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ABSTRACT

Localization is one of the most important issues in Underwater Wireless 
Sensor Networks (UWSN) as sensor nodes are considerably difficult to be deployed at 
determined locations. Beacon nodes static or mobile are responsible to disseminate 
their location information to unknown nodes in order to determine the location of each 
deployed underwater. The key challenge is to provide a scalable localization scheme to 
cover all sensor node with sufficient beacon message, while reducing localization error 
in estimating node position and decreasing localization time. Mobile-beacon assisted 
localization is the best option for large-scale network due to its high accuracy and cost- 
effectiveness compared to static beacons. However, the effect of water current causes 
a non-uniform deployment of underwater sensor and influences the variable speed 
of sound in acoustic signal, and thus making the existing mobile-beacon localization 
schemes requires high communication cost and generates low localization accuracy. 
Therefore, to overcome this issue, this study proposed the improved mobile beacon 
assisted localization scheme. Firstly, Adaptive Underwater Cluster-based (AUC) 
algorithm based on communication range control was suggested for underwater sensor 
network to improve localization coverage and reduce the estimation error. Secondly, 
Efficient Dynamic Mobile beacon Path Planning (EDMPP) algorithm was put forward to 
improve the placement of virtual beacon point and reduce the communication overhead. 
Thirdly to maintain the localization coverage as well as reduce the communication 
overhead between mobile beacon and sensor node in large-scale UWSN Hybrid 
Mobile beacon Path Planning (HybMPP) algorithm was also proposed. Result on 
non-uniform deployment for UWSN simulation indicated that AUC improve 23% 
of localization accuracy compared to MDS-MAP(p) and 52% compared to MDS- 
MAP. In beacon message transmission, EDMPP reduced communication overhead 
by 38.42% in comparison to 3D Hilbert; and 37.08% when compared to 3D SCAN. 
Moreover, EDMPP decreased localization time by 47.36% compared to 3D Hilbert 
and 10.48% compared to 3D SCAN. Subsequently, as compared to EDMPP in a deep 
sea environment, HybMPP lessened communication overhead by 56.27% for sensor 
node discovery. This illustrates that the suggested approach outperformed the existing 
algorithm in the localization process.
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ABSTRAK

Lokalisasi merupakan satu isu penting dalam sensor wayarles dalam air (UWSN) 
kerana nod sensor sukar untuk digunakan di lokasi yang ditetapkan. Beacon statik atau 
mudah alih bertanggung jawab menyebarkan maklumat lokasi kepada nod yang tidak 
berlokasi bagi menentukan kedudukan setiap nod sensor dalam air yang ditaburkan. 
Cabaran utama adalah menyediakan skema lokalisasi berskala bagi meliputi semua nod 
sensor dengan mesej beacon yang mencukupi, disamping mengurangkan ralat lokalisasi 
dalam anggaran kedudukan nod serta mengurangkan masa lokalisasi. Lokalisasi 
berbantukan beacon mudah alih merupakan pilihan terbaik bagi rangkaian berskala 
besar kerana ianya memberikan ketepatan yang tinggi dan keberkesanan kos berbanding 
beacon statik. Walaupun begitu, kesan arus air telah mengakibatkan taburan tidak 
seragam bagi sensor bawah air serta mempengaruhi pemboleh ubah kelajuan bunyi 
dalam isyarat akustik. Oleh itu, skema lokalisasi beacon mudah alih sedia ada 
memerlukan kos komunikasi yang tinggi serta memberikan ketepatan lokalisasi yang 
rendah. Justeru, untuk mengatasi isu ini, penyelidikan ini mencadangkan skema 
lokalisasi berbantukan beacon mudah alih yang dipertingkatkan. Pertama, algoritma 
adaptif berasaskan kelompok dalam air (AUC) berdasarkan kawalan julat komunikasi 
dicadangkan bagi UWSN untuk meningkatkan liputan lokalisasi dan mengurangkan 
ralat anggaran. Kedua, algoritma perancangan laluan dinamik untuk beacon mudah 
alih (EDMPP) diusulkan bagi menambah baik penempatan titik beacon maya dan 
mengurangkan overhed komunikasi. Ketiga, bagi mengekalkan liputan lokalisasi 
serta mengurangkan overhed komunikasi antara beacon mudah alih dan nod sensor 
dalam UWSN berskala besar, algoritma perancangan laluan beacon mudah alih Hibrid 
(HybMPP) juga telah dicadangkan. Hasil simulasi bagi taburan tidak seragam untuk 
UWSN menunjukkan bahawa AUC meningkatkan 23% ketepatan lokalisasi berbanding 
MDS-MAP(p) dan 52% berbanding MDS-MAP. EDMPP mengurangkan kira-kira 
38.42% overhed komunikasi dalam penghantaran mesej beacon berbanding 3D Hilbert 
dan 37.08% berbanding dengan 3D SCAN. Selain itu, EDMPP mengurangkan 47.36% 
berbanding 3D Hilbert dan 10.48% berbanding 3D SCAN bagi masa lokalisasi. 
Seterusnya, HybMPP mengurangkan 56.27% overhed komunikasi untuk penemuan 
nod sensor berbanding EDMPP bagi persekitaran air dalam. Ini membuktikan bahawa 
algoritma yang dicadangkan menunjukkan prestasi yang lebih baik dalam proses 
lokalisasi berbanding dengan algoritma sedia ada.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Wireless Sensor Network (WSN) is one of the microchip technologies, created 

with the combination of technological advances such as Micro-Electro-Mechanical 

Systems (MEMS) technology, computation, and communication technologies. WSN 

is composed of many sensor nodes, where each node is able to sense the environmental 

conditions such as humidity level, temperature, pressure, etc. The information or 

data received in WSN will be sent to a data processing center called a sink node for 

the data to be processed the data according to the desired needs. Due to this ability, 

WSN technology becomes important and has been implemented in various applications 

such as habitat monitoring, healthcare application, underwater ocean monitoring, etc. 

However, WSN technology has several limitations that should be considered.

The limitations of WSN technology are insufficient amount of energy, low 

bandwidth, limited communication range, minimal processing, and storage. Due to 

these limitations, WSN technology has become an interesting area for researchers 

around the world to participate in solving the issues from a different point of view. 

There are various aspects that the researchers are interested in, particularly in the 

development of WSN technology such as security, routing protocols, localization, data 

aggregation, time synchronization, etc. The type of WSN may be divided into several 

environments such as terrestrial, underwater, underground, body sensor, etc. Each 

environment has distinct characteristics and challenges.

The Underwater Wireless Sensor Network (UWSN) or Underwater Acoustic 

Sensor Network (UASN) is one of the most common WSN. In UWSN, the radio 

frequency channel does not function accordingly due to the propagation of the channel 

in an underwater environment. In addition, acoustic channels need to have a high
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level of accuracy compared to radio frequency channels (Cui et al., 2006). Moreover, 

localization in UWSN is one of the challenging issue. As the Global Positioning System 

(GPS) that used to locate the sensor nodes on the water surface. It cannot be used in 

underwater networks because GPS signals cannot propagate through the water. The 

acoustic channels become an alternative choice for underwater communication is due 

to the capability in transmitting the signal in underwater environment. However, the 

characteristics of acoustic channels make the task of designing underwater localization 

scheme more challenging. Moreover, the good localization scheme need to consider 

high localization accuracy, fast convergence, and wide coverage issues (Tan et al., 2011). 

For wide coverage issue it also included the scalability for underwater localization 

scheme, which it should be scalable to cover the sensor node in term of changing the 

number of node of deployment and the change of deployment area size. Therefore, a 

new localization scheme should be proposed for UWSN.

1.2 Problem Background

Localization is one of the main tasks that play an important role in many 

applications, especially for UWSN. Localization is the process of determining the 

location of on sensor node in the network environment. Besides, localization can help 

to avoid the received information becomes inconsequential if the original location of 

the information is unknown. In terrestrial environment, the use of GPS technology 

is a popular choice in determining the location of sensor nodes. However, in UWSN 

direct use of GPS technology is limited due to the inability of GPS signals to propagate 

through underwater.

Based on the limitations, PARADIGM (Austin etal., 2000) and GPS Intelligent 

Buoys or GIB (Bechaz and Thomas, 2000) have been proposed to detect underwater 

objects and then obtain the absolute position. These GPS schemes have adopted the use 

of surface buoys that act as satellites, which are commonly used in GPS technology. All 

nodes within the communication range of surface buoys will calculate their absolute 

position based on the estimation distance with surface buoys, which requires at least 

three beacon messages from the surface buoys. However, these schemes are not suitable
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to be implemented in the large-scale underwater environment. This is because the 

surface buoys cannot guarantee that all sensor nodes can receive their beacon message. 

To make this happen; surface buoys need a large transmission power to ensure that all 

nodes can receive the beacon message sent. As a result, it will shorten the lifetime of 

surface buoys, since in most cases buoys are powered by the battery.

Localization scheme based on surface buoys was proposed by Austin et al. 

(2000) where the buoys are moored to the seafloor. This scheme is proposed for 

small underwater vehicle networks and is used to perceive the absolute position of the 

underwater vehicle whereby it must communicate directly with surface buoys. This 

type of communication is called a single-stage reference method (Tan et al., 2011). 

However, this method is not suitable for large-scale UWSN because it will burden the 

surface buoys, having to send a beacon messages to all nodes. Therefore, a multi-stage 

reference method is required to reduce the large power transmission faced by surface 

buoys.

Zhou et al. (2010), had proposed a large-scale localization algorithm that uses 

multi-stage reference with static anchor nodes. Three types of nodes are involved in this 

scheme, namely, anchor nodes, surface buoys, and ordinary nodes. The localization 

processes are split into two phases namely localization of anchor node and localization 

of ordinary node. For localization of the anchor node, the phase uses the current 

localization approach such as GPS based. Meanwhile, for the localization of ordinary 

nodes, it is divided into two types of nodes, namely, reference node and un-localized 

nodes. In this scheme, the anchor node will communicate directly with surface buoys to 

obtain a position. Then, the anchor node will send the beacon message to the ordinary 

node where the ordinary node will estimate their distance based on the received beacon 

message. When the node is localized, it becomes a reference node by achieving selected 

criteria; in this case, the confident value. Next, reference node will broadcast the beacon 

message to localize another ordinary node. This scheme achieves a high coverage and 

small localization error but its localization performance depends on network density. 

If node density is low, then the localization error will increase and wastage of beacon 

message will increase the communication cost. Hence, to expend the localization 

coverage and localize deep-water sensor nodes, this scheme requires more anchor
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nodes. To overcome this issue, the use of static anchor will be replaced with a mobile 

beacon node to cover larger localization area.

Based on the strategy of multi-stage reference, Kulkarni et al. (2016) has 

proposed localization algorith that based on Machine Learning (ML) solution using 

artificial bee colony in improving the localization accuracy and localization coverage. 

The algorithm delivers an improvement in localization accuracy for multi-stage 

reference. However, the result show that the proposed algorithm need a longer time to 

converge in the large number of sensor node deploy due to the optimisation strategy. 

Moreover, this research work are not focus for underwater environment. The result 

show that the proposed algorithm need a longer time to converge in the large number 

of sensor node deploy due to the optimization strategy. This shows that the use of 

ML-based algorithm is less suitable for underwater environment because the location 

information for a sensor needs to be known quickly and involves a large number 

of nodes. The next underwater multi-stage reference algorithm has been proposed 

by Islam and Lee (2019b) with the aim to achieve high localization coverage while 

minimizing the communication overhead. In the proposed algorithm underwater 

sensor are divided into two type which is reference node and ordinary node. The 

reference node is assumed as a powerful node with three non-collinear antenna and 

have higher capabilities in term of computational power communication range and 

energy. The result show that, the algorithm reduce the communication overhead in 

overall energy consumption. However, in this research work the deployment of sensor 

node is consider in two dimensional and the communication between reference node 

and surface node are communicate directly with high communication range. With this 

type of communication, the algorithm prune to the estimation error due to long distance 

estimate.

1.2.1 Accumulative estimation error in Multi-stage localization scheme

Multi-stage localization strategy is used to address the problem of localization 

coverage for the large-scale area of UWSN. In this strategy, all nodes have been 

localized to expand the localization coverage. The main challenge faced by this

4



strategy is the decrease of localization accuracy due to the accumulative error. This 

is because the accumulative error comes from the localization error that exists in the 

localized node that acts as a reference. The localization accuracy of each node that is 

localized by the localize reference node will also deteriorate. To improve the distance 

measurement, Stojkoska (2014) proposed the Improvement Multi-Dimensional Scaling 

(IMDS) algorithm. The proposed algorithm is based on MDS. The main target of this 

algorithm is to reduce the distance estimation error between non-neighboring nodes in 

the network presented by MDS. To achieve this target, this algorithm uses a heuristic 

approach for distance matrix calculation. In the heuristic approach, the author assumes 

two possible positions from the far node based on the maximum communication range 

that lies in the curve of the communication range. Then, the angle information of 

two assumption position has been used to calculate the distance matrix. The result 

shows that this algorithm has the ability to reduce the distance estimation error with 

better accuracy. However, the algorithm required high computation when the number 

of nodes is increase.

On the other hand, Chen et al. (2013) proposed the cluster-based structure of 

MDS-MAP. This algorithm is based on a traditional MDS-MAP algorithm but rather 

than using a centralized location algorithm, the algorithm uses a distributed approach 

by dividing the nodes into the clusters. The main target of this algorithm is to reduce the 

computational complexity and improve the positioning accuracy and scalability through 

clustering and the Euclidean algorithm. Futhermore, in this algorithm, the UWSN is 

divided into several clusters, whereby each cluster is referred to as a local network. Each 

local network is represented by local CH, which is responsible to calculate the distance 

between the nodes in the local network. Then, the algorithm introduces the Euclidean 

Algorithm to generate a more accurate distance of two-hop range than the shortest 

distance of the traditional MDS-MAP algorithm, resulting in reduced localization 

error; thereby improving the whole network positioning. The proposed algorithm 

has the ability to reduce the computational complexity and improve the localization 

accuracy compared to the traditional MDS-MAP algorithm. However, this algorithm 

does not cover three-dimensional environments due to the assumption that the UWSN 

is deployed on the seabed as the two-dimensional sensor networks. This does not 

reflect on the realistic nature of the underwater environment. Moreover, in cluster 

construction, these algorithms do not take into account the variable speed of sound for

5



different depths, where it affects the quality of acoustic signal which is a very important 

element in measuring the distance of a node. This makes this algorithm unsuitable 

for localizing three-dimensional UWSN. Saeed and Stojkoska (2016) has proposed 

three dimensional localization algorithm based on Multi-Dimensional Scaling (MDS). 

The algorithm aim to improve the localization accuracy in MDS based algorithm in 3D 

environment. The improvement are divide by two part in MDS which is distance matrix 

calculation using heuristic approach and absolute map refinement using Levenberg- 

Marquardt (LM) method. The result show that the algorithm reduce the estimation 

error in position computation. However, this algorithm are not consider to deploy 

in three dimensional underwater environment which are more challenging in term of 

mobility and underwater communication parameter that use acoustic signal (sound 

speed) as communication medium.

Based on variable sound speed, Kim et al. (2010) have proposed a scheme 

named Floating Beacon-assisted 3-D Localization for Variable Sound Speed in UWSN 

(FBL-VSS). The main target of this algorithm is to tackle the issue of the variable 

of sound speed in the underwater environment. To handle the variable sound speed 

in underwater at the different depths, at first, FBL-VSS uses few beacons that have a 

transmitter on the surface of the water and a receiver on the seabed. Based on the 

beacons, FBL-VSS computes the actual sound speed from the surface to the seabed. 

Then, with the speed, a node computes the actual distance to beacons and estimates its 

position using Multi-Dimensional Scaling (MDS) and linear transformation method. 

By considering the variable sound speed, the proposed algorithm has stable performance 

for summer and winter profiles with better accuracy. Nevertheless, this algorithm can 

only be implemented in shallow water due to high range of beacon transmission between 

the water surface and the seabed. Moreover, with the high beacon transmission, the 

localization error will also be affected due to water interference.

Another algorithm has been proposed by Islam and Lee (2019a) for reducing 

the accumulative error in multi-stage localization scheme, the author has proposed 

Cluster based localization scheme with partition handling for underwater acoustic 

sensor network. The aim of the algorithm is to maximize the localization coverage 

and reduce the communication overhead at a minimum level. In this algorithm, the
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author use two type of nodes which is GPS-enabled nodes as a reference node and 

ordinary nodes as node to be localize. As a backup to GPS-enabled node, some extra 

GPS-enabled node been deploy to react as ordinary node. The node been partition 

based on the neighbouring information and the cluster head are randomly select based 

on the higher random value. In this algorithm, CH will initial a request to be localize 

by the GPS nodes (reference node). if the CH do get a response from the reference 

node. CH node will increase the communication range to discover the reference node. 

Once get the response from reference node the value of communication range will 

be store as reference in retransmission strategy and calculate the range to other node. 

The result show this algorithm reduce the accumulative error because only GPS-enable 

node can send the localization beacon and all node are equipped with three non- 

collinear antenna. Moreover, this algorithm reduce the communication overheads and 

energy consumption. However, this algorithm required high cost of deployment for 

large-scale environment due to the used of three non-collinear located antenna for all 

sensor node and many GPS-enable node to discover the large-scale monitoring area. 

Most of the existing large-scale localization algorithms focus on mitigating the impact 

of localization coverage to make sure that all the sensor nodes have been localized. 

However, most of these algorithms lack a mechanism to ensure that all the sensor nodes 

received an optimum beacon message for localization process. Additionally, most of 

these algorithms disregard the characteristics of underwater environment like water 

pressure, depth, salinity and distance of receiver which affects the strength and quality 

of acoustic signal in terms of sound speed.

1.2.2 Mobile beacon Path Planning

In large-scale UWSN, localization with a mobile beacon is inherently more 

accurate than localization using static beacons, because one mobile beacon can play 

the role of many static beacons and a sensor node can receive the beacon messages 

from a mobile beacon with a single-hop connection. This advantage, however, does not 

come for free, but in exchange for increased localization delay. It is because sensors 

can be localized only when they are in direct contact with the mobile beacons and 

receive sufficient beacon messages. The trajectories of mobile beacons, thus, have to
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be properly planned so as to be shortest in length and meanwhile covers every sensor 

for quick, full, and accurate localization. The problem of path planning for the mobile 

beacon is to design the trajectory satisfying the following properties; it should pass 

closely to as many potential node positions as possible, aiming to localize as many 

unknown nodes as possible (Sichitiu and Ramadurai, 2004), and it should provide 

each unknown node with at least four non-coplanar beacon points to achieve the unique 

estimation of unknown nodes position (Sichitiu and Ramadurai, 2004) with the shortest 

trajectory as possible to save the energy consumption of mobile anchor and time of 

localization (Li et al., 2008, 2009).

In (Mondal et al., 2015) a dynamic path planning based on the hexagonal 

movement strategy is proposed for the mobile beacon to provide a cost-effective 

movement strategy. To achieve the target, this algorithm uses connectivity information 

of the connected network. In the initial stage, a Mobile anchor randomly moves over 

the deployment area. Once signal is received from the localized node, the mobile 

anchor computes the Largest Regular Hexagon (LRH) and draft the path within the 

communication circle with that point as a vertex. At the same time, all the other vertices 

of LRH are also computed by the mobile anchor. Then the mobile anchor starts the 

trajectory by moving along the draft path of LRH and broadcast the beacons message 

with its current position along with all vertices of the LRH at regular interval. Any 

sensor that received the beacon message knows the beacon point of LRH that represent 

as vertex of LRH draft path. At the same time, all the neighbours of the localized 

sensor mark at least two beacon points which help them to compute two probable 

positions of themselves according to the scheme. The algorithm has abilities to reduce 

the requirement of three beacon points for localization to two beacon points. Moreover, 

the algorithm able to localize all its neighbours with one hexagonal movement around 

the sensor. However, this algorithm is based on two-dimensional environments and not 

suitable for the underwater environment due to three-dimensional space in underwater. 

Furthermore, this algorithm prone to redundant broadcast beacon range due to random 

movement strategies.

Another dynamic path planning algorithm proposed by Erdemir and Tuncer 

(2018) that based on search and decide strategy. The author uses Perpendicular Bisector
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Strategy (PBS) as a strategy to transmit the non-collinear anchor position and discover 

all deployment sensor node by allowing the mobile beacon move freely in circular grid. 

The result show that this algorithm improve the localization coverage with shorter path 

of mobile beacon in two dimensional environment. However, in this algorithm the 

mobile beacon prune to revisit the virtual beacon point and overlapping coverage. The 

revisiting and overlapping issue in sensor node discovery may increase the path length 

of mobile beacon if this algorithm be implement in three dimensional environment due 

the search and decide strategy. In underwater mobile path planning, Xu et al. (2019) 

has proposed mobile path planning algorithm that discover regional sensor node for 

broadcast the beacon message to the targeted area. The algorithm is divide into two 

stages with is region determination stage and location positioning stage. In region 

determination stage, the deployment area are divide in sub-region with pentagon shape, 

the movement of mobile beacon move to the center of pentagon to discover the nearest 

available sensor. When the nearest sensor is detected, the next stage mobile beacon will 

move using HILBERT trajectory and broadcast the beacon message or virtual anchor 

node to cover the detected region sensor node, then continue the discovery path. The 

result show that this algorithm improve the localization accuracy and reduce the energy 

consumption. However this algorithm are not considering irregular deployment due to 

the effect of underwater current. This algorithm will revisit the previous location at least 

one time when they complete the location positioning stage to continue the discovery 

process. Therefore, the need of dynamic mobile path planning for underwater wireless 

sensor network which consider the irregular deployment of sensor due to water current 

effect for underwater is necessary.

1.3 Problem Statement

This thesis addresses the problem faced by the existing mobile beacon assisted 

localization scheme for large-scale UWSN in pursuit of providing an accurate position 

of underwater sensor node which limits the localization accuracy, communication cost, 

and localization coverage stability. However, the impact of accumulative error is due to 

multi-stage localization strategies whereby each node that has been localized will help 

another node to be localized. The localization error of the localized node helps others
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to localize and affects the location estimation of the next localized node. Subsequently, 

the overall performance of the localization scheme in terms of localization accuracy 

will be affected.

In localization with a mobile beacon, the movement of the mobile beacon plays 

an important role in the deployment of beacons messages for localization process and the 

deployment influences the performance of localization schemes in terms of localization 

accuracy. Moreover, the performance of localization will be affected if the deployment 

beacon message (beacon point) is not non-collinear point and the deployment is too far 

from the estimation node. To ensure that the transmitted beacon message is not wasteful 

and useless, mobile beacon needs to identify the pattern of node deployment, which 

helps the mobile beacon to plan the trajectory and identify the appropriate beacon point 

for beacon message deployment. Negligence of node deployment information will lead 

to the ineffective design of a mobile beacon trajectory. Consequently, the performance 

of the localization scheme will also be affected due to the waste of beacon message 

(communication overhead) and decrease of localization accuracy.

1.4 Research Questions

Based on the discussion in Section 1.3, the research questions can be formulated 

as follows:

i) How to improve localization scalability and reducing localization error for non

uniform deployment in large-scale UWSN?

ii) How to improve the mobile beacon path planning in terms of minimizing the

number of broadcast beacon and path length for large-scale localization scheme?

iii) How to improve the mobile beacon discovery trajectory towards the depth 

changes while reducing communication overhead of dynamic mobile path 

planning?
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1.5 Research Goal

The aim of this research is to develop an underwater mobile beacon 

assisted localization scheme that improves the localization scalability in large-scale 

UWSN for maximizing the localization coverage and accuracy while minimizing the 

communication overhead and localization time.

1.6 Research Objectives

The objectives of this research are formulated as follows:-

i) To develop an adaptive cluster-based algorithm for large scale UWSN in

reducing the distance estimation error.

ii) To develop an efficient dynamic mobile beacon path planning algorithm for

beaconing distribution in UWSN mobile assistant localization scheme.

iii) To develop the hybrid mobile beacon path planning algorithm for reducing

the communication overhead while maintaining the localization coverage in 

large-scale UWSN.

1.7 Research Contributions

Based on the research objectives, the contributions of this research are listed as 

follows:

i) The Adaptive Underwater Cluster-based (AUC) algorithm based on

communication range control for underwater sensor networks to improve 

localization coverage and reduce the estimation error due to variable speed 

of sound for an acoustic signal.
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ii) The Efficient Dynamic Mobile beacon Path Planning (EDMPP) algorithm to 

improve the placement virtual beacon point and reduce the communication 

overhead in the process of beaconing for sensor node localization.

iii) The Hybrid Mobile Path Planning (HybMPP) algorithm to reduce the 

communication overhead in dynamic mobile path planning for sensor node 

discovery process in large-scale UWSN.

1.8 Scope of the Research

To achieve the research goals, there are some limitations that must be considered. 

The scope of this research is as follows:-

i) This research only focuses on the scalability of localization for UWSN.

ii) All resources of the sensor nodes are homogeneous in terms of initial energy, 

communication range, and communication energy consumption.

iii) All sensor nodes consider the acoustic channels for communication.

iv) Ordinary nodes are randomly deployed in a three-dimensional underwater 

environment.

1.9 Significance of the Research

Localization, with a high degree of precision, is an essential service for UWSN 

and demands a significant improvement since it is a critical requirement for different 

applications and services. Employing a single mobile beacon to assist localization is 

promising while it is both energy-efficient and cost-effective. The beacon traverses 

around the network field and transmits its location information to cover the area and 

help to localize the unknown underwater sensors. However, the main problem is how 

to find an optimum movement trajectory to benefit from the mobile beacon location 

information to successfully and precisely localize the unknown sensors. A carefully 

designed trajectory ensures all unknown sensors are able to receive sufficient, highly
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precise and non-collinear beacon messages while keeping a shorter time for location 

estimation. In this thesis, the proposed localization scheme help to provide the unknown 

underwater sensor nodes with an optimum and efficient position of beacon messages 

for the sensors to be localized.

1.10 Research Outline

This thesis is divided into seven Chapters which are organized as follows:

Chapter 2 provides an intensive literature review in the area of study. This 

includes the background, problem and potential solution for wireless sensor node 

localization in an underwater environment. Furthermore, the recent localization 

schemes (in large-scale UWSN) with their shortcomings and advantages are also 

highlighted in this Chapter.

Chapter 3 describes the research methodology, design and experimental setup 

that have been used to obtain the research objectives. The design, implementation, and 

verification of the proposed scalable large-scale mobile-beacon assisted localization 

scheme that is applied in this research are also highlighted in this chapter.

Chapter 4 presents the details of the proposed Adaptive Underwater Cluster- 

based (AUC) algorithm. This includes the design and implementation for mitigating 

the localization coverage issue and minimizing the estimation error due to variable 

speed of sound for an acoustic signal.

Chapter 5 presents the details of the design and implementation of the proposed 

Efficient Dynamic Mobile beacon Path Planning (EDMPP) algorithm. The EDMPP 

is developed to improve the placement of the virtual beacon point and reduce the 

communication overhead on the process of beaconing for sensor node localization.

Chapter 6 presents the detailed description of the design and implementation 

of the proposed Hybrid Mobile Path Planning (HybMPP) algorithm. This algorithm
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is developed to tackle the communication overhead for sensor node discovery process 

in dynamic mobile path planning and improve the localization accuracy for large-scale 

UWSN.

Chapter 7 summarizes the contribution and achievement of the study. 

Furthermore, the future work directions for this study are also described in detail 

in this chapter.

14



REFERENCES

Austin, T. C., Stokey, R. P. and Sharp, K. M. (2000). PARADIGM: a buoy-based 

system for AUV navigation and tracking. OCEANS 2000 MTS/IEEE Conference 

and Exhibition. Conference Proceedings (Cat. No.00CH37158). 2, 935-938.

Bala Subramanian, C., Maragatharajan, M. and Balakannan, S. P. (2021). Inventive 

approach of path planning mechanism for mobile anchors in WSN. Journal o f  

Ambient Intelligence and Humanized Computing. 12(3), 3959-3967. ISSN 1868

5145. doi:10.1007/s12652-020-01752-2. Retrievable at https://doi.org/10.1007/ 

s12652-020-01752-2.

Bechaz, C. and Thomas, H. (2000). GIB system: The underwater GPS solution. In

Proceedings o f 5th Europe Conference on Underwater Acoustics.

Bhaumik, P. and Bandyopadhyay, S. (2006). A Mobility Tolerant Cluster Management 

Protocol with Dynamic Surrogate Cluster-Heads for a Large Ad Hoc Network. 

In Proceedings o f the 8th International Conference on Distributed Computing 

and Networking. Berlin, Heidelberg: Springer-Verlag. ISBN 3540681396, 40U45. 

doi:10.1007/119479504. Retrievable at https://doi.org/10.1007/119479504.

Bhuvaneswari, P. T. V., Karthikeyan, S., Jeeva, B. and Prasath, M. A. (2012). 

An Efficient Mobility Based Localization in Underwater Sensor Networks. 

In 2012 Fourth International Conference on Computational Intelligence and 

Communication Networks. Nov. ISSN null, 90-94. doi:10.1109/CICN.2012.43.

Boukerche, A., Oliveira, H. A. B. F., Nakamura, E. F. and Loureiro, A. A. F.

(2007). Localization systems for wireless sensor networks. IEEE Wireless

Communications. 14(6), 6-12.

Boukerche, A., Oliveira, H. A. B. F., Nakamura, E. F. and Loureiro, A. A. F.

(2008). Localization Systems fo r  Wireless Sensor Networks, John Wiley &

Sons, Ltd, chap. 11. ISBN 9780470396360, 307-340. doi:https://doi.org/ 

10.1002/9780470396360.ch11. Retrievable at https://onlinelibrary.wiley.com/ 

doi/abs/10.1002/9780470396360.ch11.

171

https://doi.org/10.1007/s12652-020-01752-2
https://doi.org/10.1007/s12652-020-01752-2
https://doi.org/10.1007/11947950_4
https://doi.org/
https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470396360.ch11
https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470396360.ch11


Burdic, W. (2002). Underwater Acoustic System Analysis. Peninsula Publ. 

ISBN  9780932146632. Retrievable at h ttps://books.google.com .m y/books?id=  

Ep0R A Q A A IA A J.

C affery, J. and Stuber, G. (1998). Subscriber location in CD M A  cellular networks. IEEE 

Transactions on Vehicular Technology. 47(2), 406-416 . d o i:1 0 .1109/25.669079.

Chandrasekhar, V. and Seah, W. (2006). A n area localization schem e for underw ater 

sensor networks. In OCEANS 2006-Asia Pacific. May. 1-8. Retrievable at http: 

//ieeexplore.ieee.org/xpls/absall.jsp?arnum ber=4393969.

Chandrasekhar, V., Seah, W. K., Choo, Y. S. and Ee, H. V. (2006). Localization in 

U nderw ater Sensor Networks: Survey and Challenges. In Proceedings o f the 

1st ACM International Workshop on Underwater Networks. New York, NY, USA: 

A ssociation for Com puting M achinery. ISBN  1595934847, 33-40 . Retrievable at 

http ://hom epages.ecs.vuw .ac.nz/~w inston/papers/W U W N et2006.pdf.

Chen, C.-P., M ukhopadhyay, S. C., Chuang, C.-L., Liu, M.-Y. and Jiang, J.-A. 

(2015). E fficient Coverage and C onnectivity Preservation W ith Load Balance 

for W ireless Sensor Networks. IEEE Sensors Journal. 15(1), 48 -  62. doi: 

10 .1109/JSEN .2014.2336257.

Chen, H., W ang, D., Yuan, F. and Xu, R. (2013). A  M D S-based localization algorithm  

for underw ater w ireless sensor network. In 2013 OCEANS - San Diego. Sep. ISSN 

0197-7385, 1-5. do i:10 .23919/0C E A N S.2013.6741014.

Chen, K., Zhou, Y. and He, J. (2017). A  Localization Schem e for U nderw ater W ireless 

Sensor Networks. International Journal o f Advanced Science and Technology. 22, 

09 -  16. Retrievable at http://sersc.org/journals/index.php/IJA ST/article/view /56.

Cheng, E., Lin, X., Chen, S. and Yuan, F. (2016). A  TD oA  Localization Scheme 

for U nderw ater Sensor Networks w ith U se o f M ultilinear Chirp Signals. Mobile 

Information Systems. 2016, 2098927. ISSN  1574-017X. d o i:1 0 .1155/2016/ 

2098927. Retrievable at https://doi.org/10.1155/2016/2098927.

Cheng, W., Teymorian, A. Y., Ma, L., Cheng, X., Lu, X. and Lu, Z. (2008a). U nderw ater 

Localization in Sparse 3D Acoustic Sensor Networks. In IEEE INFOCOM 2008

- The 27th Conference on Computer Communications. Apr. ISBN  0743-166X, 

236-240.

172

https://books.google.com.my/books?id=Ep0RAQAAIAAJ
https://books.google.com.my/books?id=Ep0RAQAAIAAJ
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4393969
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4393969
http://homepages.ecs.vuw.ac.nz/~winston/papers/WUWNet2006.pdf
http://sersc.org/journals/index.php/IJAST/article/view/56
https://doi.org/10.1155/2016/2098927


Cheng, W., Thaeler, A., Cheng, X., Liu, F., Lu, X. and Lu, Z. (2009). Time- 

Synchronization Free Localization in Large Scale U nderw ater Acoustic Sensor 

Networks. In 2009 29th IEEE International Conference on Distributed Computing 

Systems Workshops. Jun. Ieee, 80-87 . doi:10.1109/IC D C SW .2009.79. Retrievable 

at h ttp://ieeexplore. ieee . org/lpdocs/epic03/w rapper. htm ?arnum ber= 5158837.

Cheng, X., Shu, H., Liang, Q. and Du, D. H. (2008b). Silent positioning in underw ater 

acoustic sensor networks. IEEE Transactions on Vehicular Technology. 57(3), 

1756-1766. ISSN  1939-9359. doi:10.1109/TV T.2007.912142. Retrievable 

at h ttp ://m im ocom .knu.ac.kr/papers1/IC /IC -3.pdfhttp://ieeexplore.ieee.org/xpls/ 

absall.jsp?arnum ber=4382907.

Cheng, X., Shu, H. S. H. and Liang, Q. (2007). A  Range-Difference Based Self

Positioning Schem e for U nderw ater Acoustic Sensor Networks. Aug. Ieee. 

ISBN  0-7695-2981-X , 38-43 . doi:10.1109/W A SA .2007.40. Retrievable at

h ttp://ieeexplore. ieee . org/lpdocs/epic03/w rapper. htm ?arnum ber= 4288213.

Cui, J., Kong, J., Gerla, M. and Zhou, S. (2006). The Challenges o f Building Scalable 

M obile U nderw ater W ireless Sensor Networks for Aquatic Applications. IEEE 

Network. 20(3), 12-18. ISSN  1558-156X. doi:10 .1109/M N E T .2006.1637927.

Dewang, H. S., M ohanty, P. K. and Kundu, S. (2018). A  Robust Path 

Planning For M obile Robot U sing Sm art Particle Swarm  Optim ization. Procedia 

Computer Science. 133, 290-297 . ISSN  1877-0509. doi:https://doi.org/

10.1016/j.procs.2018.07.036. Retrievable at h ttps://w w w .sciencedirect.com /

science/article/pii/S1877050918309815, international Conference on Robotics and 

Sm art M anufacturing (RoSM a2018).

Dharan, K. T., Srim athi, C. and Park, S. (2010). A  sweeper schem e for localization and 

m obility prediction in underw ater acoustic sensor networks. In OCEANS’10 IEEE 

SYDNEY. May. ISSN  null, 1-7. doi:10.1109/0C E A N SSY D .2010.5603577.

Erdemir, E. and Tuncer, T. E. (2018). Path planning for m obile-anchor based 

w ireless sensor netw ork localization: Static and dynam ic schemes. Ad

Hoc Networks. 77, 1-10. ISSN  1570-8705. doi:h ttps://doi.org/10.1016/

j.adhoc.2018.04 .005 . Retrievable at h ttps://w w w .sciencedirect.com /science/

article/pii/S1570870518301318.

173

http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5158837
http://mimocom.knu.ac.kr/papers1/IC/IC-3.pdfhttp://ieeexplore.ieee.org/xpls/
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4288213
https://doi.org/
https://www.sciencedirect.com/science/article/pii/S1877050918309815
https://www.sciencedirect.com/science/article/pii/S1877050918309815
https://doi.org/10.1016/
https://www.sciencedirect.com/science/article/pii/S1570870518301318
https://www.sciencedirect.com/science/article/pii/S1570870518301318


Erol, M ., Vieira, L. F. M ., Caruso, A., Paparella, F., Gerla, M. and Oktug, S.

(2008). M ulti Stage U nderw ater Sensor Localization U sing M obile Beacons. In 

2008 Second International Conference on Sensor Technologies and Applications 

(sensorcomm 2008). Aug. IEEE. ISBN  978-0-7695-3330-8, 710-714 . doi: 

10.1109/SEN SO RC O M M .2008.32. Retrievable at http://ieeexplore.ieee.org/

lpdocs/epic03/w rapper. htm ?arnum ber= 4622744.

Erol, M ., Vieira, L. F. M. and Gerla, M. (2007a). AUV-Aided Localization for 

U nderw ater Sensor Networks. In Proceedings o f the International Conference 

on Wireless Algorithms,Systems and Applications. Aug. USA: IEEE Com puter 

Society. ISBN  0-7695-2981-X , 44 -54 . doi:10.1109/W A SA .2007.34. Retrievable 

at h ttp://ieeexplore. ieee . org/lpdocs/epic03/w rapper. htm ?arnum ber= 4288214.

Erol, M., Vieira, L. F. M. and Gerla, M. (2007b). Localization w ith D ive’N ’Rise 

(DNR) beacons for underw ater acoustic sensor networks. In Proceedings 

o f the Second Workshop on Underwater Networks. New York, NY, USA: 

A ssociation for Com puting M achinery. ISBN  9781595937360, 97-100 . doi: 

10.1145/1287812.1287833. Retrievable at h ttp ://d l.acm .org/citation.cfm ?id=

1287812.1287833http ://d l.acm .org/citation.cfm ?id=1287833.

Ever, Y. K. (2017). U sing sim plified swarm  optim ization on path planning 

for intelligent m obile robot. Procedia Computer Science. 120, 83-90.

ISSN  1877-0509. doi:https://doi.org/10.1016/j.procs.2017.11 .213 . Retrievable 

at https://w w w .sciencedirect.com /science/article/pii/S1877050917324237, 9th 

International Conference on Theory and A pplication o f Soft Com puting, 

Com puting with W ords and Perception, ICSC CW  2017, 22-23 August 2017, 

Budapest, Hungary.

Gom athi, S. and Ram achandiran, K. (2017). E fficient Packet Scheduling and 

Localization in U nderw ater Acoustic Sensor Networks. Asian Journal o f Applied 

Science and Technology (AJAST). 1(3), 167-170.

Guo, Z., Guo, Y., Hong, F., Jin, Z., He, Y., Feng, Y. and Liu, Y. (2010). Perpendicular 

Intersection: Locating W ireless Sensors W ith M obile Beacon. IEEE Transactions 

on Vehicular Technology. 59(7), 3501-3509. do i:10.1109/T V T .2010.2049391.

Han, G., Xu, H., Jiang, J., Shu, L., Hara, T. and N ishio, S. (2013). Path planning 

using a m obile anchor node based on trilateration in w ireless sensor networks.

174

http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4622744
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4622744
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4288214
http://dl.acm.org/citation.cfm?id=
http://dl.acm.org/citation.cfm?id=1287833
https://doi.org/10.1016/j.procs.2017.11.213
https://www.sciencedirect.com/science/article/pii/S1877050917324237


Wireless Communications and Mobile Computing. 13(14), 1324-1336. doi:https: 

//doi.org/10.1002/wcm.1192. Retrievable at https://onlinelibrary.wiley.com/doi/ 

abs/10.1002/wcm. 1192.

Han, G., Yang, X., Liu, L., Zhang, W. and Guizani, M. (2020). A Disaster Management- 

0riented Path Planning for Mobile Anchor Node-Based Localization in Wireless 

Sensor Networks. IEEE Transactions on Emerging Topics in Computing. 8(01), 

115-125. ISSN 2168-6750. doi:10.1109/TETC.2017.2687319.

Heidemann, J., Ye, W. and Wills, J. (2006). Research challenges and applications for 

underwater sensor networking. In IEEE Wireless Communications and Networking 

Conference, 2006. WCNC 2006., vol. 1. Apr. 228-235. Retrievable at http: 

//ieeexplore.ieee.org/xpls/absall.jsp?arnumber=1683469.

Huang, H. and Zheng, Y. R. (2016). AoA assisted localization for underwater Ad-Hoc 

sensor networks. In OCEANS 2016 MTS/IEEE Monterey. 1-6. doi:10.1109/ 

0CEANS.2016.7761388.

Huang, H. and Zheng, Y. R. (2018). Node Localization with AoA Assistance in Multi

Hop Underwater Sensor Networks. Ad Hoc Netw. 78(C), 32D41. ISSN 1570

8705. doi:10.1016/j.adhoc.2018.05.005. Retrievable at https://doi.org/10.1016/ 

j.adhoc.2018.05.005.

Huang, R. and Zaruba, G. V. (2007). Static Path Planning for Mobile Beacons to 

Localize Sensor Networks. In Fifth Annual IEEE International Conference on 

Pervasive Computing and Communications Workshops (PerComW’07). 323-330. 

doi:10.1109/PERC0MW.2007.109.

Imran, M., Alnuem, M. A., Fayed, M. S. and Alamri, A. (2013). Localized 

algorithm for segregation of critical/non-critical nodes in mobile Ad Hoc 

and sensor networks. Procedia Computer Science. 19, 1167-1172. ISSN

18770509. doi:10.1016/j.procs.2013.06.166. Retrievable at http://dx.doi.org/ 

10.1016/j.procs.2013.06.166.

Injarapu, A. S. H. H. V. and Gawre, S. K. (2017). A survey of autonomous mobile 

robot path planning approaches. In 2017 International Conference on Recent 

Innovations in Signal processing and Embedded Systems (RISE). 624-628. doi: 

10.1109/RISE.2017.8378228.

175

https://onlinelibrary.wiley.com/doi/abs/10.1002/wcm.1192
https://onlinelibrary.wiley.com/doi/abs/10.1002/wcm.1192
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1683469
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1683469
https://doi.org/10.1016/j.adhoc.2018.05.005
https://doi.org/10.1016/j.adhoc.2018.05.005
http://dx.doi.org/10.1016/j.procs.2013.06.166
http://dx.doi.org/10.1016/j.procs.2013.06.166


Isbitiren, G. and Akan, O. B. (2011). Three-Dimensional Underwater Target Tracking 

With Acoustic Sensor Networks. IEEE Transactions on Vehicular Technology. 

60(8), 3897-3906.

Isik, M. and Akan, O. B. (2009). A three dimensional localization algorithm 

for underwater acoustic sensor networks. IEEE Transactions on Wireless 

Communications. 8(9), 4457-4463. ISSN 1536-1276. doi:10.1109/

TWC.2009.081628. Retrievable at http://ieeexplore.ieee.org/lpdocs/epic03/ 

wrapper.htm?arnumber=5285165.

Islam, T. and Lee, Y. K. (2019a). A Cluster Based Localization Scheme with Partition 

Handling for Mobile Underwater Acoustic Sensor Networks. Sensors. 19(5). ISSN 

1424-8220. doi:10.3390/s19051039. Retrievable at https://www.mdpi.com/1424- 

8220/19/5/1039.

Islam, T. and Lee, Y. K. (2019b). A Two-Stage Localization Scheme with 

Partition Handling for Data Tagging in Underwater Acoustic Sensor Networks. 

Sensors. 19(9). ISSN 1424-8220. doi:10.3390/s19092135. Retrievable at

https://www .mdpi.com/1424-8220/19/9/2135.

Javed, F., Khan, S., Khan, A., Javed, A., Tariq, R., Matiullah and Khan, F. (2018). 

On precise path planning algorithm in wireless sensor network. International 

Journal o f Distributed Sensor Networks. 14(7), 1550147718783385. doi:10.1177/ 

1550147718783385. Retrievable at https://doi.org/10.1177/1550147718783385.

Jiang, P., Wang, X. and Jiang, L. (2015). Node deployment algorithm based on 

connected tree for underwater sensor networks. Sensors (Switzerland). 15(7), 

16763-16785. ISSN 14248220. doi:10.3390/s150716763.

Kannadasan, K., Edla, D. R., Kongara, M. C. and Kuppili, V. (2020). M-Curves path 

planning model for mobile anchor node and localization of sensor nodes using 

Dolphin Swarm Algorithm. Wireless Networks. 26(4), 2769-2783. ISSN 1572

8196. doi:10.1007/s11276-019-02032-4. Retrievable at https://doi.org/10.1007/ 

s11276-019-02032-4.

Kargar-Barzi, A. and Mahani, A. (2020). HDV scan and diagonal trajectory: accurate 

and low power localization algorithms in WSNs. Journal o f Ambient Intelligence 

and Humanized Computing. 11(7), 2871-2882. ISSN 1868-5145. doi:10.1007/

176

http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5285165
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5285165
https://www.mdpi.com/1424-8220/19/5/1039
https://www.mdpi.com/1424-8220/19/5/1039
https://www.mdpi.com/1424-8220/19/9/2135
https://doi.org/10.1177/1550147718783385
https://doi.org/10.1007/s11276-019-02032-4
https://doi.org/10.1007/s11276-019-02032-4


s12652-019-01406-y. Retrievable at https://doi.org/10.1007/s12652-019-01406- 

y.

Kim, E., Lee, S., Kim, C. and Kim, K. (2010). Floating beacon-assisted 3-D localization 

for variable sound speed in underwater sensor networks. In 2010 IEEE Sensors. 

ISBN 978-1-4244-8170-5, 682-685. doi:10.1109/ICSENS.2010.5690078. Re

trievable at http://ieeexplore.ieee.org/xpls/absj-all.jsp?arnumber=5690078http:// 

ieeexplore. ieee. org/lpdocs/epic03/wrapper. htm?arnumber=5690078.

Klungmontri, C., Nilkhamhang, I., Covanich, W. and Isshiki, T. (2015). Underwater 

positioning systems for underwater robots using trilateration algorithm. In 2015 

6th International Conference o f Information and Communication Technology for  

Embedded Systems (IC-ICTES). 1-5. doi:10.1109/ICTEmSys.2015.7110840.

Koutsonikolas, D., Das, S. M. and Hu, Y. C. (2007). Path Planning of Mobile 

Landmarks for Localization in Wireless Sensor Networks. Comput. Commun. 

30(13), 2577D2592. ISSN 0140-3664. doi:10.1016/j.comcom.2007.05.048. 

Retrievable at https://doi.org/10.1016/j.comcom.2007.05.048.

Kulkarni, V. R., Desai, V. and Kulkarni, R. V. (2016). Multistage localization 

in wireless sensor networks using artificial bee colony algorithm. In 2016 

IEEE Symposium Series on Computational Intelligence (SSCI). 1-8. doi: 

10.1109/SSCI.2016.7850273.

Lee, S. and Kim, K. (2010). Localization with a Mobile Beacon in Underwater 

Sensor Networks. In 2010IEEE/IFIP International Conference on Embedded and 

Ubiquitous Computing. Dec. IEEE. ISBN 978-1-4244-9719-5, 316-319. doi: 

10.1109/EUC.2010.52. Retrievable at http://ieeexplore.ieee.org/lpdocs/epic03/ 

wrapper.htm?arnumber=5703534.

Lee, S., Younis, M. and Lee, M. (2015). Connectivity restoration in a partitioned 

wireless sensor network with assured fault tolerance. Ad Hoc Networks. 24(PA), 

1-19. ISSN 15708705. doi:10.1016/j.adhoc.2014.07.012. Retrievable at http: 

//dx.doi.org/10.1016/j.adhoc.2014.07.012.

Li, H., Bu, Y., Xue, H., Li, X. and Ma, H. (2009). Path planning for mobile anchor 

node in localization for wireless sensor networks. Journal o f Computer Research 

and Development, 129-136. Retrievable a thttp://scholar.google.com/scholar?hl=

177

https://doi.org/10.1007/s12652-019-01406-y
https://doi.org/10.1007/s12652-019-01406-y
http://ieeexplore.ieee.org/xpls/absj-all.jsp?arnumber=5690078http://
https://doi.org/10.1016/j.comcom.2007.05.048
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5703534
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5703534
http://dx.doi.org/10.1016/j.adhoc.2014.07.012
http://dx.doi.org/10.1016/j.adhoc.2014.07.012
http://scholar.google.com/scholar?hl=


en{& }btnG =Search{& }q=intitle:Path+Planning+for+M obile+A nchor+N ode+

in+L ocalization+for+W ireless+Sensor+N etw orks{#}0.

Li, H., W ang, J., Li, X. and Ma, H. (2008). Real-tim e path planning o f m obile 

anchor node in localization for w ireless sensor networks. In 2008 International 

Conference on Information and Automation. June. ISSN  null, 384-389 . doi: 

10 .1109/ICIN FA.2008.4608030.

Li, S., Sun, H. and Esm aiel, H. (2020). U nderw ater TDOA Acoustical Location Based 

on M ajorization-M inim ization Optim ization. Sensors. 20(16). ISSN  1424-8220. 

doi:10.3390/s20164457. Retrievable at h ttps://w w w .m dpi.com /1424-8220/20/16/ 

4457 .

Liu, Z., Zhang, L., Wei, H., X iao, Z., Qiu, Z., Sun, R., Pang, F. and W ang, T. 

(2021). U nderw ater acoustic source localization based on phase-sensitive optical 

tim e dom ain reflectometry. Opt. Express. 29(9), 12880-12892. doi:10.1364/ 

O E .422255. Retrievable at h ttp://w w w .osapublishing.org/oe/abstract.cfm ?U R I= 

o e-2 9 -9 -12880.

Luo, H., Guo, Z., Dong, W., Hong, F. and Zhao, Y. (2010). LDB: Localization 

w ith D irectional Beacons for Sparse 3D U nderw ater Acoustic Sensor Networks. 

Journal o f Networks. 5(1), 28-38 . ISSN  1796-2056. do i:10 .4304/jnw .5 .1.28-38. 

Retrievable at http://w w w .academ ypublisher.com /ojs/index.php/jnw /article/view / 

2334.

Luo, H., Zhao, Y., Guo, Z., Liu, S., Chen, P. and Ni, L. M. (2008). UDB: U sing 

D irectional Beacons for Localization in U nderw ater Sensor Networks. In 200814th 

IEEE International Conference on Parallel and Distributed Systems. Dec. Ieee. 

ISBN  978-0-7695-3434-3, 551-558. doi:10.1109/IC PA D S.2008.31. Retrievable 

at http://ieeexplore.ieee.org/lpdocs/epic03/w rapper.h tm ?arnum ber=4724364.

Ma, G., Yang, Y., Qiu, X. and Gao, Z. (2016). O bstacle Aware C onnectivity Restoration 

for D isjoint W ireless Sensor Networks U sing a M ix o f Stationary and M obile 

Nodes. 2016.

M irza, D. and Schurgers, C. (2007). Collaborative localization for fleets of underw ater 

drifters. In OCEANS 2007. Sep. ISB N  0933957351, 1-6. Retrievable at http: 

//ieeexplore.ieee.org/xpls/absall.jsp?arnum ber=4449391.

178

https://www.mdpi.com/1424-8220/20/16/4457
https://www.mdpi.com/1424-8220/20/16/4457
http://www.osapublishing.org/oe/abstract.cfm?URI=oe-29-9-12880
http://www.osapublishing.org/oe/abstract.cfm?URI=oe-29-9-12880
http://www.academypublisher.com/ojs/index.php/jnw/article/view/2334
http://www.academypublisher.com/ojs/index.php/jnw/article/view/2334
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4724364
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4449391
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4449391


Mirza, D. and Schurgers, C. (2008). Motion-Aware Self-Localization for Underwater 

Networks. In Proceedings o f the Third ACM International Workshop 

on Underwater Networks. New York, NY, USA: Association for Computing 

Machinery. ISBN 9781605581859, 51-58.

Misra, R., Shukla, S. and Chandel, V. (2014). Lightweight Localization Using 

Trilateration for Sensor Networks. International Journal o f Wireless Information 

Networks. 21(2), 89-100. ISSN 1572-8129. doi:10.1007/s10776-014-0239-7. 

Retrievable at https://doi.org/10.1007/s10776-014-0239-7.

Misra, S. and Ghosh, A. (2011). The effects of variable sound speed on localization in 

Underwater Sensor Networks. In 2011 Australasian Telecommunication Networks 

and Applications Conference (ATNAC). 1-4. doi:10.1109/ATNAC.2011.6096663.

Mondal, K., Karmakar, A. and Mandal, P. S. (2015). Path Planning Algorithm for 

Mobile Anchor in Connected Sensor Networks. In Proceedings o f the 11th 

International Conference on Distributed Computing and Internet Technology

- Volume 8956. Berlin, Heidelberg: Springer-Verlag. ISBN 9783319149769, 

193U198. doi:10.1007/978-3-319-14977-6i4. Retrievable at https://doi.org/ 

10.1007/978-3-319-14977-6i4.

Naskath, J., Srinivasagan, K. G. and Pratheema, S. (2011). Coverage Maintenance 

using Mobile Nodes in Clustered Wireless Sensor Networks. 21(4), 6-12.

Neuland, R., Maffei, R., Jaulin, L., Prestes, E. and Kolberg, M. (2014). 

Improving the Precision of AUVs Localization in a Hybrid Interval-Probabilistic 

Approach Using a Set-Inversion Strategy. Unmanned Systems. 02(04), 361

375. doi:10.1142/S230138501440010X. Retrievable at https://doi.org/10.1142/ 

S230138501440010X.

Nguyen, K. D., Ng, T.-C. and Chen, I.-M. (2008). On Algorithms for Planning S-Curve 

Motion Profiles. International Journal o f Advanced Robotic Systems. 5(1), 11. 

doi:10.5772/5652. Retrievable at https://doi.org/10.5772/5652.

Oliveira, H. A., Nakamura, E. F., Loureiro, A. A. F. and Boukerche, A. (2005). 

Error Analysis of Localization Systems for Sensor Networks. In Proceedings 

o f the 13th Annual ACM International Workshop on Geographic Information 

Systems. GIS ’05. New York, NY, USA: Association for Computing Machinery.

179

https://doi.org/10.1007/s10776-014-0239-7
https://doi.org/10.1007/978-3-319-14977-6_14
https://doi.org/10.1007/978-3-319-14977-6_14
https://doi.org/10.1142/S230138501440010X
https://doi.org/10.1142/S230138501440010X
https://doi.org/10.5772/5652


ISBN 1595931465, 71D78. doi:10.1145/1097064.1097075. Retrievable at

https://doi.org/10.1145/1097064.1097075.

Othman, O. K. (2008). GPS-less localization protocol for underwater acoustic 

networks. In 2008 5th IFIP International Conference on Wireless and Optical 

Communications Networks (WOCN ’08). May. IEEE. ISBN 978-1-4244-1979-1, 

1-6. doi:10.1109/WOCN.2008.4542532. Retrievable at http://ieeexplore.ieee.org/ 

lpdocs/epic03/wrapper.htm?arnumber=4542532.

Panchpor, A. A., Shue, S. and Conrad, J. M. (2018). A survey of methods for 

mobile robot localization and mapping in dynamic indoor environments. In 

2018 Conference on Signal Processing And Communication Engineering Systems 

(SPACES). 138-144. doi:10.1109/SPACES.2018.8316333.

Peng, Z., Cui, J.-H., Wang, B., Ball, K. and Freitag, L. (2007). An Underwater 

Network Testbed: Design, Implementation and Measurement. In Proceedings 

o f the Second Workshop on Underwater Networks. WuWNet ’07. New York, 

NY, USA: Association for Computing Machinery. ISBN 9781595937360, 

65D72. doi:10.1145/1287812.1287826. Retrievable at https://doi.org/10.1145/ 

1287812.1287826.

Pirahansiah, F., Sahran, S. and Abdullah, S. N. H. S. (2022). Camera Calibration 

and Video Stabilization Framework for Robot Localization, Cham: Springer 

International Publishing. ISBN 978-3-030-74540-0, 267-287. doi:10.1007/978- 

3-030-74540-0i2. Retrievable at https://doi.org/10.1007/978-3-030-74540-0i2.

Poovaradevi, D. and Priyadharsini, S. (2016). Circle based path planning algorithm for 

localization using mobile anchor in WSN. In 2016 World Conference on Futuristic 

Trends in Research and Innovation fo r  Social Welfare (Startup Conclave). 1-5. 

doi:10.1109/STARTUP.2016.7583950.

Prateek and Arya, R. (2021). C-TOL: Convex triangulation for optimal node localization 

with weighted uncertainties. Physical Communication. 46, 101300. doi:10.1016/ 

j.phycom.2021.101300.

Ramadurai, V. and Sichitiu, M. (2003). Localization in Wireless Sensor Networks: A 

Probabilistic Approach. 01. 275-281.

180

https://doi.org/10.1145/1097064.1097075
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4542532
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4542532
https://doi.org/10.1145/1287812.1287826
https://doi.org/10.1145/1287812.1287826
https://doi.org/10.1007/978-3-030-74540-0_12


Rezazadeh, J., Moradi, M., Ismail, A. S. and Dutkiewicz, E. (2014). Superior 

Path Planning Mechanism for Mobile Beacon-Assisted Localization in Wireless 

Sensor Networks. IEEE Sensors Journal. 14(9), 3052-3064. doi:10.1109/

JSEN.2014.2322958.

Sabra, A., Fung, W.-k. and Churn, P. (2019). Multi-objective Optimization of 

Confidence-Based Localization in Large-Scale Underwater Robotic Swarms. In 

Correll, N., Schwager, M. and Otte, M. (Eds.) Distributed Autonomous Robotic 

Systems. Cham: Springer International Publishing. ISBN 978-3-030-05816-6, 

109-123.

Sabra, A., Fung, W.-k. and Radhakrishna, P. (2018). Confidence-based Underwater 

Localization Scheme for Large-Scale Mobile Sensor Networks. In OCEANS 2018 

MTS/IEEE Charleston. 1-6. doi:10.1109/OCEANS.2018.8604878.

Saeed, N. and Stojkoska, B. R. (2016). Robust Localisation Algorithm for Large 

Scale 3D Wireless Sensor Networks. Int. J. Ad Hoc Ubiquitous Comput. 23(1/2), 

82D91. ISSN 1743-8225. doi:10.1504/IJAHUC.2016.078481. Retrievable at 

https://doi.org/10.1504/IJAHUC.2016.078481.

Sahu, P. K., Wu, E. H.-K. and Sahoo, J. (2013). DuRT: Dual RSSI Trend Based 

Localization for Wireless Sensor Networks. IEEE Sensors Journal. 13(8), 3115

3123. doi:10.1109/JSEN.2013.2257731.

Sekhar, A., Manoj, B., Siva, C. and Murthy, R. (2005). Dynamic Coverage 

Maintenance Algorithms for Sensor Networks with Limited Mobility. In Third 

IEEE International Conference on Pervasive Computing and Communications. 

51-60. doi:10.1109/PERCOM.2005.15.

Senel, F., Akkaya, K. and Yilmaz, T. (2013). Autonomous deployment of sensors for 

maximized coverage and guaranteed connectivity in Underwater Acoustic Sensor 

Networks. 38th Annual IEEE Conference onLocal Computer Networks, 211-218. 

doi:10.1109/LCN.2013.6761236. Retrievable at http://ieeexplore.ieee.org/lpdocs/ 

epic03/wrapper.htm?arnumber=6761236.

Shanthi, M. B. and Anvekar, D. K. (2018). Secure Localization for Underwater 

Wireless Sensor Networks Based on Probabilistic Approach. In 2018 

Second International Conference on Advances in Electronics, Computers and 

Communications (ICAECC). 1-6. doi:10.1109/ICAECC.2018.8479451.

181

https://doi.org/10.1504/IJAHUC.2016.078481
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6761236
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6761236


Sichitiu, M. and Ram adurai, V. (2004). Localization o f w ireless sensor netw orks w ith 

a m obile beacon. Mobile Ad-hoc and Sensor Systems. . . , 174-183. Retrievable at 

h ttp ://ieeexplore.ieee.org/xpls/absj- all.jsp?arnum ber=1392104.

Simic, S. and Sastry, S. (2002). Distributed localization in wireless ad hoc networks. 

Technical report. Technical R eport U CB/ERL.

Sreejith, V. and Gudino, L. J. (2015). Partition D iscovery and C onnectivity Restoration 

in W SN using M obile Relays.

Stojkoska, B. R. (2014). Nodes Localization in 3D W ireless Sensor Networks Based 

on M ultidim ensional Scaling A lgorithm . International Scholarly Research Notices. 

2014(845027), 1-10.

Sun, Y., Yuan, Y., Xu, Q., Hua, C. and Guan, X. (2019). A  M obile A nchor Node 

A ssisted R SSI Localization Schem e in U nderw ater W ireless Sensor Networks. 

Sensors. 19(20). ISSN 1424-8220. doi:10.3390/s19204369. Retrievable at https: 

//w w w . m dpi.com /1424- 8220/19/20/4369.

Tan, H., D iam ant, R., Seah, W. K. G. and W aldmeyer, M. (2011). A  survey o f techniques 

and challenges in underw ater localization. Ocean Engineering. 38(14-15), 1663

1676. ISSN  00298018. doi:10.1016/j.oceaneng.2011.07.017. Retrievable at 

http://linkinghub.elsevier.com /retrieve/pii/S0029801811001624.

Teymorian, A. Y., Cheng, W., Ma, L., Cheng, X ., Lu, X. and Lu, Z. (2009). 

3D U nderw ater Sensor Netw ork Localization. IEEE Transactions on Mobile 

Computing. 8(12), 1610-1621.

Toky, A., Singh, R. P. and Das, S. (2021). A  Localization Schem e for

U nderw ater Acoustic W ireless Sensor Networks using AoA. Recent Advances 

in Computer Science and Communications. 14(3), 690-699 . ISSN  2666

2558/2666-2566. doi:10.2174/2666255813666191210143537. Retrievable at 

http ://w w w . eurekaselect. com /node/ 177315/article.

van Kleunen, W. A. P., Blom , K. C. H., M eratnia, N., Kokkeler, A. B. J., Havinga, P. 

J. M. and Smit, G. J. M. (2014). U nderw ater localization by com bining Time-of- 

F light and D irection-of-A rrival. In OCEANS 2014 - TAIPEI. 1-6. do i:1 0 .1109/ 

OCEA N S-TA IPEI. 2014.6964309.

182

http://ieeexplore.ieee.org/xpls/absj-
https://www.mdpi.com/1424-8220/19/20/4369
https://www.mdpi.com/1424-8220/19/20/4369
http://linkinghub.elsevier.com/retrieve/pii/S0029801811001624
http://www.eurekaselect.com/node/177315/article


W aldmeyer, M ., Tan, H. and Seah, W. K. G. (2011). M ulti-stage AUV- 

aided Localization for U nderw ater W ireless Sensor Networks. In 2011 IEEE 

Workshops o f International Conference on Advanced Information Networking 

and Applications. Mar. IEEE. ISB N  978-1-61284-829-7, 908-913. doi: 

10.1109/W A IN A.2011.90. Retrievable at http://ieeexplore.ieee.org/lpdocs/ 

epic03/w rapper.h tm ?arnum ber=5763621.

Wang, S., Li, Y. and Cheng, W. (2014). A  m obile-beacon-assisted localization algorithm  

for non-uniform  deployed sensor network. Journal o f Computational Information 

Systems. 10(18), 7921-7930.

Wang, Z., Zhang, B., W ang, X ., Chai, S. and Bai, Y. (2018). Cooperative Localization 

W ith B ounding Constraints in M obile W ireless Sensor Networks. IEEE Access. 6, 

47011-47025. doi:10.1109/A C C ESS.2018.2867338.

Watfa, M. K., Nsouli, T., Al-Ayache, M. and Ayyash, O. (2010). Reactive Localization in 

U nderw ater W ireless Sensor Networks. In 2010 Second International Conference 

on Computer and Network Technology. IEEE. ISBN  978-1-4244-6961-1, 244-248. 

doi:10.1109/IC C N T.2010.58. Retrievable at http://ieeexplore.ieee.org/lpdocs/ 

epic03/w rapper.h tm ?arnum ber=5474499.

Xu, T., W ang, J., Shi, W., W ang, J. and Chen, Z. (2019). A  Localization A lgorithm  

U sing a M obile A nchor Node Based on Region D eterm ination in U nderw ater 

W ireless Sensor Networks. Journal o f Ocean University o f China. 18(2), 394

402. ISSN  1993-5021. doi:10.1007/s11802-019-3724-x. Retrievable at https: 

//doi.org/10.1007/s11802-019-3724-x.

Yang, K., Guo, Y., Wei, D. and Jin, Y. (2010). M FALM :An Active Localization M ethod 

for D ynam ic U nderw ater W ireless Sensor Networks. Computer Science.

Yang, Y. and Zhang, L. (2013). Dynam ic path planning o f m obile beacon for 

localization in wireless sensor network. In 2013 International Conference on 

Wireless Communications and Signal Processing. Oct. ISSN  null, 1-5. doi: 

10 .1109/W C SP.2013.6677225.

Yu, K., Hao, K., Li, C., Du, X., W ang, B. and Liu, Y. (2019). A n Improved TD oA 

Localization A lgorithm  Based on AUV for U nderw ater Acoustic Sensor Networks. 

In Han, S., Ye, L. and M eng, W. (Eds.) Artificial Intelligence for Communications

183

http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5763621
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5763621
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5474499
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5474499
https://doi.org/10.1007/s11802-019-3724-x
https://doi.org/10.1007/s11802-019-3724-x


and Networks. Cham: Springer International Publishing. ISBN  978-3-030-22968

9, 419-434 .

Zeng, Y., Xu, L. and Chen, Z. (2015). Fault-Tolerant A lgorithm s for Connectivity 

Restoration in W ireless Sensor Networks. Sensors. 16(1), 3. ISSN  1424-8220. 

doi:10.3390/s16010003. Retrievable at http://w w w .m dpi.com /1424-8220/16/1/3 .

Zhang, C., Han, G., Jiang, J., Shu, L., Liu, G. and Rodrigues, J. J. P. C. 

(2014). A  Collaborative Localization algorithm  for underw ater acoustic sensor 

networks. In 2014 International Conference on Computing, Management and 

Telecommunications (ComManTel). A pril. ISSN  null, 211-216. doi:10.1109/ 

Com M anTel.2014.6825606.

Zhao, Y., Xu, J. and Jiang, J. (2018). RSSI Based Localization w ith M obile A nchor for 

W ireless Sensor Networks. In Yuan, H., Geng, J., Liu, C., Bian, F. and Surapunt, 

T. (Eds.) Geo-Spatial Knowledge and Intelligence. Singapore: Springer Singapore. 

ISBN  978-981-13-0893-2, 176-187.

Zhou, C., Cui, H., M eng, X. and Hua, R. (2014). M obile Anchor-A ssisted Localization 

in 3D W ireless Sensor Networks w ith H ilbert Curve. Lecture Notes in Electrical 

Engineering. 295, 1-11. do i:10 .1007/978-3-642-54174-2-1.

Zhou, Y., He, J., Chen, K., Chen, J. and Liang, A. (2009). A n A rea Localization 

Scheme for Large Scale U nderw ater W ireless Sensor Networks. In 2009 WRI 

International Conference on Communications and Mobile Computing. Jan. IEEE. 

ISBN  978-0-7695-3501-2, 543-547. doi:10.1109/C M C .2009.371. Retrievable at 

http://ieeexplore.ieee.org/lpdocs/epic03/w rapper.h tm ?arnum ber=4797056.

Zhou, Z., Cui, J. and Zhou, S. (2010). E fficient localization for large-scale underw ater 

sensor networks. Ad Hoc Networks. 8(3), 267-279. ISSN  15708705. doi:10.1016/ 

j.adhoc.2009.08 .005 . Retrievable at http://linkinghub.elsevier.com /retrieve/pii/ 

S157087050900081X .

Zhou, Z., Peng, Z., Cui, J. and Bagtzoglou, A. (2011). Scalable Localization w ith 

M obility Prediction for U nderw ater Sensor Networks. IEEE Transactions on 

Mobile Computing. 10(3), 335-348.

Zhu, J., Lv, C. and Tao, Z. (2018). A n im proved localization schem e based on IMDV- 

hop for large-scale wireless m obile sensor aquaculture networks. EURASIP Journal

184

http://www.mdpi.com/1424-8220/16/1/3
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4797056
http://linkinghub.elsevier.com/retrieve/pii/S157087050900081X
http://linkinghub.elsevier.com/retrieve/pii/S157087050900081X


on Wireless Communications and Networking. 2018(1), 174. ISSN  1687-1499. 

do i:10 .1186/s13638-018-1190-6. Retrievable at https://doi.org/10.1186/s13638- 

018-1190-6 .

185

https://doi.org/10.1186/s13638-018-1190-6
https://doi.org/10.1186/s13638-018-1190-6


LIST OF PUBLICATIONS

Indexed Journal (SCOPUS)

i. M oham ed, M. H., Bakar, K. A., Isnin, I. F., Zaki, M. Z. M., & Zuhra, F. T. 

(2021). Dynam ic m obile anchor path planning for underw ater w ireless sensor 

networks. Telkomnika, 19(4), 1126-1136.

ii. Abbas, M. Z., Abu Bakar, K., Ayaz, M ., & M oham ed, M. H. (2018). 

A n overview of routing techniques for road and pipeline m onitoring 

in linear sensor networks. W ireless Networks, 24(6), 2133-2143. 

https://doi.org/10.1007/s11276-017-1457-6

iii. Zahid, A. M ., K am arulnizam , A. B., M uham m ad, A., Hafiz, M., M oeenuddin, 

T., Adnan, A., & M uham m ad, F. (2018). Key Factors Involved in 

Pipeline M onitoring Techniques U sing Robots and W SNs: Com prehensive 

Survey. Journal o f Pipeline Systems Engineering and Practice, 9(2), 4018001. 

https://doi.org/10.1061/(A SC E)PS.1949-1204.0000305

iv. Abbas, M. Z., Abu Bakar, K., Arshad, M. A., Deep, S., & M oham ed, M. H. 

(2017). Exploration o f L inear W ireless Sensor Networks and Sim ulation Tools 

for U nderw ater Pipelines M onitoring Networks. Journal of Telecom m unication, 

Electronic and C om puter Engineering (JTEC), 9(2-9 SE-Articles), 123-127. 

https://jtec.utem .edu.m y/jtec/article/view /2686

v. Abbas, M. Z., Bakar, K. A., Ayaz, M., M oham m ed, M. H., & Tariq, M. (2017). 

H op-by-Hop Dynam ic A ddressing Based Routing Protocol for M onitoring of 

long range U nderw ater Pipeline. K SII Trans. Internet Inf. Syst., 11 ,731-763.

vi. Gharaei, N., Abu Bakar, K., M ohd Hashim , S. Z., M oham ed, M. H., Abd

Rahm an, S. O., & Pourasl, A. H. (2017). O ptim al N um ber o f Nodes 

D eploym ent M ethod in Corona-B ased W SN. Journal o f Telecom m unication, 

Electronic and Com puter Engineering (JTEC), 9(2-10 SE-Articles), 125-129. 

https://jtec.utem .edu.m y/jtec/article/view /2715

199

https://doi.org/10.1007/s11276-017-1457-6
https://doi.org/10.1061/(ASCE)PS.1949-1204.0000305
https://jtec.utem.edu.my/jtec/article/view/2686
https://jtec.utem.edu.my/jtec/article/view/2715



