Sensor Deployment and Coverage Maintenance

by a Team of Robots

Qiao Li

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements
For the M.A.Sc. Degree in
Electrical and Computer Engineering

School of Electrical Engineering and Computer Science
Faculty of Engineering
University of Ottawa

© Qiao Li, Ottawa, Canada, 2015



Acknowledgements

I would like to acknowledge my sincerest gratitude to my supervisor Prof. Dr. Amiya
Nayak. Without his the help and support in preparation of this thesis, it would not
have been possible to complete this thesis. | am grateful to my previous supervisor
Prof. Dr. Ivan Stojmenovic for his enthusiastic and expert guidance during writing
this thesis. I would also like to thank my friends and my family in particular for their

sustained understanding and support.



Table of Contents

ACKNOWIBAGEMENTS ...t i
I TS o) o [N USSR v
LISt OF TADIES......cei e vii
ADSTFACT. ... s viii
Chapter 1: INTrOAUCTION ......ocviiiiiiiiiieeee s 1
1.1 Background INfOrmation............cccovveiiiieieeie e 1

1.2 Problem STatemMENT ........co.oiiiiiii e 2
1.2.1 SensOr PIaCEMENT ........ccciiiiiiiiieiseee s 2

1.2.2 Coverage Maintenance by RODOLS ...........coovvveieiiicienceceee, 2

1.3 EXIStING SOIULIONS .....ccviiiieciiee et 3
1.3.1 Sensor PIAaCEMENT .......cciiiiiiieiee e 3

1.3.2 Coverage MaiNteNaANCE. .........ccuveieiieieeee et ee e e et 3

1.4 Motivations and ODBJECHIVES ..........ccueieieieiiere e 4

1.5 ASSUMPLIONS ....cuviivieiiieie et e ettt te et e e s teesteenaestaeteaneenreeneeanes 4

1.6 CONEFIBDULION ...t 5

1.7 Organization of the TheSIS ........ccciieiiie e 5
Chapter 2: LItErature REVIEW .........cccuiiiiiieie e 6
2.1 Sensor Self-DeploymENt ...........cooeiieii i 6

2.2 Sensor Placement by RODOLS. ..o, 7
2.2.1 Least Recently Visited APProach..........ccccocveevveieieese e, 8

2.2.2 Obstacle-Resistant Robot Deployment Approach ...........c.ccoceeveieneee. 12

2.2.3 Back-Tracing Deployment Approach ...........cccccecveveieeieeiesee e 17

2.3 Coverage Maintenance DY RODOLS .........c.cooviiiiiiiieiese e 24
Chapter 3: Election-Based Deployment Algorithm (EBD) .........ccccccovvvviiivecnnnnn 30
3.1 .SenSOr DEPlOYMENT.........cciiiiiiieieee e 30
3.1.1 Strategy AHOCALION. ........coviiieie e 30

3.1.1.1 Initial Strategy AHOCALION ........oceiiiiiiiieeec e 30

3.1.1.2 Strategy Reallocation ...........ccccevvvieiieiiiiiic e 35



3.1.2 Dead ENd SHUALION ....cooeeeeeeeeeeeeeeeeeee e 44

3.1.3 Gray Sensor SIUALION ..........cceiverieeieieese e 47

3.1.4 Termination of Sensor Deployment Phase.........ccccoeiiiiiiiiiicenen, 50

3.2 Coverage MaiNtENANCE. .......ccveueiieeieeie e ens 50
3.2.1 Subarea CombINAtION ..o 50

3.2.2 Choosing Central POINTS .........ccceviiiiiieiece e 53

3.2.3 Candidates SEIECTION.........ccviiiieieieier e 57

3.2.4 WOTKEr EIECLION ..ot 58

3.2.4.1 Free Candidates.........ccueveierierienieienieseeeeee e 58

3.2.4.2 BUSY Candidates..........ccccvveiuveiiiieie e 61

3.2.5 Termination of Hole Patching Phase..........c.ccooviiiiiiiiiiiicee, 65
Chapter 4: Simulation RESUILS...........c.coi i 66
4.1 Sensor DeplOYMENT ... e 66
4.1.1 Simulation ENVIFONMENT ..ot 66

4.1.2 CoVErage RAIO........ciiiiiieieeie e 68

4. 1.3 RODOL IMIOVES ...ttt 69

4.1 AWOTKIOA ... 69

4.1.5 RODOE IMIESSAQGES .....c.veeveceieiteeiie ettt te sttt sae et 70

4.1.6 SENSON IMESSAGES .....vvevveieeieeteeiee st ettt 71

4.2 Coverage MaiNtENANCE. ........c.ecveiieeiecie et 72
4.2.1 Simulation ENVIFONMENT ........cooiiiiiiiiiieeeee e 72

4.2.2 RODOT IMIOVES ...ttt 73

4.2.3 RODOE IMIESSAJES ...ttt 74

4.2.4 SENSON IMESSAQES ...eeeivveieiriieeiieeecteeeste e e sibeeesibe e e sta e e e ssaeeeseeeensreeanseeeanes 74

4.2.5 COVEIage TIME ...ouiiiiiiiiiieiieiete ettt 75
Chapter 5: Conclusions and Future WOrK ............cccceiiiiiiiiciiecic e 76
5.1 CONCIUSIONS.......ooiiiiitiiti ittt 76

S.2 FULUIE WOTK ... 76
RETEIEINCES ...ttt 78



List of Figures

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13
Figure 2.14
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13

Nodes with Different DIr€CtIONS. .........ccceoveiiereiisiieeeseeeee e 9
LRV APPIOACH ...t 12
Triangle TesSEHatioN.........cccocvvevveiiiiece e 14
OFRD DePIOYMENT.......oiiiiiiiiiieieieiese e 15
SiX BaSIC MOVEMENTS ......cviieiiiiiiieiciesieese e 15
OFRD Approach in Obstacle SCENArio...........cccererererenenisieeeeeens 17
Incomplete Coverage by ORRD Approach ..........ccccevveveiieiecincnecnn, 18
“Shortcut” Approach in BTD ......cccooviiiiiiiiiiiie e 21
BTD Approach for Single and Multiple Robot Scenario ...................... 22
Sensing Hole Surrounded by Gray SENnSOrS..........ccoevvrerenenienieieenes 23
Drawback of BTD APProach..........ccccccevveieieeie e 24
MeSSage RESENAING .....ooverieiiieiieieiee e 28
ATEA PAITITION. ......iiiiiiieee e 28
Break of Guardian-Guardee Relationship ..........ccccooveiiiiiicicnnn 30
Initial Strategy AHOCALION.........ccceciviiiiiiceccce e 32
Drawback Of BTD .....c.coiiiiiiiiiiieie e 33
Deployment 0f BTD ....c.ooiiiiciccecce e 35
Deployment Of EBD ........cccoiiiiiiiiie e 36
CrOSSEU ATBES ...ttt sttt ettt bbb 37
Rich and EMpPLy Srategy .......cceoeieieieieneseseee e 38
Strategy RealloCation.............cceiveiiiieiecie e 38
Reallocation AIGOrthm ..o 40
Picking AlQOrithm ........ccooiiiic e 41
First Round of Picking Algorithm ..., 42
Second Round of Picking Algorithm...........ccccoeeviiiie e 43
Fully Covered ROI Of Figure 3.5 ..o, 44
Fully Covered ROI of FIQUIe 3.7 .....ooovveiieeee e 45



Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21
Figure 3.22
Figure 3.23
Figure 3.24
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10

Neighbors OF SENSOT O ........ovveiiiie s 46
Backtracking in EBD.........cccooviiiiieiece e 47
Backtracking in BTD.....cccvoiieiiiieceeiece e 48
Sensing Hole ENCOUNLET ........cocveiieieciesece e 50
COMDINALION ... 53
How Combination Benefits Subarea Shapes.........c.ccccocvvveiveiviiinnnn, 54
Picking Central POINTS ........cccooiiiiiiiiiiiceeeee e 57
Candidates SEIECLION .........ccoeiveiiiieiees e 59
Shortcut-to-Hole APProach ... 61
Columns of Sensing Hole..........ccccveiiiiiiiece e 63
Sensing Hole PatChing.........coooviiiiieiiiineeeeee e 65
Simulation ENVIFONMENT...........ccooiiiiiiieieeee s 68
Coverage Ratio vs Number of RODOTS.........ccccovevevieninieiie e, 69
Robot Moves vs Number of RODOLS ..., 70
WOrkload COmMPAIISON.......cveieiiieiierie i 70
Robot Messages vs Number of RODOLS ...........cccevveveiiiecicccc e 71
Sensor Messages vs Number of RODOtS ..........cccccvveiiiiniciiecceen, 72
Robot Moves vs Number of RODOLS ..., 74
Robot Messages vs Number of RODOLS .........ccccoevvevviieiieeee e 75
Sensor Messages vs Number of RObOtS ............cccovveiiiiiiiciecee, 76
Coverage Time vs Number of RODOTS ..........cceveiiniiiiiiiiieecens 76

Vi



List of Tables

Table 2.1 Priority of Checking and Prefer Directions

Table 2.2 Description of Each Protocol .....................

vii



Abstract

Wireless sensor and robot networks (WSRNSs) are an integration of wireless sensor
network (WSNSs) and multi-robot systems. They comprise of networked sensor and
mobile robots that communicate via wireless links to perform distributed sensing and
actuation tasks in a region of interest (ROI). In addition to gathering and reporting
data from the environment, sensors may also report failures of neighboring sensors
or lack of coverage in certain neighbourhood to nearby mobile robot. Once an event
has been detected, robots coordinate with each other to make a decision on the most
appropriate way to perform the action. Coverage can be established and improved in
different ways in wireless sensor and robot networks. Initial random sensor
placement, if applied, may be improved via robot-assisted sensor relocation or
additional placement. One or more robots may carry sensors and move within the
ROI; while traveling, they drop sensors at proper positions to construct desired
coverage. Robots may relocate and place spare sensors according to certain energy
optimality criteria.

This thesis proposes a solution, which we call Election-Based Deployment
(EBD), for simultaneous sensor deployment and coverage maintenance in
multi-robot scenario in failure-prone environment. To our knowledge, it is the first
carrier-based localized algorithm that is able to achieve 100% coverage of the ROI
with multiple robots in failure-prone environment since it combines both sensor
deployment and coverage maintenance process. We can observe from the simulation
results that EBD outperforms the existing algorithms and balances the workload of

robots while reducing the communication overhead to a great extent.
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Chapter 1: Introduction

1.1 Background Information

Sensors are used to measure physical features and provide a corresponding electrical
signal which can be read by electronic equipment. They can be divided into different
types according to the conditions they monitor, such as temperature, humidity,
pressure and light. A WSN is generally composed of a large amount of distributed
sensor nodes, with each one having limited and similar sensing and communication
capability [1], [2], [3]. A WSN gathers information in a specific area by covering the
whole region in sensors sensing range. It aims to collect accurate data which can
reflect the real condition of the monitored area, which is the ROI. However, sensing
holes caused by unbalanced formation or sensor failures after long-term usage will
affect the accuracy of information captured by the network. Thus, the coverage ratio
is an important metric for evaluating the performance and capability of the WSN.

There are two main sensor deployment approaches, which can establish a sensor
network on an empty, unknown and hazardous ROI: carrier-based deployment and
sensor self-deployment. The former loads sensors on robots, such as robots, to
deploy them on an expected target or a map of the whole ROI set in advance [1].
However, the latter drops mobile sensors randomly from a safe location, such as
aeroplane, and the sensors deploy themselves to achieve an optimal coverage
afterwards [4].

Once a network is initially established, it should be able to work normally for a
desirable time period. For a sensor deploying system, robots changes their roles from
deployer to maintainer, which aims to maintain the sensor network by detecting and
patching sensing holes. By comparison, in a system without robots, sensors have to

relocate themselves to cover sensing holes and achieve optimal coverage.



1.2 Problem Statement

1.2.1 Sensor Placement

Carrier-based sensor deployment aims to place static sensor nodes in a
two-dimensional empty ROI with preliminary target positions in Wireless Sensor and
Robot (also called Actuator or Actor) Network (WSRN) [5]. Each robot loads a
sufficient amount of sensors and is able to move throughout the ROI to achieve full
coverage. Robots are aware of the positions where they enter into the region and are

able to detect physical obstacles and boundaries of the ROI. Sensors have limited but

homogeneous sensing radii, which is r;. Both sensors and robots have the same

communication radius, which is r., and they are able to transmit messages within

their communication ranges. With the formation of map set in advance, the main task
for robots can be described as to fully cover the whole ROI by constructing a
connected sensor network.

During the deployment, the energy and communication consumption should be
minimized. Although sensors are designed with low energy consumption, they can
only survive within a very limited lifetime with current technologies [1], [3], [6], [7],
[8]. Thus, all these special characteristics of sensor network require the algorithm to

reduce move steps, time and communication consumption.
1.2.2 Coverage Maintenance by Robots

Once all grid points in the ROI are fully occupied by sensors, we should make sure
the whole system works normally. Since sensors have short lifetime, as previously
stated, sensing holes resulting from sensor failure will lead to the inaccuracy of data.
A brief description of the maintenance problem is given as follows.

All the robots are loaded with sufficient sensors which can work normally. They
wait in the ROI in a “sleep” mode for the rise of failures. Each robot is able to move
throughout the ROI, replace sensors and communicate with other devices within its
communication range. While sensors can detect failures of their neighbors and send

failure reports, robots should be able to move to the sensing hole immediately and



replace the failed sensors with new ones once they receive a failure report.
Since the time to patch sensing holes should be minimized to guarantee the
accuracy of information, the time consumption should be taken into consideration in

algorithm design besides the energy and communication.

1.3 Existing Solutions

1.3.1 Sensor Placement

An important issue of carrier-based sensor deployment can be described as how to
guide robots to achieve full coverage within the shortest time and lowest energy and
communication consumption. The existing algorithms about carrier-based
deployment have several limitations, which will be reviewed briefly in this chapter.

Batalin and Sukhatme proposed the Least Recently Visited approach (LRV) [9]
to solve the problem in single robot scenario, which is not practical for large scaled
network. It is high energy and communication consumptive and does not have a clear
terminating condition.

Chang et al. proposed Obstacle-Resistant Robot Deployment approach (ORRD)
[10], which guides robots to move like snakes. However, it does not guarantee full
coverage in some specific conditions even in failure-free scenario. Furthermore, the
authors did not mention under which condition the algorithm will terminate.

Back-Tracking Deployment approach (BTD) is an algorithm proposed by Li et
al. [11], [5], to resolve deployment problem over the ROI for both single-robot and
multi-robot scenario. It performs well in failure-free environment, whereas it cannot
guarantee full coverage in failure-prone environment.

We can see each of these methods have major deficiencies such as inefficient
movement and communication, unclear terminating condition or lack of full

coverage guarantee.
1.3.2 Coverage Maintenance

Mei et al. [13] proposed a cluster-based approach to maintain the network in a

failure-prone environment. Three protocols are proposed for different scenarios,



which are centralized manager algorithm, fixed distributed manager algorithm and
dynamic distributed manager algorithm. However, several drawbacks and unclear
descriptions exist in these protocols, such as redundant messages, unclear region
division and communication interrupting. All the approaches listed above will be

reviewed in detail in the next chapter.

1.4 Motivations and Objectives

Considering the three mentioned algorithms are the only proposed localized
solutions to the carrier-based sensor deployment problem, and none of them
guarantees full coverage in failure-prone environment since they do not have a
corresponding coverage maintenance algorithm to help them support the network
after initial covering, a localized solution which combining deployment and
maintenance for multi-robot scenario is needed. The reason of choosing localized
algorithm is that it is able to minimize communication consumption and deal with
sensor failures in multi-robot scenario [14].

We designed a localized sensor deployment algorithm extended from BTD and
proposed a new coverage maintenance approach corresponding to it to solve the
carrier-based sensor deployment problem and network maintenance problem after
that. These two algorithms work together as a whole, which is called Election-Based
Deployment (EBD). The proposed algorithm is expected to outperform the existing
solutions in energy and communication consumption and hole patching latency,

while providing coverage guarantee and network support in a failure-prone scenario.

1.5 Assumptions

In the proposed algorithm, the WSAN is composed of mobile robots and static
homogeneous sensors, with both having the same communication radii. The sensing
ranges of sensors are of the same size, which is less than a half of the communication
radii. Each device is able to communicate directly with others in its communication
range without transmission collision and failure. All the established message

transmitting relationships can be considered as bidirectional.
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Each robot is aware of the starting locations of others in the ROI and is small
enough to move through the interval of sensors. Robots are able to load sufficient
number of sensors during deployment. In coverage maintenance, the number of sensors
they can pick up is unlimited. Furthermore, robots have enough energy to move

throughout the ROI to achieve full coverage and maintain the network afterwards.

1.6 Contribution

We proposed a novel algorithm, named Election-Based Deployment, which
combines localized sensor deployment and localized network maintenance to
achieve full coverage for multi-robot scenario in failure-prone environment. The
deployment section is extended from BTD approach for a higher working efficiency
by allocating different strategies to actuators according to the starting positions and
modifying the backtracking protocol at the dead end situation. The hole fixing
section aims to minimize the latency of hole covering by imitating election process.
It selects the optimal robot to patch a hole by choosing candidates firstly and then
electing a “worker’ among them to fix the sensing hole.

EBD is able to place sensors in an empty ROI and maintain the network
subsequently, which is a new combined algorithm achieving both goals. It is low
energy and communication consumptive due to its localized characteristic, and
guarantees full coverage as well. Furthermore, it minimizes the latency of hole
patching, which improves the accuracy of data gathered by the WSN in failure-prone

scenarios.

1.7 Organization of the Thesis

The remainder of the thesis is organized as follows: In Chapter 2 three sensor
deployment algorithms and a coverage maintenance method are reviewed. In
Chapter 3, the EBD approach is discussed in detail while the simulation results are

presented in Chapter 4, followed by conclusion and future work in Chapter 5.



Chapter 2: Literature Review

Sensors are used to measure physical features of the ROI. They transmit physical
qualities like temperature, humidity or pressure to electrical signals. Sensors can be
placed in a variety of ways. They can be deployed by robots in the WSRN, which are
carried by robots and dropped on proper positions to meet a high coverage ratio. On
the other hand, sensors can also be deployed by themselves, since mobile sensors can
also move automatically after they are dropped in the ROI. They modify their
original positions for the purpose of improving existing coverage, which is known as
sensor self-deployment.

In this chapter, some fundamental concepts of self-deployment will be briefly
discussed, three carried-based sensor deployment approaches will be introduced, and

a brief description of a sensing hole patching algorithm will be given as well.

2.1 Sensor Self-Deployment

Sensor self-deployment is a sensor deployment method dealing with
autonomous sensor coverage in mobile sensor networks (MSN). It can be used to
place mobile sensors which can deploy themselves in the working area without
robots. Because sometimes the environment is large scaled, unknown and full of
unpredictable events which may cause sudden failure of sensors, such as volcanoes,
deserts [15], [16], [17], [18], it is impossible to throw sensor nodes in expected
targets or provide a map of the whole area in advance [1]. In this scenario, sensors
should be able to adjust their position to reach a desired coverage before monitoring
the environment [19].

In sensor self-deployment, sensing devices are dropped in the ROI randomly by
an aircraft from a safe location, so the initial employment does not guarantee full
coverage and uniform sensor distribution over the area [4]. To meet a higher
coverage ratio, once sensors are dropped on the ground, they will search for an ideal

position for themselves immediately.



Although sensors are designed with low energy consumption, they can survive
for only a very short lifetime with current technologies [3], [11], [12], [13]. Due to
the limited power availability with each sensor, energy consumption is a primary
issue when designing self-deployment scheme for mobile sensors [4]. Furthermore,
the low computing capability, limited memory and bandwidth of the sensors prohibit
the working effects of some high complexity self-deployment algorithms [1].

There are eight common self-deployment approaches which have been
proposed on sensor self-deployment issue: virtual force (vector-based) approach,
\Voronoi-based  approach, load-balancing approach, stochastic  approach,
point-coverage approach, incremental approach, maximum-flow approach and
genetic-algorithm approach. The first five of them are distributed or localized
approaches whereas the rest are centralized approaches requiring a global view of the
whole network [12]. The self-deployment is becoming an active research subject that

draws the attention of an increasing number of researchers.

2.2 Sensor Placement by Robots

Sometimes, sensors are deployed by robots. They are carried by one or more than
one robots. These robots will drop sensors while they are moving around in the ROI.
Most of time, robots are assigned with specific routes and they will drop sensors
following a grid which has already been assigned to guarantee the full coverage of
the whole ROL.

Deploying sensors by robots is still an active research subject which is
continuously drawing large amount of attention. There are only a few algorithms
proposed to address this problem till now. Three mainly used approaches will be
introduced in detail in the following sections. They are Least Recently Visited
approach (LRV), Obstacle-Resistant Robot Deployment approach (ORRD) and
Back-Tracking Deployment approach (BTD).



2.2.1 Least Recently Visited Approach

Least recently visited approach (LRV) is presented by Batalin and Sukhatme [9] to
solve the sensor placement problem in a single robot environment. The sensing and
communication radius of each sensor in LRV is equal to each other because all of the
sensors are assumed the same. The robot starts with an empty environment from the
outset.

In LRV approach, each node has several directions which represent the
geographical directions the robot is allowed to move to. The number of directions of
each node is equal and independent to each other. Figure 2.1 gives us examples of
one node with three, four and six directions. In LRV, the amount of directions each
node holds is four. Thus, the robot moves following a square grid and deploys

sensors on the cross of two perpendicular lines.

\ l
o— —@=
/ P
(a) Three directions (b) Four directions (c) Six directions

Figure 2.1 Nodes with Different Directions

In LRV, i is used to represent nodes, for every node i, D(i) is the set of

directions this node holds, which allows robot to move close to or away from i.

Another important definition in LRV is weight, which is represented by W(i,d).
Then vd eD(i), W(i,d) represents the time that direction d has been traversed

to or away from. Every time the robot passes by node i, W(i,d) increases by one

before direction d orafter d istraversed.
At initiation, the robot deploys a sensor at the starting node, which can be
considered as its current position. Every time a new node is placed, it should have

connection with at least one deployed sensor in the whole network, except the first
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placed sensor. After the first sensor is deployed on the starting node, there is no
sensor in its communication range.

Then, the robot has to make a decision as to which direction to move so as to
place the next sensor. It will choose the locally least recently visited direction to
move to, which is the one with the smallest weight W . The robot receives a
message which includes the least visited direction from its current sensor when it is
still in the communication range of this sensor. If there are multiple directions which
hold the smallest weight, the robot will make a selection according to a predefined
order, which is South, East, North and West. If the chosen direction is obstructed by
a boundary or an obstacle, the robot will inform the message sender and ask for a
new suggested direction. Once the sensor receives the message, it will mark the
previously recommended direction as an obstructed direction, and suggest a new
one.

After the robot moves to a new node, it is unknown for it if this node has
already been occupied with a sensor. It will wait for a certain short period of time
which has been predefined. If it does not receive any message from a sensor, it will
regard this node as an empty node and drop a sensor there.

Figure 2.2 is an illustration of the LRV approach. The blue circles in the graph
represent sensors while the number in each circle means the sequential number of the
sensor. The four numbers around the circle symbolize weight of four geographic
directions, cross is used to mark obstructed direction, which may lead to a boundary
of the environment or an obstacle.

A robot starts from node A and intends to move to one direction to deploy
another sensor. Before it moves to the second node, the weight of four directions are
zeros, as shown in Figure 2.2(a). Then it travels towards south, which is the highest
order of the four geographic directions. Because it moves from north to south, the
weight of south of Sensor 1 and north of Sensor 2 update to one, shown in Figure
2.2(b). Then the robot keeps placing sensors until arriving at the southwest corner.
Sensor 4 firstly recommends south to the robot, however, the robot reaches the
boundary of the environment after it moves to south. So it sends a message back to

9



Sensor 4 asking for another recommendable direction. This time east is chosen, thus
the robot moves towards east and drops Sensor 5, as shown in Figure 2.2(c).

However, the LRV has an obvious drawback, which is illustrated in Figure
2.2(d). After the robot places Sensor 16, the weight of three directions are zeros
except the incoming direction-north. It moves to the south firstly and waits there for
a short period of time. If there is no message sent from any sensor during this period,
the robot will consider the node as empty and drop a sensor there. However, it
receives a piece of message from Sensor 7, which forces the robot to go back to
Sensor 16. Then the same situation happens again, the robot moves east before
finally moving to proper direction-west and places Sensor 17. One of the
disadvantages of LRV is shown here, after the robot drops Sensor 16, there is only
one empty node among the adjacent nodes of sensor 16. However, it takes extra
time and redundant movement for the robot to travel to other two directions and go
back.

Then the robot keeps traveling until it gets stuck at Sensor 22. It follows the
recommendations of Sensor 22 and 21 and finally moves to the right direction and
places Sensor 23 at the northwest corner. With the Sensor 23 deployed, the whole

environment gets fully covered.
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Figure 2.2 LRV Approach

Then there is another problem that comes with the full coverage. The author did
not mention under what situation the approach terminates. Because of lack of a
global view of the circumstance of coverage, the robot does not know whether the

environment is fully covered or not. The robot will not stop until there is no sensor
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left in hand. However, on account of the exhaustive movement, the existing sensing
holes caused by runtime node failure are more likely to be visited and patched by the
robot.

In the paper [22], the authors mention two types of multi-robot extensions of the
LRV algorithm. The first one is to divide the robots into two groups, which can be
distinguished by their tasks during the deployment. The two groups are transporters
and builders respectively. Transporters are in-charge of delivering the sensors to
several piles, whereas builders take the responsibility to pick the sensor and deploy
them in the environment. Another extension is to let a team of robots working on
coverage together, which is much more like what we do in this article. During the
deployment, robots exchange information about their local positions and update their
conditions through the deployed network. However, both of the two extensions are

considered as a future work and the authors did not give further details about them.
2.2.2 Obstacle-Resistant Robot Deployment Approach

Obstacle-resistant robot deployment approach (ORRD) is proposed by Chang et al.
[10]. It is based on the Obstacle-free robot deployment approach (OFRD) presented
by Chang et al. [23], which is another algorithm which aims to address sensor
deployment in a single mobile robot scenario.

The only robot places sensors following a triangle tessellation, which is similar
to the grid in which every node has six moving directions in the last section. The
triangle tessellation is illustrated in Figure 2.3. The black circle in the graph
represents the sensing range of each sensor, while the black point is used to mark the
position where the sensor has been deployed. The nodes where sensors are placed

form an equilateral triangle, hence the triangle tessellation.
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Figure 2.3  Triangle Tessellation

Since every sensor should be able to communicate with the sensors adjacent to

it, the radii of communication range which is illustrated by the red circle should be

no smaller than that of /3 times of sensing range. Let r, and r. denote the

radius of sensing and communication ranges respectively, r; and r. should satisfy
Equation (2.1).
re >/3r (2.1)

The difference between the six-direction grid in Section 2.1.1 and triangle
tessellation is that, in OFRD approach the robot cannot move to six directions. The
robot is only able to move towards four fundamental geographic directions from
each node: left, right, up and down. For example, if the robot intends to travel from

node Ato B in Figure 2.3, it will not move along the side of the triangle from Ato B

J3

directly, instead, the robot will move towards North and East for grs and 7@,

respectively, as shown by the green dash line in Figure 2.3.

The authors assigned the robot to move along horizontal line and deploy sensors
at separation J§rs until it reaches left or right boundary of the monitoring region or
an obstacle. Then it moves ?rs down to the next horizontal line and keep

deploying sensors to an opposite moving direction, and proceed similarly, as shown

in Figure 2.4.

13



Figure 2.4 OFRD Deployment

Since the robot has only limited types of movement from one node to its
adjacent one in triangle tessellation, six types of basic movements are proposed,
which contains all of the possible movement steps in OFRD approach. They are

shown in Figure 2.5.
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d, =+/3r;, dzzérs, d3:§rs

Figure 2.5 Six Basic Movements

Since the robot will move horizontally no matter which type of movement it
follows, two states are presented, which are East and West. These two states
represent the robot is currently moving towards east and west respectively. The robot
stays in one of these two possible states in the OFRD approach. For each state there
are six directions, which can be divided into a set of Checking Directions and a set of
Prefer Directions. In each set there are three directions respectively. The Prefer
Directions are used to guide the robot to a proper direction of the next movement,
whereas the Checking Directions are proposed for the robot to further check if any

sensing hole existed next to its current position before its next movement.
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There is priority order in each state of movement, which is listed in Table 2.1.
The table can be considered as a rule which guides the robot to move in the OFRD
approach.

Table 2.1 Priority of Checking and Prefer Directions

East Type 2 Type 5 | Type 6 Type 1 Type 3 | Type 4
West Type 1 Type 6 | Type5 Type 2 Type 4 | Type 3

The robot will check the three Checking Directions before every next
movement step in order to avoid missing any sensing hole hidden behind obstacles.
If a hole is detected, the robot will change its moving direction from the current one
to the hole and deploy sensors in the hole first. If the answer is negative, the robot
will move along one of the Prefer Directions.

The Figure 2.6 depicts movement of robot in a scenario with an obstacle. The
black block represents the obstacle and the blue lines denote the trajectory of the
robot movement by applying the OFRD approach. The larger circle is used to mark
the sensing range of a sensor while the small circle in it symbolizes the location of
sensor. The gray area in Figure 2.6(c) represents a sensing hole which has not yet
been covered by sensors.

The robot starts from the left top corner in this example, as shown in Figure
2.6(a). However, since the approach involves the consideration of the existence of
obstacles and sensing holes, it allows the robot to start from any corner or the middle
of the monitoring region.

The robot stays in the East state and after placing sensor A, it reaches the left
boundary of the monitoring region. So it changes its movement from Type 1 to Type
4 s0 as to deploy sensor B on the next horizontal line, as shown in Figure 2.6(b).

Figure 2.6(c) exhibits the obstacle-free robot deployment. After the robot
deploys sensor C, there is an obstacle on its coming direction. Since the robot is in
the East state, it checks Checking Direction 1 (West), but there is a deployed sensor

in the West direction, the movement in Checking Direction 1 is failed. Then, the
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robot further checks Checking Direction 2 (North) and no hole is found. So the robot
moves to the Prefer Direction 1 (East), but the movement is failed again because of
the obstacle. Finally it moves in Prefer Direction 2 (North) bypassing the obstacle
and places the sensor D.

After deploying sensor D, the robot still stays in East state, it checks Checking
Direction 1 (West) first. This time, a hole is detected in the West direction. Then the
robot moves with Type 2 movement and drops sensor E there. Finally, the robot
overcomes the impact of obstacle and achieves the goal of full coverage deployment,

as shown in Figure 2.6(d).

Obstacle Obstacle

(©) (d)
Figure 2.6 OFRD Approach in Obstacle Scenario
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Obstacle-resistant robot deployment approach (ORRD) is proposed by
extending the OFRD approach. It strengthens the ability of the algorithm to handle
the boundary and obstacle problem. According to the authors, the robot will deploy
sensors near the boundary or obstacles if lack of this sensor may cause a sensing
hole.

However, it is also not clear that under what condition this approach terminates
in both OFRD and ORRD approach. Unlike what the authors claimed, the algorithm
in fact does not guarantee full coverage in some circumstance according to their
current algorithm description. A simple counter-example scenario is designed by
extending the example in Figure 2.6, which lengthens the obstacle until one of its
end attaching the border of the monitoring region, as shown in Figure 2.7. In this
situation, once the robot enters one side of the obstacle, it will not be able to enter

the other side and leave an untreated hole.

Obstacle | Hole

Figure 2.7 Incomplete Coverage by ORRD Approach

2.2.3 Back-Tracing Deployment Approach

Back tracking deployment approach (BTD) is an algorithm proposed by Li et al. [11],
to resolve deployment problem over the ROI for both single-robot and multi-robot

scenario. Four geographic directions are assigned: West, East, North and South, and
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the robots drop sensors on a square grid. Robots check directions following the order
West > East > North > South before they choose the moving direction of their next
step, and as a result, robots can move in a snake-like way. Unlike LRV or ORRD
algorithms, BTD approach terminates within finite deploying time and the ROI can
be fully covered in failure-free environment.

Each sensor is dynamically assigned a color according to the condition of its
neighbors. A sensor will color itself “white” if at least one of its one hop neighbor
spots has not been placed a sensor yet, or “black” if all of its four neighbors are
deployed with sensors working normally. Besides the color, every sensor stores a
sequential number which represents the order of deployment and ID of the robot the
sensor was dropped by. Sensors share these information with their one hop neighbors
as well by messages.

Robots are able to detect not only their own location but also physical obstacles,
boundary of the ROI and sensors which have been already deployed. Each robot has
its own distinct ID and moves independently and asynchronously. It travels in the
ROI according to a specific strategy and drops a sensor after every step if the spot is
empty.

In BTD approach, sensors are deployed on the intersections of a square grid,
and all grid points are initially empty. Each deployed sensor will send a message
which carries its location and other necessary information, such as color and back
pointer, to its one hop neighbor periodically. The message is a useful tool for sensors
to know the condition of their neighbors. If a sensor receives messages from one of
its neighbors periodically, it will mark this neighbor “normal”. If a sensor never
received any messages from a neighbor, it will mark this neighbor as “Empty”.

In addition, there is a forward pointer and a back pointer stored in every sensor,
which point to the successor and the last white predecessor respectively. The last
white predecessor refers to first white sensor along the backward path of robot it was
dropped by. In BTD algorithm, the color and pointers of each sensor are defined
locally. Both of these pointers serve as navigation tool and help robots find its way

when it gets stuck in a dead end situation.
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A robot will meet a dead end if all of the one hop neighbors of its current
position are occupied with sensors. When a robot reaches a dead end, it will back
track to the white sensor with the largest sequential number, which is the back
pointer, among the sensors deployed by itself or by another robot, and resume
deployment from there. If a robot cannot find a back pointer on its current sensor, it
will search for a back pointer stored in its one hop neighbors. If there is at least one
back pointer gets found, the robot will move to one of them randomly; otherwise, it
will send searching messages to four geographical directions, the messages will
reach the boundary of the ROI and travel around the border. If the messages find
back pointers, it will return with their locations; otherwise, if no back pointer is
found, the robot will terminate.

The method for robots to move from a dead end to the back pointer is named
“shortcut” method [24], which can minimize the number of moving steps by setting
the robots move to next one hop neighbor with the lowest sequence number and the
same back pointer, until reaching the destination.

Figure 2.8 is an illustration of shortcut method used as a guide in BTD approach
to find back pointer. The back pointer stored in a robot is the white sensor with the
largest sequential number along the back path of this robot. Robot A gets stuck at
Sensor 34 in Figure 2.8(a), the back pointer stored in A is sensor 10. There are three
one hop neighbors that have the same back pointer as A, which are Sensor 21, 25 and
33. Robot A will move to Sensor 21 since the sequence number is the lowest.
Following the shortcut principle, robot A backtracks to sensor 10 and resumes
deploying from there, shown in Figure 2.8(b). The approach is used to guide robots

through an ROI with obstacles with the shortest moving distance.
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(a) (b)
Figure 2.8 “Shortcut” Approach in BTD

A white sensor will count the number of empty spots among its one hop
neighbors automatically once it colors itself “white”. This number will be stored in
this white sensor as a property. If one robot considers itself as a back pointer, it will
send a request message to the sensor before it marks this white sensor as its
destination. The robot will move to the white sensor only when its request is granted.
If the sensor receives and permits a request message, it will decrement the number of
empty spots by one. When the number goes down to zero, which means all of its
empty spots will be deployed by specific robots, the white sensor will not permit
request any more. In this case, although it is still a white sensor, it will be considered
as a black sensor, and the back pointer stored in the sensors along the forward path
will be replaced by the next white sensor along the backward path. Robots may
move from one dead end to another dead end due to the network asynchrony and
delay of information transfer.

Figure 2.8 illustrates how BTD works in single and multiple robots scenarios. In
Figure 2.8(a), A meets a dead end after deploying sensor 17, since all four directions
are obstructed by deployed sensors and obstacle. The back pointer stored in sensor
17 is sensor 16, thus robot A decides to back track to sensor 16 and resume

placement from there. Then it gets stuck again at sensor 35 and moved to the back
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pointer sensor 32. The fully covered ROI of single robot scenario is given in Figure

2.8(b), whereas Figure 2.8(d) and (e) show the deployment in multi-robot scenario.

obstacle

Deploying path
Back tracking path

Deploying path
Back tracking path

(b)

.q obstacle ..

obstacle '.

Deploying path of A

Deploying path of A

Back tracking path of A Back tracking path of A
Deploying path of B Deploying path of B
» Back tracking path of B » Back tracking path of B
(d) (€)

Figure 2.9 BTD Approach for Single and Multiple Robot Scenario

In reality, sensors cannot work for years without breakdown. Those sensors
which are out of order will cause sensing holes in the ROI. Because of partial
coverage, the accuracy of information measured cannot be precise. Also, the back
pointer chain may be broken because of a sensing hole. In this situation, robots will

be given another duty-sensing holes covering.
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As we mentioned before, each deployed sensor will send a message to its one
hop neighbor periodically. If a sensor receives messages sent from one neighbor at
first, but cannot hear from it neighbor later. It is probably because of a breakdown
occurs on this neighbor. In this situation, this sensor will wait until the deadline, if it
still cannot receive any message from this neighbor, it will mark it with “failed”. We
know that sensors will be given different colors according to the state of their one
hop neighbors. In this case, if a failed sensor existed among the neighbors of a sensor,
it will color itself “gray”. Therefore, gray sensors can be considered as a mark of
position of failed sensors, since each of them is surrounded by a set of gray sensors,
shown in Figure 2.10. Two failed sensors 26 and 31 are marked as black, their one

hop neighbors then change their colors to gray.

Deploying path
Back tracking path

Figure 2.10 Sensing Hole Surrounded by Gray Sensors

In the failure-prone environment, robots follow the same strategies as they do in
failure-free environment. Robots detect a sensing hole by encountering a gray sensor.
They treat sensing holes like uncovered area and drop sensors there. Every time after
a failed sensor is replaced, its one hop gray neighbors will change their color back to
white. Robots will then resume deploying sensors from the hole after it is covered.
However, robots are only able to patch sensing holes that they meet during

backtracking. Sensing holes which do not affect backtracking will be left untreated.
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For example, in Figure 2.11, robot gets stuck at the sensor on the northwest
corner, whose sequential number is 72. The robot finds the backtracking path
following the sequence 72->55->54->37->36->19->18->1 (black line with an arrow)
until it gets to the back pointer, which is sensor 1, and resume deploying there. The
black circles in the figure represent the failed sensors. We can see that sensors 17, 18,
19 and 20 form a sensing hole, which is hole 1; and sensor 41, 42, 49 and 50 form
another sensing hole, which is hole 2. Hole 1 is on the backtracking path of the robot,
which will be discovered and patched when the robot back tracks to sensor 1.
However, hole 2, which does not affect backtracking, cannot be found and will be
left untreated. In this scenario, BTD cannot guarantee full coverage in failure-prone

scenario.

Figure 2.11 Drawback of BTD Approach

Moreover, load balancing is added to the algorithm, which balances the
workload of different robots to avoid the circumstance that one robot keeps working
whereas the others stuck in a dead end. BTD guarantees full coverage in failure-free
environment, but it is unable to detect sensing holes which do not affect backtracking
in failure-prone environment. Unlike LRV or ORRD algorithms, which do not
contain conditions of termination, BTD approach terminates when there is no white

sensor in the ROI.
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2.3 Coverage Maintenance by Robots

After three robot-based sensor deployment approaches have been introduced,
description of two hole fixing algorithms will be given. They are cluster-based and
perimeter-based approaches. Both of these two approaches are proposed to patch
holes caused by sensor failures in an already full covered area, and work under the
assumption that robots are able to load sufficient number of sensors so that there is
no need for robots to reload themselves with sensors.

Mei et al. [13] proposed a cluster-based approach to patch sensing holes by
replacing failed sensors in the region. Three protocols are proposed for distinct
scenarios-centralized manager algorithm, fixed distributed manager algorithm and
dynamic distributed algorithm. In central approach, there is a robot that acts as the
central manager which is in charge of receiving failure reports and then forwarding
them to the responsible robot. However, in distributed approaches each robot can
serve as the manager and maintainer in the meanwhile. Centralized and distributed
algorithms perform differently in motion overhead and messaging overhead.

All the three protocols can be divided into three stages: initialization, failure
detection and reporting, and failure handling. In initialization stage, each robot is
assigned with a role, two sets of relationship are established, which are
communication network between sensors and robots and network between guardians
and the guardees. Initialization stage plays a role as the foundation in the whole
protocol, sensor-robot and sensor-sensor communication networks are set up in this
stage. Every sensor picks its nearest neighbor as its guardian after sending one
message carrying its location to its neighbors and receiving one from every neighbor.
Failures are detected by guardian of failed sensor and reported to a manager in the
second stage. In the last stage, a maintainer robot is assigned with a task by the
manager to patch the sensing hole.

For the purpose of comparison, description of each stage of each protocol is

given in Table 2.2.
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Table 2.2 Description of Each Protocol

Initialization

A manager is chosen. It
broadcasts its location
to all sensors and
maintainers.

Maintainers send their
locations to the
manager and one hop
neighbor sensors.

Sensors and robots
communication
network established.

Sensors exchange
messages with their
neighbors and pick
guardians,
guardian-guardee
relationship is set up.

The whole region is
divided into several
sub-areas and the
number of sub-areas
is the same as that
of robots.

Each robot can be
considered as both
manager and
maintainer of that
area.

In each subarea, the
sensor-robot
network and
guardian-guardee
network are set up
as centralized
manager algorithm.

The whole region
is divided into
several sub-areas.
Each sensor
chooses its
nearest robot as
its manager.
Sensors which
have the same
manager consist
of the sub-area of
this robot.

Sub-areas may
change with the
movement of
robots, as Voronoi
graphs.

Failure
detection
and
reporting

We assumed that
guardee and guardian
will not fail at the same
time, because the
probability is small and
negligible.

Sensors send message
to their one hop
neighbor periodically.
If a sensor has not
received message from
its guardee for a
threshold period of
time, then it will
consider this neighbor
failed and send failure

location to the manager.

Failure detection
and reporting
happens within the
sub-area.

The process of
detecting and
reporting is the
same as that in
Central Manager
Algorithm.

Sensors report
failures to their
manager within
the sub-areas, but
the manager may
change when
robots are
moving.
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Failure
handling

Once the manager
receives a failure
report, it will inform
the closest robot as
maintainer.

The maintainer will
keep updating its
location while it is
moving, because a
moving maintainer can
be assigned another
task.

Once a robot
receives a failure
report, it will act as
a maintainer,
patching the hole by
itself.

The procedure is
the same as that
in Fixed
Distributed
Manager
Algorithm.

Some drawbacks of the protocols are listed here:

1. In failure detection and reporting stage, the same failure report may be sent
for several times. Since no matter a guardee detects failure of its guardian or a

guardian detects failure of its guardee, the detecting sensor will send a failure report

anyway.

Figure 2.12 illustrates a scenario that the reports of the same failure are sent
twice, which causes unnecessary message cost. There are six sensors and a robot in
this WSAN. sensor B is the nearest sensor to A, so B is the guardian of A. While C is
the nearest sensor to B and B is the same to C, thus B and C construct a
guardian-guardee network. After the sensor network set up, if B breaks down, both A
and C will detect the failure and send a report to the robot. Therefore, reports of the

same failure have been sent twice. The authors did not mention what the manager

should do if it receives several reports of one failure.
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Figure 2.12 Message Resending

2. In the initialization stage of fixed distributed manager algorithm, the region
should be divided into several sub-areas. However, it is not clear that how the region
is divided. The authors give two examples of partition, shown in Figure 2.13, but it
can only be used in specific situations. If the shape of the whole region is irregular,

both of the squares and hexagons cannot be used.

(a) Squares (b) Hexagons
Figure 2.13  Area Partition
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3. In the last stage of dynamic distributed manager algorithm, there is no
stationary boundary of sub-areas, a sensor may have several managers at different
time. Thus, when the guardian-guardee network is built, the guardee and guardian
are in the same sub-area for sure. However, with the robots movement, the guardee
and guardian may change their manager and locate in two different subareas. It is
probable that a sensor detects the failure of its guardee and sends it to its manager;
however, this manager is not the manager of the failed sensor. As a result, a robot
will have to travel to the subarea of another robot to patch the hole.

Figure 2.14 gives us an illustration about the break of guardian-guardee
relationship caused by movement of robots. There are two robots in the figure; the
gray region in Figure 2.14(a) represents the subarea of robot A, while the white is the
one of robot B. Since sensor A and B are the closest sensor to each other, they form a
guardian-guardee network connected with a short blue line. Everything keeps
stationary until robot A receives a report of a failure in its area, which is marked with
a red cross. After robot A has moved to the position of failed sensor, the boundary of
two subareas changes to the bold black line shown in Figure 2.14(b). Sensor A is in
the area of robot A now; if it fails, sensor B will send a report to robot B, although
robot A is the responsible robot of sensor A at present.

To solve this problem, the guardian-guardee network has to be set up every time
after a robot moves for a certain distance. However, updating the Voronoi diagram

frequently will cost a huge amount of messages inevitably.
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Figure 2.14 Break of Guardian-Guardee Relationship

After comparison, the experiments show that the centralized manager algorithm
and the dynamic distributed manager algorithm achieve a lower motion overhead,
whereas the two distributed manager algorithms are more scalable and reach a high
messaging overhead. However, all of these three protocols are expensive in message
and energy requirements, and thus none of them is suitable for patching holes in

large scale sensor networks.
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Chapter 3: Election-Based Deployment Algorithm (EBD)

In this chapter, we will propose a new algorithm, which called Election-Based
Deployment algorithm. The protocol contains two main phases: sensor deployment
and coverage maintenance. In the first phase, robots place sensors in the empty ROI
and terminate after all the grid points are occupied by sensors, which is extended
from BTD algorithm in multi-robot scenario. In the second phase, the main task of
robots is to patch sensing holes by replacing the failed sensors in order to maintain
the network to work normally.

The first phase of our protocol will be introduced in Section 3.1, while the

description of coverage maintenance phase will be given in Section 3.2.

3.1 Sensor Deployment

3.1.1 Strategy Allocation

3.1.1.1 Initial Strategy Allocation

At the first beginning of deployment, each robot will be assigned with a moving
strategy according to its starting position. Assuming the ROI is in a rectangular shape,
we then have four moving strategies, each of which corresponds to one corner:

WN :West > East> North > South
SW : South> North >West > East
ES: East>West > South> North
NE : North > South> East >West

“WN?” represents moving strategy for robots whose starting positions are closed
to the northwest corner. The robot assigned WN will check its west and east firstly
and then its north and south before it moves a step. The situations of the “SW”, “ES”
and “NE” are the same.

If the ROI is rectangular, it is easy to find four corners, which are shown in
Figure 3.1(a). There are two robots entering into the ROI from the blue points. It is
clear that they follow strategies WN and SW respectively. However, for irregular ROI
such as the one in Figure 3.1(b), the four corners can be found in the way shown in
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the figure, although they may not really exist. The two robots follow strategies NE
and SW in this example since the two blue points are closer to the northwest and

southwest corners respectively.
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Figure 3.1 Initial Strategy Allocation

In our protocol, each robot knows the position of sensors it dropped because

robots are aware of their starting coordinates when they enter in the ROI. Assumed

the current location of a robot is (x,,y;), if the robot moves one step to west, the
coordinate of the later dropped sensor will be (x,—1,y,). Similarly, we have

(% +1y;), (x,y;+1) and (x,y;—1) for moving one step to east, north and south.

After obtaining the coordinate, the robot stores all the position of sensors it deploys.
The reason for having different strategies is that strategy can be seen as a guide
for robots when they are choosing moving directions. In the BTD approach, the
priority is West > East > North > South. The robots starting from the eastern ROI
may move to the west part when the eastern part has not been fully covered yet,
which will result in a long backtracking path to the east after the west has been fully

covered.
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Take Figure 3.2 as an example. Robot A starts from the northwest corner and
robot B starts from the northeast corner. We can see that after robot B deploys sensor
11, it will choose west because west has the highest priority in BTD algorithm,
although the west part is supposed to be covered by robot A. Robot B moves into
west part with the east part has not been finished yet. Figure 3.2(a) shows that after
they finish deploying sensor 14, robot B moves back towards east to cover the last
empty points, whereas robot A has to backtrack without deploying any sensor
because it is one step after robot B. The black line with an arrow in Figure 3.2(b)
represents the backtracking path of robot A. In this situation, working efficiency will

be low since robot A does not deploy any sensor during backtracking.
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Figure 3.2 Drawback of BTD

The following figures give us a clear comparison of the effects of
single-strategy and multi-strategies in the same test environment of a two-robot
scenario. Figure 3.3 shows the paths of two robots which follow the BTD approach,
whereas in Figure 3.4, robots follow the new protocol, which assigns different
moving strategies to these two robots.

In this thesis, we assign robot A moves first when two robots come across, robot
A follows its strategy, while robot B considers the next point on its route to be filled
with sensor already, and consequently changes its moving direction immediately to

deploy sensors in another area. It is illustrated in Figure 3.3(a), two robots meet at
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sensor 7, then A moves towards south to deploy sensor 8 while B backtracks to
sensor 6, the sensors with triangles below represents the current position of robots.

It is clear that both BTD and EBD can guarantee full coverage in failure-free
environment. However, robots travel a longer distance following BTD approach. It
can be seen in Figure 3.3(b), which demonstrates a fully covered ROI. The light blue
and green lines with arrows demonstrate the backtracking paths. Robot A deploys 79
sensors, while robot B deploys 70 sensors. Assuming the length of each square side
equals to one, then the backtracking distance following BTD approach is 21 in total.

Compared with BTD, EBD guarantees a shorter moving and backtracking
distance, which is shown in Figure 3.4. The sensors deployed by both robots consist
two perfect triangles, which can be considered as a good beginning of the coverage
maintenance phase. Also, robot A deploys 78 sensors and robot B places 71 sensors,
which meets a more balanced workload. The distance of backtracking path is much

shorter than that of the BTD approach, which is only 5.
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Figure 3.3 Deployment of BTD
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Figure 3.4 Deployment of EBD

3.1.1.2 Strategy Reallocation

The robots whose starting points are close to the same corner will be assigned to
the same moving strategy. If two robots following the same moving strategy
encounter, their areas will be crossed. Since the second section of EBD requires
independent subareas, we have to avoid the case of several robots sharing the same
moving strategy.

Take Figure 3.5 as an example. Robot A, B and C start from points closest to
the northwest corner, so they are assigned to the WN strategy. Sensors deployed by
the three robots form blue, red and yellow areas. We can observe the area of robot B,
which is the red area, is cut into three pieces by the blue and yellow areas, the same
as the subareas of robot A and C. Since in coverage maintenance algorithm, each
robot takes responsibility to the sensors deployed by itself, the more regular the
subareas are, the shorter distance robots move. Therefore, we need to reallocate the

strategies in order to make subareas more regular in shape and independent to each

other.

35



! O........

©
@@@@@@

= Deploying path of A
Backtracking path of A

Deploying path of B
* Backtracking path of B
Deploying path of C
sy Backtracking path of C

)
@9 3@!!!!.!5

Figure 3.5 Crossed Areas

There are some definitions which should be introduced before we explain the
details of strategy reallocation. First of all, the capacity of a strategy, which
represents the number of robots follow this strategy. For example, if a moving
strategy is assigned to three different robots, the capacity of this strategy is three.
Another definition which should be clarified here is the “empty” strategy. It
represents the strategy which is not assigned to any robot. On the contrary, if a
strategy is assigned to more than one robot, it can be called “rich” strategy. The last
one is “neighbor” strategy. If two corners are adjacent, we call the strategies
corresponding to these two corners neighbor strategies to each other. For example,
northwest corner and northeast corner are adjacent, thus strategy WN and NE are
neighbor strategies.

Figure 3.6 shows the starting points of several robots, the black circles in the
figure represent robots. We can see that, the capacity of strategy WN, NE and SW are
2, 1 and 3 respectively, while the capacity of strategy ES is 0, which means no robot
starts from a point near the southeast corner. Thus, strategy WN and SW are rich

strategies; whereas strategy ES can be considered as an empty strategy.
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Figure 3.6 Rich and Empty Strategy

The target of strategy reallocation is to decrease the capacity of strategies. The
reason for doing that is to decrease the number of robots sharing the same strategy.
To solve this problem, we have to reallocate the moving strategies to robots when
several robots sharing the same moving strategy, and this rich strategy has at least
one empty neighbor. In this case, we will allocate the robot following the rich
strategy to the empty one, until there is no empty or rich strategy.

Figure 3.7 gives us a simple example. We can see WN is a strategy assigned to
two robots, NE is a single robot strategy, whereas ES and SW are empty strategies.

Since WN and SW are neighbor strategies and SW is empty, we assign robot 1 to

strategy SW.
WN Robot 2 NE
[ = 9
Robot 1
SW
SW ES

Figure 3.7 Strategy Reallocation
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The example above is a simple one. If the scenario turns to be more
complicated like the example in Figure 3.7, a reallocation algorithm is required to
solve the problem. It is proposed as follows:

1. Checking the four strategies to find an empty strategy following the order
WN> NE> ES> SW. If there is no empty strategy found among the four strategies, the
reallocation algorithm will stop.

2. Once an empty strategy is found, the algorithm will search for rich strategies
among its two neighbor strategies following the same order, WN> NE> ES> SW.
There are three possible results:

(1) There is no rich strategy among the two neighbor strategies. The algorithm
will go back to Step 1 and keep on searching for empty strategies.

(2) There is only one rich strategy among the two neighbor strategies. The
algorithm will select the most suitable robot from all robots assigned to this rich
strategy, following a picking algorithm which will be introduced later, when it
chooses the most suitable robot, and this robot will be assigned to the new strategy.

(3) Both of the neighbor strategies are rich strategies. The algorithm will act the
same way as it does in step (2). This time, the algorithm will select the most suitable
robot from the robots that follow both of these two rich strategies.

3. After assigning the selected robot to the new strategy, the algorithm will
resume searching for empty strategy until all four strategies have been checked.

A flow chart is shown in Figure 3.8, which illustrates the procedure of picking

algorithm.
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WN <-a[1]
NE <-a[2]

ES <-a[3]
SW <-a[4]

[Pick the most suitable robot]

|

[:Assign a[m] to the robot]

Figure 3.8 Reallocation Algorithm

Now we will give a brief description of picking algorithm here. As the name
implies, picking algorithm is proposed to pick the most suitable robot which will be
assigned to a new strategy. The algorithm can be divided into two separate rounds:

1. If the empty strategy is WN or ES, the most suitable robot will be among the
robots which follow the strategy NE or SW. In the first round, the algorithm will
choose the one which is closest to the northern or southern boundary as the most
suitable robot. For example shown in Figure 3.9(a), empty strategy is strategy WN.
There are two robots (A and B) following the strategy NE, and another two robots (C
and D) following the strategy SW. The distance from robot A and B to the northern
boundary are one and three respectively, whereas those from C and D to the southern
boundary are zero and two, respectively. Thus the algorithm will pick the robot C as

the most suitable robot since it holds the shortest distance to the southern boundary.
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If there is more than one robot holding the closest distance to the northern or
southern boundaries, the algorithm will start the second round, which aims to choose
the robot which is farthest to its closer easternmost or western boundary. For
example, in Figure 3.9(b), strategy WN is an empty strategy, and robot A and B
following the strategy NE, and robot C and D following the strategy SW. The
shortest distance from robot A to the northern boundary is the same as that from B to
the southern boundary. So we have to check the distance from the robots to their
closer eastern or western boundary. We can see that robot A is closer to the eastern
boundary while C is closer to the western boundary. The algorithm will choose the
most suitable robot according to the distances of A-to-East and C-to-West. Thus A is
chosen as the most suitable robot to be assigned to strategy WN.

If several robots hold the equal shortest distance in the first round selection and
longest distance in the second round selection, the algorithm will pick one among

them randomly.

WN (E: WN
(Eempty) HIE (Empty) Most suitable robot
A
@B
@B
D
D@ —@
: ?
cC@® @ @
sw | ES SW ES
Most suitable robot
(a) (b)

Figure 3.9 Picking Algorithm

2. When the empty strategy is NE or SW, the first round of method is similar to
the one in the situation above. The algorithm will choose the robot which is closest
to the easternmost or western boundary as the most suitable robot.

If there is more than one robot holding the closest distance to the easternmost or
western boundaries, the algorithm will select the one which is farthest to its closer

northernmost or southern boundary in the second round.
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The reason of proposing picking algorithm in this way is to make sure each
subarea is independent and not cut into pieces by other subareas. Figure 3.10 and
Figure 3.11 give us an illustration.

Figure 3.10(a) and (b) is a comparison of first round selection. There are two
robots (A and B) in the figures, both of which are assigned to strategy WN at the first
beginning. The algorithm will search for the empty strategy following the order WN>
NE> ES> SW. After the first empty strategy NE gets found, the algorithm will check
if its neighbor strategies are rich. The capacity of WN is two, thus one of robots A
and B will be selected as the most suitable robot to be assigned new strategy.

In Figure 3.10(a), A is assigned with the new strategy NE while B follows the
original one-WN, which meets the design of first round selection of picking
algorithm. The sensors placed by each robot form a whole and independent subarea,
which is not cut into pieces. However, Figure 3.10(b) shows a different example,
which provides an inverse strategy allocation. We can see robot B keeps moving
towards south, A has to move to the same direction since it is restricted by B and
cannot move to east. After they reach the southern edge, B moves to northeast
whereas A has to backtrack to southeast area to deploy sensors there. As a result, the
subarea of robot A is cut into two separate pieces by subarea of robot B. Therefore,

the principle of the first round selection in picking algorithm is proved reasonable.

WN B NE WN B (NE)
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SW ES SW ES
Deploying path of A = Deploying path of A
Backtracking path of A Backtracking path of A
Deploying path of B Deploying path of B
» Backtracking path of B wes Backtracking path of B
(a) (b)

Figure 3.10 First Round of Picking Algorithm
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Figure 3.11 explains the advantage of the second round selection. In Figure
3.11(a), two robots are assigned to different strategies according to the second round
selection of picking algorithm. The subarea of each robot is independent. In Figure
3.11(b), moving strategies are allocated oppositely, which causes the same problem
as shown in Figure 3.10(b). The subarea of A is divided into two segments. The

second round of picking algorithm is proved workable with this example.

WN
A
B
(NE) ‘
| N
B’
SW ES
== Deploying path of A == Deploying path of A
Backtracking path of A Backtracking path of A
=== Deploying path of B Deploying path of B
= Backtracking path of B = Backtracking path of B
(a) (b)

Figure 3.11 Second Round of Picking Algorithm

Combining reallocating algorithm with picking algorithm, a brief description of
how strategy reallocation works is given, with Figure 3.6 as an example:

1. Searching for empty strategies following the order WN> NE> ES> SW. Then
the strategy ES is found as the first empty strategy.

2. Seeking rich strategies among the neighbor strategies of ES, which are NE
and SW. Then strategy SW is found as a rich strategy, so one of the robots following
strategy SW will be assigned to the new strategy ES.

3. Selecting the most suitable robot according to first round selection in picking
algorithm. In this example, empty strategy is ES, so we should find the robot which
is closest to the northern or southern boundary. There are two robots on the southern
boundary. The distance from them to the southern edge is 0, which is the shortest
distance. Because there are more than one of robots holding the shortest distance, we
have to the second round of selection.
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4. In the second round of selection, the one which is farthest to its closer
easternmost or western boundary will be chosen as the most suitable robot. The robot
on the right meets the requirement, so it will be chosen as the robot which will be
assigned with strategy ES.

5. After reassigning strategy ES to the most suitable robot, the capacity of WN,
NE, ES and SW moving strategies are two, one, one and two respectively. No empty
strategy can be found anymore, so the reallocation will stop.

Figure 3.12 and Figure 3.13 show the fully covered ROI in Figure 3.5 and
Figure 3.7. In (a), the robots follow their original strategies, whereas robots are
assigned with new strategies according to the reallocating and picking algorithm in
(b).

In Figure 3.12(a), all the robots follow strategy WN. On the contrary, in Figure
3.12(b), robot A follows the original strategy WN, while robot B and C are assigned
to new strategies NE and SW respectively. We can see all the three subareas are cut
into piece by each other in the first figure. However, in the second one, sensors
deployed by robot A form an independent area, but subareas of robot B and C merge

into each other. This problem will be solved later with combination algorithm.
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Figure 3.12 Fully Covered ROI of Figure 3.5
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Figure 3.13 shows the fully covered ROI in Figure 3.7. In the first figure, the
subareas of robot A and B merge into each other since these two robots follow the
same moving strategy. While robot B is assigned with strategy SW after reallocation
in the second picture, which makes the areas more regular and independent.

WN A (WN) NE WN A (WN) NE

B
(sW)

G’
SW = ES sSwW

Deploying path of A Deploying path of A
Backtracking path of A Backtracking path of A
Deploying path of B Deploying path of B

—— Backtracking path of B ~— Backtracking path of B
Deploying path of C Deploying path of C

~——— Backtracking path of C —— Backtracking path of C

(a) Before reallocation (b) After reallocation

Figure 3.13 Fully Covered ROI of Figure 3.7

Therefore, the examples show the reallocation can indeed improve the sensor
deployment algorithm, by making sensors placed by each robot form a more regular
shape in order to make the coverage maintenance algorithm perform better.

However, sometimes subareas of different robots may merge into each other
even after reallocation, like the areas of B and C in Figure 3.12(b). In this situation, a
combination algorithm is required to shorten the moving distance before the

beginning of the coverage maintenance algorithm.
3.1.2 Dead End Situation

EBD inherits sensor colors and dead end definitions from BTD. A robot in EBD will
keep deploying sensors until it meets a dead end. In a dead end situation, it does not
backtrack like the robot does in BTD algorithm. Instead, it will search for the nearest

white sensor to resume deploying.
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The principle of searching for a white sensor is proposed by expanding the ring
principle, used in searching for destination in routing. It is proposed as follows:

Assuming there is a robot gets stuck at sensor 0, it will send searching messages
in four geographic directions for a white sensor. If sensor 0 does not have an adjacent
obstacle neighbor, the messages will be received by four sensors, which are the four
one hop neighbors of sensor 0. If there is at least one white sensor among them, the
all the white sensors will send messages back. Once the robot receives a message
sent back, it will consider the white sensor as the nearest white sensor and move to it.
If there are more than one of messages received at the same time, the robot will pick
one randomly.

If there is no white sensor among the one hop neighbors, the one hop neighbors
will send messages in their four directions, and the messages will meet eight sensors,
which are two hop neighbors of sensor 0. The searching messages will spread in this
way until a white sensor is found.

Figure 3.14 shows the one hop neighbors to four hop neighbors of sensor 0 in

an environment with an obstacle.

' Sensor 0

. 1-Distance Sensors

O 2-Distance Sensors

O 3-Distance Sensors

O 4-Distance Sensors

Figure 3.14 Neighbors of Sensor 0
Figure 3.15 gives an example of backtracking in EBD. In this example, robot A
is assigned to strategy WN and robot B follows the ES. Robot A places sensors on the
top two rows before it meets a dead end at the northwest corner. In Figure 3.15(a),
robot A chooses to move to the nearest white sensor 1, instead of the back pointer
sensor 10, which decreases unnecessary movements. Figure 3.15(b) shows the fully
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covered ROI, where we can see that robot A places 46 sensors while robot B places
44 sensors, the working load of two robots has been balanced, and the length of
backtracking path is only 4.

Compared with the backtracking in EBD, Figure 3.16 shows the routes and
backtracking path of robots following BTD approach in the same environment. We
can see that both robots have long backtracking path. In Figure 3.16(a), robot A
backtracks from sensor 20 to 10. We can observe from Figure 3.16(b) that the two
robots deploy 41 and 49 sensors respectively, and the total distance of backtracking
path is 19, which is much longer than that in the last figure.

Thus, backtracking to the nearest white sensor can shorten the backtracking

path and balance the workload.

l == Deploying path of Robot A
A Path to white sensor of Robot A

== Deploying path of Robot B
Path to white sensor of Robot B

w——— Deploying path of Robot A
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e Deploying path of Robot B
Path to white sensor of Robot B
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(b) Full Coverage
Figure 3.15 Backtracking in EBD
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Figure 3.16 Backtracking in BTD

3.1.3 Gray Sensor Situation

In a failure-prone environment, it is possible for sensors to fail after long-term of
usage. Failures generate sensing holes in the ROI, which affect the accuracy of
recorded data. As we mentioned in Section 2.2.3 when we introduced BTD approach,
a sensor will color itself “gray” if at least one of its one hop neighbors is marked
failed. Therefore, all sensing holes are supposed to be surrounded by gray sensors.

If the route of a robot is interrupted by a gray sensor, or a gray sensor is found
in white sensor searching, the robot will change its task from deploying sensors to
filling sensing hole first. After the hole is patched, the robot will move to its original

destination and resume deploying.
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Figure 3.17 gives an example of gray sensor situation. Robot B gets stuck at the
southeast corner, then it sends searching messages for a white sensor; however, the
messages encounter a gray sensor, which is sensor 19, and return with the position of
it, as shown in Figure 3.17(a). Then robot B decides to patch hole 1 firstly. After it
replaces sensor 17 and 18 continuously, all the gray sensors on the boundary of
sensing hole 1 change to black or white. In Figure 3.17(b), the robot moves to the
nearest white sensor 2 to resume deploying. The two robots keep placing sensors
until the ROI gets fully covered, shown in Figure 3.17(c).

In Figure 3.17(a), sensing hole 2 is not on the backtracking path of any robot.
So it will be left untreated until the coverage maintenance phase starts. When the
robots detect there is no white sensor in the ROI, the coverage maintenance

algorithm will start, and hole 2 will be patched then.

48



Deploying path of A
Backtracking path of A
Deploying path of B
Backtracking path of B

Deploying path of A
Backtracking path of A
Deploying path of B
Backtracking path of B

Deploying path of A

Backtracking path of A
—  Deploying path of B
ey Backtracking path of B

(c) Full Coverage

Figure 3.17 Sensing Hole Encounter
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3.1.4 Termination of Sensor Deployment Phase

The first phase of algorithm will terminate when there is no white sensor in the
whole area. No white sensor here means that every single grid point is covered with
a sensor, and there is no empty point in the ROI. However, sensors may break down
after they keep working for a while, which may cause sensing holes in the area and
decrease the accuracy of measurement. Then the robots will move to the second

phase of the protocol by waiting for failure reports in the ROL.

3.2 Coverage Maintenance

Once the sensor deployment algorithm finishes, the ROI is supposed to be fully
covered by sensors. Although sensors are designed with low energy consumption,
they cannot work permanently without breakdown. Sensor failures leave sensing
holes in the ROI, which will cause inaccuracy of the information gathered by the
network. In BTD algorithm, sensing holes can only be detected when they affect
backtracking of robots. Thus the BTD algorithm terminates with holes untreated in
the ROI, which cannot guarantee full coverage in failure-prone environment.

In this section, EBD algorithm will be extended in order to maintain the
network to work normally by detecting and patching sensing holes in failure-prone

environment.
3.2.1 Subarea Combination

After the ROI is fully covered, robots will move to the central points in their
subareas waiting for sensing holes. Once a sensor failure occurs, a robot will move to
this sensor and replace it with a new one which works normally. Moving to a central
point may increase the moving distance but it will save hole patching time.

Failures occur randomly in the whole ROI since we assume that sensors are
homogeneous. The probability of failing for each robot is equal. Thus the average
moving distance of a robot is in proportion to how regular the area is. The more
regular the subarea is, the shorter distance the robot moves. This is the reason why

we try to improve the deployment algorithm to let the sub-areas more regular.
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Sometimes, the shape of subareas may not be as regular as we expect; for
example, the areas of robot B and C in Figure 3.12(b), and the areas of robot A and B
in Figure 3.13(a). Irregular subareas will result in a longer moving distance in
coverage maintenance algorithm. Therefore, we have to combine the subareas which
merge into each other to make the combined area more regular.

“Combine” means to treat several subareas as a large whole region. For example,
combining subareas of robot A and B algorithmically means that A and B will share
the information of the position of all the sensors they deploy. Also, the two subareas
are treated as a whole area and both A and B are responsible for the new area. If
there is a sensing hole in any one of these two areas, it will be considered as being in
the large area and both A and B have the responsibility to fix it.

After combining several subareas into one, all robots responsible for these areas
should be responsible for the large new area. They will choose new central points
which minimize the sum of average moving distances. After moving to the central
points, robots will wait there until the failure occurs.

The subareas of robots which are close to the same corner and are not assigned
with neighbor strategies after reallocation should be combined. For example, in
Figure 3.18, both of robot B and C are close to the northwest corner. After
reallocation, they are assigned with NE and WS respectively, which are not neighbor
strategies. So, the subareas of these two robots should be combined together. In the
coverage maintenance algorithm, we will consider the two subareas as one.

The combination principle is only related to the location of starting points and
the strategies that robots follow. Thus, which areas should be combined after
deployment is already known before the sensor deployment phase starts.

Take Figure 3.18(a) as an example again. After each point in the ROI is placed
with a sensor, robot B and C will combine their subareas by sharing the position and
sequential number of their sensors. After combination, these two areas will be

considered as a large whole area, which is the black region in (b).
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Figure 3.18 Combination
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The reason of proposing combination algorithm in this way is that subareas
merge into each other as a whole when and only when they meet the conditions
above. The algorithm combines these subareas into a larger and more regular piece.
Take Figure 3.19(a) as an example, the two robots follow WN and ES respectively,
which is not a pair of neighbor strategies, so the subareas merge into each other.

If two robots follow a pair of neighbor strategies respectively, that means that
one moves horizontally whereas the other one moves vertically. As a result, the
sensors they deploy will gather around two diagonal corners, and the boundary of
these two areas will be easy to tell. Figure 3.19(b) gives us an example, in this
instance, A and B follow a pair of neighbor strategies which are WN and NE. We can

see both of the two subareas are in good shape, and we do not need to combine them.
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Figure 3.19 How Combination Benefits Subarea Shapes

3.2.2 Choosing Central Points

In this section, we will introduce after some robots combining their areas with each
other, if there is no sensing hole to patch or the robots just finished covering a hole,
they will be free and waiting for the next sensing hole coming out. During this period

of time, robots will move to the central points in their subareas. The central point can
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be considered as the point holds the minimum sum of distance between itself and all
other points in the subarea. Since the sensing hole appears randomly in the whole
ROI, waiting at the center points can minimize the average moving distance in
probability.

The robot which does not share information with others simply picks a central
point in its own subareas. While for those robots which share information with others,
they pick a set of central points, of which number is equal to the amount of robots in
the combined large area. These central points minimize the sum of average moving
distance.

Take Figure 3.18(b) as an example, robot B and C combine their subareas into
one, so they pick two central points in the new area, which are B’ and C’. Whereas
robot A does not share its sensors with any robot, it selects a central point A’ in its
own subarea.

The approach used to find the position of a central point in an area is proposed
as follows:

1. Assuming that the number of sensors deployed in this area is n, the

coordinates of these sensors are: E ={(x,, y,), (X, ¥,)...(X., ¥, )}.

2. Finding (X,Y) in assemblage E which minimizes the average distance D,

D=1[zn:(jX—xk|+|Y—yk|)] (X,Y)eE (3.1)

nia
Thus, (X,Y) is the coordinate of central point we are looking for, and the

robot will move to this spot waiting for sensing holes when it is free.

If there are more than one coordinates meet the request, the robot will move to
the one which is closest to its current position.

3. Every time when a robot finishes fixing a sensing hole, it will replace the
coordinate of failed sensors stored in its memory with the new ones. Thus, the
coordinate of central point will update since the boundary of subarea and the total

number of sensors may change if the hole is just on the edge of several subareas.
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The method of picking several central points for robots sharing a large area is

similar to the approach above. Assuming that the number of robots is m, the

coordinates of central points is a set of (X,Y) which has m elements. It can be
defined as: R={(X,,Y,),(X,,Y,)...(X,,,Y,,)}, which should meets the request below,

1 n
D= E{qumm — X +[Yonin — yk|)} , (X Yoin)€R (3.2)
k=1

(X, Yn) in Equation (3.2) is not a constant coordinate, V(x,y,)€E,

min?

(X, Yoin) is the coordinate which minimizes d in Equation (3.3). d represents the

distance from (X,Y) to (X, Y,),
d=|X —x|+[Y -] (3.3)

Take Figure 3.20 as an example. The fully covered ROl is illustrated in Figure
3.20(a), in which robot B and C should combine their areas into a new one. The ROI
after combination is shown in Figure 3.20(b), the white area is the area combined by
subareas of robot B and C.

If there is no hole to be patched, the three robots will find positions of central

points and wait there for a hole coming out. In subarea of robot A, the distance

between sensor 4 and 8 is |X —x,|+|Y —y,|, as shown in Figure 3.20(b), whereas, in
the large white area, the distance between sensor 9, 16 to 11 are |X; —x,|+[Y; — ¥y

and | X, —xy|+[Y,—yy| respectively. It is obvious that the distance between sensor

9 and 11 is shorter than that between 16 and 11. Thus, we pick the smaller value,

which is |X; —x,|+[Y,—yy| as the distance from this set of coordinates to sensor 11.

The (X,;.,Y.,) inthisoccasionis (X,,Y,), which is the coordinate of sensor 9.

Finally, the central points are picked out and marked green with black boundary

in Figure 3.20(c).
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Figure 3.20 Picking Central Points
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If several coordinates meet the request at the same time, a random one will be
selected. In this way, the coordinates of central points can be found.

Each robot will inform all sensors in its subarea with its current location once it
moves to a new central point. A robot does so by sending messages to four
geographical directions: west, east, north and south. The messages will spread in the
subarea until the position of robot stored in all the sensors updated.

A robot which is selected to patch a sensing hole is called “worker” for this hole.
The process used to find a worker is similar to the procedure of election. Several
candidates which meet the requests are chosen before the worker is elected from
them. The requests of selecting candidates and the standard of choosing the worker

will be discussed in the following sections.
3.2.3 Candidates Selection

It is mentioned in Section 2.2.3 that a sensor colors itself gray when it is next to a
failed sensor. Thus, sensing holes are surrounded by gray sensors.

Once a hole appears, a robot will be selected as the worker to patch it by
replacing the failed sensors with new ones. Before the worker is chosen, a set of
robots will be selected as candidates, which have the opportunity to patch this hole.
One of the candidates will be elected to the worker. The request for a robot to be a
candidate is given as follows:

If all gray sensors surrounding a hole are located in one subarea, no matter how
many robots in this area, all of them have the opportunity to fix the hole. However,
for sensing holes located on the boundary of several subareas, all the robots in these
adjacent areas are candidates for the hole covering.

Figure 3.21 is an example extended from Figure 3.18. Blue sensors are
deployed by robot A, while the large white area is combined by subareas of robot B
and C. The central points are marked with black and green. It is assumed that there
are three failures X, Y and Z. The candidate of worker for failure X is robot A; while
the ones for failure Y are robot B and robot C. Since the gray sensors of failure Z are

located in both two areas, all the three robots are candidates for hole Z.
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3.2.4 \Worker Election

Once all the candidates are clear, the next step is to choose a worker among them,
which can be considered as the most suitable robot to patch the hole. After the
worker is selected, it will patch the sensing hole and return to the updated central

point if there is no other task for it.
3.2.4.1 Free Candidates

If all the candidates are free, the one which is the closest to the sensing hole will be
selected as the worker. The free here means having no hole to patch at present.

Take Figure 3.21 as example again. For hole X, the candidates is robot A since
all gray sensors are located in the blue area. Thus, robot A will be selected as the
worker of X. Whereas, for hole Y, robot B and C are candidates due to the hole is
totally located in the large white areas. Comparing the distance from their location to
the hole, B will be elected as the worker since it is closer to the hole. Hole Z is on the
boundary of two areas. Robot C is the closest one to it, which will be chosen as the

worker.
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The gray sensors will send a failure report to the worker since they are aware of
the location of it. The robot chosen as worker will move to the hole immediately
once it receives the report.

If there is no obstacle in the ROI, the worker can move to the sensing hole
directly, since the location of the failure and robot are known. Sometimes there are
obstacles existing in the region which resist the movement of the worker. Several
approaches can be used to help the worker find the shortest path from its current
position to the sensing hole regardless of obstacles, such as A* algorithm [25].

It is notable that an approach can be used to simplify the movement complexity
of the worker if the subarea is not a combined area, in which all sensors are deployed
by the worker. This method guides the worker through an area with obstacle to the
failure with the shortest moving distance as long as the worker is the only robot in
this subarea.

The name of the approach is shortcut-to-hole. It is extended from shortcut
method [24], which is used to search for back pointers in BTD algorithm. Since the
sequence number of sensor where worker is situated and the closest gray sensor are
known, the worker is able to find the shortest path following sequence numbers.

Assuming the sequence number of sensor where the worker located at is

N the one of the closest gray sensor is N

wor ker ? gray —sensor *

If N =N

araysnor = Nuorier» the failed sensor will be a one hop neighbor of the
worker. The worker can move to it directly and patch the sensing hole.

If N >N

oray —sensor worker» the worker will select the one hop neighbor with the
sequence number which is the highest one among all the numbers lower than

N as it next movement step, until it reaches its destination.

gray —sensor

If N <N

gray —sensor wor ker

the worker will choose the one hop neighbor with the
sequence number which is the lowest one among all the numbers higher than

N as it next movement step, until it reaches its destination.

gray —sensor
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Figure 3.22 illustrates how the principle guides the worker to reach its
destination with the shortest moving distance and avoid obstacles. In Figure 3.22(a),
robot A, B and C are situated at the central points marked with black and green when
failure occurs. Robot C is chosen as the worker since it holds the shortest distance to
the hole. After the failed sensor being removed, robot A and C will update their areas
and central points, as shown in Figure 3.22(c).

Figure 3.22(d) gives another example of how a robot bypasses an obstacle
following shortcut-to-hole approach. In this figure, it is clear that robot B passes by
the obstacle and reaches to sensor 22 from sensor 12.

wn AN NE

B
(SW)

SW
Deploying path of A Deploying path of A
Backtracking path of A Backtracking path of A
Deploying path of B Deploying path of B

Deploying path of C Deploying path of C

(b)

(sW)

SW
Deploying path of A — Deploymg. e
Backtracking path of A Backtracking path of A
Deploying path of B === Deploying path of B
Deploying path of C me>  Backtracking path of B
(c) (d)

Figure 3.22 Shortcut-to-Hole Approach
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3.2.4.2 Busy Candidates

Those candidates which are busy patching a hole should be taken into consideration
as well in the worker selection. The way to calculate the distance from their current
position to the hole is different from what has been discussed in the last section.

If there is only one candidate for a hole patching task, although it is currently
busy patching another hole, it will be chosen as the worker. The worker will move to
the next hole once it finishes the one it is working on.

If there are several candidates for one task, the one holds the shortest distance to
the hole will be selected as the worker, which is the same as that in free candidates
scenario. The distance between the robots and the hole can be calculated directly if
they are free. Whereas, for busy candidates, the distance consists of three

independent parts, which are given as follows:

1. Dganicate_roie » the distance between current position of a candidate and the

hole it is going to patch. Dg,ixe roe 1S Particular for those candidates which have

one task but are still on their way to the hole and have not started working yet.

2. Assuming the coordinates of a candidate and the hole are (X gisue» Yeandicate )

and (X,c, Yoo ) Fespectively, we have

DCandidate—HoIe = |Xcandidate - Xhole| +|ycandidate - yhole| (34)
However, for candidates which are not on their way but have already began

patching a hole, D, yigate tole =0

3. D the remaining size of the currently patched hole, which can be

Remain !

calculated with the coordinates stored in the gray sensors surrounding the failure.
Firstly, arranging all coordinates with the same x value in a descending order,

which are listed as follows:
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(X1ny1) (XZ’yZ,l) (Xm’ym,l)
(Xl"yl,z) (Xz"yz,z) (Xm’.ym,z)

(Xl’ yl,i) (Xz’ yz,j) (Xm’ ym,k)
The remaining size of sensing hole can be calculated with the equation below:
Dreain = ((Yaa = Voo =2)+ (Vo = Yo =L+ + (Vo= V1, =1))
(V2= Yoo =0+ (2 = Yos =D+ + (Y 11— v —1) (35)
oot (Vs = Yo =D+ Vo = Y =2+ (Vs = Vi =1)
The equation can be proved correct in the following way:
(1) Dividing the sensing hole into several columns with the sensors, in each of
them, having the same x value.
(2) Calculating the size of sensing hole in each column.
The columns can be divided into two different types: boundary with no failed
sensors and inside with failed sensors. Figure 3.23 indicates the two types of
columns, the columns on line x=1 and x=5 are boundaries, whereas the ones on

between them are inside.

Figure 3.23 Columns of Sensing Hole
In an inside type column, there must be only two gray sensors in this column,
which are on both sides of failed sensors, whereas, in a boundary type column, the
number of gray sensors is not a certain value.
For the situation that only one gray sensor is in a column, it must be the

boundary of a hole; then the size of hole in this column is 0.
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If there are two gray sensors sharing a column, whose coordinates are (x,y,)

and (x,y,), where y, >vy,. The size of sensing hole N, between the two gray

ones can be calculated with the equation below:
Ny =¥.—VY,—-1 (3.6)
For boundary columns, the number of failed sensors is 0, which can be
calculated with Equation (3.6) as well. Since after sequencing the coordinates in each

column in a descending order, each y value is larger than the next one by 1. Thus,

Equation (3.6) can be extended in the following way to fit the boundary scenario:
Naz = (Y2 = Yo =D+ (¥, = Vs =)+ + (Vs = ¥ =2) (3.7)
where (yl,yz,...,yk) are the set of y values in one column sequenced in a

descending order. With the element in the each bracket equals to 0, the value of the

whole equation, whichis N, equals to 0.

(3) In this way, the whole size of sensing hole can be calculated with the
number of failed sensors in each column are known.
Take Figure 3.23 as an example of hole size calculation. Firstly, sequencing the

coordinates of gray sensors and listing them the following matrix:

13) (24) (35) (44) (63)
L2) (20) (30) (41) (52)
(L1)

The remaining size D, can be calculated with the equation below:

Remain

Drermein = ((yl,l —VYi2 _1)+ (Y1,2 —VYi3 _1)"'""" (yl,i—l ~ Y _1))

+ ((ym Y2, _1)+ (Y2,2 — Y23 _1)+"'+ (yz,j—l — Y2 _1))
Tt ((ym,l ~ Y2 _1)"' (ym,2 ~ Y3 _l)+"'+ (ym,k—l ~ Yk _l))

= (yl,l — Y12 _1)"' (yLz — Y13 _1)"‘ (Y2,1 — Y22 _1)"' (Y3,1 BREY: _1)"' (y4,1 —Yap _1)
+ (yS,l — Y52 _1)

=(3-2-1)+(2-1-1)+(4-0-1)+(5-0-1)+(4-1-1)+(3-2-1)

=0+0+3+4+2

=9
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4. Dy o » the distance from the currently patched hole to the next one.

The position of the next hole is known since the coordinate of a gray sensor is
carried by the failure report from the detector to all candidates. Thus, we need to find
out which failed sensor will be remain last in the sensing hole, which can be seen as
the starting point of the robot moving from the current hole to the next one.

In a sensing hole, the worker acts as it were in a single robot scenario. It moves
in the hole following its strategy, and backtracks to the closest gray sensor when it
gets stuck.

Figure 3.24 can be used as an illustration of how a worker moves when it is
patching a sensing hole in the situation in Figure 3.23. The worker A starts from the
light gray sensor in Figure 3.24(a) and moves towards south following the NE
strategy. After replacing seven failed sensors, it gets stuck at sensor 7 in the second
figure. Thus, it backtracks to the nearest gray sensor and keeps replacing sensors

until the hole gets fully covered, shown in Figure 3.24(c).

® ? I 11 !

®e O o [l !
o . o 1 ?
L ° L L o o L ‘o
(a) = ”E;)"uhm.u path

e Hole patching path
Backtracking path

(©)
Figure 3.24 Sensing Hole Patching
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Therefore, the algorithm used in a single robot scenario can be used to find the
last remained spot in the hole. With positions of this point and the gray sensor of the

next hole, the distance can be obtained by Equation (3.8). Assuming the coordinate

of the last spots is (X, Y. ), While the gray sensor is on (X, Voo, )» We have:

DHoIe—HoIe =|Xlast _Xnext| +|ylast - ynext| (38)

With all values of D, gigate tole: P and Dy, e, the distance from a

Remain

busy candidate to the next sensing hole can be obtained by adding them together,

D = DCandidate—HoIe + DRermin + DHoIe—HoIe (39)

The D calculated with Equation (3.9) can be used in comparing distance
between different candidates when choosing the worker. The candidate with the
smallest D will win the opportunity to patch the hole.

It is notable that once a robot finishes covering a hole, it will move to the
central point waiting for the next task. During its traveling period, it can be
considered as free since it is able to move to the next hole immediately after

receiving another task.
3.2.5 Termination of Hole Patching Phase

The hole patching algorithm does not have a specific terminating time. Robots will
not stop working as long as they are workers of any hole in the ROI. When there is
no failure report, these robots will turn to a sleep mode waiting on the central points,
since no failed sensor needs to be replaced by it. Once receiving a failure report, they
will turn to the work mode and start working on the hole patching. The switch
between sleep and work enables robots to avoid wasting unnecessary energy and
react quickly when a hole comes out.

If failure does not happen so often, half of the robots can be removed from the

ROI, which enlarges the size of sub-area of each robot to twice the original size.
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Chapter 4: Simulation Results

In this chapter, we evaluate the performance of the two phases (sensor
deployment and coverage maintenance) of the proposed EBD through simulation.
For the sensor deployment phase, we compare the performance of EBD with the
existing BTD approach, whereas in the case of coverage maintenance phase, we use
Dynamic Distributed Manager Algorithm (DDMA) with some slight modifications.
Recall that in DDMA, one of the three algorithms proposed by Mei et al. [13] and
described in Chapter 2, each robot serves simultaneously as the manager and hole

fixer.

4.1 Sensor Deployment

In this phase, EBD will be compared with BTD approach in both failure-free and
failure-prone environment. The reason of using BTD for comparison is that it only
works in both single-robot and multi-robot scenario, whereas LRV and OFRD
approaches are simply proposed to solve sensor deployment problems in single-robot

scenario.

4.1.1 Simulation Environment

Our simulator is written in Java. During the simulation, we have assumed the sensing

radius (rs) and communication radius (rc) of all the sensors to be the same, which are

I =2 and . =2r, =2+/2, respectively. We have considered a rectangular ROI

with obstacles. Thus, the length of each virtual grid is I:\/ErS =2 units. The

environment is set up as shown in Figure 4.1, where the three black blocks represent
obstacles. There are 192 grid points in the area with 176 of them are not occupied by

obstacles, which can be deployed with sensors.
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Figure 4.1 Simulation Environment

We placed m robots randomly in the ROI initially and each robot moves in a
constant speed (i.e. 2 units in any four directions). We implemented both algorithms
(BTD and EBD) with different number of robots, varying from 2 to 6. Robots drop a
sensor as they move along grid points. The communication radius of the robots is
same as that of the sensors.

For creating/simulating sensing holes of size h, we randomly pick a sensor as
the first failed sensor; then, the next one is selected among its adjacent sensors which
have not failed yet, until there are h sensors in the hole. During the simulation, we
randomly generated 2 to 4 sensing holes in the ROl whose size is a random number
varies from 1 to 6.

There are five metrics used to evaluate the performance; for each metric, we did
simulation for twenty times and average the results. The five metrics are given
below:

1. Coverage Ratio (CR). It is the ratio of grid points covered with sensors to the
total number of points.

2. Robot Moves (MV). It is the number of moves of each robot during the
deployment, and represents the time cost and the energy consumption for
covering the ROI.

3. Workload (WL). It is the number of sensors a robot deploys. As part of the
WL, we also report highest and lowest number of sensors that a robot deploys
to illustrate how balanced it is.
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4. Robot Messages (RM). It is the number of messages sent by robots during the
deployment which reflects the total energy consumption for communication
among robots and sensors.

5. Sensor Messages (SM). It is the number of messages sent among sensors
during the deployment which reflects the total energy consumption for

communication among sensors.
In reality, the CR should be maximized, whereas the other four metrics should
be minimized for lower energy consumption and higher working efficiency.
4.1.2 Coverage Ratio

Firstly, we analyze the performance of the two algorithms (BTD and EBD) with
respect to CR. It can be seen from Figure 4.2 that both algorithms can guarantee

coverage higher than 90% percentage in a failure-prone scenario.
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Figure 4.2 Coverage Ratio vs Number of Robots

In BTD, sensing holes that do not affect back tracking will be left untreated. In
case of EBD, robots send searching messages for locating the nearest white or gray
sensor when they get stuck, instead of backtracking to the back pointer. Thus, the
probability of discovering a hole in the case of EBD is higher than that in the case of
BTD. We can observe an ascending trend on both two algorithms, since the more

robots we have in the ROI, the higher probability for them to discover the holes.
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4.1.3 Robot Moves

The number of robot moves (MV) represents

which is shown in Figure 4.3.

the energy and time consumption,

Robot Moves per robot

20
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4
Number of Robots
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Figure 4.3 Robot Moves vs Number of Robots

In both cases, MV decreases as the number of robots increase, since the total

movements are approximately the same, which equals to 200. MV in case of EBD is

slightly lower (better) than that in the case of BTD, which indicates that EBD has

lower energy and time consumption.

4.1.4 Workload

The workload of robots should be balanced to achieve a shorter deploying time.

Figure 4.4 below shows robot workload with the maximum, minimum number of

sensors deployed.
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Compared two figures in Figure 4.4, we can see that, although the workload
appears same in both cases, the balance of workload is different. The workload is
more balanced in the case of EBD than that in the case of BTD. The largest
difference in workload in EBD is approximately 15, which occurs when m=6,
whereas the difference in workload in BTD varies between 10 to 25.

It can be noticed that the workload difference of EBD increases slightly when

m=>5, since robots are more likely to get stuck when their number increases.
4.1.5 Robot Messages

Robot messages contribute to communication overhead for robots. In EBD, all the
robot messages are sent in four geographical directions in search for the nearest
white or gray sensor when the robots get stuck.

Whereas in BTD, robots send messages in two situations: back tracking and
load balancing. In back tracking scenario, robots will send messages to erase back
pointers stored in the sensors along forward path when they intend to move to the
back pointer of another robot. Robots do so in case of the collision caused by another
robot backtracking to the same back pointer. In load balancing scenario, robots send
searching messages for back pointer stored in its one hop neighbors when it is stuck
and cannot find back pointer along its backward path. If it still cannot find a back
pointer, the robot will send searching messages to four geographical directions, and

the messages will spread around the whole ROI for a back pointer.
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Figure 4.5 Robot Messages vs Number of Robots

70



Figure 4.5 shows the relationship between RM and m. We can notice that EBD
outperforms BTD with respect to robot communication overhead. There is an
ascending trend on both two lines. The ascending trend in case of EBD is due to the
fact that robots are more likely to get stuck with more of them in the ROI since their
possible moving directions may be occupied by other robots.

In the case of BTD, the number of robot messages increases in backtracking to
back pointers of other robots or workload balancing, with the increase in number of

robots for the same reason as that in EBD.
4.1.6 Sensor Messages

Sensor message is another type of communication overhead. Sensors transmit
messages for a white or gray sensor in a dead end situation in EBD. While in BTD,
sensors send messages to erase the back pointers stored in its subsequent sensors.
Also, messages are sent during the search for back pointers in load balancing process.
The messages will travel along four directions and the boundaries of the ROI.
Besides, sensors periodically transmit “Hello” messages containing their
information (e.g., position, id, color, back pointer stored) to their neighbors in both
BTD and EBD. Sensors learn the condition of their neighbors by listening to the
“Hello” messages. Because sensors in both algorithms do so, the “Hello” messages
will not be counted when comparing the number of sensor messages. Figure 4.6

illustrates how SM varies with m.
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Figure 4.6 Sensor Messages vs Number of Robots
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In EBD, SM increases as the number of robots increases, since robots are more
likely to get stuck as their number grows. In BTD, the number of sensor messages is
higher than that in the case of EBD; moreover, there is also an ascending trend in the
number of sensor messages, which is probably due to backtracking and load
balancing, since searching for white or gray sensors along the boundaries of the ROI

will require large number of sensor messages.

4.2 Coverage Maintenance

Since BTD does not maintain coverage after all the grid points in the ROI get fully
occupied with sensors, it cannot be considered for comparison. However, the hole
fixing capability of EBD will be tested by comparing it with DDMA, one of the three

algorithms proposed by Mei et al. [13], after some adjustments.
4.2.1 Simulation Environment

The environment is the same as that in Section 4.1.1, which is shown in Figure 4.1.
The hole fixing algorithms will start after the completion of the sensor deployment
phase which may have created sensing holes in the ROI. Robots need to patch the
remaining sensing holes from the deployment phase.

For simulation, we adjusted the DDMA slightly as follows. Information stored
in sensors belonging to subareas is updated every time a hole is covered. Each sensor
stores the distances from itself to all robots and chooses the nearest one as its
manager. Robots will send messages to four geographical directions once they finish
patching a hole, and the messages will spread through the whole ROI. Sensors
update their managers after hearing the messages. Once a sensing hole arises, the
gray sensors will compare the distances from their current positions to their
managers first, the one holds the shortest distance will send a failure report to its
manager which is chosen as the maintainer.

During the simulation, we generated ten sensing holes whose sizes vary from 1
to 6 randomly, with each hole randomly appearing anywhere in the ROI at any time

during the simulation period.
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The evaluation parameters are different with the ones used in the sensor

deployment phase. They are described below.

1. The Robot Message (RM) and Sensor Messages (SM) remain the same.

2. Robot Moves (MV). It has a different meaning (i.e., average number of moves)
in the sensor deployment phase, which accounts for the total number of
moves by all robots during hole fixing.

3. Coverage Time (CT). It is the total time for robots to patch all holes.

Here, all the parameters should be minimized since they are proportional to

energy, communication and time consumption.
4.2.2 Robot Moves

Robot moves (MV) reflects the energy consumption of robots during hole patching

directly.
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Figure 4.7 Robot Moves vs Number of Robots

Figure 4.7 illustrates how MV behaves as m increases. For both cases, we notice
slight decrease in MV as m increases. This is due to the fact that the distance from a
hole to its worker or maintainer will decrease with the increase in number of robots
in the ROL.

The reason that EBD exhibits higher MV than its counterpart DDMA is that, the
robot move consists of three parts in EBD: (i) the distance of moving to the central

points after fully covering the ROI initially, (ii) moving to the holes and patching
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them, (iii) returning from the holes to the central points after patching. Thus, the total
number of robot moves in case of EBD is higher than that of DDMA.

4.2.3 Robot Messages

Robots in EBD send messages to all the sensors they deploy when they update
central points, which happens when they change their subareas. However, in DDMA,

robots only send messages to update subareas once they finish fixing a hole.
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Figure 4.8 Robot Messages vs Number of Robots

Figure 4.8 shows how RM varies with m. For DDMA, RM remains at forty
since robots only send message in four geographical directions after finishing
patching a hole. The number of holes are assigned as ten, thus the total number of
robot messages, which is forty, does not vary with m.

While for EBD, we can notice there is an ascending trend in RM as m increases.
More robots there are in the ROI, the smaller each subarea is. As we know, smaller
regions are less stable than larger ones, whose central point is more likely to change

due to the adjustment of area, resulting in higher number of robot messages.

4.2.4 Sensor Messages

SM in EBD are transmitted among sensors when central points are updated, and also
when gray sensors send failure reports to robots; whereas in DDMA, when a robot
finishes covering a hole, it will send messages in four directions to inform all sensors

about its new position. The messages will spread within the ROI.
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Figure 4.9 illustrates the relationship between SM and m. In this case, we notice

a descending trend for DDMA and a nearly flat trend for EBD. For DDMA, the

number of SM is high since the robots send messages to inform all the sensors in the

ROI with their new position once they cover a hole. Compared with DDMA, EBD

has much lower sensor message consumption.

4.2.5 Coverage Time

CT reflects the summation of time for patching all holes in the ROL.
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Figure 4.10 demonstrates the relationship between CT and m. We can observe

decreasing trends in both approaches since the increase of m shortens the distance

between robots and holes. In this case, EBD outperforms DDMA by 20 time units

approximately.
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

This thesis provided a solution for sensor deployment and coverage maintenance
problem in multi-robot scenario in failure-prone environment, which we call the
Election-Based Deployment (EBD) approach. A localized sensor placement
algorithm was proposed firstly by extending the existing Back-Tracking Deployment
(BTD) approach. We considered different strategies for robots according to their
starting positions to provide regular subareas for the coverage maintenance algorithm.
We also adjusted robot reaction to the dead end situation; they will move to the
nearest white sensor instead of the back pointer. We can observe from the simulation
results that the proposed EBD balances the workload of robots and reduces the
communication overhead to a certain extent.

A hole-fixing algorithm was proposed following the sensor placement algorithm
as an extension in which the ROI is divided into several subareas, each having at
least one robot. The process of selecting the most suitable robot to cover a hole
resembles like an election.

EBD is the first carrier-based localized algorithm that is able to achieve full
coverage with multiple robots in failure-prone environment since it combines both

sensor deployment and coverage maintenance process.

5.2 Future Work

Some future works can be done in order for the improvement and extension of
our work. For some challenging scenarios such as the high probability of sensor
failure and communication failure in hazardous environment, the proposed protocol
still needs to be improved for better performance. In future, we intend to extend our
proposed algorithm in the following ways.

EBD is designed under the assumption of unlimited sensor load, which is not

practical in the real environment. The scenario of robot reloading should be taken
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into consideration. A feasible solution for this issue is mentioned in [22], which
introduces a group of robots in charge of transporting sensors to the builders.

Another possible improvement can be to reduce the energy and communication
consumption, which can start by looking for another white sensor searching method,
since most of the messages are for searching white sensors.

The model of EBD is established on a two-dimensional map which is unrealistic
in real world, since it is inevitable for a large scaled ROI to have some altitude
difference. Adjustment of the algorithm to fix three-dimensional environment should

be investigated.
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