapping andannectivity failureoccur The
limitations or restrictiors in sensing and communication range as well as diit
battery capacityalso affectedthe coverage and connectivity performanbiade
placement planningneeds to be executdad solve the coverage and connectivity

problemand improvehe performancef sensor nodes.

2.2Coverage

Coverage is a fundamentaquirement in WSN and reflects on how well teasor
nodesmonitor aregion of interesf12]. WSN needs to guarantee that the monitored
regionis completely covered with a high degree of sensing capaHility Coverage
thereforejs the keyperformance and quality of service metric measurement in WSN
[39]. The design of coverage scheme is different in each of the WSN application
depending omhe objectives and applicatiod sequirenents. The main goal is to have
each location in the region of interesithin the sensing range and at least covered

by one sensor. Generally, there are many different factors that influence the coverage
14



performance of WSNThe following sections discus$i@ important dominating

factors as mentioned [18].

2.2.1Deployment Strategy

Sensor nodes are deployed in an ardélaeeiin deterministic or randomanner.
Deterministic deployment is easier to develop and lsanmplemented in grid
deployment.Sensor nodes can be pladedpredetermined locatierandis strongly
tied tothe applicatiorthey are deployed fotn most casegjeterministic approacis
used inthe small and friendly environmefit§]. In applications suclas battkfield
surveillance and environmental monitoring, sensor nadag be droppedrom
airplanes Thesesensornodes cannot be exptad to fall exactly at predetained
locations[40]. Due to the large scatieployed particularlyn remote or inhospitable
areas, predetermined deploymenh@ suitable and ipossible to bémplemented.
Therefore, random deploymerd adoptedwhere the sensor nodes awndomly
deployed in a distributive, sophisticated and independent maitherexamples of
deterministic and randomeployment are shown in Figure @aland Figure 2.1(b)

respectively
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a) Deterministic Deployment b) Random Deployment

Figure 2.1: Deployment Strategies in WSN
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In some environmentandom deploymdroften becomes the only option and most
practical way in placing the sensor nod&seterministic deployment for WSN
applicationssuch asn military missiors, disaster recovery and forest fire detection

is very risky and infeasiblg41]. In military operaions, random deployment is the
only option where the senspodes aredeployed by droppingfrom thehelicopter,or
launched into the battlefield usirggenade launchsor cluster bombs. One of the
appealing aspects of WSN is the ability to be randomly deployed without the need to
do it manually. Howevein random deploymena coverage problem will arigd?2].

The coverage can be enhanced by manipulating the locomotion capability of the

sensomodes or by using incremental deployment after the indegloymen{30].

Song et al[43] works with random sensor nodes deph@ant to improve the quality
of service (QoS) and optimize the distribution of mobile nodes. The agtaiesl
that WSN is often usedin inhospitable andnaccessible environment to monitor
activities, gater and report information aboilte targeenvironment. Thereforéhe
random deployment in the target regiorcasidereda very significant approado
address the problentrilippou et al.[44] also used random deplogmt for large
scale WSN environment and redundant nodese usedo increase connectivity,

coverage and to prolong network lifetime.

According to[45], random delpyment refers to the situation in which sensor nodes
are uniformly and independently distributed across the monitored field. In random
deployment approackhesuccess of WSN applicatiodependedn the deployment
guality that uses the minimum numbersehsors to achieve a desired coverage. The
authors investigate the coverage oveestimation and address the challenge of

designing coveragguaranteed deployment strategi&be research also foagon
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guaranteeing coveradmy usingthe minimum number oensor nodes randomlin
reality, the sensor nodes amapossible tobe deployed using thedeterministic
approachn large scalebstructedarea. Some problesrmight arise due to random
deployment that affectshe quality of service in WSN applicatioffhis thesis
focuseson random deployment of sensor nodes while trying to minimize the

problems related to coverage and connectivity.

2.2.2Types of Nodes

In WSNs applicatiog the set of nodes used can be either a homogeneous or
heterogeneous nodéeally, different sensor types are assumed to have different
sensing ranges. It is generally assumed that a seosi@consumes more energy
when it uses a larger sensing range. A homogeneous node is a nods tiatshane
capabilities. All homogeneous nodes @aw uniform sensing and communication
range. In contrast, a heterogeneous npolesesses different capabilitiese more
powerful than other nodes and known as cluster head. Heterogeneous sensor node
havedifferencesensing rangewhere every sensor nogariesbetween each other.
WSN lifetime is proportional to energy. The more energy a node has, the longer the
application is up.Ranjan and Kaif46] provided a method for determining the
optimal number of cluster headfor homogeneous using reasonable energy
consumption model.Therefore, this thesis consides only the distribution of

homogeneous nodes so that the sensing range is uniform between sensor nodes.

2.2.3Sensing Range

A disk coverage model is the mgmipularcoverage model used in WSN. A sensor

node coverage area is udyahodeled as a diskEach sensor nodmn onlydetect an
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object or phenomena in a limited range which is called as sensing Rngde
sensing rangeR, is used to characterize the sensing capability of a senserAny

point within sensing rangean only be senstand covered by sensomode.The
sensomodes haveuniform transmission range and sensing raniyang et al[24]
usedthe disk coverage model to configure a network to achieve guaranteed degrees
of coverage and connectivity where the covered erdasd on sensing range and
Euclidean distance betwesansomodes and the point. The authatsodefined the
sensing circleC(v) of nodev as the boundary ohodev's coverage and assudibat

any pointP on the sensing circl€(v) (i.e., |Pv| = B is not covered by sensor node

v. Huang and Tsen47] simulatedthe coverageproblem todetermine whether
every point inthe service areaf the sensor network is covered by at ldasénsor
nodes. The disk coverage model with sensing range and Euclidean distancedalso ha
been used to define the coverage problBrgure 22 shows the sensing range of
sensor nodeX asXR; andfor sensor nod¥ asYR. The frget pointP, is covered by

the sensor nodesif the Euclidean distance between a sensand target poinP is

within the sensing rangef sensor nod¥, XRs. On theother hand, the target poirf,

is considered uncoverdgy sensor nod¥ if the Euclidean distance between sensor
nodeX and target point? is more tlan sensing range of sensor noddn the disk

coverage model, the sensing range is the key measurement of the coverage area.
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P- point of interest

X - sensor node

Y - sensor node

XRs - sensing range for node X

YRs- sensing range for node Y

XRc - communication range for node X

YRc - communication range for node Y

Figure 22: Sensing and Communication Range

2.2.4Communication Range

Similar to the sensing rangas shown in Figure 2.2wo sensorsX andY, are able

to communicate with each other if the sensor falls within the communication range
of the other sensor. Sensor nodes can communigiite each other ba&sl on
communication range and Euclidean distance between sensor nodes. Two sensor
nodes are said to be collaborating if the Euclidean distance between sénless
than R, and not more than twice the sensing range. If the distance between sensor
nodesare more than communication ran@®, thecommunicatiorink within sensor

nodes is not connectedh Figure 2.2, the sensor nodX and Y are said to be
connected where the distance between sensors is not more than tthiesesfsing

range otherwise botbensor nodes are not connecladhe Euclidean distance point

of view, both sensor nodes are not more than communication r@ggegerefore

both sensor are said as conneci#thng and Ho(48] defined communication range

and sensing range as a parameter of maintaining the coverage and conn€kayity.

also proval that if the communication range is at least twice the sensing range,
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complete coverage of a convex aienpliesconnectivity among the working set of

nodes.

2.2.5Sensor Mobility

Sensor nodean alsobe categorizednto static or dynamic node. Static node®

nodes whose locations remain unchanged and are unable to relocate once they are
deployed.Dynamic nodeshowever, are nodes whose location changes and can be
relocated after deploymenthe sensor node can ladtachedto the autonomous

robot to perform motion control ofthe mobile node Figure 2.3illustrates the
autonomous robattachedwith sensor nodethat can beisedto navigate andense

the informationn aWSN environment

Figure 2.3 Autonomous Mobile Robot

The mobility of the sensor nodes may impact the ovenaftwork performance.
Mobile nodes have the ability to sense, compute and commup&gltsimilar to

static nodesHowever, akey difference is mobile sensor nodes have the ability to
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reposition and organize itself in the netwdd8]. Sensor nodes can be moved
towards the positions that have poor coverage or towardigbennected areasd

dynamically reposition based on the objective of deployrijt

Soua et al[22] proposed to use a mobile robot &ssist the initial sensors
deploymenitand to improve sensing coverage and connectivity of monitoredlarea
[51], the moving sensais used in random deployment to meet the coverage and
target detection and the results show that sensor mobility can imprewestwork
coverageliu et al.andFletcher et al[51, 52 showed that sensor mobility caibe
exploited to compensatke lackof sensonodes and improvehe network coverage
Mobile sensors can significantly improveetwork performance by moving to
locations where theres a coverage holgs3]. Asim et al.[54] proposeé a novel
sensor relocation scheme where redundant mobile nodesiared to minimize
coverage holes in the networkhe mobile devies can beaused as an orthogonal
method to address the netwodonnectivity, coverage, and network life time
problems in WSNsMobile sensors are useful as they can move to locations that
meetsensing coverage requirementgang et al[55] hadinvestigatedhe problem

of placing mobile sensors to get high cogerdn the study, the authoresigred

two sets of distributed protocdisr controlling the movement of sensadsit support
thecommuni@ation and movement based on Voronoi diagradvtahile sensor nodes
have a larger appeal when it comes to deploymentalits mobility. Static nodes

on the other hand cannot be relocated after its initial deploy®enét al.[37] used

the mobility of the nodes to move redundant nodesh®uncovered or weak
covered areas. The simulation results sh

region can realize the coverage optimization and improve the coverage performance
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of the network.Static nodes however, are not the preferred choice asmando
scattered deployment of static nodes will lead to coverage hole and sensing
overlapping In thisstudythe mobile sensor nodegereused as the besttatnative

to relocate theposition of sensornodesin order to maintainthe coverage and

connedivity while minimizing thecoverage hole anaverlapping area.

2.3 Coverage and Sensing

A sensor node's coverage area is usually modeled as a disk. Each sensmannode
only detect an object or phenomendhin a limited range which is called as sensing
range,Rs. Due to the limited range, @aused coverageroblemknown as coverage

hole and overlapping. Both problems can affect the performance and QoS of the

WSN applicatiori30Q].

2.3.1Coverage Hole

WSN are commonlgeployedin a large scalareaor inaccessible terrain. A random
deployment is the best option in these cases where sensor nodes are usually dropped
from theaircrafts. However, random deployment calseme of thesensomodes to

be placed too close to each other while others to be far apart. The density of sensor
nodes is not uniform so some areae not coveredby the sensor nodeshich are
commonly known as coverage h¢& 30, 56]. A coverage hole that exssin WSN
environmentis very importantand must beaddressedo increasethe QoS and
accuracy[57]. Therefore, the problem of coverage hole can be ddiyencreasing

the density of static sensor nodes or the sensitivityesémsor nodegdutonomous

mobile obotassisted sensor deploymeoan be used in random deployment

strategy.Fletcher et al[52] used bare robots to improve the coverage area of an
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exising random WSN by transferring redundant sensor nodes to report the coverage
hole positions.However, the former choice implies a higher cast. alternative
approach is bgmploying mobilenodes in the network. The mobile sensor nodes can
be used to minime the coverage hole after the initial sensor deploynj@nb1l].

Asim et al.[54] stated thamobile sensor nodes can be usecaaslternative to
minimize the coverage holes in the network of random deployméabile sensors

are usall as they can move tthe location that meetsthe sensing coverage
requirement. The authors proposed a novel sensor relocation scheme where

redundant mobile nodes are movedrninimize coverage holes in the network.

2.3.20verlapping

A WSN environmentmay consist of hundreds to thousands of sensor nelieh
weredeployed randomly. Due to tmandom deployment, it isommon that tharea
coveredby the sensornodes may overlap with each other even if the nodes are
uniformly distributed The overlapping or redundant sensing of coverage will waste
the sensing capability, the number of senmsmesand alsahe sensor nodesnergy.
Figure 24 shows the intersedbn of sensing rangeof two sensor nodes. The
interseding area is called raoverlapping area. Redundant sensor nodes will sense
the same target point, so in this case, both sensors will consumerikegyy for
ranging and sensing arichnsmit the information tthe base statio This not only
wasteshe energy but alsimcreasehe number of node®quired This probém can

be overcome by tecating the sensor nodes if thee areoverlapping areausing

mobile sensor nodgs].
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Figure 24: Overlapping between Two Nodes

Coverage is the major consideration in WSN environraserit affects the quality of
service of a WSN applicatiorin random deployment, the coveragethe prior
considerationbecause of the randomlacement of sensor nodes will affect the
coverage area and performance. The afséhe mobilesensor nodecan help to
minimize the problemoccuring in random deployment scheme. Many researchers
used mobile sensor nodein order to overcomethis problen. Mateska and
Gavrilovska[50] proposed aralgorithm for reorganization of the mobile sensor
nodes positions, after the initial random placement, in order to improve the network
coverage and the connectiviknown asC2 aporithm The algorithm initially
organizes the network in a clustered topology, assuming hexagonal grid structure.
The algorithm chooses the optimal nodes to perform the movements, maintaining the
connectivity between the sensor nodes and minimizing the energyhthaodes
consume for their movement. The simulation results show the benefits of the
proposed algorithm implementation for coverage and connectivity improvement in a

homogeneous WSN.

Aziz et al.[58] proposd a newalgorithm to optimize sensor coverage udiagticle
Swarm Optimization (PSO) and Voronoi diagraffhe proposed algorithm used the
PSO to find theoptimal deploymentand providethe best coveragareawhile the
fitness of the solution is evaluated using the Voronoi diagiidra.simulatiorresult
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showsthat the proposealgorithm achieves a good coverage with a better time
efficiency.Fan and Jif8] statedthatthe full coverage area is not guarasteee to
randomdeployment resulting in accumulatiomnd redundanbf sensornodes at
certainareaof the sensing field while leavingtherarea witha coverage holeThe
authos stated thatd overcome the problem of coverage hpliéscould either
increase the numbef static nodes or increase teensing rangsensitivity of the
sensomodes.Increasing statiocodesis not the besbptionas itimplies a higher cost
andexcessive radio interferenc&n alternative approach to address the problem is

to employ mobile nodes deploymente.g. nodes mounted aatonomousobots

Wang and Tsen¢59 implemented the solution afode placement problenthat
consider both the binary and probabilistic sensing modéis solution alscallows
an arbitrary relationship between the communicatiastadce and the sensing
distance of sensarodes. The authors propodéwvo schemes which are competition
based scheme and a pattbased scheme. The competitibased scheme allows
mobile sensonodes to bid for their closest locations, while the patieased scheme
allows sensonodes to determinethe target locations on their own. Both scheme
proposed are very édfent in terns of number of sesor used.The studyprovel that
the coverage problem in random deployment need to consider a few pasaueter
as sensing range, type of nodes and mobility of the moaeder to achieve the
requirement of the coverage performanée an alternative to minimizg the
coverage hole and sensing overlapping in random deployment, mobilesseiilsor
be usedbecase it has the locomotion capabilities witte ability to seHdeploy and

self-repair.
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2.4 Connectivity

In a multthop sensor network, communicatibatween sensarodes are linked by a
wireless medium such as radio, infrared, or optical mefdlé]. After collecting
information from the environment, sensurdes need to transmihe aggregated data
to the base station. Connectivity betwesmsomodes are important to ensure that
every sensor node can communicate with the base sf@hrConnectvity affects
the robustness and achievable throughputarhmunication in a sensor network
[61]. Due to the multhop communication of WSNs, a network is said to be fully
connected if every pair of nodes can communicate with each PBEr either

directly or via intermediate relay nodes.

A network of sensors is considered to be connected only if there is at least one path
between each pair of nodes in the netw@&@%. Figure2.5 shows the connectivity
between nodes in muliop communication to the base station. This is only possible

if there is a path from each node to that kstaéon.According to[63], connectivity
depends primarily on the existence of paths and affected by changes in topology due
to mobility, the failure 6nodes, and attacks that cause by loss of links, the isolation
of nodes, the partitioning of the network, the upgrading of paths amaitieg. Due

to the large number of sensoodes in a WSN, the total cost could be high for the
whole networkgeventhe cost of each individual sensnodeis low. Therefore, it is
important to find the minimum number of nodes required for a WSN to actiieve

connectivity while optimizinghe coverage at the same time
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Figure 25: Connectivitybetween Nodes tihe Base StationNode 1 and 2re Not
Connected.

2.5 Relationship betweenCoverage and Comectivity Sensing Model

Since theWSN goal is to sense and monitor the phenomertiain the ROI, the
measure of sensing coverage is impartdihe sensing ability within the sensing area
is always assunteas deterministic where every point withthe sensor range can be

sensed byther sensors.

2.5.1Disk SensingModel- Coverage

The most commonly usedpproach to model aensor coverage model is a disk
sensingmodel[64]. All points within a disk centredat a sersor are considered to be
covered by the sensokny point within the are@n a disk sensing nuelis assumed

to be sense by the node. Generally, the sensors are assumed to have the same range.
Each sensor nodean only detect an object or phenomena in a limibédsensing

rangeRs. Any object within the disk of radiusr sensing rangdis, centeris reliably

detected by itWang [65], stated that the coverage function of the disk coverage
model is given by

ph QQiky 'Y
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whered(s, 2 is the Euclidean distance between a sessord a space poizf and

the constanRs>0 known assensing rangeA disk or sensing disk modil asshown

in Figure 2.6 wherethe centeris the sensonode s with the radius of the sensing
range,Rs. The disk coverage model is an omnidirectional coverage model. All space
points within a disk areoveredby this sensorOn theother hand, all space points
outside a disk are not covered by this sensor. The sensing Rnge,used to

characterize theensing capability of a sensor.

Figure 26: Disk Coverage Model

The coverage modeheasurs the sensing capability anguality by capturing the
geometric relation between a space point and semsdes. In almost all cases, a
sensorcoverage model can be formulated as a function of the Euclidean distances
between a space point and sensodes [65]. According to[66, 67], a sensonode
placed ata location point Gho can cover a location pointwfw , if the

Euclidean distance between these two points is

oy ® O Y 2 (2.2)

where, Rs is the sensing range of the sen§Vang[65] alsointroduce the concept of

coverage function in the context of a tdimnensional plane. The author consgigr
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space point, and a set of sensapdes, S= {} and use afwo. Qoo 1 to
denote the Euclidean distance between a ses@mod a space point, and in the two

dimensional space
daw & © O (2.3)
where who and who are the Cartesian coordinates of the semssand the

spacepointz

2.5.2Disk Sensing Model Connectivity

Similar to the sesing range, as shown in Figur&.2two sensorsX andY, are able

to communicate with each other if the sensor falls within the communication range,
R, of the other sensonode Two sensor nodes at thistance ofR; or less can
communicate reliably. In addition, a coverage implies a connectivity which the
sensing range is at least twice the sensing rf2gjel8]. The theoem and proof of
condition whichcoverage implies connectivity are as stated below:

Theorem:

The condition that communication range iseatst twice of the sensing range is both

necessary range to ensure that coverage implies connectivity.

Proof:

The condition to ensure the connectivity vgive the full coverage is

RCPRs
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The coverage does not imply connectivity RE>2R; but coverageguarantees

connectivity ifR-C2R.

Figure2.7illustratedthe scenario oR. O2RandR.<2R..

Figure 27: Disk Based Sensing Model

Figure 2.7, shows that A, B and C are sensor nodes with a sensing raieand
communication rangeaR.. Sensor node B and C are connected since the distance
between nod® andC is less tharRR,. Wang et al[24] proved that theCoverage
Connectivity ProtocolQCP) also does not guarantee connectivity when the ratio of
the communication range to the sensing range is les2fRaRefer to theR. O 2 R

the sensor nodé andC is said not to beonnected.

Apart from coverage, connectivity is also one of the matrices to measure the quality
of service in a WSNConnectivity is important to transmit the information from the
coverage area to the base station. Connection failure afféct the WSN
performanceAsim et al.[54] describe failures in sensor networkse common and

can beaddressedy using redundant nodes in the netwoBy moving mobile

redundant nodes or activiag any sleeping redundant nade the groupcan be the
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alternativeto overcome the failure of sensmondes Sensor nodes failure may cause
connectivity loss and network partitioninghe authos claimed thatthis situation

can besolvel by injecting a few mobile nodes in the netwarkich canbe moved to
desired locations and repair brokegtwork or using reduraht nodes in the network

to minimize the connectionfailures. Due to the cost of the sensors, deployiag t
many redundant sensor nodes is not practical. This prdibdevever,can be solved

by optimizingthe minimum number of nodes. In additidime positios of the sensor
nodes need to be well plaed to make sure every sensor node is connected and

reactableto the base station.

2.6 Node PlacemeniTechnique

The node deployment strategy decides what tygen$omnode is needed and where
it shoul d be deployed i n order to achi
requirement$68]. The placement of sensor nodes will affect the numerous network
performances metric such as coverage, connectitienergy consumptiofil9].
Ghosh and Da$26] stated that coverage and connectivity are two fundamental
factors iNWSN andareconsidered as a metric of interést targeting angroviding

a better QoS in WSN applicatiorsiea coverage and connectivity in wireless sensor
networks ardothrelatedto metric performancen WSN. Connectivity and coverage
problems are caused by tlmited communication and sensing range.solve both
problems the solution lays in how the sensors are positiaitbédrespect to each
other [69]. Table 2.1 summarizedthe performance metricof coverage and

connectivity studied by researcker

31



Table 2.1: Relate@&udiedon Coverage and @nectivityin Node Pacement

Method/ Technique Description Authors
1 Optimal 3D Grid | § thedevice deployment plays a key rq
Deployment (O3D)| in the performance of any largeale
in a forestry space that consiq [70, 71]
several fundamental factors such
coverage and connectivity.
Mobile sensor proposed a mobile sensor assisted
assisted network network architecture with an optimal [72]
architecture algorithm for calculating the coverag
contributions in node placement
Sensors enhancingcoverageis important for
deployment sensor networks to provide continug
enhancement by sensing services.
mobile robot addressedhe problem of redeployin
sensors in a target field to maximi
the sensing coverage. [22]
designed an approach to reloc
sensors from densely deployed ar
(redundant sensors) to spars
deployed areas where coverage hc
are present based on mobil®ob
Grid-based sensdg § analyzes several sensor deployme
networks and computes their efficientoverage (69
areasandtheir efficientcoveragearea
ratios
Movement the coverage problem is heav
strategies innode dependent on the coverage model
placement individual sensor and the locations
the deployed sensor nodes [73]
network coverage is an importa
performance metric for varioy
applications in WSNs

When the sensor nodes are placed in a large area, it is not realistic and impossible to
place them all at predetermined or deterministic positions. Instead, random
deploymentis needed.In the randomly deployment the coverage and the

connectivity requirements cannot be guaranteed since it is impossible to configure
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the exact location of each sensor. Thus the random deployment mayrrésying

the coverage hole, overlapping as wsllim connected or disconnected nof&d.
Recently, mobilityof sensor nodebBas been introduced for improvimgverage in

WSN. Each sensor is attachedatocertainmobile platform, e.gautonomousobot,

and obtainghe ability to geograpbally relocate[52]. Mobile sensor nodes can be
used to overcome #hproblem[54]. In random node deploymentobility of the

sensor nodes may impaah the overall performance of coverage and connectivity.
Another way to improve network coveragad connectivityis to leverage mobile
sensor nodeg72, 73]. The sensor nodes can be moved towards the positions that
have poor coverage or towards the disconnected aressleMsensor networks are

very useful insituations where deterministic deployment mechanisms fail or not
suitable, for example, a hostile environment where sensors cannot be manually
deployed or akdropped[22]. Due to the limited energyapacity sensing range and
communication range,hé sensr nodes need to be well plannéd organize
themselves into a multiop network.After the initial random deployment these

mobile sensors setfeployto achieve anmproved coverage over the RQVireless

sensor networks need to meet these requirements of coverage and connectivity. To
ensure the connectivity, the sensors need to be placed close enough to each other so
that they are within the camunication range. Orthe other hand, in order to
maxmize the coverage, the sensors need to be placed not too close to each other so
that the sensing capability of the network is fully utilized and at the same time not
too far from each other to preventridmation of coverage holes. In random
distribution of sensornodes, moredeployedsensor nodes will resulb a better
coverage of ROI but this is very costly. Thus, the sensor nodes optimization

neeckd to minimize the number of nodes in order to reduce the networkrctse
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termsof coverage and conngty [74]. There are different strategi¢isat can be
used for optimizing the coverage in WSthich are categorized intéour groups:
force based30, 32, 34, 74, 75|, grid base [30], computational geometry80, 58] or
hybrid techniqug35, 37, 58, 76]. Figure 28 summarized the approach used in each
of the coverage strategy.

~ Coverage |

strategy in
WSN

I ) . | [ Computational | -
‘ Force based Grid based [ Geomatry | Hybrid
I PR | 1 1 1
Square
grid

- ~

Triangular
lattice

1 i
Hexagonal
grid

FSA-
PSO

IPO-
VFA

Voronoi

L
Delaunay = | PSO
diagram

triangulation | | VFA

{VFA ‘

Figure 28: Coverage Strategy in WSN

Force based deployment stragsgyrely on the sensors mobility. The sensor nodes are
forced to move away or towards each othesing virtual repulsive and attractive
forces to achieve a ull coverage. The sensamodes will keep moving until
equilibrium state is achievedhere repulsive and attractive forces are equal thus
they end up cancelling each othafirtual forcebased apmach is a popular
approach fonode deployment. In virtual fordeased approach, the sensodes, the
obstacles andnhe preferential areas are mdddlas points subject to attractive or
repulsive force among them. By setting a threshold of the desstthcedetween
sensors, each sensor moves in accordance witbuthenation of the force vectors

and eventually a uniforrdeployment is achieve@®6].
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Grid based strategy divides the target field into grids. Grid pangsused to
measurecoverageand to determine sensors positioms WSN deploymentGrid
points can also be used in predetermine deploymetitod. There are three types of
grids commonlyused in networkinge. triangular lattice, square grid ahéxagonal

grid. The coveragés measured as the ratio of grid points covered to total number of
grid points in the ROJ31]. The accuracy othe estimation is determined by the size

of each grid. The smaller the size of grid the more accurate the estimation is.
According to[77], grid-based sensor networks divedée ROI into square grids and

the sensors can only be placedha centreof the squareThe sizeof grid depends

on how dense the WSN environmesat

Computational geometry is frequently used in WSN coverage optimizafiosn
most commonly used computational geometry approach are Voronoi diagram and
Delaunay triangulatiof30]. Wang et al[55 used Voronoi diagram ienhancing
WSN coverage using sensor nodes mobilitye Voronoi diagram of the network is
constructed baseon the sensor nodes positiondsing the Voronoi diagram,
decision carbe made if thesensor nodes need be repositiored or to stay The
protocok of VECtor-basedalgorithm EC), VORonorbased algorithm\(OR) and
Minimax algorithmaresuggestedn [55] stared with theinitial random deployment
of the sensonodes. According to VECtor-basedalgorithm {VEC), a sensor node
that fully coverdts Voronoi polygon will exert expulsioforce to pwsh its neighbor
away to improve theoveragearea The proposeORonotbased algorithm\(OR)

is usedto coverthe coveragéoles by moving thesensorodestowards its local
maximumbholes which is located at ifarthest Voronoi vertex. In the last algorithm
Minimax algorithm is usedo reducethe coverage holby movingthe sensomodes

towardsthe farthest Voronoi vertex but not as far as VOR algorithie VVoronoi
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diagram and Delaay triangulation are used to estimate the worst and bestocase
coveragecalculation[78]. This work focuses in finding the maxium breach path
(worst casecoverage)and maximum support path (best case coveraigee work
proved that a maximum brdapath must lie on the edges\adronoi diagram while
maximum support path with a highest coverage lie on the edges of Delaunay
triangulation The approaches can be used in incremental deployment in order to
improve the coverageith the best placdeploymenbf additional sensor nodeEhe

worst and best case coverage control algoritine also used if79]. The authors
describé a model of coverage issuasd desigad the coverage control algorithm
based orthe Voronoi diagram and Delaunagangulation Delaunay tiangulation is

also used i80] whichfocused on hw to add additional sensapdes after an initial
random deploymento increase the coverage arg8l] have proposed a new
measurement schentmsed on Blaunay triangulatianThe schemegives detailed
informationabout the areasnd distancéetween sensarodes Fat, healthy and thin
sensomodes were usedo show the dense, optimal and scattered aré@asever, the
computational geometry approaches are complicated where the methods are

controlled by the number of sensor nodes (sites) and the algorithrf3gked

In force based deployment strategyy placing a threshold of the desired distance
between sensor nodes, each sensor node move in accordance with the summation of
the force vectorand eventually a uniform deployment is achieveidferent from

the computational genetry approach, virtual force driven algorithm do not move
senso to a predefined position isome grids or polygon but relies on the interaction
between the sensor nodé?]. Therefore this thesis usethe force based approach

to relocate the sensor nodes in order to overcome and minimize the coverage and

connectivity problems such as coverage hole, overlapping and connectivity failure.
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The goal of an optimal sensor deployment straisgy have a globally connected

network while optimizing coverage at the same time.

2.6.1Virtual Force Algorith m

Virtual Force Algorithm (VFA) uses a forceirected approach to achieve a
redeployment of sensolodesafter an initial random deploymef82, 33, 75]. In the

VFA, each sensarodebehaves as a source of force for all other semsodes within

its communication range. The VFA approach will exert force between the nodes
either byattractive or repulsivéorce When two nodes are close enough, the force is
in repulsiveforce which intent to separate them but when two nodes are far from
each other, the force becomeattive which draws them closgf4]. The repulsive
force can minimize the redundant coverage or overlapping while the attrafiinee

can eliminate the coverage holes. THerce exerted on nodé by nodej in the

network (denoted b ;) as the equation below:

w Oy ©O | j oy ©O
) T nQ, 0O (24)
" ©Orh 5 NQ; O

whereD;j is the Euclidean distandetween sensor nodendj, Dy is the threshold
on the distance betweémndj, U; is the orientation (angle) of a line segment fiom
andj. W, andW; representethe measures of attractive and repulsive foréggure

29 llustrates how VFA algorithm is used fsensoideployment.
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Figure 29: Sensor @ployment with Virtual Force Algorithm

The coverage provided by a random deploynemt be improved using a force
directed algorithmzZou and Chakrabartyd2] proposé VFA as a sensor deployment
strategy after an initial randodeploymentof sensomodes and the VFA algorithm
attemptsto maximizethe sensor field coverag@&hey also proposedthe VFA as a
sensor deployment strategy to enhance togerage after an il random
placement of sensor nodes[BB]. Garetto et al[83] proposed a schentesed on
virtual forces, whichallow nodes to caadlinate their movements withotte need of
any central controlledistributed algorithm for seffleployment and eveiltased

relocation in mobile netorks
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Chen et al[74] studiedon the deficiencies of the VFA. The authéound that the
original VFA encounter the problem of effective distance of acting force and useless
motion. Two effective improvement oVFA have been proposetmproved VFA
and Exponential VK to improve the original VFA algorithm by setting the
maximum boundary coordinates, introducing the effective comratioic distance
and constrainingnaximum step size. Most of the researshesed the VFA strategy
to solve only the coverage problem whishto overcome t coverage holand
overlappingproblem but the connectivity problem is not conseden the original
VFA. Yang et al[84] useda Virtual Force based DeploymeBnhanced Agorithm
(VFDEA) as a hybrid technique tvoid overlapping, coverageles and partition.
Li et al. [34] hasproposed an Extended Virtual ForBased(EVFA) approach in
order to overcome the problem of connectivity in the original VIHAe simulation
result from the Extended Virtual For8ased approach showsatter performance
in coverage rate, distance umifity, and connectivity uniformity thathe earlier

VFA. Summary of VFA approach from the researslaelisted in Table 2.

Table 22: Summary of VFBasedApproach

Technique Description Authors

1 VFA is usedn four performance criteria namely
i) coverage
i) connectivity
iif) energy consumption
iv) fault tolerance

[73]

Virtual Force
Algorithm
(VFA)

1 proposed a VFA as a sensor deployment stratg
after an initial random placement of sensors
the VFA algorithm attempts to maximize t [32]
sensor field coverage.

9 basedon virtual forces, which allow nodes
coordinate their movements without the neeg (83
any central controller.

9 distributed algorithm for selleployment ang
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eventbased relocation in mobile networks
1 studied the deficiencies of VFA and the auth
Improved VFA | proposed two effective improvemetd improve
and the original VFA algorithm. [74]
Exponential i) Improved VFA
VFA i) Exponential VFA
Virtual Force
Based
Deployment |  used toavoid overlapping, coverage holes g
Enhanced partition. [84]
Algorithm
(VFDEA)
Extended
Virtual Force 1 used to overcome the pieln connectivity in the
Based original VFA (34
Algorithm 9
(EVFA)

Table 23 summarizes the techniques usedcoverage performance in WSN using

the VFA approach.

Table 23: VFA ApproacHor Coverage Performance in WSN

Technique Description Reference

: : 1 VFA attempt to
Virtual Force Algorithm maximize the coveragg [32, 89
(VFA) area
Virtual Foree and 1 optimize the coverage
Individual Particle performance [35]
Optimization (VFIPO)
Improved VFA and 1 improve theoriginal [74]
Exponential VFA VFA

Dirafzoon et al[35] used the VFA and a hybrid algorithm to attempt a maximize

coverage area without consider the requirement of connectivity in a placement of

sensor nodes. The Improved VFA and Exponential VFA have improved the original

VFA in some extent but there are stiit improving acontinuous connectivitf74].

40



Table 24 summarizes theVFA approaches that considghe connectivity
requirement in WSN. Li et al34] have proposed an improvement of force model to
overcome a discontinuous connectivity in the original VFAang et al.[84]
proposed a VFDEA tolgain better behavior in hybrid sensor deployment that

consider the coverage and connectivity problem in the original VFA.

Table 24: VFA ApproacHor Connectivity Requirement in WSN

Technique Description Reference

i Overcome the
Extended VFAEVFA) connectivity problem [34]
in the original VFA

1 The algorithm used to
obtain better behavior
in hybrid sensor
network in term of
overlapping, coverage
hole and connectivity

Virtual ForceBased
Deployment Enhanced
Algorithm (VFDEA)

[84]

Both techniques assign a threshold distance value in a force mocbdate the
position of sensor nodes after the initial deployment. However, the placement of
sensor nodes can be optimized based on the threshold distance value that meets the

requirement of coverage and connectivity.

To optimize the sensor nodeployment in WSNs, this thesislgts theEVFA to

find the optimal node placement. The algorithm considered the connectivity
requirement in order to solve the problem of coverage and conneativihdom
deployment The EVFA approachused aequilateral triangle grid (hexagonal
placement structure}o implement the ideal deployment patterfihe ideal
deployment pattern has a smallest overlapping and no coverage hole exists for a full

coverage area in the sensor netwptB]. In the ideal deploymenti et al. [34]
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proposed an ideal threshold distan€r,, between sensor node and its nearest

neighbor ag/lo Rs, where R is the sensing range of the sensor noblee sensor
nodes relocate to the required placement usingFA using a repulsive and
attractive force. If the position of two sensor nodes are placed closer than the
threshold distangeDy, repulsive forces are exerted. Attractive forces are exerted if
the position of two sensor nodes are farther apart thathtdehold distancé®y, as

shown in Figure 4.0. The distance between node 1 and node EBignre 210(a) is

more than threshold distanc@P can be calculated usirigquation (24) to attract
the position sensor nodes. In Figurdd@®b), the sensor nod& is located in
quadrilateralof sensor nodes, 2, 3and4, sothe exerted force is equal to O in this

deployment.

|
threshold distel@ 1 /
(@)

(b)
Figure 210: Threshold Distance ikxtendedVirtual Force Algorithm

2.6.2Hybrid Coverage Strategy

Hybrid technique in node placement has been used to improve the coverage
performance in WSN applicationsSome authors adapted the VFA with the

optimization algorithm as a hybrid technique in node placeralgotrithm Song et

42



al. [43] used a hybrid technigumlledmodified Particle Swarm OptimizatiorPESQO

and Virtual Force Algorithm(VFA) in the proposed algorithnA modified PSO is
proposedo optimize the node density and the VFA is used to adjust the position of
mobile node according to the Qd3ifarzoon et al[35] used a combination o/ FA

and Individual Particle Optimization (IPO) asiavel hybrid deployment algorithm
called VFIPOfor deployment optimization problemof sensing networks. In the
proposed algorithnthe searching of optimakgloyment vectors is adopted from the
IPO approach, while the VFA is used to direct the relocation of individual particle
towards the better positions this novel algorithm, thefiective coverage of the
sensing nodets considered athe fitness functin of deploymentvhich is influence

by the positions and probabilistic detectioange Both algorithms adapted the
original VFA algorithm to relocate the position of sensor nodes in order to optimize

the coverage performance in the hybrid algorithm.

There areother hybrid techniqus in node placemenbased onoptimization
algorithm; Fish Swarm Agorithm (FSA) and Particle Swarm gimization (PSO)
proposed by{37]. The algorithmis able to relocatehe redundant sensor nodes
recoverthe coverage hole area and improved the performance of coveragsiagea
a mobility of sensor nodesThe authos compared theperformance ofhybrid
algorithm with a standard FSA and PSOhe simulatn results show thathe
coverage ratiousing hybrid algorithm is higher compared ESA and PSO
However, the hybridalgorithm proposed by the authomnly consideredthe
placement of sensor nodes tmverage performanc&he connectivity is also a main
issue in W8I that need to emphasisthe node placement algorithm. Both coverage

and connectivity criteria is important in node placement algorithm in order to
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perform the quality and operation in WSN applicatioiigable 25 shows the

summary of hybrid ggroach used in node placement.

Table 25: Summary oHybrid Approachin Node Placement

Technique Description Authors

1 To optimize the node density and to adjust

Modified PSO and position of mobile node according to the Qg [43

VFA

91 The IPO approach is adopted to implem
the searching of optimal deployment vect
while virtual force algorithm is used to dire

Virtual Force
Based Individual

CP)art_ch'e . the relocationof individual particles toward [35)
ptimization the better positions
(VFIPO) P '
Hybrid algorithm 1 The hybrid algorithm can effectively optimiz
the nodes deployment of the sensor netwol
based on theSO i [37]
to improve the coverage of the whole
andPSO
networks

2.7 Metaheuristic Optimization Technique

Metaheuristic optimizatiordeals with optimization problems using metaheuristic
algorithm. Optimization is essentiah differert perspective includingngineering
design economics and Internet routing. An optimization cardéinedassolution

for a minimization or maximization problenThe efficient earch or optimization
algorithms are used to solve the optimization probld86. There are many
optimizatian algorithms which can be classified in many ways, depending on the
focus and characteristicdetaheuristic algorithms are often natumepired, and
they are becoming veryoprerful in solving global optimization problen87].
Modern metaheuristic algorithms inspired by nature are emerging and they become
increasingly populabecause the algorithmistendto search around the current best
solutions and seledhe best candidates oolstions and makes sure the algorithm
can explore the search spaticiently [86, 88].
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2.7.10ptimization Technique in Node Placement

There aresomepopular metaheuristialgorithms for optimization such as Particle
Swarm Optimization (PSO)Genetic Algorithm (GA) Ant Colony Optimization
(ACO), and Cuckoo Sear¢@S) [88]. A number of optimization techniques have
been implemented in WSN node placement sudRS(3[58, 89-92], ACO [85, 9]]
andGA [9396]. Due t o GA 6aptimil placementenreplaying a large
number of sensor node,Tripathi et al. [95] have proposed a hybrid Genetic
Programming (GP) and Genetic Algorithm (GA) for solving the problem in
traditional GA.The nodeplacement was found to be better than random placement
strategyin the GA placement strategyA novel approeh for maximum coverage
areaproposed by94] used avoronoi diagramto divide theregion of irterest into
cells GA is then usedo find bestpositionfor additional mobile nodes to heal the
coverageholes. Zou et al.[85 propcsed an energy efficient coverage control
algorithm with a minimum number of s&r nodes witta less energy consumption
The coveragdoles are very important in WSN and must be covered to increase the
QoS and maxnize the coverage area in WSN applicatidihe mobilenodescan
moveitself to a suitablgositionby calculaing a target locatiomndto minimize the
coverage holgroblem. The ACO technique is adapted in this algorithm useng
static sensor nodwith a location determinatiortapability to extend the sensor
network lifetime. However, as in many WSN applications sensor nodes are
deployed randomly ire large scale area dhe inaccessib terrairs such as in
battlefield or hazardous arehe used of static nodese not suitablewherebythe
sensor nodeannotrelocatatself after the initial deploymerdandcausé the problem

of coverage hole and overlappinmga random deploymentherefore the algorithm

45



should bemprovedfor theimplementation in random deployment usistgtic and

mobile sensor nodes.

A metaherustic algorithm also been used\8N for node clusteringBhondekar et

al. [93] develomd a noc placement algorithm usir@A for node clustering with a
remaining medium and low transmission range as an active node in sensor node
deploymentCSalgorithm is used for cluster head selection and formation of clusters
among the sensor with a combinatmfrparticle approach to achieve energy efficient

in WSN[97]. Therandom walkcharateristicsvia theLevy flights in aCSalgorithm

give more efficiency in exploring the search space for optimal searcHig, his

thesis proposed @S optimization technique teearch an optimal threshold distance
value for optimizing the node placement in WSN based on coverage and
connectivity criteria such as node distance, sensing range and communication range.
Node placement algorithm usi@fs algorithmis construcedto find an optimal node
placement while maintaimg the coverage area and connectivity and to minimize the

coverage hole and overlapping between nadesndom deployment

2.7.2Cuckoo Search

Cuckoo Search (CS) is one of the latest naituspired metaheuristic algorithms,
developed by86, 98] to solvethe optimization problem. This algorithm is inspired

by the obligate brood parasitism of some cuckoo species by laying their eggs in the
nest of other host birds of other speci€sickoos are fascinating birdeecause of

their aggressive reproduction strate§pme species namdshi and Guira lay their

eggs in communal nests, though they may remove others' eggs to increase the
hatching probability of their own eg{86, 98]. Quite a number ofuckoosspecies

engage in the mandatory brood parasitism by laying their eggs in the nests of other
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host bird§98]. The following rules representatiotigat each egg in a nest represents
a solution and a cuckoo egg represent a new soluflemstrategyis to use the new
and potentially better solutions to replace a not so good solution in the nests.
There are three idealized rules used in CS algorithm:
1) Each cuckoo lays one egg at a time and gkits egg in randomly chosen nest
2) The best nests with high quality eggs will carry over to the next generations
3) The numbeof available host nests is fixeshd egg laid by cuckoo is discovered
by the host bird with probabilitiy
Based on these three rules, the basic steps of the CS can be summarized as the

pseudo codshown in Figure?.11.

Cuckoo Search via Ley Flights

begin
Objective functiori(x), x= (x1, ..., XdT
Generate initial population af host nestsi (i=1, 2, ..., )
while (t <MaxGeneration) or (stop criterion)
Get a cuckoo randomly byely flights
evaluate its quality/fitnedsi
Choose a nest amomgsay,j) randomly
if (Fi >Fj),
replacej by the new solution;
end
A fraction fa) of worse nests are abandoned and new ones are built;
Keep the best solutions (or nests with quality solutions);
Rank the solutions and find the current best
end while
Postprocess re#ts and visualization
end

Figure 211: Pseudo Code of the Cuckoo Seafatiopted fronj98])

Yang and Del{98] comparéd the CS with PSOand GA for various standard e
functions and theresult from the simlations and comparison show that CS is
superiorto these existing algorithms for multimodal objectivactions CS is much

more efficient compared witkbA and PSO[98]. The CS algorithm used a less
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number of parameteand it is potentially more generic to adapt widely in
optimization problemsThe studies show thaCS is very promising and could
outperform existing algorithm such as P®Ad GA. In comparison with other
algorithms,CS performs well for almost all test problems. The mechanism of search
move is more stable and balanced comp#odtie simple mechanism used ®$0O
[99]. On the other hand, the performancehaf algrithmic concets of the CSPSO
and Artificial Bee @lony (ABC) have beermanalysedby [100. The various
algorithmshave been compared statistically im@merical optimizatiorof problem
solving Statisticalanalysis indicatethat theproblem solving succes¥ the CSare
betterthan the PSQ10(0. The CS algorithm generated by Levy flighill speed up
the local search with a best solution obtainEaus, he CS algorithm is chosen as
optimization algorithm in this thesis because of #tability and balanak
randomization of local search strategy waksemumber of parameter that give the

algorithm more efficient and good balance.

A node placement algorithm inspirbg theCSalgorithmis implementedo find the
optimal node placement in order to tackle the problems in random deployrhent.
method of repulsive and attractiigused torelocate thegplacemenbf sensor nodes
based on the threshold distance value search by ©&ler to maintain the quity

of coverage and connectivity. diny coveragehole or overlapping exists, the sensor
nodeswill calculatethe movemento minimize or reduce the size of coverage hole

and overlapping
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2.8 Chapter Summary

This chapter focsion the related work in thempe of coverage, connectivity and
node placement in wireless sensor network. Coverage and connectivity is the main
requrement in order to achieve thaaljity of service (Q&) in WSN applicationdn

order to maintain the coverage and connectivity it casdlved by deploying more
sensor nodes but its not a practical and reliable option. In the random deployment
situation, itmay cause the problem of coverage hole and sensing overlapping. Most
researcherconsider thanobility of sensomodes as an alterri@e to overcome the
coverage and connectivity problem in random deploym@&hie sensor nodes
placement in WSN environment gs/an impact to the coverage and connectivity of
the network especially in the random deployment schédime.force based strategy

is used to solve the problem of coverage and connectivity. This strasegly a
virtual repulsive and attractive forcesethodto move away or towards easbnsor

until it fulfill the coverage and connectivity requirement by mirzimg the coverage

hole and sensing overlappirigy using the mobile sensor nodes, the position of the
sensor can be relocatadter the initial random placemenmnt order to improve the
network coverage and the connectivity addition, the position of theensor nodes

need to be well plaredto ensure every sensor node is connected and reach the base

station.
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CHAPTER THREE
METHODOLOGY

3.1Introduction

The goal of thisthesisis to developan algorithm for optimal node placement in
wireless sensor network that consglie requiremsets of coverage and connectivity

in random deployment.This chapter introduceshe methodology used for
constructing an algorithm for optimal node placement planning in WSN. This
chapter descrilzethe combination of Extended Virtual ForBased Algorithm
(EVFA) with Cuckoo Search (CS) algorithto find the optimal solution of node
placement in order to maximize the coverage area, minimize the coverage hole and
overlappingwhile guaranteieg the connectivitylt consist of four phasasamely (i)
problem formulation (i) design,(iii) testing and validation, an@v) analysis and
evaluation.The experiment and evaluation is conducted using a simulation tool to

show the placement of sensor nodes from the algorithm developed in this thesis.

3.2 Problem Formulation Phase

In this phase, the problenof coverage and connectivity in random deployment of
wireless sensor network have been analyzed. The coverage and connectivity are the
main requirememtthatarerelated to the position or placement of thessgmodes in
awireless sensor network environment. In random deployment, the sensor nodes are
randomly deployed in the region of interest where some sensor nodes are deployed
far while some arenear toeach other. Due to random deployment, it cauke
problem of coverage hole, overlapping and connectivity failure. This thesis is
focused on the coverage and connectivity issues in random deploymenarinat

related to the placement of sensor nodes. The optimal node placementdi®hase
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three parameterse sensing range, communication range and threshold distance

value.

In this thesis, a disk sensing model is used to formulate therags and
connectivity model. The disk sensing model is also knowrorasidirectional
coverage modetiue to its natureAny point within the disk area is assumed to be
sensd by the node. Each sensor node can detect an object or phenomena in a limited
range which is called as sensing rarige)Jn homogeneous sensor nodes, the sensing
range ofnodes is assumed to be the sawey object within the disk radiusr

sensing rangeys, is reliably detected by the sensor nodes.

Figure 3.1 A Disk Sensing Model

3.3 Design Phase

The design phase is conducted in a second phase of this thesis. This phase involved
the process of constructing the algorithm to find the optimal node placement in order
to solve the random deployment problem ihe wireless sensor network
environment. Thee are two approaches adeg in conducting the algorithme.,
Extended Virtual ForeBased Agorithm (EVFA) and Cuckoo SearciCS)

algorithm. TheEVFA strategy usga virtual repulsive and attractive forces pattern to
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move the positin of sensor nodes in order fidfil the coverage and connectivity
requiremerd in sensor deploymenCsS algorithm is used to search and select the
best solution of threshold distance for minimizithge coverageand connectivity
problem in node placemernithe combination ofthis algorithmis used in this thesis
to construct a new algorithrnthe algorithm is formulated to find the optimal node
placement, minimizing the problem in random deploymeamd guaranteed

connectivitybased on the best value of threkl distance.

3.3.1Assumption and Limitation

This thesis is conductdzhsed on the following assumption parameters:

a. Deployment . Sensor nodes are deployed in random deployment sc

over open space area and no obstacle against all nodes.
b. Sensor node : The sensor nodes are dynamic homogeneous identical

in terms of sensing and communication range.

c. Communication : The information from the sensor node lbase stations

transferred through the multi hop communication

d. Radio range : Sensingange Rs) and communication rangd is :
R: O 2R;
e. Distance . As shown in Figure 3.2, coverage is notified as a poirg

covered by the sensor node,if their Euclidean distanc
between node is less than the sensing range Rf C(v) is

the sensing circle of the nodeand boundary of the sens
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f. Sensing model

g. Type of sensor

whose radius i&s.

: Disk based sensing model is assumed to have a seading

of Rswhere the object is within the disk raditgcentered is
detected by the sensa@s shown in the Figure 3.2, all poin
within a disk centered at the sensor node are considered
covered by the sensor. Sensing radios sensing rangeR()

can be model as a disk withradius. r disk cover only those

point that fall within it[48].

: A mobile sensor node with limited movement and attache

the autonomous robot. Each autonomous robot can tui
moving direction with a limited speed. The autonom
robot is assumed to have an ability to flip up if it is inve

and deployed in the gion of 100m x 100m during the initi:

deployment phase.

Figure 3.2 Sensing Disk Model
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3.4 Testing and Validation

The algorithm constructed in design phase isthstthis phaseAn experiment was
carried out by simulatinghe WSN environmenwith random node deployment
Simulation is an excellent technique to model and evaluate a complex system
because real systems are too complex to be develSpedlation techniques are the
mod widely used in operations research, management science and network
performance evaluatiofl0]]. In the field of communication network system,
simulation has emerged as a primary research methodology used by many
researchrs. Therefore, in this researcsimulation will be used tstimulate the

random deployment environment

There are many different possible platforms for network simulation suckZAfns

3, MATLAB, OMNeT++, JSim etc. However, matrix laboratory (MATLAB) is
selected as the simulation tool in order to test and validate the proposed algorithm.
MATLAB is a poweful and multipurpose industry standastmulator used for
sensor network simulatipmetwork modelingand complex aerodynamic modeling
[107. MATLAB is a programming environment for algorithm development, data
analysis, visualization, and numerical computation. MATLAB also prewseéeeral

tools such as optimization tooéand network design tool that can give more
advantages in this research. The algorithm used in this research is not too

complicated so MATLAB is chosen as a simulatioal.

The simulation wagxecutedusing MATLAB with the dimensionof 100m x 100m
area of deployment. The total sensor nogssdwasN = 25. The sensor nodes are
assumed to have a sensing rarige= 10m and communication rangg; = 20m

[34]. The sensor nodesere randomly deployedin each simulation scenario, the
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sensor nodes are setdifferentgroups. The number of nodes in each group for each
simulation scenario varie$ nodes, 10 nodes, 15 nodes, 20 nodes and 25 nodes.
Simulation for each group of sensor nodes is carried out five ttmdsstthe
appr oac hos inexdiffeeentscenanoof irandpmdeployment[22]. In a
EVFA approach, the threshold distance value was d46 . Thelo Rsvalue was

been useth the proposedlgorithm agheinitial threshold distance. I6S algorithm
andproposedalgorithm theparameter step size = 0.01 is used as a step size of Levy

flight. Table 31, summarizethe parametsrused in the simulations.

Table 31(a): Simulation Parameter fdExtendedVirtual Force BasedAlgorithm

Parameter Values
Initial threshold distancé)y, Vo R
Sensing rangdis 10m
Communication rangdi. 20m
Number of noded\ 5-25
Sensor deployment areanx ym 100m x 100m

Table 31(b): Simulation Parametefor Cuckoo Search Algorithm

Parameter Values
Initial threshold distancé), Vo R,
Sensing rangdis 10m
Communication rangdi. 20m
Number of nodes\ 5-25
Sensor deployment areanx ym 100m x 100m
Lower boundL, Upper boundy, 100,300
Cuckoo step size 0.01
Maximum iteration 1000
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Table 31(c): Simulation Parametefior EVFCS Algorithm

Parameter Values
Initial threshold distancé)y, Vo R
Sensing rangdis 10m
Communication rangé. 20m
Number of noded\ 10-25
Sensor deployment areanx ym 100m x 100m
Lower boundL,, Upper boundU, 3.0,35
Cuckoo step size 0.01
Maximum iteration 1000

3.5 Analysis and Evaluation

In this phasgethe data from the simulatioresults are analyzed and evaluated. The
parametes in this thesisvereused to measure the efficiency of the EVFA, CS and
EVFCS algorithm. In the simulation, EVFA relocatéhe position of sensor nodes
using a exered force pattern. If the distance between sensor nodes is less than
threshold distance/o Rs, the repulsive frce is used to repulse the position of sensor
nodesby not more tharVio Rs. Otherwise, the attractive force is used to attract the
position of sensor nodes within the optimal distaticeRs. In CS algorithm, the

initial coverage area is set Hw fithess vdue. This algorithms used to searcfor

the maximum coverage area and minimum overlapping in random deployment. The
performance of the proposed algorithm is compared between (i) EVFA and CS and

(i) EVFA andEVFCSin terms of coverage performance and connectivity.

56



3.6 Chapter Summary

This chapter focusesn the research methodology dse conducting thighesis It
consistsof four phass analysis, design, testing and validation, and analysis and
evaluation The optimization algorithm is constructed in the second phase which is in
design phaseThe combination of EVFA and CS algorithm is proposed as a
EVFCS algorithm to find the optimal node placement wiitle best solution of
threshold distance to mininezhe problem of random deployment in WSN. The
testing and validation phase is conducted using a simulation technique. The
performance of propose@VFCS is evaluated wittan EVFA algorithm in term of

coverage area and connectivity.
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CHAPTER FOUR
VIRTUAL FORCE ALGORI THM AND CUCKOO SEARCH
ALGORITHM FOR NODE P LACEMENT

4.1 Introduction

This chaptediscus®sthe simulation result and an analy&s the ExtendedVirtual
ForceBased Algorithm (EVFA) and Cuckoo Searcl{CS) Algorithm for node
placement technique in wireless sannetworks.The simulationwas conducted
usingMATLAB where the simulation scenario is basedamdom deploymenwith
differentgroupsof sensor node®ach consisting different number of nodes,both
node placement technigaué he sensor nodegere randomlydeployed based on the
following formula:
rand*100 4.1)

in the area of 100 x 100 metdhe formula is diffes from the Equation 5.tb avoid
a negative valuen the calculaton of coverage area in the CS experiment. The
negative value Ml influence thecomparison in the experiment between EVFA and
CS in term of coverage performance.
The following metricsvere usedasthe performancevaluationof theEVFA and CS
algorithm:
)] Coverage area

The coverage area is defined asovered aredan a region of interest

Coverage is usually interpreted as how well a senstwork monitos and

coves the area in a region of interest. It can be thought of as a measure of a

QoS in various WSN applications.

58



i) Connectivity
The connectivity igeferedto the probability of sensor nodes in the network
which communicate between nodebased on the distance and
communication rangé€onnectivity can be defined as the ability of the sensor
nodes to reacthe base station within the connected senedes.A network
is said to be fully connecteddfvery node can communicate with each other,

either directly or via intermediate relay nodes

4.2 Extended Virtual Force -BasedAlgorithm
EVFA uses a forcelirected approach to achieve a redeployment of sensor network
after an initial random deployme[®4]. Li et al.[34] proposed &VFA as a sasor
deployment algorithnto maximize the sensor field coverage. Sensor nodes can
move toward the required placement usingtual exerted forces. In thEVFA,
each sensonode actsas a source of forcand exerts either attractive or repulsive
forces for all other sensors within its communication range. The repulsive and
attractive forces of the sensor nodes depend on a threshold difan®&hen two
nodes are close enough, the force is in repulsive pattern which sriteséparate
them but when twoades are far from each other, the force become attractive which
draws them closer. The repulsive pattern can avoid the redundant coverage or
overlapping while the attractive pattern can avoid the coverage holesfoiiee
exerted on nodeby nodg in thenetwork (denoted bl;;) as the equation below:

w O O hy Q@ ©O

T Q@ O 4.2
@O fhf - Qoy O
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whereD;j is the Euclidean distance between sensor naaelj, Dy, is the threshold

on the distance betweémndj, U; is the orientation (angle) of a line segment from
and j. Based on[32], virtual forces allow sensor nodes to coordinate their
movements without the need of any central controller using a distributed algorithm
for selfdeployment and evettased relocation idynamic deployment.

Let any sensos be deployed at pointofo . A sensor is defined bR. for its
communication rangend R for its sensing range. For any poRtat  fto |, the

Euclidean distance betwesrandP define asQi ) , i.e.

QI Ao O O (4.3)

~

The point P is covered by the sens& if Qi i) Y. @i I denotethe

coverage of the point o , by the senscs:

. pQOIR Y
et < 1 T

(4.4)

Figure 4.1: Coverage of the Target Point

In Figure4.l1, s refers to the sensor node with a sensing raRgeA point P is the
target point andf i Y , a pointP is covered by sensarotherwise the point

is not covered by the sensor.
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Figure 4.2: Sensing Overlapping

Let the detection region (sensing area) between sensor nadé® andj © o
area oerlapped as shown irigure4.2 The Euclidian distance between the sensor

nodes andj defined as:
Op W W o (4.5)

ifOop, o W W O is said as covered and connected between

two nodes andj.

WhenOp O the computation foattractive force exerted onby j is as follows:
08y Op O hl j (4.6)
The maximum distance between nodes néethe identified so that the sensor nodes

will not attract the furthest sensor nodes which results in high energy consumption.

WhenO O , the computation farepulsive force exertedni by | is as follows:

oY i —ﬁﬁ oo (4.7)
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where Oy, is the distance between nodendj and"O8 , is represented as attractive
force and’'O% |, is repulsive forceAs the result of the forces exerted ipthe new

location caduee of i can be expressed as follows:

e ® X O0OME G © X O (4.8)

The parameters used in this algorithm are ligtethble4.1.

Table4.1: Parameter of Extended Virtual Ford&asedAlgorithm

Parameter Description
N total number of sensor nodes
Rs sensing range a&fensor nodes
Re communication range of sensor nodes
D initial value of threshold distancio Rs
Acover area covered by the sensor nodes
Aoyl overlapping area
Anole coverage hole area
Di; distance between sensor nodes
Fij exerted on nodeby nodej in the network
oY j repulsive force
08 attractive force

The algorithm to relocate the sensor nodes USMBA is shown as in Algorithm 1.
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Algorithm 1 : The Extended Virtual Force-Based Algorithm

Step 1.Initialization:
Identify parameterlN, R, R;, Dy, Xm, ym
Generate deployment of sensor nodes randomly
Step 2. Calculation:
Calculate matrix of relative distance
Calculate the distance between neighbour
Oy, O 07 ® W
Plot the initial distribution omandom deployment
Calculate the overlapping are&gvl
Calculate the coverage aréaover
Calculate the coverage hole arAhple
Step 3.Iteration
for x=1:1:N

2

Calculate matrix of relative distance

Calculate thalistance between neighbour
Calculate the relative distance from neighbour
Set initial position of sensor nodes

fori=1:1:n
G QM
G Q)
Execute virtual force algorithm :
Condition 1:
QQ;, 0O
o8 5 Op O h j
end if
Condition 2:
QQ, ©
OX —ﬁﬁ ool
end if
Condition 3:
QQ;, 0O
G m
end if

Update the new position
AOYQ OYQ @ M
end for
end for
Repeat Step 3 until the maximum iteration
Step 4:Plot the final distribution

Calculate the overlapping area after relocation of sensor nadels,
Calculate the coverage area after relocation of sensor riscteger
Calculate the coverage hole area after relocation of sensor Adubds,
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Figure4.3 shows each sensor node is driven to repulse if there are overlapping area
or the position between nodes are placed closer than threshold distance and if the
sensor nodessilocated far from other sensor nodes, the force become attractive to

attract the sensor closer to each other.

threshold distanc®y,

/
/

»
repulsive forceFR~3

Figure 4.3: Attractive and Repulsivieorce in EVFA

When the algorithm terminatabe sensor nodeserelocate based on the threshold

distance valué/io Ry as shown irFigure4.4.

Figure 4.4: Relocation of Sensor Nodes using EVFA
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The performance othe EVFA was analysedin terms of coverage areand
connectivity after sensor nodes were deployed randomabing a repulsive and
attractive patterriThe threshold distance value wset tollo Rswhereit is assumed
as the ideal distancebetweensensor nodes ithe WSN environmen{34]. Figure
4.5a) and Figure &(b) shows he EVFA approachn random deployment using 25
nodes in area of 100m x 100nfkigure 45(a) illustrates the initial random
deployment and theelocation of sensor nodés shown inFigure4.5(b). In EVFA,
the metric performance of coverage and connectivity are evaluateglthe initial

random deployment and performance after the relocation of sensor nodes.
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(a) Initial Random Deployment
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y (m)

(b) Relocation usingVFA

Figure 45: Node Beploymentcenario usingeVFA Approach

4.2.1Coveragearea

Thecoverageareais defined as on hothe region of interess covered by a number
of sensor nodewhere thecoverage area is related to the sensing perforenand
measurement of qualitservices in WSNenvironmentEVFA approach is proposed
to maximize the coverage ar@ad in addition to minimize the coverage hole and
overlapping areal he coverage performance®BVFA approach is analysed after the
relocation of sensor nodes due to the random deployimetitis thesis, the covered
area of eaclsensor nodes is defined as a disk area with sensing Rngée value

of coverage area tefinedas

0 =— (49)
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where Acoves is the area covered by the sensor ndgdésis thetotal number of
sensor nodesA is the total area of region of interest (ROTpable 4.2 shows the
results of coverage arassing EVFA approach in5 replication of simulton rurs

with a differentnumber of sensor nodes.

Table 42: Results of GverageArea inEVFA Approach

Coveragerea (M)

Run Number of nodes
5 10 15 20 25
1 1325.1 2895.9 4098.2 4870.6 5643.0
2 1386.5 2711.7 4221.0 5054.8 5642.9
3 1325.1 2895.9 3606.9 4256.4 5581.5
4 1386.5 3018.8 39754 5054.8 5888.6
5 1448.0 2957.3 3791.1 4440.6 5513.7

Average 1374.2 28959 39385 47354 5653.9

Several number of sensor nodes were considered throughout the simulation to get the
average result. The simulation is conducted using various number of sedsor5

nodes, 10 nodes, 15 nodes, 20 nodes and 25 nodes. The average of coverage area for
each number of sensor nodes is showrFigure 46. The figureshows that the
coverage arehas increasedraduallywhen the number of sensor nodesre varied

from 5 nodes to 25 nodes.

67



Average of coverage area in EVFA

4000
2000 m Coverage area
<
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Figure 4.6: Averageof CoverageAreain EVFA

In random deploymentt is possible that the overlapping area increasgeile the
coverage hole area isinimizeddue to the increment number of sensor nodesen th
region of interestas depictedin Figure 4.7. Figure 47(c) and Figure #(d) show
someoverlappingareasof sensor nodePue to random deployment,dbuld cause
some of the sensors being deployed too close to eachanitheensed the same area.
In this situation, the seor nodeswere not fully utilized to cover the region of
interest. In order to overcome the problem in random deploymentEWhe
approachwasimplemented taelocatethe position of sensor nodes after the initial
random deployment. Thedoverage area cdre maximizd while theoverlapping and

coverage hole aragereminimized after the relocation of sensor nodessngEVFA.
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Table 43(a): Result ofinitial RandomDeployment andEVFA for 20Nodes.

Number of nodes

20
Run Random deployment EVFA
Coverage . Coverage Coverage . Coverage
Area Ove(rrlnazg))pmg hole Area Ove(rrlnazg)plng hole
(m°) (m°) (m’) (m?)

2347.3 3935.9 7652.7 4870.6 1965.4 5129.4

2737.8 3545.4 7262.2 5054.8 1719.7 4945.2

3666.4 2616.7 6333.6 4256.4 1351.2 5743.6

3686.1 2597.1 6313.9 5054.8 1351.2 4945.2

a| |l w | DN|PF

3270.4 1712.8 6729.6 4440.6 1167.0 5559.4

Table 43(b): Result ofinitial RandomDeployment an&VFA for 25Nodes.

Number of nodes

25
Run Random deployment EVFA
Coverage Overlapping Coverage Coverage Overlapping Coverage
Area (m) hoI2e Areza (m) holze
2

(m°) (m°) (m°) (m)
1 3506.7 4347.3 6493.3 5643.0 2219.0 4357.0
2 3714.1 4139.9 6285.9 5642.9 1904.0 4357.1
3 4944.2 2909.8 5055.8 5581.5 2026.8 4418.5
4 3959.6 3894 .4 6040.4 5888.6 1965.4 41114
5 4433.4 3420.6 5566.6 5513.7 1781.1 4486.3

Table 43(a) and Table 43(b) show the resuls of initial random deployment and
EVFA approachusing 20 and 25 nodeBoth tablesshow the comparsonsof the
coverage area, overlapping and coverage Fmianitial random deployment and

EVFA for five replication of simulation runs. EVFA shows he increment of
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coverage area compared to random deployment. For example frosmthlation

run #1 in Table 43(b) the coverage area thatas coveral by the sensor nodes is
3506.#n° in the initial random deploymentvhen theEVFA is applied the coverage
area is 583.0m” wherethere are21.36% more area covered by the seor nodes.
The overlapping area for initial random deployment in simulation run #1 is more
than the overlapping area irEVFA. This is due tomore intersection of node
stacking in initialrandom deployment comparedBYFA. The overlapping area will
give an impact to the coverage aezal also the coverage hole ar€he simulation
result inTable4.3(a) and Table &(b) showthe simultaneouselationship between
coverage areaverlapping area and coverage hole afée coverage hole area will
increase due to theigher areaf overlapping area but will give an impact to the
decremenbf the coverage aredn this situation, th&eVFA approach wasised to
relocate the sensarodes positiosi in orderto maximize the coverage area while
minimizing the overlapping and coverage hole arEe repulsive and attractive
force patternwas used in EVFA to repulse ath attra¢ the position of nodes
dependingon the distance between thensor nodes. When the distance is less than
threshold distance, the repulsive force pattern belused to repethe position of
sensor nodes to a new position which is not more than the threshold diasance
shown inFigure 47. The attractive force pattern wased to attract the position of
sensor nodes if thdistance between sensor nodes weoee than threshold distance
and not more thathe communication rangeéAfter the relocation of sensor nodes
the coverage areanproved while the overlappingand coverage hole arewaere
decrease as shown inTable 43(a) and Table &(b). Both Table 43(a) and Table
4.3(b) provedthat theEVFA approachwas ableto solve the problem of coverage

area in random deployment-urthermore, EVFA also guaranteedthat the
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improvementof the coverage areahich will eventually minimizethe overlapping

and coveage hole as shown Figure 48.

Results of initial deployment and

2000 -
1000 -

7000
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€
= 5000
:?’ 4000 m Initial random
<} deployment
5 3000 1 = EVFA
3
O

Coverage Area Overlapping Coverage hole

Figure 4.8: Results of GverageArea, Qrerlapping andCoverage tdle Area in
Initial Random [@ploymenand EVFA Approach

4.2.2Connectivity

Figure4.7 illustrates the initial random deployment arf€l/FA approachhased orbd

10, 15 20 and 25 nodegeployed in the ROl af00 x100 metess. Thelines depicted

in the simulation results represdahe connectivity betweea sensor nodand its
neighbouringnodes Based on the results presented in Figure it.can be deduced

that random deployment of more nodes led to more overlapping, coverage hole and
connectivity intersectiongrigure 49 shows the intersection of connectivity in the
initial deployment using 25ensor nodes. Figure 140. shows the resuls after
applyingEVFA to therandom deployment where the overlagpand coverage hole
areawere minimized using the attractive and repulge forces Figure 4.10 also

shows the improvement of connectivity edge where the connectivity intersection

between sensor nodes amware reducedIn certain situation, tven the distance
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between sensor nodes are more ttharthreshold distance/io Rs, therewill be no
exered force neededand will cause theonnection to be losFrom the simulation
results, implementation of distance force in range of threshold distance and
communication range between sensor nodeSMRA guaranteed theonnectivity

and preventt from the node stacking.
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Figure 4.9: Intersection ofConnectivity inRandomDeployment
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Figure 4.10: Improvement of Connectivitydge usingEVFA Approach
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4.3 Cuckoo Search Algorithm

Cuckoo Search(CS) algorithm generated by the Levyight is usedas an
optimization algorithnto search a maximum coverage aireaandom deployment
In this study, he performace of CS algorithm wasanalysed in tersof coverage
area and connectivityn CS algorithm, themetric performanceof coverage and
connectivity wereevaluated based onm@dom deployment of sensor nodes igraup
of sensor nodes foa differert number of iteration. In the simulation run, CS
algorithmwill find the best coverage area for every graumber of sensor nodes in

different number of iteratian

The rules ofCS algorithm in order to search the maximum coverage area in random

deployment are as follows:

a) Therule can be interpreted as a set of solution is randomly generated within

the range of solutions.

b) The CS algorithm will find the maximum coverage axeigh a minimum

overlappingandcomparedt with afitness value.

c) The maximumcoverage area anchinimum overlappingbetween nodes is

identified and will be abandexd if the rule is not fulfilled.

In this algorithm, arN number of sensor nodes are deployed randomiymx ym

area. The number of eggs in nests was identified in a range of lower, hgard

upper boundlJ, where the range value is set to [100,300]. After the deployment of
sensor nodes, the algorithm will calculate the coverage area and set the initial
coverage area as a fitness valbg, The algorithm will find the fitness value rfo

each eggFcovin Nest from the objective functionkop. In Fopj, the sensor nodes are
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randomly deployed and the coverage area and overlapping area are calGiated.
algorithm will randomly generate the new solution using Levy flight within the
boundary ofL, and Uy, values.A fraction of worst nestP, will be removel and
replacel by someothernests by constructing new solutions while keeping the best
solution, Bnes: The new solutions arevaluatedn order to find themaximum value

of coverage ared he parameters used in this algorithm are describ&dhbie4.4.

Table4.4: Parameters used in Cuckoo Search Algorithm

Parameter Description
N total number of sensoodes
Nest number of nests of different solutions
Pa probability of discovery rate for alien eggs / solutio
Ly lower bound represents lower value of solution
Up upper bound represents upper value of solution
Edth egg represents a potential solutioriNi;
Fit fitness value
Bhest best solution with ,<BpescUp
Rs sensing range of sensor nodes
Re communication range of sensor nodes
Din initial value of threshold distancég Rs
Acover area covered by the sensmdes
Aoyl overlapping area

The algorithm used i€S algorithm to find the maximum value of coverage area is

shown as below:
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Algorithm 2: Cuckoo Search algorithm (adapted98g])

Step 1.Initialization

Identify parameterN,Neg, R, R, L, Up

Generate the deployment of sensor nodes randomly

Generate initial set of eggk,) in rangel, andU,set to [100, 300]
Step 2: Calculation

Distance D using Euclidean distance

Oy, O 0° 0 -
Setinitial coverage area = fitheds;
Step 3.Find the fitness value :
Generate the deployment of sensor nodes randomly
Plot the initial distribution on random deployment
For 1 to total number Ofig;
Call the objective function
Calculate the overlappingea,Aovl
Calculate the coverage aréaover
End For
Find Bpest
Step 4. Iteration
For 1 to number of iteration
Generate potential solutions randomly using Levy Flight withandU,
Forl to total number di.Size
Implement random walk to genergtetential of solutions
Call simplebound function
Set the potential solution as a temporary nest
ns_tmp =s;
Apply the lower bound
I= ns_tmp<Lb;
ns_tmp(l) = Lb(l);

Apply the upper bounds
J=ns_tmp>Ub;
ns_tmp(J) = Ub(J);
Update this new move
S=ns_tmp;

End for

Calculate the current fitnedSy;

Remove a fraction of worst neft, and keep best solutioB,es;
Sort the fitness and nest value
Sort_fitness_nest = sortrows (fithess_nest)
Remove worst nesP{ = 0.25 from the number &)
Remaining agood nest and generate new potential solution

Calculate the new fitnesBey;
Rank the best nesByes:
End for

1



Step 5:Result
Bhest= best solution of maximum coverage area

When the algorithm terminate®nes: Will be the best solution (maximum) of
coverage area within the solution range wWitlhumber of sensor nodeR; and R,

values.

4.3.1Coverage

The coverage metriperformance of th€uckoo Search algorithm wasalysed in
terms of maximum coverage area coverday the sensor in the sutation The
covered areavas calculatedusing Equation(4.2). The sensor nodesere deployed
randomlyusing various numberof sensor node 5, 1Q 15 20 and 25 nodesThe
simulation wasconducted in a different number of iterations for every group of
sensor nodesSeveral iterations were considered throughout the simulation to get the
average resulbf the coverage area for a group number of sensor nddete 45
andFigure4.11 showthe resultsof coverage area for a gromb sensor nodes in a
differentnumber ofiteration. The performance of coverage agraduallyimproved

when the numbey of sensor nodes weracrease. The coverage area was found to
be slightly constant in a group of 5 and 10 sensor nodes from 10 to 1000 iterations as
shown inTable 45 and illustrated irFigure 412 and Figure 4.3. Figure 412 shows

the constantoverage ares 1570.8n° for 10 iteratims usings nodesThe coverage
areagraduallyincreased t®141.6nf when 10 nodesvere used irL00 iterations as
shown in Figure 4.3. The CS algorithm reached aearching of maximurfitness

value of coverage aresdepicted in both figures.
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Table 45: Results ofCoverage Area in Cuckoo Searclyérithm

Coverage area (n

Number of
iteration Number of nodes
5 10 15 20 25
10 iteration 1570.8 3057.4 4288.5 5089.4 5456.9
20 iteration 1570.8 3056.1 4318.5 5216.9 5692.7
50 iteration 1570.8 3108.5 4438.7 5197.6 5800.3
100 iteration 1570.8 3141.6 4485.6 5365.4 5848.0

500 iteration 1570.8 3141.6 4487.8 5497.3 6096.7

1000 iteration 1570.8 3141.6 4556.1 5532.8 6275.4

From Table 45, the deployment of 15 to 25 sensor nodes shows thainttrement
of coverage aress proportional tahe increment number of iteratiohhis result in
having nore area covered while th coverage hole arsare minimized when the
iteration numberis increased betweet5 and 25 number of sensor nodeshe
maximum coverage area covered in the region of 100 xni€@rusing 25 nodes

was6275.4m.

79



Average of coverage area in
Cuckoo Search algorithm
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Figure 411: Average of Coverage in Cuckoo Search Algorithm
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4.3.2Connectivity

Due to the random deployment of sensor node€Smalgorithm, the connectivity
was not guaranteedlue tothe coverage holend overlappingreain the region of
interest. Some sensor nodesredeployed far apart doo close to each othefhe
sensor nodes naot communicateetween each other if the distance between sensor
nodeswere more thanthe threshold distance or communication ranfye randan
deployment,some sensor nodesere deployed too close to each other with a
possibility of stackingthe sensor nodes in a same area. In this situatiane are
wastages in terms of sensing areas as well as intersections of conndeiyite.

4.14 shows the connectivity ofs, 10, 15, 20 and 25ensor ndes in random
deployment usin@S algorithm.The lines in Figure 4.8 representhe connectivity

between sensor nodes.
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Figure 4.4 SensomModesConnectivity in RndomDeployment

From the simulation ru8) it shows that in random deployment, the nundfesensor
nodes deployed affected the centivity. As shown in Figure 44{a), when 5 sensor
nodesweredeployed only 2 nodesvereconnected to transmit the data while others
are disconnectedi Figure 4.%(e), it is shownthat more sensor nodes arecected

to each other but thestill are intersectionof connectivity thatesults in inefficient

use of the sensor nodes and overlapping of sensing capabilities.
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4.4 Speed

The speed for every simulation rwasdifferentbetweenEVFA and CS algorithm.

It also dependen the number of sensor nodes deployed and the number of iisratio
performed The elapsed timdsr five replicationof simulation rus wererecordedn

order to show théme taken fornode placement usirlgVFA andCSalgorithm.

4.4.1EVFA

Table 46 shows thecoverage area arelapsed time in fiveeplication of simulation
runs for 5 to 25 nodes BVFA. The elapsed times are recorded after the relocation
of sensor nodes iBVFA. The speed to relocate the sensor nodes incredseds

to 25 nodesvere usedin the simulation run #5 fdive sensor nodest shows that

the elapsed timavas 0.9 second to relocatall sensor nodes after the random
deployment and the coverage areas 1448.0n3. In the simulation run #1 to #4
elapsed timevas higherbut the coverage aremaslessthan the coveagearea in

simulation run #5 for fivesensor nodes.
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Table 46: Elapsedlime inEVFA Approach

Number of nodes

Run 5 10 15 20 25
Area time Area time Area time Area time Area time
M () (M (& (M () M () (M) @
1 1325.1 1.0 28959 2.2 4098.2 4.8 4870.6 10.3 5643.0 16.9
2 1386.5 1.0 27117 2.4 42210 46 5054.8 95 56429 16.9
3 13251 1.0 28959 2.2 36069 58 42564 11.2 55815 17.4
4 1386.5 1.0 30188 2.1 39754 51 50548 9.5 5888.6 16.4
5 1448.0 0.9 2957.3 2.1 37911 55 44406 10.9 5513.7 17.2

y (m)

When there are more overlapping area in random deployrB¥#A need more

time to relocate theositiors of sensor nodes to achieve the threshold distance

between the sensnodes as shown in Figure 8(&) and Figure 43(b). Theresults

showthatthe distance and position of sensor nodes in random deployment consumed

more time iNEVFA to repulse andittract the position ofemsor nodes within the

threshold distance value.
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Figure 4.5 shows the average elapsed time consumed for every number of sensor

nodes. Theéime wasslightly higherwhen the number of sensor nedecreased from
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5 to 25 nodes. When the number of sensor nodes increased, the EVFRAtmeed
spendmore timesto randomlydeploy and relocatehe positiols of sensornodes

within the threshold distance value.

4.4.2Cuckoo Search

For CS algorithm, thetime taken to run the simulationgere recorded foreach
iteration Figure4.17 showsthe averagetime takenin simulating theCS algorithm

for a number of iteratian It can be observed that thime taken for every simulation
run were higherdue to the increment number of sensodes.However, the time
taken also depends on the deployment of sensor nduEe more times areeaded

to relocated if there are more overlapping or coverage hole area Bnisalgorithm
used a random walk and Lewight technique in order to find the best coverage area
for every step of iteration in the sination runs. Therefore, thme taken might

increase for every number of iteratisith themore numbeof sensor nodes
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Based onthe simulation, the results show that both algorithms have their own
strengthin improving the coverage performance after the initial random deployment.
The EVFA approacltan relocate the sensor nodes usingpulsive and attractive
force after the initial random deploymenthe random deployment may not provide

a uniform distribution of sensor nodaad will cause a problem of coverage hole,
overlapping and connectivity failur@he repulsive and attractive forces adapted in
EVFA approacltproduceda global unform distribution of sensonodes based on the
threshold distance valueThe simulationresults show that the coverage and
connectivity problem can be solved using EVFA approdtie coverage area was
maximized and the coverage hole@ overlapping area were minimaafter the
relocation of sensor nodem ROIL The connectivity is guaranteed and the

intersectiorof connectivityis avoided.

The CS algorithm is used to searfibr a maximum coverage are@ random
deployment.The algorihm wasrandomly generateto find a new solutionof
maximzing the coverage areasing a Levy flight within the boundary ofower
bound,L,, andupper boundU,, values.In CS algorithm, draction of worst nes®,,
will remove and replace some nests by construetimgw solutiorwhile keeping the
best solution,Bres: The simulation results obtainedere highly accurateand

maximized thecoverage area in random deployment

Although both algorithmsregood in solving a blem of coverage argtheyalso
have their own weaknessas well. In EVFA approach the search for thebest
positionis not available irfinding the optimalcoverage and connectivity after the

relocation of sensor nodesThe algorithm stopseither when the coverage
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requirement is met or the maximutarationhasexceeedto relocate the position of

sensor nodes based on the threshold distance value.

A random walk via kvy flight in CS algorithm is more efficient in gboring the
search of mamum coverage areia random deploymentHowever, there are lot of
ovelapping and coverage hole asedhese overlapping and coverage hole areas
while consuming sensing capabilities did not address the issues of guaranteeing

connectivity between the nosle

The algorithm with a combination of EVFA and CS algorithm was proposed with
aforementioned strength and weakness for each of the techimlgpalgorithm was
proposedo find the optimalnode placement based tre threshold distance value.
The bestsolution of threshold distande searched b{S algorithm using a Levy
flight approachThe EVFA approach ismplemented in thialgorithmto relocate the
sensor nodes based on the threshold distance intordenimize the coverage and

connectivity prokem in random deployment.

4.5 Chapter Summary

In this chapter, the performanceB¥FA andCSalgorithmwereevaluated based on
the metric performance of coverage area and connectRétyjormance evaluation
and analysis of the algorithm Ve been carried ot using MATLAB for five
replication ofsimulaton runs usinglifferent number of sensor nodies bothEVFA
and CS algorithmin CS algorithm the replication of simulation rumereconducted
based on the number of iteratiofhe results presented in preus sections shows
that EVFA with a repulsiveand attractive forcesan relocate the position of sensor

nodes after the initial random deployment. The algorithm shbe improvement of
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coverage area witta minimum overlapping and coverage hole ar&dde CS
algorithm provide more coverge area in random deployment but there are lot of
overlapping and coverage hole ar8dwus, the solution provided by CS is not
practical and inefficient because of the large overlapping area that will waste a

number of ser® nodes

In terns of connectivity theEVFA approach exhibita guaranteed connectivity and
the intersection of connectivitywas reducedbetter than CS algorithnit has been
proved thatEVFA achieve a significant improvement providing bettercoverage
area and connectivity compared to CS aligfam. Moreover, the analysis @lapsed
time performance inEVFA and CS algorithm shows that tHe&/FA approach
consumed lessme to execute the simulation for aénsor nodesHowever, the CS
algorithm is chosen in this research because of the searching stahbdityalance
randomizationgenerated by Levi{light that gives the optimization algorithm more

efficient
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CHAPTER FIVE
EXTENDED VIRTUA L FORCE AND CUCKOO SEARCH
ALGORITHM FOR NODE PLACEMENT OPTIMIZATION

5.1Introduction

This chapter discussthe analysis and resslof the simulationran for Extended
Virtual ForceBasedAlgorithm (EVFA) and ExtendedVirtual Force and Cuckoo
Search EVFCS) algorithmfor node placemerdtrategyin wireless sensor networks.
The smulationhas been conducted using MATLAB where the simulation scenario is
based onnitial random deploymerdand relocation of sensor nodesinga group of
sensor nodes fdhe node placement techniqu@hie sensor nodaveredeployed in

the area of 10@ x 100m based on the following formula:

rand * 50 +(100/ 9 (5.1)
The metric performance of coverage area and conneciveitg evaluated baskon
the ideal threshold distance iBEVFA andbest solutiorof threshold distance search

by EVFCS.

5.2 Extended Virtual Force-BasedAlgorithm

The performance of Extendedriial ForceBasedAlgorithm (EVFA) wasanalysed
in terms of its coverage area and connectivitythe initial deployment andfterthe
relocation of sensor nodes in random deployment based on thelisteakce/io R.

In the simulationthe sensonodesweredeployedrandomly using, 10, 15, 20 and 25

nodes in the areaf 100m x 100m
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5.2.1Coverage area

The coverage performance HVFA approachwasanalysed after the relocation of
sensor nodes due to the random deploymé&he value of covege areawas
calculated basednoEquation (4.2). The sensor nodewere deployed in a static
random for every simulation run to provide & faomparison of average valueThe
parameter used in ithsimulationwaslisted in Table4.1. Figure 5.1 illustrate the

initial random deployment and after relocation of sensor nodes using EVFA

approach.
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Figure 5.1: Initial Random Deployment andriSorsRelocation using EVFA

Figure 5.1presentsthe initial deployment wherghere are overlapping of sensing
areaby a redundanbf sensomodesandcoveragehole area in the region of interest.
However,the sensor nodewereideally deployedin EVFA approach compared to
the deployment in the initial random deployméeFie position of sensor nodes are
relocated based on the threshold distatt®R.. The relocation of sensor nodes

shown in Figure 5.lindicated that the repulsive and attractive ferae EVFA
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provide an improvement of coverage area during the executiocan be seen that
the number ofoverlappingand coverage hole aregere reduced asompared to the
initial deployment.The Table 5.1 shows thresultsof coverage area, coverage hole
and overlapping area in both initial deployment and relocation in EVFA approach.
From the data iTable 5.1, it is apparent that more areas are covered by the sensor
nodes due to the increment number of sensor nodes depldliedesults, as shown

in Table5.1, indicates that EVFA approach can improve the coverage area compared
to the initial deploymat in different number of sensor nodesed In addition, the
force pattern in EVFA influence thgerformance of coverage area and also give an
effect to the coverage hole and overlapping area in the region of int€hest.
coverage holand overlapping &a areeducedafter the relocation of sensor nodes.
Clearly, the improvemernh termsof coverage areacoverage hole and overlapping
areawereobtained after the relocation of sensor nogeag EVFA approachThis
approachcan compatiblyadapted in a rae placement algorithm to minimizae

problemin random deployment

95



Table 5.1 Results of Coverage Area of Initial Deployment and Relocation using EVFA

Number of nodes

10 15 20 25
Performance
— 5 — 5 — = — =
Initial EVFA _ % Initial EVFA . % Initial EVFA . % Initial EVFA _ %
deployment ™ increment/ | deployment i increment/ | deployment ) increment/ | deployment ) increment/
(m?) decrement (m?) decrement (m?) decrement (m?) decrement
Coverage

Area 1521.4 2335.2 8.1% 1375.8 3046.1 16.7% 1426.8 3687.0 22.6% 2065.4 4330.1 22.6%

Coverage hole 8478.6 7664.8 -8.1% 8624.2 6953.9 -16.7% 8573.2 6313.0 -22.6% 7934.6 5669.9 -22.6%

Overlapping 1620.2 806.4 -8.1% 3336.6 1666.3 -16.7% 3521.4 2596.2 -9.3% 4034.8 3523.9 -5.1%
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5.2.2Connectivity

The ability to transmit and report data to the b&taéion isknownas connectivity. A
network is said to be fully connied if every pair of nodecan communicate with
each other eithredirectly or via intermediateslay nodes The simulation results in
Figure 5.1 illustrated the initial random deployment &uFA approach based on
differert number of sensor nodegeployed in the ROI of 100m x 100m. The
connectivity between sensor ngdeas representedvith line. In initial random
deployment therewere intersectionsof connectivity withredundant sensarodes.
This leads to inefficient use of sensor nodes and sensing capabildigsver after
the relocation of sensor nodédsrevealeda better connectivitywvhenusingEVFA in
random deploymeniThe overlapping area with the intersection of connectivig
minimized afterthe relocatiorwith attractive and repulsivierces Figure 5.2 clearly
showsthe improvement otonnectivity edgefter the relocation in EVFAvhere the
intersectionof connectivity between sensor nodegere avoided. The simulation

resuls in Figure 5.2proved that the mplementation of distance force in range of

threshold distand®lo Rs and communication range between sensor nod&/iFA
guarantee continuownnectivity andoreventthemfrom theredundant sensingnd

connectivity intersection.
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5.3 Extended Virtual Force and Cuckoo Search Algorithm

The combination oEVFA and CS algorithm is constructedasalgorithmto fulfil

the objectives of this thesis. The main objective of this thesis is to construct an
algorithm for optimizing the node placement while minimizing the coverage and
connectivity problems in random deployment. This algorithm incorporates the
advantages of EVFA and CS algorithithe B/FA uses a forcalirected approach to
achieve a redeployment of sensor network after an initial random deploji@¢nt

The EVFA approach will exertdrces between the nodes either by attractive or
repulsive pattern. When two nodes are close enough, the force is in repulsive pattern
which interdsto separate them but when two nodes are far from each other, the force
becoms attractive which draws them closer. The repulsive pattern can avoid the
redundant coverage or overlapping while the attractive pattern can avoid the
coverage holesThe CS algorithm is used to find the best solution of threshold

distance value for a maximm coverage area in a range of lower bolg@nd upper
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bound,U,. Thisalgorithmadapted the advantages of EVFA and CS algorithm where
the force pattern produced by EVFA algorithm used to relocate the position of sensor
nodes for optimal node placemesthiased on the best solution of threshold distance

value search by CS approach to minimize the problem of random deployment.

The optimal node placement pattern needs to be well planned in order to optimize
the coverage and connectivity with the least m@mof sensor noded.i et al. [34]
proposed an ideaeployment for selieployment schemasing grid structure for-1

coverage. The ideal deployment hias smallest overlapping with no coverage hole

exist. The ideal distanddg Rsis called the thresholdistance,Dy, between sensor

nodes to limit the maximum and minimum distance fromnbaresneighbar. The
proposedalgorithmwill search the best solution of threshold distance adapted from

CS algorithm. The sensor nodes then relocates using the value of threshold distance
in order to find the optimal node placement with a maximum cgeemea and
minimum overlapping. For the implementation of the proposed algorithm in this
thesis, the sensor nodes are assumed to be deployed in a random deployment scheme
using a homogeneous dynamic sensor with limited movements. The parameters used

in this algorithm are described irable5.2.

Table5.2: Parameters used iIBVFCSAIgorithm

Parameter Description
N total number of sensor nodes
Nest number of nests of different solutions
Pa probability of discovery rate for alien eggs / solutio
Lp lower bound represents lower value of solution
Up upper bound represents upper value of solution
Eqth egg represent a solution indN
Fit fitness value
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Brest best solution with < Bnesi<Up

Rs sensing range of sensor nodes

Re communication range &ensor nodes
Din initial value of threshold distandéy Rs
Acover area covered by the sensor nodes

Aovi overlapping area

O distance between sensor nodes

Fij exerted on nodeby nodg in the network
FR repulsive force

FA attractive force

5.3.1Construction of Objective Function

The objective function in this thesis is to maximize the coverage area and
minimizing the overlapping and coverage hole of the sensor nodes in random
deployment. In this proposed algorithm, two factors were considereal sehecting

an optimal solution of node placement such as coverage area and overlapping area.

a) Overlapping area

A WSN may consist of hundreds to thousands of sensor nibéésaredeployed
randomly. Due to theandom deployment, it isommon that thareacoveredby the
sensornodes may overlap with each other even if the nodes are uniformly
distributed The overlapping or redundant sensing of coverage will waste the sensing
capability, the number of sensor and also energy. The inters@cea is calledra
overlapping arealVhen overlapping occurs, two or more sensors will sense from the
same target point and send replicated information to the base station. Overlapping
therefore results in sensing range and energy wastagesndthanly wastes the

energy but alssncreaséhe number of node®gquired. In this thesis, the overlapping
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area is calculatedsing a trigopnometry formula for overlapping ase®l represented

an objective function as below:

Objective function 1: minimize the ovedpping area

(5.2)

where

O, is an overlapping area

N is a number of sensor node
D;;is a distance between nodand]

Rsis a sensing range for sensor node

b) Coverage area

Coverage area is a main requirement in wireless sensor networks that affects the
performance of coverage in sensing the phenomena within a region of interest.
Coveaage is usually interpreted as how well a sensor network will monitor a field of
interest.Ilt can be thought of as a measure of quality of ser@@S) The coverage

of the monitored region can be ersdithrough the planning of nodes densihd
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this affects numerous coverage performantrethis algorithm, the objective function
of coverage area is to maximize the coverage area in random deployment by
relocating the sensor nodes position based on the best solution of threshold distance.
A sensor nods'coverage area is usually modeled as a disk. Any point véttanea
is assumed to be sensay the node. Each sensor namonly detect an object or
phenomenawithin a limited range which is callethe sensing rangeRs. The
coverage area is calculdtasing the area formula as in Equatibr3):

Awta= N * pi * RS (5.3)
where:
N is a number of sensor node
pi represent a value of 3.142

Rsis a sensing range

Due to random deployment, the sensor nodes are assumed gmateverlaping

and coverage hole aea

overlapping

Figure 5.3: Overlapping area

As illustrated in Figur®.3, the coverage area betwethe sensor nodes are included
in the overlapping area. In order to calculate the coverage area, the overlapping area
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