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ABSTRACT

Wireless sensor nodes with specific and new sensing capabilities and
application requirements have affected the behaviour of wireless sensor networks
and created problems. Placement of the nodes in an application area is a well-
known problem in the field. In addition, high per-node cost as well as need
to produce a requested coverage and guaranteed connectivity features is a must
in some applications. Conventional deployments and methods of modelling the
behaviour of coverage and connectivity cannot satisfy the application needs and
increase the network lifetime. Thus, the research designed and developed an effective
node deployment evaluation parameter, produced a more efficient node deployment
algorithm to reduce cost, and proposed an evolutionary algorithm to increase network
lifetime while optimising deployment cost in relation to the requested coverage
scheme. This research presents Accumulative Path Reception Rate (APRR) as a
new method to evaluate node connectivity in a network. APRR, a node deployment
evaluation parameter was used as the quality of routing path from a sensing node
to sink node to evaluate the quality of a network deployment strategy. Simulation
results showed that the behaviour of the network is close to the prediction of the
APRR. Besides that, a discrete imperialist competitive algorithm, an extension of the
Imperialist Competitive Algorithm (ICA) evolutionary algorithm was used to produce
a network deployment plan according to the requested event detection probability with
a more efficient APRR. It was used to reduce deployment cost in comparison to the use
of Multi-Objective Evolutionary Algorithm (MOEA) and Multi-Objective Deployment
Algorithm (MODA) algorithms. Finally, a Repulsion Force and Bottleneck Handling
(RFBH) evolutionary-based algorithm was proposed to prepare a higher APRR and
increase network lifetime as well as reduce deployment cost. Experimental results
from simulations showed that the lifetime and communication quality of the output
network strategies have proven the accuracy of the RFBH algorithm performance.
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ABSTRAK

Nod sensor tanpa wayar dengan keupayaan penderiaan tertentu dan baru dan
keperluan aplikasi telah memberi kesan kepada tingkah laku rangkaian sensor tanpa
wayar dan ini mewujudkan masalah. Penempatan nod di sesuatu kawasan aplikasi
adalah satu masalah yang terkenal di bidang ini. Di samping itu, kos setiap nod
yang tinggi serta keperluan untuk menghasilkan liputan yang diminta dan ciri-ciri
sambungan terjamin adalah satu kemestian dalam sesetengah aplikasi. Pergerakan
konvensional dan kaedah pemodelan perilaku liputan dan sambungan tidak dapat
memenuhi keperluan aplikasi dan meningkatkan jangka hayat rangkaian. Oleh itu,
kajian ini mereka bentuk dan membangunkan satu parameter penilaian pergerakan
nod berkesan, menghasilkan algoritma pergerakan nod yang lebih efisien untuk
mengurangkan kos, dan mencadangkan satu algoritma evolusi untuk meningkatkan
jangka hayat rangkaian semasa bagi mengoptimumkan kos pergerakan berhubung
dengan skema liputan yang diminta. Kajian ini membentangkan Kadar Penerimaan
Laluan Terkumpul (APRR) sebagai kaedah baru untuk menilai sambungan nod dalam
rangkaian. APRR, suatu parameter penilaian pengaturan nod telah digunakan sebagai
kualiti capaian laluan dari nod penderiaan kepada nod terbenam untuk menilai kualiti
strategi penggunaan rangkaian. Keputusan simulasi menunjukkan bahawa perilaku
rangkaian adalah hampir dengan ramalan APRR. Selain itu, algoritma kompetitif
imperialis diskret, lanjutan daripada algoritma evolusi Algoritma Kompetitif Imperialis
(ICA) telah diguna untuk menghasilkan pelan pergerakan rangkaian mengikut
kebarangkalian pengesanan peristiwa yang diminta dengan APRR yang lebih cekap.
Ia telah diguna untuk mengurangkan kos pergerakan berbanding dengan penggunaan
Algoritma Evolusi Pelbagai Objektif (MOEA) dan Algoritma Pengaturan Pelbagai
Objektif (MODA). Akhir sekali, satu algoritma berdasarkan evolusi Pengendalian
Daya Tolakan dan Kesesakan (RFBH) dicadangkan untuk menyediakan APRR
yang lebih tinggi dan meningkatkan jangka hayat rangkaian serta mengurangkan
kos pengaturan. Keputusan eksperimen daripada simulasi menunjukkan bahawa
strategi rangkaian output dan kualiti komunikasi dan jangka hayat telah membuktikan
ketepatan prestasi algoritma RFBH.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Whenever a large number of tiny devices that have limited resources such as

processing power, storage, battery power, communication range and communication

bandwidth named as sensors come together to form a network, a wireless sensor

network (WSN) is created. Various environmental phenomena can be sensed by these

sensors which can process the data in the network and communicate to other nodes of

the network including both sensors and sink (data gathering) nodes using their wireless

communication capabilities. This communication is usually done using multihop

communications. Potentially, a WSN can be deployed over a wide area covering many

kilometres with edge nodes that are many kilometres distant from each other. Because

of limitations in sensor nodes energy resources and the need for a great amount of

energy to transmit data over long hops, multihopping is used in almost all WSN

applications to increase the network lifetime. In addition, using multihopping gives

the network the opportunity to reduce radio interference and extend the overall network

bandwidth (Akkaya and Younis, 2005). Many applications dealing with surveillance,

monitoring, and control can be handled using WSNs.

To date, most WSN-related research dealt with 2D settings, where sensors are
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deployed on a terrain. However, there are some applications where 2D modelling does

not result in an efficient manner. Forests with trees of different heights, underwater

environments, or buildings with multiple floors are some examples of environments

that require the design and modelling of WSN applications to be in the 3D space.

Some typical applications of underwater sensor networks include offshore exploration,

assisted navigation, disaster prevention, pollution monitoring, and oceanographic data

collection. Different strategies for deploying a network are presented for 2D and 3D

communication architectures in underwater sensor networks. In such networks, the

sensors are anchored to the floor of the ocean for 2D design and are floating at the

oceans different depths to cover the whole 3D space. A 3D design is required for

both routing the data efficiently in terms of energy consumption and covering for

telepresence applications.

The present study investigates the coverage and connectivity issues WSNs

where sensor nodes are deployed in a field such that every location is covered by at

least one sensor. Because of limitations in the sensors battery power and the difficulty

of recharging or replacing batteries in the operational environment, in some cases high

density of sensor nodes is a must to have a long network lifetime. Due to the low

battery power issues, the existence of faulty sensors should also be taken into account.

As the aim of a WSN is to sense features of an area and send the sensed data to the sink

node for processing, coverage has no meaning where the data cannot be transferred to

the sink node due to the lack of communication route between the source sensor node

and the sink node. In other words, it should be guaranteed that the sensed data will

reach the sink node which is referred to as network connectivity.

Whenever both coverage and connectivity are maintained at the same time,

the WSN functionality can be ensured. If failures in some sensor nodes occur in the

network and the network still remains functionally connected, the WSN is said to be

fault tolerant. Maintaining multiple routes in a WSN for every two nodes or at least the
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sensor nodes and the sink nodes is the prerequisite of such a network. Once the whole

network is disconnected and two or more network components are formed, all sensor

nodes of a network component should be connected to the sink nodes of the same

component. This research proposes mechanisms to overcome the existing coverage

and connectivity issues in WSNs by presenting both theoretical and simulation results.

1.2 Problem Background

Due to rapid evolution in recent years, WSNs are widely considered to be one

of the most important technologies for the twenty-first century (Peter Coy, 1999).

Developments in micro-electronic mechanical systems and wireless communication

technologies have provided the opportunity to innovate a variety of civilian and

military applications. Industry process control, battle field surveillance, and

environmental monitoring are some examples of such applications (Chong and

Kumar, 2003). Unique characteristics of WSNs such as higher density, unreliability

of deployed nodes, and limited energy, storage, and computation resources have

distinguished them from other wireless networks such as mobile ad hoc networks

(MANETs) and cellular systems (Akyildiz et al., 2002b). Nowadays, many military

and civilian applications benefit from WSNs and basic changes have occurred in the

way people live, work and interact with physical world just as predicted by Estrin

et al. (2002).

Various physical parameters or conditions can be detected or monitored by

sensors including sound, light, temperature, humidity, pressure, and air or water

quality (Akyildiz et al., 2002a). The development of WSNs was originally motivated

by military applications including both large-scale applications such as acoustic

surveillance systems for ocean surveillance and small-scale networks using unattended

ground sensors to detect ground targets. Nowadays, the development of low-cost
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sensors and wireless communication devices has led to the development of various

applications in both civilian and military fields (Zheng and Jamalipour, 2009).

WSN characteristics and their different applications have a significant effect

on the network design objectives in terms of network performance and network

capabilities. Small node size, low power consumption, low node cost, self-

configurability, adaptability, scalability, security, reliability, and quality of service

(QoS) support are the main design objectives for WSNs. The different requirements

of various applications force the designers to only consider some parts of these

objectives. The challenges in the design of WSNs are mainly classified into issues

related to medium access control, time synchronization, node localization, routing

and data dissemination, node clustering, broadcasting, multicasting, geocasting, query

processing and data aggregation, transport protocols, QoS, power control and energy

efficiency, and network security and attack defense (Zheng and Jamalipour, 2009). The

lack of an algorithm to consider more than two main design objective is significant.

While there is no infrastructure in WSNs, connectivity is an important issue

in order to ensure the successful transfer of sensed data. On the other hand, the

nature of the sensor network gives rise to the coverage problem. Among the main

challenges in WSN design, connectivity and coverage are included in the challenges

related to routing, clustering, power control, energy efficiency, and node localization.

There are various issues in the connectivity and coverage for WSNs. Among those

many issues, some of the common problems are network coverage and connectivity,

power management, and network deployment. Once an algorithm is capable of

decreasing energy consumption along with optimization of the other design objectives

the algorithm would lead to longer network lifetime with longer surveillance time.

A number of solutions have been proposed to solve these problems. Algorithms

and protocols have been designed to provide a specific degree of connectivity and
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coverage between the sensor nodes and over the implementation area; these algorithms

and protocols are classified into the network coverage and connectivity categories. On

the other hand, power management issues deal with the protocols and algorithms which

can be applied to WSNs in order to achieve less energy consumption and a longer

network lifetime. The solutions dealing with network deployment include methods

employing network characteristics such as the terrain, sensor coverage range, and

sensor radio transmission range that can be used in the construction phase of WSNs in

order to reach a predetermined connectivity and coverage degree.

Many studies have been conducted on the connectivity and coverage of two-

dimensional WSNs including two significant studies by Ammari and Das (2008) and

Xin et al. (2009b). Ammari and Das (2008) used the correlated disc model that

includes two discs for each sensor with the radii of r for sensing and R for connectivity.

Xin et al. (2009b) used a circle intersection algorithm named CILAC for nodes with

radio radius greater than or equal to 3 times the sensing radius. When the radio radius is

less than 3 times the sensing radius, an improved algorithm named CCS-CILAC is used

to ensure that the active nodes of the network are already maintaining both connectivity

and coverage. The method is based on loose connectivity critical conditions and uses

a circle intersection localised coverage algorithm. A study conducted by Xin et al.

(2009a) was concerned with the overall network connectivity instead of the single node

connectivity. The results showed that the connectivity was related to both the number

of nodes and the ratio between the sensing radius and the radio radius.

Aitsaadi et al. (2008) assumed the probabilistic event detection, geographical

irregularity of a sensed event, and fixed communication ray. They used a pseudo-

random method based on the tabu search algorithm to guarantee network connectivity

and minimise the number of needed sensors. The work is actually a deployment

method that uses a heuristic method to deploy sensors in the network. Akkaya and

Janapala (2008) worked on wireless sensor and actor networks in which the actors
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are mobile and able to move around the surveillance environment. The aim of their

work was to achieve maximal actor coverage considering network connectivity. In

that study, the actors and sensors knew their locations. LP-RCC and ST-RCC theories

were evaluated analytically and through simulation. The algorithms also worked on

reducing the total distance travelled by the actors. The parameters of the experiments

were: actor coverage, total distance travelled, total number of messages, and number

of iterations.

The increased number of WSN applications has led researchers to focus on

the realistic characteristics of WSNs and the issues related to those characteristics.

Network coverage and connectivity issues are mostly affected by migration from the

conventional binary disc model to the probabilistic models. A few studies have been

conducted on coverage and connectivity using probabilistic models. Woehrle et al.

(2010) focused on solving the problem of the number of deployed sensor nodes and

their places in constructing an efficient WSN. They pointed out that the conflicting

objectives of wireless transmission reliability and deployment costs make it difficult

for decision-maker to find the right balance. They used an EA to address this problem.

Aitsaadi et al. (2011) has tried to reduce the deployment cost along with ensuring

the requested coverage while guaranteeing network connectivity and lifetime. The

aim of their research was to propose a deployment algorithm using multiobjective

optimisation methods based on evolutionary and neighbourhood search algorithms.

There is still need for a mechanism to qualify the connectivity of a WSN for the whole

terrain.

Various specifications for different applications of the new born sensor nodes

has opened novel research area on WSNs. On the other hand most of these sensor

nodes are equipped with costly sensors from GPS to laser detectors. The high cost of

the nodes needs to do more calculations on finding more precise location for sensor

nodes to provide full coverage. Unlike the traditional applications of the WSNs, these
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novel applications can define the level of the coverage for each point of the sensing

field. These changes to the world of WSNs has led to the birth of need for coverage

measurement mechanisms that better represent the real behabviour of them. Once such

mechanism is defined, the algorithms for finding the optimum location of the sensor

nodes should be revised too for solving the problem of finding the optimum network

configuration.

1.3 Problem Statement

Most of the previous research works on WSNs, especially on routing and data

dissemination, have considered the settings of the binary disc model for both detection

and communication in which the sensor nodes detection capabilities are considered

to be ”1” for any point inside the sensing circle and 0 for others. It is also assumed

that if two nodes are in the communication range of each other, their connection is

guaranteed. Nowadays, with the rising number of sensor network applications, there

are some fields in which the so-called assumptions are not reasonable and assuming

realistic models is inevitable. According to the experiments done by Sohrabi et al.

(1999), using probabilistic models results in a more accurate network design and is

more realistic.

Due to the need to transfer sensed data to the sink node or among the

sensor nodes to make a decision and perhaps to do a reaction, the quality of

communication among nodes in WSNs has become important. This gives rise to

the following question: How to assess the communication quality of a deployment in

order to compare two possible deployments for an application? More importantly,

such qualification mechanism must be applicable in deployment algorithms to

provide a network topology with higher quality. This prerequisite leads to the

next question, namely: How can an evolutionary deployment strategy consider
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communication quality in its evolving iterations to provide a network topology with

higher communication quality? At the same time, because of the nodes cost,

deployment cost per node, and in some cases the maintenance fees per node,

minimising the number of deployed nodes becomes significant. This issue gives rise to

the following question: How to reduce the deployment cost by minimising the number

of deployed nodes? Lastly, the real-time nature of some applications such as fire-

fighting and nuclear plant monitoring requires a longer lifetime and more reliable

delivery of data from the sensing node to the decision-making centre; this gives rise to

the following question: How to reduce the deployment cost along with increasing the

network lifetime while improving the communication quality through the hops from a

sensor to the sink in a multi-hop delivery network?

1.4 Research Aim and Objectives

The aim of this research is to propose a mechanism that could improve

the communication quality, extend the network lifetime and reduce the network

deployment cost for WSN applications with a predefined requested event detection

probability scheme and manual node placement.

The following objectives are set for this study:

i To develop a new mechanism for WSN communication quality evaluation that

could complement the existing local communication quality measurements.

ii To design and develop an efficient node deployment location method for

differentiated coverage requirements.

iii To propose an efficient node redundancy method to increase the network lifetime

and at the same time decrease the total network deployment cost while providing

WSN communication quality in the presence of differentiated event detection
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probability requirements.

1.5 Research Scope

The scope of this research is defined by the following parameters:

i The research is focused on WSNs that require differentiated event detection

probability and manual deployment.

ii The results are analysed and evaluated using simulations and comparisons of the

obtained results with the existing solutions for WSN deployment.

iii The sensor nodes are assumed to be equipped with common standard sensing

and communication devices.

iv There must be a sink node in the WSN for data collection and analysis.

1.6 Significance of the Study

This research addresses the efficient deployment of nodes for providing the

requested coverage in environments using WSNs. The significant output of this

research is to propose an alternative mechanism to achieve the desired coverage and

connectivity. To make the results more close to the real environment, a more realistic

mechanism to evaluate the communication quality is proposed. In addition, the existing

problems in the area of coverage and connectivity are reviewed and classified and an

evaluation method is presented in order to compare the solutions for these problems.
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1.7 Thesis Organization

The remainder of this thesis is organised as follows: Chapter 2 presents an

introduction to WSNs and their evolutionary history. The common problems related to

these networks are then addressed. The connectivity and coverage problem is discussed

and an overview of the state-of-the-art research on WSN deployment algorithms,

coverage and connectivity issues, and limitations is presented.

Chapter 3 presents the methodology of the research as well as the procedure

and research framework. A flowchart is provided to illustrate the procedures that lead

to the fulfilment of the research objectives. The simulation approaches are described

and the schedule of the research is presented.

Chapter 4 discusses the first contribution of this research which is the design

and analysis of the accumulative path reliability rate (APRR) and its mathematical

model. The algorithms for calculating the APRR for running networks and prior to

deployment are presented. In addition, sample WSN topologies are illustrated for a

better understanding. The results of simulation runs for the output of existing node

location identification algorithms and methods are also presented.

Chapter 5 discusses the second contribution of this research which is the design

and implementation of the discrete imperialist competitive algorithm (DICA). The

flowchart of the DICA and its results are presented in this chapter. The detailed

algorithm of the repulsion force is presented and the underlying mathematical and

physical bases are discussed. The chapter also presents the illustrative results of the

DICA while analysing the results of the DICA and discussing its comparison with

other existing solutions for the same problem.

Chapter 6 details the third contribution of the research which is the repulsion
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force and bottleneck handling (RFBH) algorithm based on the tabu search meta-

heuristic. The details of the bottleneck handling algorithm and the calculations related

to the identification and treatment of bottleneck nodes in the network are explained.

The flowchart and results of the RFBH algorithm are presented. In addition, the results

of running the RFBH algorithm are discussed and the simulation results are analysed.

Chapter 7 concludes the thesis and explains the details of the achievements in

this research work. A mapping of the achievements by reference to the objectives

is presented. The limitations of the proposed solutions are presented in order to

provide prospective researchers with perspectives on the existing work and promising

directions for future research in the same problem area.
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