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Abstract

Wireless Sensor Networks (WSNs) have many crucial
applications. Sensors are mainly utilized to track or monitor any
modifications in a surrounding area. They can be used to monitor, gather
information, then process and transfer the sensed data to a certain sink

node.

Coverage area is an essential performance metric in evaluating each
WSN. It represents the capability of the network to cover and monitor
certain areas of interest. The coverage area is mainly depending on the

sensor sensing radius.

In this work, Different simulation scenarios are proposed to model
the coverage area according to the area size, number of deployed sensors,
sensor sensing radius, and deployment type. Simulation scenarios are
performed to analyze test and evaluate the relation between the coverage
area and the other network parameters and metrics for different suggested
cases. Analytic regression models are created for these different
suggested cases. These models are suitable to be used accurately without
any need to repeat, execute or re-run the simulation programs. The
suggested analytical equations show accurate results during their training
and testing examples. The coverage area is depending on the sensing
radius, the number of deployed sensors, the deployment approach
(random or predefined), and the deployed area. The effect of these
parameters on the coverage area is simulated and tested in different
scenarios. Different regression curves and their equations are created and
tested. These equations can be accurately used to estimate the coverage

values.

VIl



Declaration Associated with this Thesis

(First Paper)

e Name of Journal/Conference: The 4™ International Conference
on Advanced Science and Engineering 2022
e Paper Title: Simulating The Wireless Sensor Networks Coverage
Area
e Publication: IEEE Xplore
e Authors:
e Saad Talib Hasson

e Zainab Qassim Mohammed Ali

Information Networks Department, Information Technology College,

Babylon University.

(Second Paper)

e Name of Journal/Conference: The 10" International Conference
on Smart Grid
e Paper Title: Simulating the Wireless Sensor Networks Coverage
Area in a Mesh Topology
e Publication: IEEE Xplore
e Authors:
e Saad Talib Hasson

e Zainab Qassim Mohammed Ali

Information Networks Department, Information Technology College,

Babylon University.

VI



Table of Contents

CHAPTER ONE: INTRODUCTION

1.1 INErOTUCTION ...ttt 1
1.2 Problem StatemeNnt..........ccooiieiiriieie e 3
1.3 TheSIS AIMS. ..t e 3
1.4 Related WOIK .....ccvviiieiie et 4
1.5 TNESIS |AYOUL .....ceiiieie e 7

CHAPTER TWO: COVERAGE IN WSN

2.1 OVEIVIEW ...ttt ettt ettt sttt et e sneeenaeeneeennes 8
2.2 Wireless Sensor Networks (WSNS)........oiveiiviieeieecee e 8
2.3 Application OF WSN ..o 9
2.4 SBNSOIS ...ttt tee ettt ettt e bt et srb et e et e e nre e e rae e e 10
2.5 Sensing MOEIS..........coveiiiiiieie e 12

2.5.1 Binary Sensing Model .........ccccooo i 12

2.5.2 Probability Sensing model...........ccoovevieiiiiiii e, 12
2.6 SIMUIALION ..ot nrens 14
2.7 NEIOQO ..o 14
2.8 Dijekstra Algorithm.............oooiiii s e 17
2.9 COrrelation ........c.ooiiii s e, 18
2.00 REgIESSION. ..\ttt ettt et e e e et e e e eieeeeaee e aans 19

CHAPTER THREE: PROPOSED SYSTEM

3.1 OVEIVIBW ...ttt ettt ettt et e et et nreesneeanee e 21
3.2 Research Methodology ........ccccvieiiiiiiie e 21
3.3MO0deling APPrOACHES .....ccvcieiieiie e 22
3.3 L SEIUP e 24
3.3.2 Create Connected graph.......cccceeveninnienie s 27
3.3.3 Estimate the Coverage Area .........ccccoeveeiieeieeneesee e see e, 28
3.3.4 CalculateCoverage Percentage .........cccocveeveeveeveesieesieesne s, 29

IX



3.3.5 Estimate the Shortest Path ........ooooveeeoeeeeeeeeeeeeeeeeeee e, 29
3.3.6 TranSMISSION PrOCESS ......ccoeeeeeeeeeeeeeeeeeeee e 33

3.3.7 Building regression equations ...........cccccevevieeiieesnieeeseeeseneenns 33

CHAPTER FOUR: SIMULATION RESULTS AND ANALYSIS

A1 OVEIVIEBW. . oottt et e e 35
4.2 SImMUlation SETUP......oveiiii i 35
4.3 Simulation RESUIES. .........ouiniiii 36
4.3.1 CaSl resultS. ...ovuiitiii 36
4.3.2 CaSC2 1eSUILS .. .ueiiei e 52
4.3.3CaSE3 1SUILS ..ottt 61
4.3.4 Cased 1esUlS ....ouiiti i 70

CHAPTER FIVE: CONCLUSIONS AND FUTURE WORKS

5.1 CONCIUSIONS ... ettt e e e e e e e e e e e e eeeees 81
B.2 FULUIE WOTKS .ottt e e e e e e e e e aeaees 82
RETEIENCES ..o 83



List of Tables

Table 4.1 WSN environment.............ooeivuiiiiniinniiiie i ieiieeans 35
Table 4.2 Simulation results for case 1, scenario 1.......................... 38
Table 4.3 the coverage values for case 1, scenario1...................... 40
Table 4.4 Simulation results for case 1, scenario 2 ......................... 44
Table 4.5 Simulation results for case 1, scenario 3 .......cccccoeveeeeevcvneeennne 47
Table 4.6 Simulation results for case 1, scenario 4..........ccoevvveennnn.. 50
Table 4.7 Simulation results for case 2, scenario 1 ........................ 53
Table 4.8 Simulation results for case 2, scenario 2..........ccovvevvennnn.. 55
Table 4.9 Simulation results for case 2, scenario 3........................ 57
Table 4.10 Simulation results for case 2, scenario 4 ...................... 59
Table 4.11 Simulation results for case 3,scenario 1 ....................... 61
Table 4.12 Simulation results for case 3,scenario 2 ....................... 63
Table 4.13 Simulation results for case 3, scenario 3....................... 66
Table 4.14 Simulation results for case 3, scenario4.............c..o...... 68
Table 4.15 Simulation results for case 4, scenario 1 .........ccccevvvvvennnn. 71
Table 4.16 Simulation results for case 4, scenario 2 ...................... 74
Table 4.17 Simulation results for case 4, scenario 3 ............eovenee... 76
Table 4.18 Simulation results for case 4, scenario 4 ...........ccoveeenn... 78

Xl



List of Figures

Figure 2.1 A wireless sensor network's general architecture

(WSN).(Djedouboum et al. 2018) ......ccccveiiviiieieecie e 9
Figure 2.2 wireless sensor architected (Feng, 2009) .......ccccccevvvvevenee. 11
Figure 2.3 The Binary sensing model (Hossain, 2014) ...........c..cc....... 12
Figure 2.4 The probability sensing model (Hossain, 2014) ............... 14
Figure 2.5 NetLogo samples [NetLogo user manual, 2015] ............... 16
Figure 2.6 Interface item [NetLogo user manual, 2015] ..................... 16
Figure 3.1 Flowchart of the simulation program. ...........ccceecevvveinnenne. 23
Figure 3.2 covering 75% of the area..........ccccccevve e 26
Figure 3.3 A program snapshot for a setup procedure ...........c..c........ 27
Figure 3.4 Two paths INtersection .........ccccccevveevievieeieenie e 32
Figure 3.5 alternative path .........ccccceev i 32
Figure 4.1 Network environment sSample ........ccccovvvevievienienieeninenn, 36
Figure 4.2 Snapshot of the program in case 1, scenario 1 .................. 37

Figure 4.3 sensing range and coverage area for casel, scenariol....... 38
Figure 4.4 number of nodes and coverage area for casel, scenariol.. 41
Figure 4.5 performance metrics for case 1, scenario 1 ...........c........... 42
Figure 4.6 Snapshot of the program in case 1, scenario 2................... 43
Figure 4.7 sensing range and coverage area for casel, scenario 2 ..... 44
Figure 4.8 performance metrics for case 1, scenario 2...........cceceeeunne. 46
Figure 4.9 Snapshot of the program in case 1, scenario 3.................. 47
Figure 4.10 sensing range and coverage area for casel, scenario 3.... 48
Figure 4.11 performance metrics for case 1, scenario 3............cceu..... 49
Figure 4.12 Snapshot of the program in case 1, scenario 4................. 50
Figure 4.13 sensing range and coverage area for casel, scenario 4...51
Figure 4.14 performance metrics for case 1, scenario 4..........c....... ... 52

Figure 4.15 sensing range and coverage area for case2, scenario 1.....53

Xl



Figure 4.16 performance metrics for case 2, scenario 1................
Figure 4.17 sensing range and coverage area for case2, scenario 2 ...
Figure 4.18 performance metrics for case 2, scenario 2..........cc.........
Figure 4.19 sensing range and coverage area for case2, scenario 3....
Figure 4.20 performance metrics for case 2, scenario 3 ...............
Figure 4.21 sensing range and coverage area for case2, scenario 4 ....
Figure 4.22 performance metrics for case 2, scenario 4................
Figure 4.23 sensing range and coverage area for case3, scenario 1....
Figure 4.24 performance metrics for case 3, scenariol ...............
Figure 4.25 sensing range and coverage area for case3, scenario 2....
Figure 4.26 performance metrics for case 3, scenario 2.....................
Figure 4.27 sensing range and coverage area for case3, scenario 3....
Figure 4.28 performance metrics for case 3, scenario 3................
Figure 4.29 sensing range and coverage area for case3, scenario 4...
Figure 4.30 performance metrics for case 3, scenario 4................ :
Figure 4.31 sensing range and coverage area for case 4, scenario 1...
Figure 4.32 performance metrics for case 4, scenariol ................
Figure 4.33 sensing range and coverage area for case 4, scenario 2...
Figure 4.34 performance metrics for case 4, scenario 2................
Figure 4.35 sensing range and coverage area for case 4, scenario 3. ..
Figure 4.36 performance metrics for case 4, scenario 3................
Figure 4.37 sensing range and coverage area for case 4, scenario 4. ..

Figure 4.38 performance metrics for case 4, scenario 4................

X1



List of Algorithms

Algorithm 3. 1 number of nodes estimation ............cccccceevveveeveennnnnn, 26
Algorithm 3. 2 the connected graph ........ccccovvevienii i 28
Algorithm 3.3 the coverage estimation. ..........c.ccvcvviviiieeniieniee e 29
Algorithm 3.4 the pseudo code of shortest path. .........c...cccocvevieennnn, 30

XV



List of Abbreviations

The coverage

The distance between two points
Number of nodes

Probability sensing model
The communication range

The sensing range

Region of interest

Wireless sensor network

XV



CHAPTER ONE

Introduction



(01 g F=1o] (<] g 7RI Introduction

Chapter one

Introduction

1.1 Introduction

Wireless sensor network (WSN) represents a monitoring tool. It was
utilized in significant applications such as: tracking, disaster
management, biomedical health checking, surveillance, environmental
observation, targeting systems, military monitoring, and healthcare
(Singh et al., 2018). The sensor nodes work together to collect data
concerning the area of interest (Aziz et al., 2009)

A sensor node involves a unit of sensing, a radio transceiver, a
processing unit and the power management section. Sensor nodes
generate some measurable responses and send these responses to a
communal sink (also called a base station) over a wireless channel. A
wireless sensor network’'s nodes usually have limited energy, as their
batteries are limited and cannot be recharged(Jindal DAV College, 2018).

Sensors are characterized by a very constrained power supply.
Sensors nodes are usually randomly deployed in a designated area. If
there are enough sensors, each sensor node can take turn performing the
task of the sensing. As a result, scheduling sensors becomes crucial to
extending the WSNs' network lifetime (Seah et al., 2009). The sensing
(coverage) of the sensor and the network connectivity issues are as
important as the scheduling issue. The coverage of the sensor refers to the
ability of at least one sensor node to monitor each point within a deployed
field (Elhoseny et al., 2017).

Network coverage represents the significant issue in WSN. It
indicates how effectively a particular region of interest is being monitored

(detected) by sensors. Usually, the sensing range of each sensor node is
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limited (Priyadarshi & Gupta, 2020). Any event is supposed to be
detectable if it lies within the coverage area of at least one sensor node. A
node will cover a circular area with radius equal to the sensor coverage
range (Amutha et al., 2020).

Several researchers have studied the coverage for WSN. The majority of
them have considered the coverage for wireless sensor networks that are
randomly deployed (Sharma et al., 2016).

Two nodes will have an ability to communicate with each other if
the distance between them is less or equal to the transmission range of the
other. In other words, if there is a link between them, they can be
considered as neighbor nodes (Guo & Jafarkhani, 2016).

Each sensor node has the ability to collect data, process it, and
connect with its neighboring sensor nodes (Kocakulak & Butun, 2017).
An effective sensor deployment strategy should take connection and
coverage into account. The deployment of sensors determines how
successfully a specific area will be monitored as well as how much it will
cost to build the network (Tripathi et al., 2018).

This thesis assumed that the sensing radius for each node is of a disk
shape and all sensor nodes (are homogenous) having the same sensing
range with certain communication range.

If for example the variable b is assumed to represent the base station
location in a certain area, the variable (i) be a sensor node (k) in a WSN,
then the distance d(b, sx) be the Euclidean distance between b and s
(Hossain et al., 2008).

It's important to appropriately deploy sensors in the target area for
the coverage to be effective. However, nodes might not be placed in the

desired locations in harsh environments like disaster areas, underwater,
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and on battlefields. Instead, sensors are usually distributed across the area

in random (Boualem et al., 2018).

1.2 Problem statement

One of the main problems to be considered in proposing and
creating a wireless sensor network is finding a way to improve the
performance of the network. For effective utilization of WSNs, a number
of fundamental issues, including localization, security, tracking,

placement, and aggregation, must be addressed.

Sensing problem is an example of a more general problem of
configuring sensor parameters. It means that each point in the deployed
area must be covered by at least one sensor. Depending on the application
of a deployed WSN and the sensor type being used. The most important
of them are the sensing range, communication range, sensors location in

addition to the deployment problem.

The sensing model mainly depends on the target distance,
orientation, and visibility. The sensing model must facilitate the analysis
and helps understand the coverage problem. The network based on
different deployment approaches can be utilized to create a developed
sensing model. Any sensing model must ensure certain level of coverage
with less sensing working nodes and ensure the connectivity of the
network.

1.3 Thesis Aims

The main aim of this thesis is to improve the WSN performance by
modeling and simulating the coverage area criterion. This aim can be
achieved by the following objectives:

1. Study the fundamentals of coverage area and analyzing the random

sensors deployment approaches.
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2. Estimate the optimal number of deployed sensors to cover certain

area.

3. Develop a model to measure the network coverage levels.

4. Evaluate the effects of the proposed models on the network

performance.

5. Creating regression models to estimate the coverage area.

1.4 Related Works

There are different related works related to the coverage area in

WSNs. Most recent of these are summarized in the following:

Author Problem Tools Results

& year

Mini & | Earlier researchers | Simulation | Created a closed form
Pal, 2021 | have ignored the expression for the k-

impact of BEs in the

presence of sensor

failure while
evaluating the
coverage
performance of
WSNs.

coverage performance.
They

analytical model based

derived  an
on a sensor failure.
Their proposed model
results with a Root
Mean Square Error of
less than 0.03 and a
the k-
probability

decreasing
coverage

with increasing in k.
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Kim & | This paper | Bat Simulation results
Yoo, formulates the | algorithm show that the proposed
2020 sensor target method gives better
coverage problem results with respect to
into an  object other related work in
function and solves terms of the network
it with an NIA. lifetime.
Tarnaris | The optimization of | Computation | Their performance was
et al., | the performance of | al evaluated via
2020 wireless sensor | intelligence | comparative simulation
networks in terms of | algorithms | tests.
area coverage This appraisal was
made using statistical
testing. The test results,
that proved the efficacy
of the algorithms
proposed.
Chen & | Pre-defined Direct Their study showed
Chen, deployment  under | approach that more than 86% of
2018 probabilistic sensing the deployed sensors
model. can be saved.
Qin & | Lifetime An area | Their simulation results
Chen, requirements  and | coverage showed that  the
2018 coverage demands | algorithm coverage algorithm
based on | based on differential
differential | evolution has provided
evolution a coverage area of

about 90%.
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Fen et al., | How to completely | Coverage Their results showed
2016 cover the network | control that the quality of the
without knowing the | model  for | coverage is higher than
locations of the | randomly the threshold coverage
nodes deployed quality.
Sensors.
Akbarzad | Sensor  placement | Covariance | Their findings
eh et al., | for the line-of-sight | Matrix demonstrated a
2013 sensors based on the | Adaptation | maximum  in  the
coverage area Evolution coverage of a global
Strategy and | sensor network others
simulated in terms of the network
annealing as | lifetime.
optimization
techniques.
Duogiang | Reduce the number | Simulation | The agreement
et al., | of working nodes, minimizes the number
2012 save networks’ of active nodes and
residual energy, and successfully  prolongs
prolong the life of the life cycle of the
networks. network to provide the
preferred coverage.
Wang & | The distributed | Simulation | Their simulation results
Tseng, dispatch issue and outcomes were used to
2008 the k-coverage prove their network

placement issue

effectiveness.
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1.5 Thesis Layout

Additional for this chapter, thesis contains four chapters layout as
following:
Chapter two describes the coverage in WSN theories.
Chapter three displays how to simulates the coverage of the selected
area in wireless sensor networks using NetLogo.
Chapter four holds results of the proposed system and its evaluation.

Chapter five displays the results conclusions and the future works.



CHAPTER TWO

Coverage in Wireless Sensor

Network
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Chapter Two
Coverage in WSN

2.1 Overview

Wireless sensor networks (WSNs) are created by deploying self-
organized, separately sensors. WSN is involving of a large number of
sensor nodes distributed at random in specific locations (Chang &
Pakzad, 2014). The size and power of sensor nodes are modest, and they
have limited processing power and computational capabilities (Aslam et
al., 2009). The major purpose of the sensors is to acquire data on different
factors like temperature, pressure, humidity, and other physical and
environmental parameters (Toth & Jozkow, 2016). A base station or sink
must receive the collected data. The main challenges in WSNs are the
network scalability, fault tolerances, secure, reliable data transmission,

robustness and need for efficient energy (Savitha & Shantala, 2014).

2.2 Wireless Sensor Networks (WSNs)

Wireless sensor networks (WSNs) usually made up of spatially
distributed deployed separate, self-contained system units. WSN involves
of a big number of randomly deployed sensor nodes in certain areas.
Nodes of sensor are small in size with restricted power battery, limited
computational and processing resources (Xie et al., 2018). The sensors
are mostly used to keep track of physical and environmental variables,
collect data such as temperature, humidity, pressure and so on. The
gathered data must be transferred to a base station or sink (Abbasian
Dehkordi et al., 2020). The main challenges in WSNs are the network
scalability, fault tolerances, secure, reliable data transmission, robustness

and need for efficient energy (Yildiz, 2017).

8
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WSNs must be able to work in circumstances where there is no
direct human monitoring. Sensor nodes are frequently placed at random
in most WSN systems (Yildiz, 2017). Figure (2.1) A wireless sensor

network's general architecture.

Coverage area 4

Figure (2.1): A wireless sensor network's general architecture
(WSN).(Djedouboum et al., 2018)

2.3 Application of WSN

There is a wide range of fields the sensor networks are utilized, such
as military applications, medical, environmental monitoring (Ramson &
Moni, 2017). In general, Due to the fact sensor networks support the
interaction between humans and material science to it, it would be all
over the place in the near future. To get a lot of new applications to
explore in the real world sensor nodes applied in the uncontrolled
environment (Kassim & Harun, 2016). Deployment tightly sensing node
with the ability to remote sensing, wireless communications, and the
calculation in the uncontrolled environment, which helps in measuring

the ambient conditions, and get the important characteristics surrounding
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this node, transforming sensed and collected data into electronic signals
can be processed, is the idea behind this several applications (Parwez et
al., 2017).

Sensor networks play an important role in the following applications
(Parwez et al., 2017).
e Environmental applications
e Health care applications
e Agricultural applications
e Structural monitoring
¢ Intelligent home monitoring
e Military applications
e Industrial applications
e Vehicle detection
e Congestion control

e RFID indoor tracking system

2.4 Sensors

Sensor nodes are cheap, moveable and they have restricted energy
resources and processing power. It probably works on gathering data
from its surroundings; processing data locally then transfer sensed data
one more time to worker (Zhang et al. 2018). The main five components
of sensor nodes are: “computing unit”, “sensing unit”, “communication
unit”, “power supply unit”, and “memory unit”. Figure (2.2) shows the

architecture of wireless sensor (Feng,2009).

10
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Sensing Unit Processing Unit Communication

Unit (Transceiver)

| Sensor1 | ADC |

Microcontroller

Transmitter

| SensorN | ADC | Storage

Receiver

Power Supply I

Figure (2.2): wireless sensor architected (Feng, 2009)

The computing unit contains a microprocessor. Management the
communication protocols, handling gathered information of aboard
sensors, besides accomplishment organization of power that run by the
microprocessor (Balamurali & Kathiravan, 2015). A single
communication unit found in each sensor node has the ability to transmit
and receive messages. The functionality of both transmitter and receiver
merge in this unit. Four operational states found in the communication
unit. Sensing unit is frequently a sensor panel that contains single or extra
sensors. Sensors necessity owns very little power consumption. Based on
different needs for storage there are two types of memory units in a
sensor node (Abo-zahhad et al., 2015). Some on-chip memory found in
the microprocessor itself applied to save system software. Usually flash
memory exists wherever workers save their personal applications and
data. The power gets from the power unit and affords for other four units.
Although all operations involving sensing, computation, and
communication need energy. Data communication requires more energy
than sensing and computation do. Thus, decreasing data transfer among
sensor nodes probably advance energy effectiveness besides spread time
of sensor networks (Bofu, 2010).

11
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2.5 Sensing Models
There are two main types of sensing models:
2.5.1 Binary sensing model

It is very simple. Event detection is believed to have occurred if the
event occurs within a node's sensing range; otherwise, it is not.

This model fails to take into account how the work of sensing is
affected by the condition of the environment and the intensity of the
signal that is being emitted (Hossain, 2014). The binary sensing model is

shown in figure (2.3).

probability

0 Is d(s;, p)
Figure (2.3) .The Binary sensing model (Hossain, 2014)
2.5.2 Probability Sensing model

The way in which the sensor detects its surrounding is known as
sensing model. It provides a relationship between the probability of
detecting a point and the space between the point and sensor. Sensing
obey certain probability. The type of the Probabilistic Sensing Model
(PSM) is continuous. It is more able to match the real data found in the
real environment of the network and it can satisfy the network’s quality
(Hossain et al., 2012).

PSM transforms the real sensing signals into probability indication

values to evaluate the level of confidence in the data that the sensor has
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gathered. Assume, k sensors were deployed during the first stage of
sensor deployment in a sensor field grid with dimensions of m by n. R is
the detection range for each sensor. Assume that sensors s;,1 <i <k
are positioned at a point (x;,y;) . For any point P(x,y) , we indicate the
Euclidean distance between P and s; as d(s;,P) (Zorlu & Sahingoz, 2016).

The equation illustrates that the coverage ¢ (P) of the grid point P by
the sensor is expressed by the probability detection model as:
1, d(si,P)<r

¢, ={e ", r<d(s,P) <R
0, d(s;,P)>R

Where r < R represents the degree of certainty in sensor
detection, « = d(s;,P) —r, and [, A are parameters that represent the
likelihood that a target will be detected while being farther away from the
sensor than r. Grid point units are used to measure the distances. With
various values for the parameters, 3 produces various translations that are
expressed by various detection probabilities, which can be thought of as
the features of different kinds of physical sensors. This model accurately
illustrates how the range of the sensing devices, such as infrared and
ultrasound sensors, behaves (Shan et al., 2016). Alternative sensor
models may also be employed because the suggested target localization
method is independent of the sensor model (Hossain, 2014). The
probability sensing model is shown in figure (2.4).

13
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Probability

Sensor node

-RJ‘F ik

A\

R
Figure (2.4) The probability sensing model (Hossain, 2014)

2.6 Simulation

Simulation is a process over time or artificial state of a real-world
system's operation. When the actual system is costly and more difficult to
build and reconfigure repeatedly, it becomes more important. As a result,
the simulation can be used as a method to evaluate the system's
performance under a variety of different constraints and arrangements
that might exist in real life. The cost, danger, and failure condition
associated with the actual system's construction operation can all be

reduced by simulation (Goodall et al., 2019).

It can also be thought of as the process of scheming mathematical or
logical model that matches to the real system, followed by using the
computer to perform out several trials in order to predict and explain the
performance of the real system. To simulate any system, we need a
simulator. Various network simulators have varies property hand-me-
down and practical. Several examples of network simulators are
NetLogo, OPNET, NS2, and NS3 (Fawzia, 2014).

2.7 NetLogo
NetLogo is a multi-agent besides modeling environment
programming language for simulating natural and communal event. It is

mostly fine suitable to forming compound systems developing extra
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period. Hundreds or thousands of autonomous agents wholly working
simultaneously get commands from the modelers. This makes exploring
associates among micro-level performances of entities plus macro-level
designs that appear by their communications possible (Wilensky & Rand,
2015).

Users can open simulations through NetLogo and observe their
performance under several conditions. NetLogo can be considered as
authoring environment that it is simple enough to enable learners and
academics to formula their personal models, and it was not professional
program writer. NetLogo designed for both education and research
(Railsback et al., 2017).

NetLogo can run on almost important computing stands and
considered as individual application programmed in Java. It is a
developed product that it is stable as well as fast afterward years of
progress. It is freeware anyone can download it, free to construct models
without constraint. It has a big group of examples of models, tutorials and
broad certification. As a linguistic, NetLogo is a participant of the Lisp
family as maintenances representatives and concurrency. Moveable
agents named turtles travel above a net of patches, which are moreover
programmable agents. All of the agents can interact with each other and
implement multiple jobs simultaneously (Seth & Uri, 2004). Figure (2.5)

shows the samples of NetLogo simulator.
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Figure (2.5): NetLogo samples [NetLogo user manual,2015]
NetLogo contains three main tabs a (interface, information, and code).
Interface tab used to display execution of your model. It also has tools
used for reviewing and modifies what's going on inside the model. The
Interface tab is empty when NetLogo is opened at first, except for
observation, wherever turtles and patches look, and Command Center,
lets you produce NetLogo commands. The toolbar in Interface tab holds
buttons lease you edit, delete, also generate items on Interface tab and
menu leases you to choose diverse interface items (like buttons plus

sliders) figure (2.6) show the interface items.

F [ | -+

|'am Button vl I
Edit Delete Add

E Tare BUTTON E
e slider
an Switch
% Chooser
= Input
< Monitor
= Plox
E=ll Qurtpurt
e NMotTe

Figure (2.6): Interface item [NetLogo user manual, 2015].

Info tab offers an overview about models. It describes any structure its
existence demonstrated, in what way model was created, plus in what

way use it. It can moreover propose things for discovery besides methods
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for spread model, otherwise request your care to certain NetLogo
structures model usages.
Code tab refer to the NetLogo programming language in aspect.

[NetLogo user manual, 2015].

2.8 Dijekstra algorithm
The following steps are implemented to create the shortest path in a

suggested wireless sensor network topology in this thesis.

The algorithm of Dijkstra is utilized to estimate the shortest path between
a source and a destination node in a suggested graph network by
estimating the distance to each node from another to the starting node.
Each node in a graph is visited with all its neighbors to estimate the
shortest sub-path from a node to its neighbors (Broumi et al., 2016). The
detailed steps taken by Dijkstra's algorithm to determine the shortest path
between a single source vertex and every other vertex in a given graph

are shown in the figure (2.7).

Algorithm
1) Build a tree of shortest path called “sptSet .

2) Create an input graph to assign a value for all vertices distances

3) For each vertices not included in sptSet.
a) Choose a not in sptSet vertex o with its minimum distance.
b) Add o to the sptSet
c¢) The distance value to all the neighboring vertices of o will be

updated.
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2.9 Correlation

A statistical metric known as correlation, which is given as a
number, describes the direction and size of a relationship between two or
more variables. If two variables are correlated, it does not necessarily
imply that changing one of the variables led to a change in the values of
the other variable (Veli¢kovi¢, 2015).

A common goal of scientific study or research is to determine how
closely one variable is related to another.

Whether there is a correlation between the two variables; if so, this
may serve as guidance for future research into determining whether one
action causes the other. Understanding correlation enables programs and
policies that attempt to bring about a desired result to be more precisely

targeted.

A correlation coefficient is a metric for determining the strength of
an association and it is represented by the letter r. It represents a linearity
association measure. Correlation coefficient known as “Pearson's
correlation”. If the relation is curvature (not linear), difficult measures

must be applied.

The correlation coefficient is measured on a scale ranging from -1 to
+1. The value of (x1) represents a variable's complete correlation with
another .When one variable rises while the other falls, the correlation's
value is negative; however, when both variables rise at once, it is
positive. The number O represents a complete absence of correlation
(Makowski et al., 2020).
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2.10 Regression

The term "correlation” describes the degree of a relationship
between two variables, and because it is perfectly symmetrical, the
correlation between two variables A and B and B and A is the same.
However, if there is a relationship between the two variables, it indicates
that when one changes on average by a certain amount, the other variable
also changes by a certain amount. Regression of y on x is the name given
to this relationship when y serves as the dependent variable and x serves

as the independent variable (Walpole et al., 2017).

A basic equation that can be used to express the relationship is the
regression equation. The term “regression” basically indicates that the
average value of a variable X is a "function" of a variable y, which
alternate in accordance with the value of y.

On a scatter diagram, a regression line can be created using the
regression equation. Regression equation represents a straight line to
reflect the effect of change y on x in its simple case. The existence of a
negative or positive correlation determines the slope of the line. The line
slopes upward from left to right when both sets of observations increase
or decrease simultaneously (positive); conversely, when one set decreases
as the other set increases, the line slopes downward from left to right.
Since the line must be straight, it will likely cross through few of the dots.
Given that the relationship is well defined by a straight line, two
characteristics of the line can be defined in order to properly position it
on the diagram. The slope and the height above the baseline are the
essential characteristics. There are various kinds of regression analysis,
and in addition to recognizing the nature of variables and their
distribution, assumptions must also be taken into account (Arkes, 2019).
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« Polynomial Regression
« Linear Regression

« Logistic Regression

In this thesis the polynomial regression was used because simple
linear regression algorithm only works when the relationship between the
data is linear but suppose if we have non-linear data then Linear
regression will not capable to draw a best-fit line and it fails in such
conditions. Hence, we introduce polynomial regression to overcome this
problem, which helps identify the curvilinear relationship between
independent and dependent variables. Polynomial regression is a form of
linear regression where only due to the Non-linear relationship between
dependent and independent variables we add some polynomial terms to
linear regression to convert it into Polynomial regression (Walpole et al.,
2017).

Where X is suggested as independent variable and Y as dependent

variable.
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Chapter Three

Proposed system

3.1 Overview

In this chapter, the detailed descriptions of how to calculate the
coverage of the wireless sensor network will be displayed. Certain
research methodology and algorithms were used in calculating the
coverage. Detailed descriptions of each procedure that used to estimate
the coverage area will be displayed.
3.2 Research Methodology

NetLogo (a multi-agent modeling language) was suggested as a
network simulator to be used in building and implementing the suggested
wireless sensor networks.

The following steps illustrate the process of designing and
Implementing the suggested wireless sensor network in this thesis.

1. Propose and create a wireless sensor network using the NetLogo
elements in its interface tab and select the suitable method for
entering the required data and the process of objects display.

2. Select the environment area shape and size.

3. Create and call a number of suitable agents (turtles) to represent the
sensor nodes in the network and assign their numbers (Node who).

4. The sensor nodes will be distributed randomly in the suggested
area.

5. One of these nodes will be selected to be the sink node (base
station).

6. The distance between each node and its neighbors will be

calculated and they will be connected by links.
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7. Select n nodes from the network randomly to represent the source
(or the sensing nodes to start transmitting data) and estimate the
coverage.

8. The shortest path from each node to the sink will be indicated.

9. The coverage area is estimated depending on the sensing range.

10.Start sending messages from n random nodes to the sink node

throw the shortest path to check the coverage.

3.3 Modeling approaches

Modeling is the process of representing the wireless sensor networks
systems to promote understanding of the real system behaviors. The
following simulation program were designed to achieve the process of
data transmission in WSNSs. Figure (3.1) presents the general flowchart of

the suggested simulation program model.

22



Chapter three cuveeiieiieiieiiiiiieiieriiiniierieseenrenssesnsonssssscnses Proposed system

User Interface

]

Setup

/ Select the size of the area // Propose the number of the deploved nodes /
/]

/ Select the sensina ranae // Select the communication range

/ Create a location for the sink /

v

Count the distance between each two neighbor nodes

\

Create a connected graph based on the distance

!

Estimating the shortest path from
each node to the sink node

\7

Select n nodes randomly to act as transmitting nodes

WV
Estimating the coverage area depending on variable
sensing ranges

!

Building a mathematical model to calculate the coverage area

v

Sending messages from n nodes to the sink
/]

NO

YES
Calculate the percentage coverage area

Y

NO

Cov > acceptable
percentage

Figure (3.1): flowchart of the simulation program.
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3.3.1 Setup

In this thesis, a simulation process is started with a setup stage.
Setup stage is to initializes the requirements to build and implement a
proposed WSN environment. Successive steps are followed to perform

the setup stage. These steps are as follows:

A. Select the designated area

In this thesis, the suggested Region of Interest (Rol) to be covered
by deployed sensors is a two dimensional square area. It represents a
suitable model that can be applied in several situations. Almost any area
shape can be separated into set of squares areas. A "homogeneous"
network is considered by utilizing sensors having similar characteristics.

In this thesis four different sizes areas are studied.

B. Select the sensor’s coverage and communication ranges

In this step the sensing range for each sensor also must be
determined with testing the effect of using variable numbers for the
sensing range at the coverage of the selected area. The communication
range also determined to ensure the process of delivering the sent

message to the sink.

C. Select the deployment approach

Random and predefined approaches are the two deployment
approaches in creating a WSN. Random deployment is used in a remote
or difficult to reach areas as well as when deploying very large number of
sensors in a big or long area. Different random deployment approaches
were developed and implemented in various simulators based on random

probability distributions. In this thesis a NetLogo function is utilized to
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generate the random deployment for any number of sensors in each area
size.
D. Select the number of sensors

The numbers of the deployed sensors are selected by the network
creator or by the user in a simulation environment. This number is
selected based on the area size and the application requirements. In this
thesis, a NetLogo simulation environment is created and a slider is
designed to select the required number of sensors in each simulation run
called (Nodes-Number slider).

A mathematical model is proposed to estimate the approximate
number of sensor nodes required to cover the selected area. The sensors
number in this model is proposed based on the area, the coverage
(sensing) and communication ranges, and level of coverage.

The model:

Z=areasize (X *y)

R= coverage range

R.= communication range

N= number of sensors

C= coverage level

One sensor coverage area = * Ry’

2
N sensors coverage area = N * w* R,

N * 1T

RZ
C=N R 10096 ot (3.1)

X*y
For example if C is required to be 75% then the required number of

sensors to achieve this coverage level is:

N * i+ Rs2
X *y

N= (3.2)

Tt R2

0.75=
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Figure (3.2) shows a snapshot from the program that illustrates the values

used in the previous example.

Figure (3.2) covering 75% of the area

Algorithm (3.1) presents the steps to estimate the number of the required

sensors to achieve the required coverage level.

Algorithm (3.1) number of nodes estimation.

Input: coverage percentage, area size (Z), Sensing range (Rs)
Output: number of nodes.

Process:

1. Z <— areasize

2. C <«— coverage percentage

3. Rs«— sensing distance

4. N is estimated using equation (3.1)
5. End

Algorithm (3.1) number of nodes estimation

E. Select the location of the base station
Certain node will be selected by the user to be the sink node (its

color, shape and size will be changed). This node will be the base station

which collects the information from all the other nodes. The location of
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the sink node can be anywhere in the selected area but in this thesis the
location is at the center of the area. Figure (3.3) shows a snapshot of the

setup process.

Figure (3.3): a program snapshot for a setup procedure.

3.3.2 Create a connected graph

After randomly deploying the sensor nodes, the coordinates (X, y)
for each sensor location are collected. The distance between each two
sensors can be calculated based on their ground (2D) locations using the
Euclidean distance equation. The Euclidean distance gives the distance
between two points or the straight line distance. Assuming that (x1, y1)

and (x2, y2) are the coordinated of two points in a two-dimensional plane.
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The distance (d) separated any two neighbor nodes can be estimated by

the Euclidean distance formula.

A link between any two sensors nodes can be established if the
distance between them is equal or less than the value of the selected
communication range. Each node will be selected and the distance
between it and its neighbors will be measured. The value of the distance
between each two nodes will be compared with the value of the
communication range to create links. After that a connected graph will be

created. Algorithm (3.2) shows the connected graph.

Algorithm (3.2) connected graph:
Input: number of nodes, communication range (R.), hodes position (X, y)
Output: distance among nodes, connected graph.
Process:
1. For i = 1 to number of nodes
For j = i+1 to number of nodes

dij =V [(xj— xi) + (] - ¥i)’]

If dij <= R then create link

Connect node i to node j

Else
Next
. Next
. End

©ONOUIEWN

Algorithm (3.2) the connected graph

3.3.3 Estimate the coverage area

Any point within the deployed area is said to be covered if it lies
within the coverage radius of at least one sensor. Furthermore, the area is
said to be covered by the WSN if every point inside the area lies within
the coverage radius of one sensor or more. In this step the coverage area
will be estimated depending on the value of the sensing range and it

displayed as the ratio of the covered area to the whole selected area.
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Variable values for the sensing range are used. The coverage area for
each node is calculated as a circle area (rr?) with a diameter r (Hossain et
al., 2012). Algorithm (3.3) presents the main steps to achieve the process

of estimating the coverage area.

Algorithm (3.3) coverage estimation.

Input: number of nodes (n), sensing range (Rs), area of interest (Z).
Output: covered area percentage.

Process:

1. Set Rs = variable

2.Setd=0

3 Fori=1ton
4, di = 7'[*!’2

5. d=d+d

6 Next

7 Coverage =d/Z
8. End

Algorithm (3.3) the coverage estimation

3.3.4 Calculate coverage percentage

For each monitored or tracked area, a full coverage (100%) is the
main goal of each proposed WSN. Practically, it is difficult to achieve the
full coverage percentage exactly. Different coverage levels ranges from
(0 — 100) are possible to be achieved based on different parameters such
as the area size and shape, number of deployed sensors and their coverage
ranges. Any value greater or equal to 75% is proposed as an accepted

level of coverage in this thesis.

3.3.5 Estimate the shortest path

The shortest path from any node can be found using the information that
measures the distance between nodes. This path is used to send the
messages from any selected node to the sink and it provides an efficient

approach to transmit the message from the source to the destination with
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minimum energy and time. Dijkstra algorithm is utilized to create the
shortest path from each node to the sink (see 2.8).
Algorithm (3.4) presents the developed steps to create the shortest path in

NetLogo environment.

Algorithm (3.4) Pseudo code of shortest path.:

Input: node-list.

Output: shortest path from n nodes to sink.

Process:

1. Check the paths from these random nodes to sink and choose the shortest by
Calculate the shortest link distance and it is considered less cost.
2. Change some properties of nodes

Begin

Set color & Dblue

Setsize &< 2

End

3. Save (ID) and location of the sensor node

Begin

Setidl €« who

Setx1 & xlcor

Setyl &< ylcor

End

END.

Algorithm (3.4) the pseudo code of shortest path

One of the main problems in WSNs transmission is the common
path or node busy case. This case happens when one or more nodes
located at two or more shortest paths. These nodes are known as common
nodes. The common nodes cannot receive and send the messages from /
to two or more nodes in the same time. Lost messages will probably

happen (the common node can pass only one message at a certain time).

This thesis developed an approach to indicate the common nodes by
utilizing the sets intersections. The developed program estimates the
shortest path and indicates all its nodes as a vector or a set. Four cases are

suggested and tested in this thesis to observe and analyze the paths busy
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cases due to common nodes. These cases are when only one node send a
message which represents a simple and usual case, two, three, and four
nodes send messages at the same time which creating common nodes. To
analyze and improve this case problem, the following mathematical

model is proposed and implemented:

Model assumptions:

n: number of the selected sending nodes at the same time
Si: The sending node id.

Sk: The sink node

I: The shortest path index (name).

nl: represent the minimum number of the shortest path.
N;: set of path intermediate nodes id.

P;: set of nodes on path i.

C: set of common nodes.

Pi= (S,, Nl,, N2|, ............... SK) (33)
n
(] = ﬂpi e e e (3)
i=1
— PLNAP2NP3 oo oot ee e e e e e e e e e e (3.5)

IF [C] # @. Then proposed alternative path (s) must be created.

The suggested solution for the problem of common path is to let one
source node path as it is and select alternative path for the other source
nodes to avoid any intersection. Figure (3.4) shows a snapshot from the
program where the shortest paths of two nodes intersect in their way to
the sink.
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Figure (3.4) two paths intersection

Figure (3.5) shows the solution of this problem and choosing an

alternative path for each intersected nodes.

Figure (3.5) alternative path
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3.3.6 Transmission process

Wireless Sensor Networks are a multi-hop wireless networks that are
formed by self-organizing the sensor nodes of large-scale deployment. By
WSNs, the data information of the perceived object in the monitoring
area is collected and transmitted by a certain specific manner. Since
WSNs has more advantages, they are widely used to collect information

from the physical world and produce large-scale sensor data sets.

A number of nodes will be selected randomly to act as sending
nodes (where n=1, 2, 3 and 4) at the same time. These nodes are selected
in their implementation either randomly or predefined by the user to test
the ability of sending information to the sink node and to ensure that the

coverage information will reach the end user.

3.3.7 Building regression equations

Depending on the results of coverage by using multiple numbers for
sensing range an equation is derived to calculate the coverage using any
sensing range.

Simulation scenarios are performed to analyze, test and evaluate the
relation between the coverage area and the other network parameters and
metrics for different suggested cases. Analytic regression models are
created for these different suggested cases.

These models are suitable to be used accurately without any need to
repeat, execute or re-run the simulation programs. The suggested
analytical equations can be tested to ensure that they will show accurate
results during their training and testing examples.

The coverage area is depending on the sensing radius, the number of
deployed sensors, the deployment approach (random or predefined), and
the deployed area. The effect of these parameters on the coverage area is
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simulated and tested in different scenarios. Different regression curves
and their equations are created and tested. These equations can be
accurately used to estimate the coverage values. For more information

about the correlation and the regression see (2.9) and (2.10).
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Chapter four

Simulation results and analysis

4.1 Overview

In this chapter, NetLogo simulator was used to apply the simulation
process in order to evaluate the coverage of the nodes to the selected area
using different parameters for (sensing range, communication range,
number of nodes and the area that must be covered). The effect of these

parameters was also studied.

4.2 Simulation setup
Different simulation scenarios are implemented to model, analyze
and test the effects of different WSN parameters on the coverage area.
Table (4.1) presents the suggested simulation setup.
Table (4.1): WSN environment

Parameter Value
The simulator NetLogo 6.1.1
Number of Nodes | Variable(80,100,130,150)

Deployment Random approach
Sensing Range Variable(0.8,0.9,.....,2)
Area Variable(300*300, 400*400,

500*500, 600*600)

Different parameters affect the network coverage area such as the
deployed area, number of nodes, deployment approach (random or
predefined) and sensing ranges. Figure (4.1) represent a simulation

program environment sample.
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Figure (4.1) Network environment sample

4.3 Simulation results

Four cases are proposed in implementing the simulation experiments
to model the coverage area of the WSNs.
4.3.1 Case 1 results

Different scenarios are implemented to simulate the effect of each
parameter on the coverage area. In this case the deployed area size is
selected as 300*300 m. Number of deployed nodes is varied (80,100,130
and 150) with different sensing ranges values (0.8, 0.9, 1, 1.2, 1.4, 1.6,
1.8 and 2). The following four scenarios represent the simulation
scenarios to show the effects of varying the number of nodes with

different sensing ranges in the same area.

A. scenario 1: The first simulation scenario comprises of 80 sensor nodes
deployed randomly in a 300*300 m area with a sink node in a center

point. The sensing range for each sensor node is varied from (0.8,
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0.9,1,12, 14, 1.6, 1.8 and 2). Figure (4.2) shows a snapshot from
the program for this scenario contain the shortest paths from a

random node to the sink.

Figure (4.2): Snapshot of the program in case 1, scenario 1

Table (4.2) specifies the resulted coverage area in each case. The
coverage area is calculated according to the algorithm in figure (3.6) and
equations 3.1. Shortest paths are also estimated from each sensor node to
the sink node based on algorithm in figure (3.7). A shortest path sample

with its length is presented in table (4.2).
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Table (4.2): Simulation results for case 1, scenario 1

[<F) o —
< |s3|3F |& |2%E§ SEE
Z2Z2 | &~ ] n n =
0.8 36% [(node 21) (node 109) (sink 14.718
' 129)]
0.9 46% [(node 30) (node 96) (sink 19.335
' 129)]
1 57% [(node 47) (node 12) (sink 24.933
129)]
83% [(node 10) (node 67) (node 23.289
300*300 | 80 1.2 14) (sink 129)]
1.4 100% | [(node 82) (sink 129)] 12.435
1.6 100% | [(node 85) (sink 129)] 13.978
18 100% | [(node 121) (node 35) (node | 36.766
' 17) (sink 129)]
9 100% | [(node 77) (node 104) (node | 31.624
52) (node 17) (sink 129)]

Table (4.2) represents certain estimated values for the coverage area
based on certain sensing ranges. To generalize this case, a regression
model is developed based on these measured values to estimate the
coverage area for each sensing range value. Figure (4.3) represents
the regression equation developments. Microsoft excel is used to fit

the measured values with the expected values curves.

1.2 1 X° +98.555%° - X+ +

1 520.54x% + 253,3x -, 50.088
0.8
0.6
/ Real values
0.4

4 —— Estimated values

coverage

0.2

0 T T T T 1
0 0.5 1 1.5 2 2.5

sensing range

Figure (4.3): sensing range and coverage area for casel, scenariol
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This regression equation is tested with some of the tabular values to show
its validity and then can be used to estimate the coverage area based on
any sensing range value. The variable x in equation (4.1) represents the
suggested sensing range and the variable y represents the resulted

coverage area.

y =-12.102x° + 98.555x" - 325.52x* + 556.97x° - 520.54x* + 253.3x -
50.088... (4.1)

To test the validity of equation (4.1), different values from table (4.2) are

used as inputs to calculate the required coverage values.
Example:

- When the sensing range = 0.8 then

y =-12.102(0.8)® + 98.555(0.8)° - 325.52(0.8)" + 556.97(0.8)° -
520.54(0.8) + 253.3(0.8) - 50.088 = 0.36

- When the sensing range =1 then y=0.57

These y results ensure the validity and the accurate of this created
equation. So, this equation can be used to estimate a coverage area for
any sensing range value without running the simulation program. In the
following, two random values for the sensing range are suggested to
calculate their related coverage area:

- When the sensing range = 0.95 then y=0.517
- When the sensingrange = 1.5 then y=1

Another proposed approach in this thesis is how to estimate the required

number of sensors to cover certain area based on the available sensors

specifications (their coverage range). This proposal represents a practical

issue and useful in designing any new efficient WSN. Usually, the

coverage radius of each sensor is installed by its production factory. This
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approach is modeled and simulated to add a proposed foundation in

designing and creating reliable WSNs applications.

Table (4.3) shows a suggested example to implement this proposal
approach. In this example, the sensor’s sensing range is suggested to be =
0.8, and the deployed area = 300*300 m.

Different simulation runs are performed to estimate the required number
of sensors to achieve certain coverage level. In this experiment the
simulation program is implemented and a coverage level is calculated for
each case. Usually the coverage level increased with increasing the
number of sensors. This approach can assist the simulation users or the

network managers and engineers to select the suitable wanted coverage

level.
Table (4.3) the coverage values for case 1, scenario 1
[«b)
< 2o S B <3
@ 3 2 sS o
< g S Z 2 §
80 36%
90 41%
100 46%
0,
120 >5%
300*300 0.8 140 64%
160 73%
0,
180 82%
200 9%

Table (4.3) represents the estimated values for the coverage area
based on variable number of nodes. Regression model have been
developed to estimate the coverage for each used number of nodes based
on these measured values. Figure (4.4) represents the developed

regression equation.
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0.9 y =-1E-06x? + 0.005x - 0.0251

0.8

0.7

0.6

0.5

0.4

0.3 —— Estimated values
0.2

0.1

Real values

Coverage

0 50 100 150 200 250

Number of nodes

Figure (4.4) number of nodes and coverage area for casel, scenariol

The variable x in equation (4.2) represents the used number of nodes and
the variable y represents the resulted coverage area. This equation is
tested and can be used to estimate the coverage area based on any number

of nodes value.
y = -1E-06x% + 0.005x - 0.0251 ......... (4.2)

Different values from table (4.3) are used as inputs to in order to check

the validity of equation (4.2). Example:

- When the number of nodes =90 then y=041
- When the sensing range = 100 then y=0.46

These y values confirm that the equation that was generated is valid
and accurate. Therefore, without running the simulation program, this
equation can be utilized to predict the coverage area for any number of
nodes used. Two random values for the number of nodes are suggested

below:

- When the number of nodes = 110 then y=0.51
- When the number of nodes = 150 then y=0.70
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As a network representation, certain important performance metrics
are measured and listed in figure (4.5). These metrics are A) timing
sequence, B) sensor transmitted data, C) sensor received data and D)

sampled received data while E) represents the sent from four random

nodes to the sink node.
Sensors T-Data \

Timing sequence (On Off)

10 [CINodet CITo-n1|

ENode2 Oo-nz|

Aeamn's an'mmim'E i EEE M Node3 W To-n3|

A B Node4 B TD-N4|

N S 1 | 1

L1 10 Y
0 776 0 715
Send of nodel Send of node2 Sensors R-Data
359 B #5ec| |55 - [ #sec CIrs-nt
B #Fsi /" B [Ers-n2
// Wrs-n3|C
; MRrs-n4
0 0,/
£ 0 Tme 715 0 715 0 715
Send of node3 Send of node4 Sampled R-Data
118 B #5ec| | 145 - #sec| (34,1, , [Dsrs\
;o Erai ;[ #Fai ~[  [lsRS-N2
— ; o 2 A [ HsrsN3
)f,_f / [ srRs-N4
. = oo \ ,,“ \ |II
0 0 (‘J 0 \ \/ \
0 715 0 715 0 13.8

Figure (4.5): performance metrics for case 1, scenario 1.

From figure (4.5), the time sequence represents a sample from the sending
nodes states (node 1, node 2, node 3, node 4) with time in part A, the
sensor transmission data in part B represents their transmitted data with
time, the sensor received data represents their received data in part C, part
D of figure (4.5) represents a sample from the received data by node 1,
node 2, node 3 and node 4, Part E shows the sending state for each

sending node with time.
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B. scenario 2: The second simulation scenario consists of 100 sensor
nodes deployed randomly in a 300*300 m area with a sink node in a
center point. The sensing range is as indicated previously. Figure
(4.6) shows a snapshot from the program for this scenario contain

the shortest path from n random nodes to the sink at the same time.

Figure (4.6): Snapshot of the program in case 1, scenario 2

Table (4.4) specifies the estimated coverage while using different sensing
ranges. The coverage area is calculated according to algorithm in figure

(3.6) and equation 3.1.
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Table (4.4): Simulation results for case 1, scenario 2

o £ S 3 2 o S8 g 5§82
< 5< s S 3 29g 223
2 qa w O wn ) (9] -
0.8 46% [(node 93) (sink 100)] 6.201
0.9 58% [(node 21) (node 95) (sink | 15.331
' 100)]
1 71% [(node 61) (sink 100)] 3.590
19 100% [(node 57) (node 9) (node 19.986
' 55) (sink 100)]
300*300 100 14 100% [(node 60) (node 61) (sink | 11.767
' 100)]
16 100% [(node 64) (node 81) (sink | 11.590
' 100)]
1.8 100% [(node 11) (sink 100)] 3.67
2 100% [(node 18) (node 9) (node 18.872
55) (sink 100)]

Table (4.4) represents the simulation results to estimate the values for the
coverage area for each sensing range. Figure (4.7) presents the collected
results from table (4.4) and the fitted curve with a created equation for

coverage calculations.

12 y = 6.0495x5 - 57.058x° + 219.07x* - 436.65x3

+474.07x% - 263.75x + 59.004

1

0.8
[J]
a0
Q .
> Real values
g J

04 —— Estimated values

0.2

O T T T T 1
0 0.5 1 1.5 2 2.5

sensing range

Figure (4.7): sensing range and coverage area for casel, scenario 2
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Equation (4.3) is created after fitting the expected values with the

calculated values in figure (4.4).

y = 6.0495x° - 57.058x" + 219.07x" - 436.65x° + 474.07x* - 263.75x +
59.004...... (4.3)

The variable x in equation (4.3) represents the suggested sensing range

and the variable y represents the resulted coverage area.

To test the validity of equation (4.3), different values from table (4.4) are

used as inputs to calculate the required coverage values.
Example:

- When the sensing range = 0.8 theny =0.46
- When the sensing range =1.4 then y=1
These y results ensure the validity and the accuracy of this created

equation. So, this equation can be used to estimate a coverage area for
any other sensing range value without running the simulation program.
Following are examples when selecting two random values for the
sensing range not considered in table (4.4) to calculate their related
coverage area:

- When the sensing range = 0.95 then y=0.64

- When the sensing range = 1.5 then y=1

There are certain important performances metrics are measured and
listed as a network representation, in figure (4.8). Five metrics are
considered and observed by implementing the simulation program during
the simulation run time. These metrics are A) timing sequence, B) sensor
transmitted data, C) sensor received data and D) sampled received data

and E) shows the sent from four nodes chosen randomly to the sink node.
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Timing sequence (On Off) Sensors T-Data [
10 CInodet | 34,37 Clto-n1|
[ nNode2 CTo-nz2|
Al vy v onn v 1 liNodes Mo-n B
oo e nan ENoded B To-n4)
O _AMULM A AL _m L LA 0
0 520 715
Send of nodel Send of node2 Sensors R-Data
294 M #Sec| | 430 /  E#sec [JRrs-n1
M #Fail /B Ers-n2
/ WRrs-N3|C
S/ ERrs-nN¢
/
0 0o/
E 0 Tme 715 0 715 715
Send of node3 Send of node4 Sampled R-Data
145 o~ E#sec| |15 _» M#sec| |35, [Jsrs-N1
Y o5 = #Fail —~ & #Fail \ / [ srs-n2
7 !,f 'V _~ Wsrs-n3|p
ar’H i kX \Q /\ B srRs-N4
A of VVAA \
0 715 0 715 10

Figure (4.8): performance metrics for case 1, scenario 2.

From figure (4.8), the time sequence represents a sample from the
sending nodes states (node 1, node 2, node 3, node 4) with time in part A,
the sensor transmission data in part B represents their transmitted data
with time, the sensor received data represents their received data at the
sink in part C, part D of figure (4.8) represents a sample from the
received data by node 1, node 2, node 3 and node 4, Part E shows the
sending state for each sending node with time. Comparing figure (4.8)
with figure (4.5) shows a similarity in all sub figures behaviours except

part D due to the increase in number of the deployed sensors.

C. scenario 3: In the third simulation scenario, 130 nodes where deployed
randomly in a same area with a sink node in a center point. The
sensing range is as indicated previously. Figure (4.9) shows a
snapshot from the program for this scenario contain the shortest path

from four random nodes to the sink.
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Figure(4.9): Snapshot of the program in case 1, scenario 3

Table (4.5) shows the calculated coverage area by implementing the

simulation program for multiple sensing ranges.

Table (4.5): Simulation results for case 1, scenario 3

[1+] 5 9D > D [<5) =] B <SS
2 3 3 5 © s
° o
0.8 59% [(node 51) (node 103) (sink | 12.905
' 130)]
0.9 75% [(node 107) (node 57) (sink | 15.485
' 130)]
1 93% [(node 64) (node 98) (sink 12.972
130)]
300*300 130 19 100% g(égc]je 41) (node 7) (sink 15.515
14 100% | [(node 88) (node 79) (sink 14.045
' 130)]
1.6 100% | [(node 57) (sink 130)] 9.39
1.8 100% | [(node 98) (sink 130)] 5.348
5 100% | [(node 9) (node 73) (node 16.374

27) (sink 130)]
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Figure (4.10) presents the shape of the results in table (4.5) with their
expected (Estimated) values. Equation (4.4) is created based on the

tabular results for the coverage area.

1.2

y =-0.9749x> + 5.4527x* - 9.8204x3 + 3.7703x? +
5.9591x - 3.4835

. e
f

0.4 Estimated values

coverage
o
[e)}

Real values

0 0.5 1 1.5 2 2.5

sensing range

Figure (4.10): sensing range and coverage area for casel, scenario 3
The variable x in equation (4.4) stands for the sensing range and the

variable y stands for the coverage area.

y = -0.9749x° + 5.4527x" - 9.8204x® + 3.7703x” + 5.9591x - 3.4835.........
(4.4)

Example:
- When the sensing range = 1.4 then y =1
- When the sensing range = 1.2 then y=1
- When the sensing range = 0.95 then y=0.84
- When the sensing range =1.3 then y=1

Figure (4.11) shows the simulation results for the five performance
metrics.
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Timing segquence (On Off) Sensors T-Data
10 [Inodet| | 35,1+ Ot
Enode2 O 1o-n2
A I W T U T B Node3 M To-n3
Lmn W namoanny y ENoded Eo-n4

0 ({u1umuumm_um_m\'ug\u_umps20

571

Send of nodel Send of node2 Sensors R-Data
294 B #Sec| |43, [ #5ec [JRrs-n1
B #Fail [ #Fail Ers-n2
W Rrs-N3
B Rrs-n4

0 0
E 0 Tme 715 0 715 0 571

Send of node3 Send of node4 Sampled R-Data
86.9 M #sec| | 445 ~ E#sec [Jsrs-N1
& #Fail / [ #Fail [Esrs-n2
7 lsRS-N3
/_J y A /\/ ESRS-N4

0 0 \ / \
0 715 0 715

Figure (4.11): performance metrics for case 1, scenario 3.

The behavior of the results in figure (4.11) shows stability and clearly

presents the effect of number of nodes.

D. scenario 4: 150 nodes distributed randomly in a 300*300 m area while

the sink node is located at a center point. The sensing range is as

indicated previously. Figure (4.12) shows a snapshot from the

program for this scenario contain the shortest path from four random

nodes to the sink.

49




Figure (4.12): Snapshot of the program in case 1, scenario 4

Table (4.6) shows the calculated coverage area by implementing the

simulation program for multiple sensing ranges.

Table (4.6): Simulation results for casel, scenario 4

3 T & 23 S Bs 2 BES S
& |€8 |g§ |§ |£&E SES
s Z 3 > L= e s -
Z B 8 n n
0.8 68% [(node 40) (sink 150)] 9.525
0 node node node :
0.9 87% [(node 66) (node 123) (node | 15.178
' 137) (sink 150)]
1 100% | [(node 116) (node 52) (node | 14.413
43) (sink 150)]
1.2 100% | [(node 22) (sink 150)] 9.838
300*300 150 100% | [(node 10) (node 24) (sink 15.247
1.4 150)]
1.6 100% | [(node 30) (sink 150)] 4.025
18 100% | [(node 61) (node 19) (sink 15.742
' 150)]
2 100% | [(node 6) (node 81) (sink 11.835

150)]
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Figure (4.13) presents the shape of the results in table (4.6) with their
expected (Estimated) values. Equation (4.5) is created based on the

tabular results for the coverage area.

1.2

y =-2.1829x* + 13.329%3 - 29.954x2 + 29.323x - 9.5363

1 f\z/\
0.8

/

coverage
o
(2}

Real values

0.4 Estimated values

0 0.5 1 1.5 2 2.5

sensing range

Figure (4.13): sensing range and coverage area for casel, scenario 4
The variable x in equation (4.5) used to represent the sensing range and

the variable y used to represent the coverage area.
y = -2.1829x" + 13.329%° - 29.954x* + 29.323x - 9.5363......... (4.5)

Example:
- When the sensing range = 0.9 theny =0.87
- When the sensing range = 1.2 theny=1
- When the sensing range = 0.95 theny =0.93
- When the sensing range = 1.5 theny=1

The same five performance metrics are listed and measured in figure
(4.14).
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Timing sequence (On Off)

Sensors T-Data

Simulation results and analysis

10 [INode1 CJ1o-n1
Enode2 O To-n2,
A oy ey [liNodes M DNz,
AN An o r ENoded Eo-ne,
O N A ANMAR A DAM M AR
0 620 715
Send of nodel Send of node2 Sensors R-Data
325 M #35ec| |53, , E#sec [Jrs-n1
M #Fail /7 sl Ers-n2
! Wrs-n3
3 K Ers-n4
0 0./
E 0 Tme 715 0 715 715
Send of node3 Send of node4 Sampled R-Data
131 » #sec| | 145 / E#sec [Jsrs-n1
/J [ #Fai ~ [ #Fai Esrs-n2
e M srs-n3
v A — [E srs-N4
0 JJ_J— 0 II/—
0 715 0 715 13.8

Figure (4.14): performance metrics for case 1, scenario 4.

The behavior of the results in figures (4.5, 4.8, 4.11 and 4.14) shows

stability and clearly presents the effect of number of nodes.

4.3.2 Case 2 results

As presented previously different scenarios are implemented to

simulate the effect of different parameter on the coverage area. The

deployed area is selected as 400400 m in this case. The number of

deployed nodes is variable. The scenarios were used to show the effects

of variable number of nodes with different sensing ranges in a same area.

A. scenario 1: The first simulation scenario comprises of 80 nodes

deployed randomly in a 400*400 m while the sink node in the center. The

sensing range for each sensor node is varied as the scenarios in case 1.

Table (4.7) specifies the resulted coverage area for each sensing range.

Shortest paths are also calculated from each sensor node to the sink node.

A shortest path sample with its length is presented in table (4.7).
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Table (4.7): Simulation results for case 2, scenario 1

¢ |BE (g |p |BEt £55
< 52 |5% | =75 s 2
Z n 3 n © B
S O
0.8 26% [(node 32) (node 20) (node | 20.614
' 29) (sink 80)]
0.9 32% [(node 38) (node 16) (node | 20.698
' 26) (sink 80)]
1 40% [(node 72) (node 38) (node | 26.551
16) (node 26) (sink 80)]
1.2 58% [(node 30) (sink 80)] 3.557
*
40074007} 80 L4 | 79% | [(nodes) (node4) (sink | 12.044
' 80)]
16 100% | [(node 20) (node 29) (sink | 16.233
' 80)]
18 100% | [(node 7) (node 43) (sink 17.384
' 80)]
2 100% | [(node 31) (sink 80)] 8.784

Figure (4.15) represents the regression equation which can be used to
calculate the coverage area. Equation (4.6) is created based on the tabular

results for the coverage area.

1.2
y =0.5933x% - 4,2857x3 + 10.325x2 - 9.2706x + 3.027

1 ~

Real values

coverage
o
[e)}

0.4 Estimated values

O T T T T 1
0 0.5 1 15 2 2.5

sensing range

Figure (4.15): sensing range and coverage area for case2, scenario 1

The variable x in equation (4.6) represents the suggested sensing range

and the variable y represents the resulted coverage area.
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y = 0.5933x" - 4.2857x% + 10.325x* - 9.2706x + 3.027 ...... (4.6)

Example
- When the sensing range = 0.8 theny =0.26
- When the sensing range = 0.95 theny=0.34
- When the sensing range = 1.5 theny =0.89

Figure (4.16) represents the simulation results for multiple important

performance metrics measured and listed in as a network representation.

Timing sequence (On Off) Sensors T-Data
10 [CInodet |
Enode2
P4 MW T W . Node3
SN 1V 1 T B Node4
0 (l;'” O |
Send of nodel Send of node2
359 M #5ec 531 [ #sec
M #Fai [ #Fail
0 0 0 ‘
E 0 Time 715 0 715 0 715
Send of node3
197 [l #Sec [Isrs-n1
[ #Fail [ srs-nz
Esrs-n3(D
B srs-N4
0
0 715

Figure (4.16): performance metrics for case 2, scenario 1.
The behavior of the results in figure (4.16) shows certain stability.

B. scenario 2: In the second simulation scenario 100 nodes are deployed
randomly in the same area. The sensing range is as indicated
previously. Table (4.8) specifies the coverage depending on using
different sensing ranges.
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Table (4.8): Simulation results for case 2, scenario 2

oooooooooooooooooooooooooooooooooooooooooooooooo

Simulation results and analysis

g B gz |p |Ess 155
E2 S = o s *E S 3
Z o« » 3 »n ° B
S O
0.8 32% [(node 9) (node 61) (node | 20.760
' 85) (sink 100)]
0.9 41% [(node 51) (node 19) (sink | 13.5
' 100)]
1 50% [(node 61) (node 85) (sink | 11.059
100)]
73% [(node 8) (node 28) (node | 20.576
400*400 100 1.2 85) (sink 100)]
14 99% [(node 0) (node 60) (node | 18.722
' 13) (sink 100)]
1.6 100% | [(node 76) (sink 100)] 9.433
18 100% | [(node 29) (node 62) (sink | 15.885
' 100)]
2 100% | [(node 20) (sink 100)] 6.509

Figure (4.17) shows the shape of the results in table (4.8) with their
expected (Estimated) values. Equation (4.7) is created based on the

tabular results for the coverage area.

1.2 y = 1.6185x° - 8.8297x* + 16.668x3 - 12.29x2 + 2.963x
+0.3725
1 S
0.8
o /
[T}
©
& 0.6
2 Real values
(8]
0.4 Estimated values
0.2
O T T T T 1
0 0.5 1 1.5 2 2.5

sensing range

Figure (4.17): sensing range and coverage area for case2, scenario 2

The variable x in equation (4.7) represents the suggested sensing range

and the variable y represents the resulted coverage area.
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ooooooooooooooooooooooooo

....................... Simulation results and analysis

y = 1.6185x° - 8.8297x* + 16.668x° - 12.29x? + 2.963x + 0.3725 ... (4.7)

Example

- When the sensing range = 0.8 theny =0.32

- When the sensing range =1 theny =0. 50

- When the sensing range = 0.95 theny=0.44

- When the sensing range = 1.5 theny=1

In figure (4.18) the simulation results for the five performance metrics are

presented.

Timing sequence (On Off)

10 [CInode1 1p-n1
[Enode2 O 71D-N2|
Al WO W T Bl node3 Ho-n g
JUCIUAMAT R Al LR T B Node4 [ TD-N4

0_ AL M ARAAN MW
0

g B

Sensors T-Data

Send of nodel
359 I #Sec CIrs-N1
M #Fail ERrs-n2
Brs-n3|C
B Rrs-N4
0
E 0 Time 715
Send of node3 Send of node4 Sampled R-Data
161 i B #5ec] |4131 , E#Sec| |359- [CJsrs-N1
7 Bl 7 W #Fail b ~1  EsRs-n2
, ;’I,_A : [ s D
- > o [ [ srs-n4
2 i - W 0 /! \ \/ /
0 715 0 715 0 13.8

Figure (4.18): performance metrics for case 2, scenario 2.

The behavior of the results in figure (4.18) shows stability and clearly

presents the effect of number of nodes if it compared with figure (4.16).

C. scenario 3: In this scenario 130 nodes where in an 400*400 m area

these nodes where deployed randomly while the sink node in a

center point. The sensing range is as indicated previously. Table

(4.9) demonstrates the coverage while multiple sensing ranges are

used.
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Table (4.9): Simulation results for case 2, scenario 3

8 23 g% | g g3 )
. ES  |2s |§  |BRE s
Z e N ) o 9 &
S O
0.8 42% [(node 54) (node 32) (node | 22.211
' 62) (sink 130)]
0.9 53% [(node 10) (node 83) (sink | 16.532
' 130)]
1 65% [(node 9) (node 79) (sink 14.332
130)]
« 1.2 94% [(node 83) (sink 130)] 7.647
4007400 130 14 100% | [(node 90) (node 54) (node | 27.247
' 32) (node 62) (sink 130)]
16 100% | [(node 107) (node 83) 13.173
' (sink 130)]
18 100% | [(node 113) (node 79) 18.321
' (sink 130)]
2 100% | [(node 57) (sink 130)] 2.112

Figure (4.19) illustrate the shape of the results in table (4.9) with their
expected (Estimated) values. Equation (4.8) is created based on the

tabular results for the coverage area.

1.2 y =-5.3952x° + 39.109x* - 110.14x3 + 149.4x? -
. 96.271x + 23.962
0.8 /
w /
oo
©
o 0.6
3 / Real values
(8)
04 Estimated vales
0.2
0 T T T T 1
0 0.5 1 1.5 2 2.5
sensing range

Figure (4.19): sensing range and coverage area for case2, scenario 3
The variable x in equation (4.8) stands for the sensing range and the

variable y stands for the coverage area.
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y = -5.3952x% + 39.100x* - 110.14x% + 149.4x% - 96.271x + 23.962... (4.8)

Example:
- When the sensing range = 0.8 theny =0.42
- When the sensing range = 1.4 theny =1
- When the sensing range = 0.95 theny = 0.58
- When the sensing range = 1.5 theny=1

Figure (4.20) presents the simulation results for the five performance

metrics.
Timing sequence (On Off) Sensors T-Data ‘
10 Clnodel| | 34,7 i I 1o-n1 |
[ node2 OTo-n2|
A W T W VW U B node3 HEo-n B
M LA R TR ARATLALL b Blnodes W TD-n4
O AN R MAARA ARNRA 0
0 620 0 571
Send of nodel Send of node2 Sensors R-Data
266 M #5ec| | 437 L+ B#sec| |35.7 [CJrs-n1
B #Fail /’ & #Fail ERrs-n2
. "y, ' B Rrs-N3 C
P il M Rs-N4
0 B 0
L0 Tme 571 0 571 0 571
Send of node3 Send of node4 Sampled R-Data
106 o~ E#sec| | 106 o~ E#sec| (331 . [CIsrs-n1
f = #Fail J_rr;‘ & #Fail A [ srs-n2
A / 4T . Esrsn3|p
2 / - il SRS-N4
0.~ B 0/ XN /
0 571 0 571 0 10

Figure (4.20): performance metrics for case 2, scenario 3.

The behavior of the results in figure (4.20) shows stability and presents
the effect of number of nodes clearly.

D. scenario 4: 150 nodes are distributed in a random way in a 400*400 m
area and the position of the sink node is at the center point. The
sensing range is as indicated previously. Table (4.10) includes the

covered area value while using a range of sensing ranges.
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Table (4.10): Simulation results for case 2, scenario 4

§ 5§ (g% |& |Igs £55
S Z & = S 2 g S =
Z = 2} 8 n n
0.8 48% [(node 80) (sink 150)] 9.112
0.9 61% [(node 39) (node 58) (sink | 13.061
' 150)]
75% [(node 53) (node 126) 27.837
1 (node 32) (node 80) (sink
150)]
1.2 100% | [(node 134) (sink 150)] 4919
*
4007400 150 14 100% | [(node 16) (node 42) (sink | 10.765
' 150)]
16 100% | [(node 114) (node 39) 20.587
' (node 58) (sink 150)]
18 100% | [(node 95) (node 19) (node | 18.680
' 66) (sink 150)]
2 100% | [(node 54) (sink 150)] 5.093

Figure (4.21) demonstrates the shape of the results in table (4.10) with
their expected (Estimated) values. Equation (4.9) is created based on the

tabular results for the coverage area.

1.2
y = 7.3473x% - 66.693x° + 247.23x* - 477.27x3 +
1 503.37—w
0.8
()]
oo
[¢]
g 0.6
3 Real values
()
0.4 Estimated values
0.2
0 T T T T 1
0 0.5 1 1.5 2 2.5

sensing range

Figure (4.21): sensing range and coverage area for case2, scenario 4

The variable x in equation (4.9) used to represent the sensing range and

the variable y used to represent the coverage area.
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y = 7.3473x° - 66.693x° + 247.23x" - 477.27x° + 503.35%° - 272.81x +
59.609... (4.9)

Example:
- When the sensing range = 0.8 then y =0.48
- When the sensing range = 1.4 then y=1
- When the sensing range = 0.95 then y=0.67
- When the sensing range = 1.3 then y=1

Figure (4.22) shows the simulation results for the five performance

metrics.
Timing sequence (On Off) Sensors T-Data
10 [CInodet 3 [C1o-n1
Enode2 [ 1p-n2
NV W W B node3 B 7D-N3
A Enode4 [ TD-N4 B
R | | T [ R |
O A AAM AL _nn_mn | ! L)
0 620 0 571
Send of nodel Send of node2 Sensors R-Data
241 W #sec| | 437 [H #sec JRrs-n1
[ #Fail = #Fail Ers-n2
Mrs-n3
B Rrs-n4
0 0
E 0 Tme 571 0 571 0 571
Send of node3 Send of node4 Sampled R-Data
57.2  E#sec| | 106 [ #5ec \ [Isrs-n1
f—ﬁ [ #Fail [/—’J_, & #Fail [ srs-n2
f W srsnz D
Jf W srRs-N4
0 0
0 571 0 571 10

Figure (4.22): performance metrics for case 2, scenario 4.

The behavior of the results in figures (4.16, 4.18, 4.20 and 4.22) shows
stability and clearly presents the effect of number of nodes.
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Simulation results and analysis

In this case different scenarios are implemented to see the effect of

different parameter on the coverage. The area of interest is selected as

500*500 m in this case. A variable number of nodes are distributed. In

the scenarios a variable number of nodes with a group of different sensing

ranges were used in the same area.

A. scenario 1: At the beginning in the first simulation scenario 80 nodes
were randomly deployed in a 500*500 m while the sink node is at

the center point. A variable number of sensing range for each sensor

node is used as the scenarios in the previous case.

Table (4.11)

displays the resulted coverage area for each sensing range. The

shortest paths from each sensor node to the sink node are also
calculated. A sample for the shortest path with its length is displayed

in table (4.11).

Table (4.11): Simulation results for case 3, scenario 1

80)]

n (5]
5 3 = & 2 o g
3 £3 2% | ¢ ScE ScB
< Z% &8 |3 5 & 3 583
08 18% [(node 55) (node 62) (node | 25.094
‘ 16) (node 37) (sink 80)]
23% [(node 30) (node 7) (node | 42.569
0.9 32) (node 8) (node 16)
(node 37) (sink 80)]
1 29% [(node 9) (node 16) (node | 19.024
37) (sink 80)]
19 42% [(node 64) (node 57) (sink | 17.837
500*500 | 80 ' 80)]
1.4 57% [(node 37) (sink 80)] 7.413
16 74% z[3((r)1)c]>de 67) (node 57) (sink | 16.555
94% [(node 19) (node 0) (node | 38.387
1.8 44) (node 67) (node 57)
(sink 80)]
2 100% | [(node 11) (node 57) (sink | 16.389
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Figure (4.23) shows the shape of the results in table (4.11) with their
expected (Estimated) values. Equation (4.10) is created based on the

tabular results for the coverage area.

1.2

y =-1.0526x* + 5.3655x3 - 9.7172x? + 8.092x - 2.3953

/
a

1

o
00

coverage
o
[e)]

o
»

Real values

o
[N}

Estimated values

o

0.5 1 15 2 2.5
sensing range

o

Figure (4.23): sensing range and coverage area for case3, scenario 1

The variable y represents the resulted coverage area and variable x in

equation (4.10) represents the suggested sensing range.
y = -1.0526x" + 5.3655x° - 9.7172x" + 8.092X - 2.3953 ...... (4.10)

Example:
- When the sensing range = 0.9 theny=0.23
- When the sensing range = 1 then y = 0.29
- When the sensing range = 0.95 theny =0.26
- When the sensing range = 1.3 theny =0.48

In figure (4.24) the simulation results for the five performance metrics are
presented.
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Timing sequence (On Off) Sensors T-Data [
10 CInode1| (34,1 Oto-nt|
[Enode2 B 1o-n2|
Al TIwWwvrry I UV W WL [ node3 B TD-N3 éB
JUL AV R AT UL AT AT B Node4 B o-n4
3 N 1 T O O 0
0 620 0 571
Send of nodel Send of node2 Sensors R-Data
325 M #5ec| | 437 B #sec| 344 [Crs-n1
M #Fail = #Fail RS-N2
y " WRrs-N3
/ B Rrs-n¢
/
0 | VA
E 0 Time 571 0 571 0 571
Send of node3 Send of node4 Sampled R-Data
106 o~ W #sec| | 145 o+ [#sec| |33.9— [Jsrs-n1
A = #Fail ~  E#Fai \ A [ srs-n2
~ /r/ W srs-nz| D
),_rfJ - A ) \ B srs-N4
o 0 il 0 / \
0 571 0 571 0 10

Figure (4.24): performance metrics for case 3, scenario 1.

The behavior of the results in figure (4.24) shows certain stability.

B. scenario 2: In the same area 100 nodes are deployed randomly in the

second simulation scenario. The sensing range is as indicated

previously. Table (4.12) represents the coverage depending on using

a number of different sensing ranges.

Table (4.12): Simulation results for case 3, scenario 2

S o 2 ) 8 @ 8
3 ES |2% |¢& S5sg 555
< 2% & 8 3 585 588
0.8 23% [(node 67) (node 49) (node | 22.528
' 20) (sink 100)]
29% [(node 57) (node 99) (node | 36.422
0.9 59) (node 18) (node 47)
(sink 100)]
1 36% [(node 73) (sink 100)] 7.786
5 -
500%500 100 19 52% g(gg)(ie 24) (node 43) (sink | 14.487
1.4 71% [(node 16) (sink 100)] 3.749
16 93% [(node 80) (node 2) (node | 27.767
' 74) (node 73) (sink 100)]
1.8 100% | [(node 10) (sink 100)] 1.682
100% | [(node 18) (node 47) (sink | 11.346
2
100)]
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Figure (4.25) displays the shape of the results in table (4.12) with their
expected (Estimated) values. Equation (4.11) is created based on the

tabular results for the coverage area.

1.2

y =2.6331x° - 18.608x* + 50.389x3 - 65.299x2 +
1 41.315x - 10.074

Vd

/ Real values
/ —— Estimated values

o
[

coverage
o
(o)}

©
~

o
[N}

o

0.5 1 1.5 2 2.5

sensing range

o

Figure (4.25): sensing range and coverage area for case3, scenario 2

The variable x in equation (4.11) represents the given sensing range and

the variable y represents the resulted coverage area.

y = 2.6331x° - 18.608x" + 50.389x° - 65.299x° + 41.315x - 10.074
(4.11)

Example:
- When the sensing range = 0.9 theny =0.29
- When the sensing range =1 theny =0.36
- When the sensing range = 0.95 theny =0.32
- When the sensing range =1.9 theny=1

Figure (4.26) shows the simulation results for the five performance

metrics.
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Timing sequence (On Off) Sensors T-Data
10 CINodet | | 35,4 Clro-nt
Enode2 TD-N2
Al I T W W node3 W 0-n3
LA AP A LT ElNode4 Eo-n4
0 (UL A JLAMUMA UL R 1L 0
0 776 0 715
Send of nodel Send of node2 Sensors R-Data
359 B #5ec| | op5 B #5ec| (354 [Jrs-nt
M #Fail [ #Fail Ersn2
WRrs-n3
/ B Rrs-n4
0 0/ 0
E 0 Tme 715 0 715 0 715
Send of node3 Send of noded
145 B #sec| | 434 [ #sec [JsRs-Nt
[ #Fail E #rail Esrs-n2
[ sRs-N3
B sRs-N4
0 0
0 715 0 715

Figure (4.26): performance metrics for case 3, scenario 2.

The behavior of the results in figure (4.26) shows stability and clearly

presents the effect of number of nodes.

C. scenario 3: In this scenario the sensing range is as indicated previously

and 130 nodes where in 500*500 m area these nodes where

randomly deployed while the sink node in the center of the area. The

sensing range is as indicated previously. Table (4.13) shows the

coverage while variable sensing ranges are used.
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Table (4.13): Simulation results for case 3, scenario 3

oooooooooooooooooooooooooooooooooooooooooooooooo

Simulation results and analysis

- o =] = =
Lo c — & @ &
S g 2 2 5 = 5c g 5s gv
< Z'%s & O 5 83 »as
0.8 30% [(node 86) (node 104) (node | 19.415
' 4) (sink 130)]
0.9 38% [(node 44) (node 19) (node | 29.258
' 103) (node 59) (sink 130)]
1 47% [(node 4) (sink 130)] 5.558
19 68% [(node 6) (node 0) (sink 12.524
500*500 | 130 ' 130)]
14 92% [(node 66) (node 24) (node | 31.259
' 6) (node 0) (sink 130)]
1.6 100% | [(node 80) (sink 130)] 4.301
18 100% [(node_: 19) (node 103) (node | 22.673
59) (sink 130)]
2 100% | [(node 99) (sink 130)] 8.595

Figure (4.27) demonstrates the shape of the results in table (4.13) with
their expected (Estimated) values. Equation (4.12) is created based on the

tabular results for the coverage area.

1.2
y =1.7203x* - 10.14x3 + 21.046x% - 17.432x + 5.2712
1 /—\ S
0.8
o /
o0
©
o 0.6
3 / Real values
(%]
0.4 / Estimated values
0.2
0 T T T T 1
0 0.5 1 1.5 2 2.5

sensing range

Figure (4.27): sensing range and coverage area for case3, scenario 3
The variable y stands for the coverage area and the variable x in equation

(4.12) stands for the sensing range
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y = 1.7203x* - 10.14x° + 21.046x% - 17.432x + 52712 ...... (4.12)

Example:
- When the sensing range = 0.8 theny =0.30
- When the sensing range = 1 then y = 0.47
- When the sensing range = 0.85 theny =0.33
- When the sensing range = 1.7 theny=1

Figure (4.28) shows the simulation results for the five performance

metrics.
Timing sequence (On Off) Sensors T-Data
10 [CInodet| | 34,64 CI1o-n1
Enode2 it O 1o-n2
Al mwr w1 liNode3 | / B TD-N3 B
_ mn v moan ENoded | [ To-n4
O LALLM ARAAL R MR ‘
0 620 0 715
Send of nodel Send of node2 Sensors R-Data
294 W #sec| | 430 B #sec| (346 CJrs-nt
M #Fai M #Fail | ERrs-n2
BRrs-N3
Ers-N4 C
0 0 0
E 0 Tme 715 0 715 0 715
Send of node3 Send of node4 Sampled R-Data
95.7 B #3ec| | 173 B #sec| (342 [1srs-N1
[ #Fai [ #Fail [ srs-n2
7 EsRSN3
/ ow / [ srs-N4 D
0/ 0/ 0 | /
0 715 0 715 0 10

Figure (4.28): performance metrics for case 3, scenario 3.

The behavior of the results in figure (4.28) shows stability and clearly
presents the effect of number of nodes.
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D. scenario 4: In the last scenario for this case 150 nodes are distributed
in a randomly in a 500*500 m area and the sink node positioned at
the center point. The sensing range is as indicated previously. Table
(4.14) contain the covered area value while using a variable numbers

of sensing ranges.

Table (4.14): Simulation results for case 3, scenario 4

s 8 - = o =
< é § % > g g = %' g = %‘»
= Sl = 3 25 E 2% <
< Z 0o n 8 O » a3 w ol

34% [(node 31) (node 94) (node | 34.954
0.8 43) (node 77) (node 87)
(sink 150)]
0.9 44% [(node 119) (node 45) 22.334
‘ (node 92) (sink 150)]
1 54% [(node 7) (sink 150)] 6.77
19 78% [(no)c]ie 51) (node 7) (sink 15.097
* ' 150
500%500 | 150 Y 100% | [(node 112) (node 20) 25984
' (node 9) (sink 150)]
16 100% | [(node 103) (node 52) 17.097
' (sink 150)]
18 100% | [(node 32) (node 96) (node | 28.669
' 40) (node 56) (sink 150)]
5 100% | [(node 45) (node 92) (sink | 14.061
150)]

Figure (4.29) displays the shape of the results in table (4.14) with their
expected (Estimated) values. Equation (4.13) is created based on the

tabular results for the coverage area.
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y =-18.277x® + 151.77x° - 512.91x* + 901.35x3 -

1 868.18x2 + 435.73x - 88.9
0.8 /
0.6
/ Real values
0.4 /

——— Estimated values

coverage

0 0.5 1 1.5 2 2.5

sensing range

Figure (4.29): sensing range and coverage area for case3, scenario 4

The variable x in equation (4.13) used to represent the sensing range and

the variable y used to represent the coverage area.

y =-18.277x° + 151.77x° - 512.91x* + 901.35x° - 868.18x° + 435.73x -
88.956..(4.13)

Example:
- When the sensing range = 0.9 theny =0.44
- When the sensing range = 1.2 theny =0.78
- When the sensing range = 0.85 theny =0.40
- When the sensing range = 1.5 theny=1

Figure (4.30) shows the simulation results for the five performance
metrics.
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Timing sequence (On Off) Sensors T-Data
10 CINodet CJ1o-n1
Enode2 O to-n2
Al MOy YT T T T M nNode3 M TD-N3
UL UL A MLTEL bR AR AT B Noded Eo-n4
Lo O 7

0 776 0 715
Send of nodel Send of node2 Sensors R-Data ’
359 B #5ec| |sgs 7/ E#sec CIRs-N1|
M #Fi // [ #Fai Ers-n2

e BRrs-N3 C
b M Rrs-n4|
0 0 // ‘
E 0 Tme 715 0 715
Send of node3 Send of node4 Sampled R-Data ’
178 ] B #5ec| | 145 v E#sec [Jsrs-N1,
A B #Fai =" [ #Fai A [ srs-n2|
o J/J /\ W srs-N3|
I/ / \ A [\ B srs-N4.
2 A LR AL 'II \l

0 r 0 i \ / \\ / \ ‘
0 715 0 715 13.8 ‘

Figure (4.30): performance metrics for case 3, scenario 4.

The behavior of the results in figures (4.24, 4.26, 4.28 and 4.30) shows

stability and clearly presents the effect of number of nodes.

4.3.4 Case 4 results

This is the last case in the random distribution and also includes
different scenarios which are implemented to notice the effect of multiple
parameters on the coverage area. The area to be covered is selected as
600*600 m in this case. Different values for the number of nodes are
deployed. In the scenarios a range of sensing ranges were used in the

Same area.

A. scenario 1: In the first simulation scenario there were 80 randomly
deployed nodes in a 600*600 m and the sink node in the center. For
each sensor node a variable number of sensing ranges are used as the
scenarios in the previous case. The resulted coverage area for each

sensing range is displayed in Table (4.15). The shortest paths from
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Simulation results and analysis

the sink node to each sensor node are also calculated. An example

for the shortest path with its length is shown in table (4.15).

Table (4.15): Simulation results for case 4, scenario 1

e B S - -
5 23 o |3 g 2 g =
8 Ez e o 3 SEE SEP
< zZ%5 & O » 88 »as
15% [(node 72) (node 70) (node | 35.501
0.8 53) (node 0) (node 17)
(sink 80)]
19% [(node 20) (node 15) (node | 60.488
09 5) (node 12) (node 78)
' (node 36) (node 71) (node
47) (node 74) (sink 80)]
* 1 24% [(node 54) (sink 80)] 8.170
600%600 | 80 19 35% [(node 36) (node 71) (node | 24.155
' 47) (node 74) (sink 80)]
14 47% [(node 70) (node 53) (node | 31.073
' 0) (node 17) (sink 80)]
16 62% [(node 53) (node 0) (node | 22.553
' 17) (sink 80)]
1.8 79% [(node 74) (sink 80)] 5.952
2 97% [(node 40) (sink 80)] 9.357

Figure (4.31) shows the shape of the results in table (4.15) with their

expected (Estimated) values. Equation (4.14) is created based on the

tabular results for the coverage area.
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1.2

y =-0.0994x* + 0.5534x3 - 0.8782x2 + 0.9822x - 0.3179

coverage
o
[e)}

Real values

0.4 Estimated values

0 0.5 1 15 2 2.5

sensing range

Figure (4.31): sensing range and coverage area for case 4, scenario 1

The variable y represents the resulted coverage area and variable X in

equation (4.14) represents the suggested sensing range.
y = -0.0994x* + 0.5534x° - 0.8782x* + 0.9822x - 0.3179...... (4.14)

Example:
- When the sensing range = 0.8 theny=0.15
- When the sensing range = 1 then y = 0.24
- When the sensing range = 0.95 theny =10.21
- When the sensing range = 1.3 theny =0.40

Figure (4.32) shows the simulation results for the five performance

metrics.
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Timing sequence (On Off) Sensors T-Data
10 CIodet Oo-nt
ENode2 Oro-ne
Al Omwm T T W Node3 W 0-n3
I i gy ENodet Erow
0 6PJUJLUJL_,LU‘_LJI_I‘JML[H‘JLLUHUL
Send of nodel Send of node2
359 B #5ec| |53y B #sec (RSNt
B #Fail B #Fai ERrs-n2
HRrs-N3
WRs-N4
0 0 0
£ 0 Tme 715 0 715 0 715
Send of node3 Send of node4 Sampled R-Data
145 [ #5ec| | 145 B #sec| (351 . CJsrs-n1
HEE B #rai I N | SRS\
N\ W sRs-N3
/\/\/ B sRs-n4
0 0 0/ /
0 715 0 715 0 13.8

Figure (4.32): performance metrics for case 4, scenario 1.

The behavior of the results in figure (4.32) shows certain stability.

B. scenario 2: In the same area 100 nodes are deployed randomly in the

second simulation scenario. The sensing range is as indicated

previously. Table (4.16) estimates the coverage depending on using

a number of different sensing ranges.
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Table (4.16): Simulation results for case 4, scenario 2

3 T & 23 o BE2 BES
< €8 2§ |§ |gi&e £58
25 3 g 5 O 5
19% [(node 92) (node 35) (node | 40.133
0.8 73) (node 2) (node 77)
(sink 100)]
24% [(node 26) (node 46) (node | 54.073
0.9 79) (node 4) (node 84)
' (node 12) (node 77) (sink
100)]
1 30% [(node 69) (node 70) (node | 31.161
12) (node 77) (sink 100)]
600*600 100 12 43% [(node 5) (node 24) (node | 29.668
' 22) (node 34) (sink 100)]
14 59% [(node 35) (node 73) (node | 33.703
' 2) (node 77) (sink 100)]
16 7% [(node 23) (node 44) (node | 21.299
' 77) (sink 100)]
18 98% [(node 24) (node 22) (node | 23.271
' 34) (sink 100)]
5 100% | [(node 12) (node 77) (sink | 13.641
100)]

Figure (4.33) displays the shape of the results in table (4.16) with their
expected (Estimated) values. Equation (4.15) is created based on the

tabular results for the coverage area.

coverage

1.2

0.8

0.6

0.4

0.2

y =-1.4152x* + 7.1867x3 - 13.008x? + 10.647x -
3.1073

/

S/

0.5 1 1.5 2 2.5
sensing range

Real values

—— Estimated values

Figure (4.33): sensing range and coverage area for case 4, scenario 2
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The variable x in equation (4.15) represents the given sensing range and

the variable y represents the resulted coverage area.
y = -1.4152x" + 7.1867x° - 13.008x* + 10.647x - 3.1073 ....... (4.15)

Example:
- When the sensing range = 0.9 theny =0.24
- When the sensing range = 1.4 theny =0.59
- When the sensing range = 0.95 theny =0.27
- When the sensing range = 1.5 theny =0.68

Figure (4.34) shows the simulation results for the five performance

metrics.
Timing sequence (On Off) Sensors T-Data
10 CINodel | | 35,24 O 1o-nt
Enode2 " ) OTo-n2
Al oy win W v [liNodes il | | ETo-Nz B
ML A AWML IRk AN BNoded it B -4
O/ I MMM MM ARA A AL N AATRA 0 ‘
0 620 0 571
Send of nodel Send of node2 Sensors R-Data '
325 M #Sec 482 B #5ec 35.2 [Jrs-n1
M #Fail // [ #Fail i) ERs-Nz|
S n || | ERs-N3 C
/ X M Rrs-ng.
4
0 0/ 0 . ‘
E 0 Tme 571 0 571 0 571
Send of node3 Send of node4 Sampled R-Data ;
86.9 — M #sec| | 118 — E#sec| (333~ [Jsrs-n1|
AN JJJ [ #Fail : Esrs-nz,
2 ~ B srsn3 D
’ F P AVAS A\ B srs-N4,
= / /A \/\\
L e 0 F N ,
0 571 0 571 0 10 |

Figure (4.34): performance metrics for case 4, scenario 2.

The behavior of the results in figure (4.34) shows stability and clearly

presents the effect of number of nodes.

C. scenario 3: In this scenario the sensing range is as indicated previously
and 130 nodes where in a 600*600 m area these nodes where

randomly deployed while the sink node in the center of the area. The
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sensing range is as indicated previously. Table (4.17) shows the

values for the coverage with using variable sensing ranges.

Table (4.17): Simulation results for case 4, scenario 3

(58] = 0 o) D  c o — c
$ |83 |52 |@ |£g@ £5%
= o = o = < 2 &
Z = (2} 8 0 n
25% [(node 16) (node 51) (node | 33.351
0.8 20) (node 35) (node 5)
(sink 130)]
31% [(node 38) (node 31) (node | 41.866
0.9 34) (node 118) (node 17)
(node 46) (sink 130)]
1 39% [(node 54) (node 57) (node | 28.842
. 13) (node 64) (sink 130)]
600600 | 130 s 56% | [(node 125) (node 28) 20.938
' (node 64) (sink 130)]
1.4 77% [(node 105) (sink 130)] 4.646
16 100% | [(node 59) (node 48) (node | 19.750
' 89) (sink 130)]
18 100% | [(node 10) (node 46) (sink | 10.914
' 130)]
2 100% | [(node 96) (sink 130)] 8.649

Figure (4.35) demonstrates the shape of the results in table (4.17) with

their expected (Estimated) values. Equation (4.16) is created based on the

tabular results for the coverage area.

1.2 y = 16.34x° - 130.3x° + 423.53x* - 718.89x3 + 672.91x2
1 - 328.96x + 65.764
0.8
" /
oo
©
@ 0.6
3 Real values
o
0.4 Estimated values
0.2
0 T T T T 1
0.5 1 1.5 2 25
sensing range

Figure (4.35): sensing range and coverage area for case 4, scenario 3
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The variable y stands for the coverage area and the variable x in equation
(4.16) stands for the sensing range

y = 16.34x° - 130.3x° + 423.53x" - 718.89x% + 672.91x - 328.96x +
65.764.... (4.16)

Example:
- When the sensing range = 0.8 theny =0.25
- When the sensing range = 0.9 theny=0.31
- When the sensing range = 0.85 theny =0.27
- When the sensing range = 1.3 theny = 0.65

Figure (4.36) shows the simulation results for the five performance

metrics.
Timing segquence (On Off) Sensors T-Data
10 CInodet| | 35,14 I D-N1
Enode2 O 1p-n2
Al AT T e B node3 B TD-N3 B
LALLM AL ST A R B nodes B o-n4
O 11 Mt 1A N AN A 0 ‘
0 776 0 715
Send of nodel Send of node2 Sensors R-Data
3% B #5ec| |53y @ #5ec| 35,4 [CJrs-n1
B #Fail [ #rail ERrs-N2
A WRrs-n3|
/ M Rrs-n4
0 0/ 0 |
E 0 Tme 715 0 715 0 715
Send of node3 Send of node4 Sampled R-Data
161 » E#sec| 131 - E#sec - ‘ [Jsrs-n1
E #Fail & #Fail - A Esrs-n2
AN N M srs-nz| D
/—f[( v'l ‘. \ - \ “‘ . SRS-N4
0 / 0 z l' lll “,l ‘ J “‘
0 715 0 715 13.8

Figure (4.36): performance metrics for case 4, scenario 3.

The behavior of the results in figure (4.36) shows stability and clearly
presents the effect of number of nodes.
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D. scenario 4: finally 150 nodes are distributed in a randomly in a
600*600 m area and the sink node at the center point. The sensing
range is as indicated previously. Table (4.18) contain the covered

area value while using a variable numbers of sensing ranges.

Table (4.18): Simulation results for case 4, scenario 4

§ é £ = 2 £ ‘f‘;‘ié €55
S 2 2 c Qo = < 2 &£
Z o & 3 » ° B
o wn O
0.8 29% [(node 54) (sink 150)] 8.093
36% [(node 107) (node 75) 44.705
0.9 (node 106) (node 56) (hode
2) (node 47) (sink 150)]
45% [(node 75) (node 106) 36.136
1 (node 56) (node 2) (node
47) (sink 150)]
65% [(node 130) (node 124) 24.550
1.2 (node 149) (node 87) (sink
600*600 | 150 150)]
14 89% [(node 19) (node 1) (sink 16.018
' 150)]
16 100% | [(node 101) (node 67) 21.834
' (node 115) (sink 150)]
18 100% | [(node 121) (node 54) 13.296
' (sink 150)]
100% | [(node 83) (node 130) 32.391
2 (node 124) (node 149)
(node 87) (sink 150)]

Figure (4.37) displays the shape of the results in table (4.18) with their
expected (Estimated) values. Equation (4.17) is created based on the

tabular results for the coverage area.
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12 y=3. x> - 20.359%x* + 50.071x> - 58.678x* +

33.718x - 7.4621

1 / —e 5
0.8 /
/ Real values

0.4 / Estimated values

coverage
o
[e)}

0 0.5 1 15 2 2.5

sensing range

Figure (4.37): sensing range and coverage area for case 4, scenario 4

The variable x in equation (4.17) used to represent the sensing range and

the variable y used to represent the coverage area.

y = 3.1532x° - 20.359x" + 50.071x° - 58.678x” + 33.718x - 7.4621

Example
- When the sensing range = 0.9 theny =0.36
- When the sensing range = 1.2 theny =0.65
- When the sensing range = 0.95 theny =0.40

- When the sensing range = 1.5 theny =0.95

Figure (4.38) shows the simulation results for the five performance

metrics.
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Timing sequence (On Off)
10 [CInodet CJ1o-nt
Enode2 Oto-nz2
Al TRV B Node3 M TD0-N3
MO R R R ARRUUA A ) Enode4 B To-n4
(oS S O O 1
0 776 715
Send of nodel Send of node2
359 M #5ec| |94 [ #5ec CJrs-nt
W #Fail [ #Fail Ers-n2
B Rs-N3
[ Rrs-N4
0 0 0
E 0 Time 715 0 715 0 715
Send of node3 Send of noded Sampled R-Data
131 B #5ec| | 145 M #sec| 356 [JsRs-N1
& #Fail = #Fail [ srs-N2
W srS-N3
B srRs5-N4
0 0 0 /
0 715 0 715 0 13.8

Figure (4.38): performance metrics for case 4, scenario 4.

The behavior of the results in figures (4.32, 4.34, 4.36 and 4.38) shows
stability and clearly presents the effect of number of nodes.
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Chapter five

Conclusions and future works

5.1 Conclusions
1. Sensor’s coverage area is significant in creating any WSN to ensure
certain level of the target observation. Modeling and analyzing its

effects on other network metrics and parameters are useful.

2. The fundamentals of graph theory can be utilized to study and present
the network topology and the coverage models in WSNs to

improve their performance.

3. Considering the sensors deployment, transmission and sensing ranges
will improve the sensors ability as well as the network reliability in

detecting any event inside the monitored area.

4. Regression models can be created and efficiently utilized to estimate
the thresholds, coverage and sensing ranges for different WSN

environments.

5. The created equations in this thesis are suitable to be used in current

and future studies for different WSNs applications.

6. Increasing the sensing range value will result in an increased coverage
level of the selected area.
7. Increasing the number of used sensor nodes will result in an increased

coverage level of the selected area.

81



Chapter five..c.veiieiieeieiniiniietierninssnssessesnsones Conclusions and Future Works

5.2 Future works

There are several aspects which are not handled in this study:

1.

Analyze and evaluate the coverage models in linear wireless sensor
networks.

Mention the effect of the node failure on the same proposed
network

Apply multi objective optimization approach to evaluate the WSN
coverage and connectivity.

Apply the same approaches to evaluate the wireless vehicular
networks.

Mention to the security issues on the same proposed network.

Test another simulator and compare the results.
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