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Wireless Sensor and Robot Networks (WSRNs) are getting more attention in a
wide range of industries. This type of networks can be deployed in harsh environ-
ments or where human intervention is risky or impossible. In these environments,
WSRNs may suffer simultaneous failure of multiple nodes causing the network to
be partitioned into disjoint parts which make these robot unable to communicate
with each other and eventually unable to fulfil their mission. Existing approaches
in the literature have mainly focused on restoring network connectivity while tak-
ing into account only the number of mobile nodes and the traveled distance cost
and ignoring important factors such power-level of the robot, WSRN lifetime, and
environmental conditions that constrain the robot motion. These conditions may

hinder the robot travel on a direct path between two positions.
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In this thesis, a distributed node-repositioning algorithm based on fuzzy logic
(CoRFL) is proposed to reduce the number of exchanged messages for network
failure detection, restore the network connectivity, enhance the network lifetime,
and optimize the selection of the recovery path in a partially known environment.
To minimize the intra-segment partitioning, CoRFL excludes critical nodes for
network connectivity from participation in the recovery process. Two improved
versions of CoRFL are also presented, namely CoRFLN and CoRFL2. In CoR-
FLN, if qualified a critical node is to participate in the recovery process, it gets
replaced by its nearest node. On the other hand, in CoRFL2, fuzzy logic is em-
ployed again to find the best-replacement of relacotaed critical nodes.

Once, the recovery team is selected, the most suitable recovery path is to be
determined. A direct travel path is not always possible; therefore, three different
approaches are proposed to find the safest, shortest, and collision-free recovery
path, respectively. PD* is the proposed algorithm for finding the collision-free
path by exploiting the power of Artificial Potential Field in avoiding the obstacles
to smoothen the path generated by a grid-based algorithm. The second algorithm
is a Smoothed PD* which shortens the generated path by utilizing Dijkstra algo-
rithm. The last one is Secure PD* which pre-prepares the secure level of passing
through space and find a hazard-free path. Extensive simulation experiments
have been conducted to validate the above algorithms. The simulation results
demonstrate outstanding performance compared to sample competing approaches

in terms of the total travel distance, average remaining energy of the recovery
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team, and the lifetime of WSRNs. Moreover, a proof-of-concept real experiment
using Khepera IV robots has been carried out for validating the proposed algo-

rithms.
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CHAPTER 1

INTRODUCTION

In this chapter, we will give an introduction to: robots , Robotics Networking
(RN) and its underlying technologies ,Dead Reckoning Localization , and Fuzzy

Logic which is the optimization tool used in the selection process.

1.1 Robots

Advances in technologies like accurate sensing devices , efficient and powerful
robots motors, and communication technologies have enabled the development
of low-power robots which have the capabilities of sensing, processing, and com-
municating. A robot is usually equipped with sensors to probe its surrounding
environment such as distance measurement and temperature sensors. The most
prominent robotics applications are those where human intervention is limited or
denied such as search and rescue operations, security surveillance etc. Robots
could be also used for applications where there are economic benefits for using

mobile sensors such as farming or production line applications. Robots are per-



forming tasks that require them to act on information derived from sensors, co-
operate with humans, and coordinate with other robots [26]. Robots applications
like searching, exploring, and mapping, are performed faster if the number of
robots is large. Therefore, deploying multiple robots carrying out tasks in parallel
is required. Robots deployment in an area of interest can be done either manually
by placing each robot in a pre-determined location , or robots may dynamically

adjust their positions by self-spreading.

1.1.1 Networked Robots

Networked Robots(NR) refers to multiple robots, a collection of robots that are
resident at identified locations on a network , operating together in coordination
or cooperatively with deployed sensors, human users , and centralized computers
[26]. From the networking point of view, a robot constitutes a single entity and
the robot actuation capabilities and mobility advantages are utilised efficiently
when it becomes a part of a robots network [26]. In addition, NR allow robots
to perform the required tasks that are greater than the abilities of a single robot.
The main challenge of using NR is the robustness of multi-robot network against
failure and parallelism operation. In NR , robots can be used to deploy a self-
organized network whose functions are to sense the surroundings in order to detect
a certain condition or event, process the data, send information to a management
station , execute tasks and control an actuator. Therefore, the choice of robots

is obviously controlled by the application requirements.



Wireless Sensor and Robot Network (WSRN)

The uses of robots as a mobile actor within sensor network, the terms Wireless
Sensor and Robot Network (WSRN) is used [7, 51]. Wireless Sensor Network
(WSNs) are widely used in various areas of our life such as industrial application,
environment monitoring, and military. Obviously, robots are equipped with more
energy and processing capability and they can communicate through longer dis-
tances, unlike sensors. When a sensor detects an event, it first notifies a nearby
robot which analyzes the data and coordinates with other robots to take the re-
quired action. For example, in a forest fire detection application, sensors detect
fire and send notifications to the robots where they can coordinate among them-
selves and extinguish the fire before spreading to the rest of the forest.

WSRN is typically deployed in harsh environments like a disaster or a remote
area or even a planet such as Mars to accomplish a specific mission. Such envi-
ronments put the network under several constraints namely, sudden wide damage,
difficult human intervention, etc. Therefore, a pressing network design issue is to
design a self-healing network that can restore network connectivity after a sudden
wide damage that may cause the deployed network to be partitioned into many
completely isolated parts . Two main factors put the connectivity of WSRN at

risk.

e First, sensors and robots are constrained by energy supply , and bandwidth

capacity.

e Second , WSRN is typically deployed in harsh environments to achieve a



specific mission. If a sudden wide damage cause the deployed network to be

partitioned into many parts , a self-healing network is required.

Therefore, most researchers have worked to address these requirements when they
designed their protocols and algorithms. In order for a WSRN to carry out its
application successfully, it has to satisfy the following requirements:

Localization: Due to the movement ability of the robots , the exact location
of the robot is important. Without knowing the location, deployment and task
allocation would be impossible. Accurate robot measurement devices and a precise
localization method are required.

Path Planning: Along with the localization algorithm, path planning is
crucial in WSRN because a good path planning algorithm increases the network
lifetime by minimizing the robots wasted power.

Coordination: Unlike WSN where there is a single entity (i.e. the sink)
which receives all sensed information and deliver it to a central monitoring system,
WSRN needs a coordination mechanism among robots to carry out the required
task.

Real time : robots have to propagate the data to each other in real time and
robots have to act promptly. For example, in fire detection application, any delay
renders the late action useless or impossible.

Self-healing:It describes the network that has the ability to perceive that it
is not operating correctly and, without human intervention, make the necessary

adjustments to restore itself to normal operation.



The above requirements impose difficult challenges in the design and devel-
opment of a sustainable WSRN . WSRNs are deployed usually in a hostile and
harsh environment thus they are prone to frequent failures that could render the
network useless if there is no self-mitigation to such failures. Moreover, these
nodes are battery operated and therefore their energy might be exhausted at any

time.

1.2 Path planning

The essence of the path planning problem is to find the shortest path from the
robot position to a defined target position. The optimized path from the start
to the end location is the output while the input is the environmental factors.
Due to several technological advances, path planning has been extensively used in
different fields not only in robotics but also in games, manufacturing, automotive
applications, aerospace applications, etc [19]. In Robot Path Planning (RPP) |
a robot and a description of an environment are given. The goal is to plan a
path between two specific locations such that the path must be collision-free and
satisfy certain optimization criteria. RPP is considered one of the main issues in
the research area of robot. The descent RPP algorithm should find a collision-free
path through a known, unknown or partially known environment as well as to
optimize it with respect to some criteria. According to [50], RPP classification is
divided into Local Path Planning(LPP) based on sensor information which is done

in a completely unknown environment , Global Path Planning (GPP)based on a



completely known environment ( static environment and obstacles) called Pianos
Mover, and Hybrid Path Planning(HPP) based on partially known environment.

Path planning algorithms that are used in an unknown environment or dy-
namic environment are called (LPP), Real-time Path Planning (RPP) or On-line
Path Planning (OPP). Finding a path in an unknown environment with obstacle
avoidance is considered as an NP-Hard problem [19]. LLP algorithms first carry
real-time navigation and plan only for the next move for the robot to follow in or-
der to reach the target location. LPP can be defined as a real-time or on-line path
planning with obstacles avoidance. The GPP is not as hard as LPP because it
is based on a completely known and static environment so no arbitrary moves are
needed. One of the oldest algorithm of finding the shortest path between nodes in
a completely know environments is a greedy algorithm called Dijkstra’s (named
after its originator, E.W. Dijkstra) . Finally, HPP techniques are a combina-
tion of online and offline techniques and . It first generates the path in an offline
mode using the available information about the environment then switches to on-
line mode if changes in the environment occur. The most popular algorithm for
this purpose is D* (dynamic A*) proposed in [45] by Stentz, which solves A* algo-
rithm problem in dealing with unknown or partially known environment to re-plan
if necessary. D* incrementally repairs the path as a change in the environment is

detected.



1.2.1 Path Planning in network recovery

In the last few years, there has been a growing interest in federating the partitioned
network. The [35, 53, 54] references are the latest surveys on WSRNs partitioning
recovery that present a complete knowledge about the problem and the existing
solutions. It is generally thought that every node can participate in the recovery
process. Despite the lack of power or the large node rank, they enforce the node
to participate in the recovery. Finding a short and collision-free path to fulfill
the connectivity restoration process needs a good path planning algorithm. The
length of the path determines how many nodes are required to fulfill the con-
nectivity restoration, and it is influence by the changes in terrain, environment,
and obstacles. Because the network is partitioned as a result of unknown factors
that affect the previously known environment, hybrid path planning techniques
are the most suitable for solving such problem. It first generates the path using
the previous information about the deployment area then it responds to the newly

detected changes in the environment by finding a new suitable path.

1.3 Problem Statement

The existing approaches of connectivity restoration rely on three assumptions that
make their implementation limited to very special environments. First, previous
researchers assumed that the nearest node to the center of deployment should
move to restore the connectivity without considering the power cost. Second,

most existing works do not consider whether the moving node is a cut-vertex or



not. This blind selection of the recovery team may minimize the network lifetime,
maximize the total travel distance, and disrupt the network within the partition.
The third assumption is that a direct path from the starting point to the target
location is always possible. Sometimes the direct path is not possible due to the
dynamic changes of the environment. Not only this, but also a completely known
environment is not always feasible because a failure might happen due to changes
in the environment. Such assumptions are inconceivable where the presence of

obstacles and the possibility of environment changes are highly expected

1.4 Thesis contribution

In this thesis we tackle the above mentioned problems. The objective is to develop
a recovery mechanism that takes into account the power level of the node and its
rank and not only the distance. Furthermore, the path of the recovery team should

be short and collision free. The primary contributions of this work are:

e Detection broadcast messages overhead: The number of messages that
is required to identify the partition size, and inform the unaware nodes is

minimized.

e Recovery team selection : we exploit the power of Fuzzy logic to evaluate
the capability of each node and decide whether it is liable to participate in
the recovery process. Three main metrics are the input of the fuzzy logic

system. These metrics are:



— Travel distance:The robot with minimum required travel distance is

more suitable to become one of the recovery team.

— Level of power : The robot with high power is preferable to become

one of the recovery team.

— Node rank: The higher rank the robot has, the more probability to

include it in the recovery team.

Based on the aforementioned metrics, the recovery team are chosen carefully
to minimize the total travel distance as well as the possible future failure and
to maximize the network lifetime. In search for incredible, four approaches

are proposed:

— Most qualified : the most qualified nodes are chosen to form the

recovery team.

— CoRFL: The most qualified nodes are chosen as a recovery team but

the cut-vertex nodes are excluded.

— CoRFLN: If one the most qualified nodes that have been chosen to be
recovery team is a cut-vertex and its movement will split the network
into more partitions, its nearest node will replace its location to give it

the ability to move without disrupting the network.

— CoRFL2: The recovery team are those who are most qualified nodes
and if one of them is a cut-vertex and its movement will split the

network into more partitions, the node(s) with high power and least



travel distance will be nominated for the replacement task.

e Path Planning: Since the straight recovery path is not always possible,
three dynamic path planning approaches are proposed. The first one is to
find shortest path possible, the second one is to make the shortest path
collision-free, and the third one is trying to make the recovery path as safe
as possible by converting the dangerous known or predicted area into non-

traversable areas.

1.5 Organization Of Thesis

The rest of this thesis is organized as follows. Chapter 2 surveys the related work
for both network restoration and path planning. Chapter 3 covers our new WSRN
connectivity restoration approaches. In chapter 4, novel connectivity restoration

path planing algorithms are presented.
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CHAPTER 2

RELATED WORK

Indeed, all the restoring connectivity techniques in the literature have not focused
on both the recovery process and path planning altogether. So the work in the
literature will be classified into either a recovery process or path planning in a

partially known environments.

2.1 Network Restoration

A huge amount of works about WSRNs connectivity restoration issues have been
proposed. In terms of how reestablishing the connectivity is achieved those re-
searches do it either by deploying additional relay nodes or by repositioning
healthy nodes from the partitions.

Deploying additional nodes has been studied extensively in the literature and
most of them are centralized. Those additional node can be stationary, mobile or
mixed.in [20, 37, 38, 40, 41], a stationary nodes are proposed which act as a relays

between segments without movement, and they are thrown manually ether by a
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