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ABSTRACT

In wireless sensor networks (WSNs), coverage of the monitoring area represents the surveillance quality. Since sensor
nodes are battery powered and placed outdoor, there will be failures due to energy exhaustion or environmental influence,
resulting in coverage-loss. In literature, a number of studies developed robot repairing algorithms that aim at maintaining
full coverage. However, they did not consider the time constraint for network maintenance. Furthermore, they did not
consider the existence of obstacles and the constraint of limited energy of the robot. This paper presents a novel tracking
mechanism and robot repairing algorithm for maintaining the coverage quality of the given WSN. Without support of
location information, the tracking mechanism leaves robot’s footmark on sensors so that they can learn better routes for
sending repairing requests to the robot. Upon receiving several repairing request messages, the robot applies the proposed
repairing algorithm to establish an efficient route that passes through all failure regions with low overhead in terms of
the required time and the power consumption. In addition, the proposed repairing algorithm also considers the remaining
energy of the robot so that the robot can move back to home for recharging energy and overcome the unpredicted obstacles.
Performance results reveal that the developed protocol can efficiently maintain the coverage quality while the required time

and energy consumption are significantly reduced. Copyright © 2011 John Wiley & Sons, Ltd.

KEYWORDS
deployment; coverage quality; repair; sensor network; robot

*
Correspondence

Chih-Yung Chang, Department of Computer Science and Information Engineering, Tamkang University, Taipei 251, Taiwan.

E-mail: cychang@mail.tku.edu.tw

1. INTRODUCTION

Wireless sensor networks (WSNs) compose of many sen-
sor nodes embedded with simple processor, few memory,
tiny sensing material, and energy-limited battery. WSNs
have been widely applied on many applications, including
environmental monitoring, tracking, precision agriculture,
military surveillance, smart homes, and so on [1-6]. The
accuracy of sensing information depends on the coverage
quality which highly depends on the deployment and rede-
ployment mechanisms.

Random deployment is the simplest way to deploy a huge
number of sensor nodes in a specific region but may cause
the unbalanced density. Sensors in a dense deployment
region may overlap too much sensing range and therefore
increase the hardware cost. However, a spare deployment
region may raise the coverage-hole problem. As a result,
the random deployment presents problems of high hardware
cost or coverage hole.

Copyright © 2011 John Wiley & Sons, Ltd.

Other than the random deployment, an alternative is the
robot deployment where the robot deploys sensors stepwise
in a monitoring area. The robot deployment can achieve the
full coverage purpose by using minimal number of sen-
sor nodes. In literature, previous studies [7-11] adopt robot
to deploy sensors in a dangerous region that is unsuitable
for human deployment. Some researches [7-14] exploit the
robot to execute important tasks such as sensor deployment,
patrol, or hole repair. In literature, researches [7,8] assume
that the robot equipped with a compass which makes robot
aware of its moving direction without location informa-
tion. The robot deploys sensors according to the predefined
direction priority. Although the proposed robot deployment
scheme is likely to achieve the purpose of full coverage
and network connectivity in the environment without exist-
ing obstacles, it may cause too much sensing redundancy
and cannot guarantee full coverage if the robot encounters
obstacles. Furthermore, the developed robot movement pol-
icy did not take into account the robot’s energy constraint.
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The robot may exhaust its energy during the execution of
deployment task.

Research [10] proposed an obstacle-free snake-like robot
deployment protocol, called OFRD, which aims at deploy-
ing minimal number of sensor nodes to achieve full sensing
coverage even though there are unpredicted obstacles. How-
ever, OFRD did not discuss how the robot repairs the
coverage-loss in WSN. Since sensor nodes are battery pow-
ered and deployed outdoor, they might fail due to energy
exhaustion or environmental influence, and hence result in
the WSN coverage-loss. To maintain the coverage qual-
ity, the redeployment in the failure regions is necessary.
Pervious work [8,11] developed robot deployment and
redeployment algorithms without the need of location infor-
mation. Each deployed sensor counts the time interval that
the robot does not visit for each direction when execut-
ing the deployment task. After completing the deployment
task, the robot executes patrolling task. The deployed sen-
sors guide the robot’s movement by suggesting a suitable
direction that has maximal time interval for executing the
patrolling and redeployment tasks. The article also employs
a Home algorithm that enables the robot going home for the
energy recharge. However, the robot did not leave its trajec-
tory on the sensors and thus the sensors that are nearby the
failure regions cannot timely notify the robot for executing
the repairing task. Hence the performance of repairing task
is inefficient in terms of the time and energy consumption.
In addition, obstacles are not considered in the robot repair-
ing phase, making the robot unable to guarantee that the
remaining power is enough to move to home. Therefore, it
is important to develop an efficient robot repairing mecha-
nism that schedules an efficient moving path for repairing
the failure regions with the consideration of robot’s energy
constraint.

Ataglace, the repairing path construction problem is sim-
ilar to the well known Traveling Salesman Problem (TSP)
[15-17]. However, they are quite different because that the
remaining energy of the robot is not taken into consideration
in TSP. The energy of robot will be exhausted while exe-
cuting the repair task. How to efficiently arrange the home
location in the repairing path even though the obstacle exists
in the environment is a big challenge.

This paper presents novel tracking mechanism and robot
repairing algorithm. Based on the robot deployment algo-
rithm proposed in Refs. [7-11], the tracking mechanism
leaves the movement trajectory information of the robot
on each deployed sensor. According to this information,
sensors nearby the failure region can efficiently learn how
to rapidly deliver the request message to the robot in a
distributed manner. Then the proposed robot repairing algo-
rithm constructs the shortest path for repairing multiple
failure regions. As a result, the proposed repairing algo-
rithm efficiently takes minimal time and consumes minimal
energy to recover the failure regions. Unlike TSP, the path
construction for maintaining the coverage quality also con-
siders the remaining energy of the robot so that the robot
can be back to home for recharging energy and overcome
the unpredicted obstacles.
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The remaining parts of this paper are organized as fol-
lows. Section 2 introduces the related work and basic
concepts of the proposed algorithms. Section 3 illustrates
the network environment and problem formulation of this
paper. Section 4 depicts the tracking mechanism. The Robot
Repairing algorithm is proposed in Section 5. Section 6
examines the performance of the proposed algorithms while
Section 7 concludes this work.

2. RELATED WORK AND BASIC
CONCEPTS

This section reviews the related work of robot deployment,
patrolling, and repairing mechanisms and then illustrates the
basic concept of the proposed robot repairing algorithm.

2.1. Related work

In literature, several deployment mechanisms have been
proposed for the robot to stepwise deploy static sensors
in a specific region. Previous research [8,11] assumes that
the robot is equipped with a compass and is able to detect
obstacle. To guide the robot’s movement for executing
the patrolling and repairing tasks, each deployed sensor
maintains the time interval that the robot did not visited
for each direction of south, east, north, and west. When the
robot intends to make a decision of patrolling movement
direction, it communicates with the closest deployed
sensor, and then moves toward the direction that has the
largest value of time interval maintained at that sensor.
Although the coverage quality can be maintained by robot’s
patrolling, the occurrence of sensor failures might not be
related to the time interval. For example, frequent events
occurred at a region might cause the sensors of that region
to exhaust their energy. As a result, the failure region
should passively wait for the robot’s visiting. The robot did
not leave the trajectory on the deployed sensors and hence
those sensors that are nearby the failure regions are unable
to send the repairing request to the robot. Consequently, the
robot might visit the failure regions after a long period of
time. The patrolling mechanism proposed in Ref. [8] also
employs a Home algorithm that enables the robot going
home for the energy recharge. However, the remaining
energy of the robot and the existence of obstacles are
not taken into consideration. Consequently, the robot
might exhaust its energy during the execution of repairing
task.

Research [10] proposes an OFRD mechanism that
deploys the monitoring region with near-minimal number
of sensors and likely achieves the full coverage purpose.
The deployment algorithm deploys minimal number of
sensors in the environment with and without obstacles,
respectively. However, since sensor nodes are battery pow-
ered and are deployed in the outdoor environment, they
might fail due to energy exhaustion or environmental influ-
ence, and hence the WSN would suffer from coverage-loss.
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However, previous studies [7-11] did not consider the net-
work maintenance problem.

To address the abovementioned drawbacks, we propose
a novel tracking mechanism and a robot repairing algo-
rithm. With the extension of the existing robot deployment
algorithms [7-11], the tracking mechanism is proposed
to enable the robot leaving the trajectory information on
each deployed sensor. According to this information, sen-
sors nearby the failure region can efficiently notify the
robot for repairing. When the robot has collected several
request notifications during a given time duration, it applies
the proposed repairing algorithm to construct a repairing
path. The proposed repairing algorithm considers the exis-
tence of unpredicted obstacles and the constraint of robot’s
remaining energy. As a result, the proposed repairing algo-
rithm efficiently takes minimal time and consumes minimal
energy to recover the failure regions.

2.2. Basic concepts of the tracking robot
and robot repairing mechanisms

Since sensor nodes are battery powered and placed at the
outdoor environment, they might fail due to energy exhaus-
tion or environmental influence, resulting in the WSN
coverage-loss. To maintain the monitoring quality, a robot
that carries new sensor nodes is responsible for repairing
the failure region. Let request initiator denote the sensor
that is nearby the failure region and intends to initiate the
repairing request to the robot. To help the request initiator
send request message to the robot, the movement trajec-
tory of the robot should be transparent to all sensor nodes.
Therefore, the first task of this article is to extend the exist-
ing robot deployment algorithms [7-11] so that the robot
can leave footmark on each deployed sensor. According to
the footmarks, the request initiators are able to deliver their
request messages to the robot. In addition, the route for
delivering the message might be rugged and inefficient. The
second goal of this paper aims to help all sensors learn better
routes from themselves to the robot. To achieve this goal,
this paper proposes an X-correction mechanism for cor-
recting the footmarks when the robot executes the network
patrolling or repairing tasks. By applying the proposed X-
correction mechanism, the footmarks automatically guide
the request packet to be forwarded along a better route.

As shown in Figure 1, the solid path denotes the trajectory
of robot. When the robot is located at location B, a request
initiator located at location A intends to send the repairing
request message to the robot. By applying the proposed X-
correction mechanism, the request packet will be delivered
from location A to location B along the path marked by the
dotted line. The length of the learned path (dotted line) is
shorter than that of the trajectory path (solid line).

Upon receiving several request messages from differ-
ent initiators within a certain time period, the robot will
construct a path that passes through all failure regions
for repairing the WSN. The next goal of this paper is
to develop a path construction algorithm that constructs
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Figure 1. The proposed X-correction mechanism help sensor
learn a better route from itself to the robot.

a shortest path for reducing the recovery time and sav-
ing the robot’s energy consumption. Figure 2 compares
the constructed paths by applying the greedy algorithm
and the proposed repairing algorithm. In Figure 2, nodes
A, B, C, D, and E denote the failure regions. The greedy
algorithm greedily selects the nearest failure region as
the next visiting target and constructs an edge from the
current location to the selected target until the path pass-
ing through all failure locations. Therefore the robot will
move along the path O - A — C— B— D — E, which
is marked by the dotted line as shown in Figure 2. The
developed repairing algorithm would establish a better path
0 — C— A— B— D — E, which is marked by solid line.
In comparison, the length of path constructed by the pro-
posed repairing algorithm is better than that of greedy
algorithm due to the fact of OA + OB > AB.

Since the robot has the energy constraint, constructing a
path for repairing the WSN should take into consideration
the Home where the robot can recharge its energy. Figure
3a gives an example of the route construction with consid-
ering the home problem. Assume nodes A, B, C, D, and E
are the failure regions. We assume that the robot exhausts
its energy during the movement from node B to node D.
A straightforward solution is to firstly construct a shortest
path without considering the home location, then insert the
home location to the constructed shortest path. However, the
resultant path might not be efficient since the home location
might be far away from the failure regions visited before
and after the home location. For example, inserting the
home location between failure regions B and D will create
apath C— A — B— Home — D — E, as shown in Figure
3a, which results in two inefficient segments B — Home and

Figure 2. The proposed repairing algorithm constructs a shortest
path marked by the solid line.

Wirel. Commun. Mob. Comput. 2013; 13:377-392 © 2011 John Wiley & Sons, Ltd. 379

DOI: 10.1002/wem



Hole-healing for WSNs with obstacles

(a) Home -::I:O__’O\K 3 o

(b) Home ._'__.—ZO_NK D

Figure 3. The developed repairing algorithm constructs an effi-

cient path that prevents the robot from energy exhaustion. (a)

Inserting home location in the shortest route is not a feasi-

ble solution for preventing the robot from energy exhaustion.

(b) The path constructed by applying the proposed repairing
mechanism.

Home — D. The proposed repairing algorithm enables the
robot to repair multiple failure regions rapidly and arranges
the home location in proper order so that the robot will not
exhaust its energy during the execution of repairing task.
As shown in Figure 3b, the robot considers the remaining
energy and firstly repairs region A. Then, the robot goes
back to home region for energy supply. After that, the robot
repairs the failure regions B, D, E, C in order. Therefore, the
robot not only recharges its energy, but also rapidly repairs
all failure regions.

Another important feature of the proposed repairing
algorithm is that it takes the unpredicted obstacles into
consideration. The existence of unpredicted obstacles will
raise the problem that the expected path is shorter than
the actual path since the constructed path may be blocked
by the obstacle. The unknown obstacles might raise the
problem that the robot cannot make sure that its remain-
ing energy is enough to traverse the actual path. To cope
with this problem, the developed repairing algorithm ini-
tiates a probe packet to estimate the impact of obstacle
on the energy consumption. As shown in Figure 4, nodes
A, B, C, D, E, and F denote the failure regions and the
path O > A — C— F— E— D — B is the shortest rout-
ing path passing through all failure regions. The robot
initiates a probe packet to evaluate the length of actual
path and hence constructs a repairing path according to the
remaining energy. In case that the remaining energy is not
enough to traverse the path, the home location will be vis-
ited by robot before the robot exhausts its energy. As shown
in Figure 4, according to the length estimation information,
the robot inserts home location between regions E and F and
constructs the path which is marked by the solid line. Con-
sequently, the robot can complete the repairing task even
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Home

Figure 4. The proposed repairing algorithm constructs an effi-
cient path even though it encounters unpredicted obstacles.

though the obstacles block paths from region C to region F'
and from region F to region E.

In summary, this paper designs a tracking mechanism and
an obstacle-free robot repairing algorithm for maintaining
the monitoring quality of a WSN. The tracking mechanism
helps all sensors learn better routes to deliver the request
messages to the robot while the repairing algorithm takes
the remaining energy of robot and obstacles into consider-
ation and constructs an efficient path that passes through
all failure regions even though there exist unpredicted
obstacles.

3. NETWORK ENVIRONMENT AND
PROBLEM FORMULATION

3.1. Network environment

This paper considers a single robot that carries several sen-
sor nodes and is equipped with a Global Positioning System
(GPS) through which the robot is aware of its location and
moving direction. In literature, a lot of robot deployment
mechanisms [7-11] have been proposed for deploying a
given monitoring region. These mechanisms use the robot
to deploy the sensors in a way that every sensor has exactly
six neighbors so that the number of deployed sensors is min-
imal while the whole monitoring region can be full covered.
In this paper, we assume that a number of sensors have
been deployed in the monitoring region by applying any
existing robot deployment mechanisms proposed in Refs.
[7-11]. Since sensor node is battery powered, the WSN
might have coverage loss after working for a long time.
The robot stays in the monitoring region for the task of
coverage maintenance. The robot can perform other tasks
such as patrolling and data collection. Each deployed sensor
is aware of its own location. However, the current loca-
tion of robot is not known by sensors since the robot might
change its location with time for executing its task. The sen-
sors that detect a coverage hole will immediately initiate a
hole-healing request and send requests to the robot for heal-
ing the holes. These sensors are called request initiators.
The robot will perform the hole-healing task when several
requests have received or a given time duration has been
elapsed after the first request has been received. Herein, we
assume that the failure of sensors at any moment will not
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cause the network partition. With this assumption, the net-
work is connected so that the initiator can detect the failure
occurrence of any neighboring sensor and notify the robot.
We also assume that the robot needs at most one energy
recharge for executing the deployment and hole-healing
tasks.

3.2. Problem formulation

This article copes with the following two problems. First,
we aim to design a tracking robot mechanism based on the
existing deployment algorithms [7-11]. The designed track-
ing mechanism leaves the robot’s trajectory on the deployed
sensors to enable the request initiators efficiently tracking
where the robot is and sending the hole-healing request to
the robot for maintaining full coverage. Another goal of
this work is to design a robot repairing algorithm for con-
structing an efficient path which takes into consideration the
existence of obstacles and the constraint of limited energy
of the robot.

The following presents the problem formulation of this
work. Let S denote the finite set of sensors deployed in
a two-dimensional monitoring region A. As soon as the
request initiator detects the failure region, it intends to send
a repairing request to the robot. Let I={sy, s2,..., Su}
denote the set of m request initiators and their represen-
tative coordinates are (x;, y;), for 1 <i < m. We assume
that the Home region H is located at (xy, yy). The obstacle
might stay at any location of A and the location is unknown.
Let d; ; denote the distance between two request initiators s;
ands;. Wehaved,; ; = \/(x,-—xj)2 + (yi—y;)? wherei #j. A
request initiator s;, sends the repairing request packet along
path P;, which contains n;, forwarders sy 1, Sy.2, ..., Shn,-
Thatis P, = <Sh,1, Snas e Shom, > Upon receiving m fail-
ure notifications, the robot will establish a path R which
passes through m request initiators sy, $2, ... , and s,,. That
is R=(Ry, Rs, ..., Ryy1) Where VR;eIU{Home} for 1 <
i <m+ 1 and R; #R; for i #j. Let the remaining energy of
the robot at the moment of receiving requests I be Ejj.

The scope of this work mainly covers two issues. One
is how the request initiators in set / efficiently send the
repairing requests to the robot. The other issue is how the
robot efficiently moves to repair the failure regions along
the construct path R. The total energy cost for the m request
initiators notifying the robot about their failure regions is
formulated as Equation (1).

COStnotification = Z Z (Et X di,i+la) (1)

h=1 l1<i<ny

where E,; denotes the energy consumption for transmitting
a repairing request packet to the robot for a unit distance
and « is the path loss exponential whose value ranges from
2t05.
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In addition, the total energy cost for robot’s movement
along the constructed path R is given by Equation (2):

C()S[movement = Z (Emav X di.i+1) (2)

1<i<m+l1

where E,,, denotes the energy consumption for the robot
moving for a unit distance.
The object function of this work is given in Expression

3.
Minimize{COStnotificarinn + COStmovemenr}

subject to the power constraint:

E]eft > maX{Emm} X di.i+lv Emav X di,H}

forallR;eR, 1 <i<m+1 3)

4. TRACKING ROBOT MECHANISM

This section presents the tracking mechanism which helps
each sensor learn a better route from itself to the robot. The
description of tracking mechanism consists of deployment
phase, patrolling phase and hole-healing phase as presented
below.

4.1. Deployment phase

The basic idea behind the proposed tracking robot mech-
anism is that the robot leaves footmarks on the deployed
sensors when it executes the deployment task. Two types
of information are set up on each deployed sensor by the
robot. The first type is the location information which is
given by the robot since the robot is equipped with a GPS.
Each sensor should be aware of its location since the infor-
mation is important in the WSNs. Many existing studies
[18-20] have proposed localization mechanisms to pro-
vide each sensor with location information. Using robot to
provide each deployed sensor with physical location is sim-
plest task. Figure 5 shows the location information of the
deployed sensors. Without loss of generality, this paper uses
aregular-deployed WSN to illustrate the proposed tracking
mechanisms since the WSN shown in Figure 5 has been
proved to be full covered by the minimal number of sensors

¥

Figure 5. The robot provides each sensor with location informa-
tion during the execution of deployment phase.
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[10]. The proposed mechanism can be treated as an exten-
sion of existing robot deployment algorithms proposed in
Refs. [7-11].

In addition to the location information, each sensor
should additionally maintain the robot’s footmark, called
Counter Value, which provides each sensor with track-
ing information and helps itself learn a better route to the
robot. The counter value is represented as (Broadcast ID,
Hops) where the Broadcast ID field maintains the number
of broadcasts received by this sensor while the Hops field
maintains the movement trajectory of the robot. The initial
value of the Broadcast ID is 0. Whenever the robot deploys
a sensor during the execution of the network deployment
task or visits a deployed sensor during the execution of
hole-healing task, the value of Hops is increased by one.
The Hops value will be maintained by the deployed or vis-
ited sensors. As a result, in case that the Broadcast ID is 0,
a sensor with a larger Hops value represents that the robot
is closer to that sensor node. Each sensor should maintain
its own counter value and the ID of the neighboring sensor
that has the largest counter value.

Each request initiator will utilize the counter value to
trace the current robot location and send the repairing
request to the robot. The repairing request packet consists
of the location information of the failure sensor and the
ID of neighbor sensor node which has the largest counter
value. Upon receiving the repairing request packet, the node
with the ID defined in repairing packet will be responsible
for forwarding the packet. It simply forwards the request
packet to the neighbor that has the largest counter value.
Since a sensor closer to the robot maintains a larger Hops
value, the request packet will be delivered to the robot step-
wise. The robot will wait for a given time period to receive
several request packets from different request initiators.
Then the robot applies the proposed repairing algorithm
to construct a repairing path that passes through all failure
regions and repairs the failure regions along the constructed
path.

4.2. Patrolling phase

After the robot finishes the deployment task, it starts exe-
cuting the patrolling phase. The robot will switch from
patrolling phase to the hole-healing phase if it receives
any hole-healing request from any sensor. This subsection
aims to develop an efficient tracking mechanism so that
each sensor can learn a better path for sending message
to the robot. In the deployment phase, the robot has left
a counter value as its footmark. In the patrolling phase,
the robot would patrol the WSN and continuously leave a
counter value at each visited sensor, as the operation exe-
cuted in the deployment phase. Although the counter value
can be used to trace the location of the robot by all sensors,
however, the tracking path may be rugged and inefficient,
as shown in Figure 1. Recall that Expression (3) asks for
reducing the energy cost for packet transmission. To help
the request initiators learn a better route and hence reduce
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Figure 6. The basic concept of X-correction mechanism.

the energy cost for them sending the repairing requests to the
robot, an X-correction mechanism is proposed herein. After
the robot completes the deployment task, it will periodi-
cally transmit the X-correction packet to adjust the counter
value. Although the flooding mechanism is the simplest way
to enable all sensors to maintain the up-to-date location
of the robot, however, it raises significant control over-
heads. The proposed X-correction mechanism corrects the
counter value along two cross-paths and hence significantly
reduces the control overhead. The control packet broad-
casted in the X-correction mechanism is called X-correction
packet which aims to reduce the length of inefficient and
rugged tracking path and therefore reduce the control
overhead.

Let & represent the moved distance length that the robot
should once again execute the X-correction mechanism.
Since each sensor node has six neighbors, the robot will
select four directions to broadcast the X-correction packet
and hence the packet will be forwarded along X-shape paths.
The selection of four directions is described in below. As
shown in Figure 5, each deployed sensor has six neigh-
boring sensors that are located in six different directions
d;, for all 0 <i<5. Here, we assume that the robot moves
along a straight line. Therefore, when a robot intends to
move to a static sensor, say a, it moves along direction d;
and then leave sensor a along direction d(; 3ymoas. The basic
concept of the X-correction mechanism is that the robot
broadcasts the X-correction packet along the four direc-
tions other than the current moving and leaving directions
d; and d(;4 3mods - Figure 6 depicts the basic concept of the X-
correction mechanism. The robot moves to and leave sensor
a along directions d; and d,, respectively. The broadcasted
X-correction packet will be transmitted along directions dj,
d,, d3, and ds. As aresult, the trajectory of the X-correction
packet is like an X-shape.

As shown in Figure 7, the X-correction packet con-
sists of four fields, including the current location of the
robot, Broadcast ID, Hops, and the moving direction. The
Broadcast ID represents the version of the X-correction
packet transmitted by the robot. The value of version is
initialized by 0 and will be automatically increased by
one whenever the robot broadcasts an X-correction packet.

<x,y> : Counter value (x,y) : VCL

X-correction

Packet Format Robot Location | Broadcast ID | Hops

Moving Direction

Figure 7. The format of X-correction packet.
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The value of Hops is initialized by u# — 1. Upon receiving
the X-correction packet, a forwarding sensor will replace
its own Broadcast ID and Hops values according to the
corresponding fields in the X-correction packet. Then the
forwarding sensor decreases the value of Hops in the X-
correction packet and subsequently rebroadcasts the revised
packet.

The following presents how each sensor that receives
an X-correction packet implements the X-correction
mechanism. Let the robot be nearby the sensor A whose
location and counter value are (m, n) and (0, u), respec-
tively. The robot periodically broadcasts an X-correction
packet. Upon receiving the X-correction packet, any sensor
s with location=(x, y) will make a decision whether
or not the packet should be forwarded. We classify
the moving directions of the robot into three cases to
discuss which sensors should rebroadcast the received
X-correction packet. In case that sensor s should broadcast
the packet, it updates its own counter value and the value
of Hops field of the packet and then rebroadcasts the
updated packet. The following presents the X-correction
mechanism.

X-correction mechanism

Let the robot broadcast an X-correction packet nearby the sensor A
whose location information and counter value are (m, n) and (0, 1),
respectively.
Let node s receive X-correction packet = ((im, ), BID, Hops, d)
Case d of
if d,, d then flag = true
ifd,, d, then flag = false
if d,, ds then flag = true
If (flag = true)
{
replace location information of nodes with (BID, Hops)
update X-correction packet: Hop =Hop -1
transmit the packet

}

Figure 8 gives an example to illustrate the proposed
X-correction mechanism. As shown in Figure 8a, each
deployed sensor maintains its original location and counter
values which are set up during the network deployment

[ ] [ ] [ ]
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<0,18> <0,19> <0,20> <0,21>
62 (82 @(10,2) (12.,2)
° ° a e be Co
<0,29> <0,30><0,63 <0,24> <0,23>
53 (1.3) (93) \\ (11,3)  (133)
° . >__—_a

<041> <032> <0,62> <0,68>

(6,4) 34) (104 (12,4)\

° ° ° '

<0,39> <0,38>
(7.5) 9.5)

5

<0,37>
115)

Hole-healing for WSNs with obstacles

phase. For example, the location and counter value of sen-
sor a are (9, 3) and (0, 63), respectively. We assume that
the robot moves close to sensor a from the direction d,
and transmits an X-correction packet at that location. The
X-correction packet contains Location = (9, 3), Broadcast
ID =1, Hops = 62 and Directions = d;. Upon receiving the
packet, the neighboring sensor d does nothing since it
applies the X-correction mechanism and results flag = false.
On the other hand, the sensor b plays a forwarder and
replaces its counter value with (1, 62). Then sensor b
updates the value of Hops in X-correction packet by 61 and
rebroadcasts the packet. Upon receiving the packet, sensor
c replaces its counter value with (1, 61). Figure 8b depicts
the resultant counter values of all sensors.

4.3. Hole-healing phase: tracking the robot

In the patrolling phase, an X-correction mechanism has
been applied to update the counter values of all sensors
located on the X-shape lines. Upon receiving the hole-
healing request, the robot switches to hole-healing phase.
Two major tasks should be executed in the hole-healing
phase. The first one is to efficiently receive the hole-healing
request from some sensors which are nearby the holes. The
other task is that the robot constructs an efficient path that
passes through each hole region and heals the hole. This
subsection mainly introduces how request initiators learn
better routes for sending the repairing request message to
the robot. The mechanism of path construction for healing
the hole will be presented in the next section.

To maintain the coverage quality, whenever a sensor
detects the absence of its neighboring sensor, it plays the
request initiator and intends to send a request to the robot,
asking for executing the redeployment task. The request ini-
tiator will initiate a repairing request packet, or RR packet
in short. The RR packet contains the location of failure sen-
sor. To deliver the RR packet to the robot along a better
route, the request initiator forwards the RR packet to the
neighboring sensor that has the largest counter value. Upon
receiving the RR packet, the forwarder simply forwards the
packet to the neighbor that has the largest counter value. We

[ ] [ ]
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Figure 8. An example for illustrating the X-correction mechanism. (a) The original location and counter value maintained by each
deployed sensor. (b) Sensors apply the X-correction mechanism.
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Figure 9. An example that illustrates the benefit obtained by

applying the X-correction mechanism. (a) Without applying the

X-correction mechanism, the RR packet is forwarded to the robot

along an inefficient path. (b) Applying the X-correction mecha-

nism to the WSN, the RR packet is delivered to the robot along
an efficient route.

notice that the WSN applied the X-correction mechanism
has the characteristic that the robot is always located at the
sensor with the largest counter value. Consequently, the RR
packet can be delivered to the robot along a better route.
Figure 9 shows an example that illustrates how a request
initiator learns a better route after the X-correction mech-
anism has been applied on the WSN. In Figure 9a, the
trajectory of the robot’s movement is represented by the
dotted line and the robot broadcasts an X-correction packet
nearby the sensor a. We assume that sensor p detects the
absence of its neighbor and plays the role of request initia-
tor. In Figure 9a, the solid line denotes the route traversed
by the RR packet in case that the X-correction mechanism
is not applied to the WSN. The RR packet will be deliv-
ered to the robot by the forwarders that have the largest
counter value. In fact, the packet is forwarded along the
robot’s trajectory. As a result, the length of route traversed
by the RR packet is 11. However, by applying the pro-
posed X-correction mechanism in Figure 9b, sensors b, c,

C. Chang et al.

and d have updated their counter values. Therefore, sensor
d will forward the received RR packet to sensor c¢. Sim-
ilarly, sensor ¢ subsequently forwards the RR packet to
sensor b. As a result, the length of route traversed by RR
packetis 7. In comparison, applying the X-correction mech-
anism saves four hops for delivering the RR packet to the
robot.

5. HOLE-HEALING PHASE:
HOLE-HEALING MECHANISM

This section proposes a repairing algorithm for constructing
an efficient path that passes through all failure regions. The
proposed algorithm takes into considerations the obstacles
and energy recharge issues. Herein, we notice that this paper
only considers the physical obstacles existed in the monitor-
ing region. The details of the designed repairing algorithm
executed in non-obstacle and obstacle environments are
presented in the following two subsections.

5.1. No obstacle environment

In the non-obstacle environment, the robot receives repair-
ing request packets and knows the locations of failure
regions and the Home. Recall that Expression (3) asks for
reducing the energy cost for robot’s movement. To achieve
this goal, a repairing algorithm that applies dynamic pro-
gramming scheme is employed herein.

Table I gives the definitions of all notations used in Figure
10 which depicts the proposed path construction algorithm.
The robot will automatically perform the path construction
algorithm when several requests have received or when a
given time duration has been elapsed after receiving the
first request. As shown in lines 1-13 of Figure 10, the
maintained matrix D can help the robot construct a short-
est path to visit all failure regions. After that, the robot
will check whether or not it has sufficient energy to pass
through all failure regions. If it is the case, the robot will
directly move to repair the failure regions along the con-
structed path. As shown in Figure 2, the shortest repairing
path that passes through failure regions A, B, C, D, and E is

Table l. The notations used in Figure 10.

N : the number of nodes (including Home)

WM . adjacent matrix

R . location of the robot

v . set of all nodes (including Home and R)

U : all subsets of V which includes Home

A . set of vertices that have been processed

DIvi1[A] : length of the shortest path from v; to v4 passing

through each vertex in A exactly once

Energy (R) : remaining energy of robot at R

E, . the energy consumption for the robot moving for
a unit distance
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Path Construction Algorithm_Without Obstacle

Void travel (int », const number W[]|, minilength,
Energy(R)) {

1 index i, /, k

2 number D[1..n][subset of V-{R}]

3 for (i =2;i<=n; it++)

4 Dli][el=W1i][1]

5 for (k= 1, k<= n-1; k++)

6 for (all subset 4 & V-{R} containing k vertices)

7

8 for (i such that i # R and v; is not in 4)

9 {

10 D[il[A] = minimum(W[A[+DEA- {v;}1)
JivEeEA

11 }

12 minlength = minimum(D[;][V-R-Home])

vEAj#R

13 }

14 if (Energy(R) <= minlength*E,)

15

{
16 minlength = minimum(D[;][V-R])
17 if (Energy(R) <= minlength*E,)

18 {

19 for (k=n-1;k>=1; k--)

20 for (all subset 4 < U-{R} containing k-1 vertices)
21 if (Energy(R) >= minlength*E,)

22 {

23 minlength = minimum(D[/][V-R])
24 break

25 }

26 }

27 }

28}

Figure 10. Robot repairing algorithm that considers the remain-
ing energy of the robot but does not consider the existence of
obstacles.

constructed and is denoted by the solid line. Otherwise, in
case that the remaining energy of the robot is not enough to
pass through all failure regions, the home location should
be visited before the robot exhausts its energy. Lines 14-
-27 of Figure 10 mainly cope with the energy exhaustion
problem and aim to construct an efficient path that pre-
vents the robot from energy exhaustion. As shown in line
14, if the condition Energy(R) < minlength x E, holds, the
remaining energy of the robot is not enough to pass through
all failure regions. In this case, as shown in line 16, the
home location should be visited by the robot. Lines 17-26
show that the robot figures out the suitable timing for it
to visit home location. Finally, line 23 derives the short-
est path, which passes through home location and visits
all failure regions. As shown in Figure 3b, applying the
proposed repairing algorithm, an efficient movement path
C — A— Home — B— D — E is constructed.

5.2. Obstacle environment
This subsection presents the path construction algorithm in

considering the obstacle environment. The challenge of path
construction is that the robot cannot estimate the distance

Hole-healing for WSNs with obstacles

Table Il. The notations used in Figure 11.

:a Boolean value used to check
whether or not the network
contains any obstacle

: remaining energy of the robot

: remaining energy of robot at R

obstacle_flag

simulate_energy
Energy (R)

between any two failure regions since there might exist
obstacle between them. Moreover, an improper estimation
of distance might lead to the energy exhaustion of the robot.
Table II gives the definitions of all notations used in Figure
11 which depicts the proposed Obstacle-Free Path Con-
struction Algorithm. First, an efficient path is constructed
by applying the algorithm designed for the non-obstacle
environment. However, the distance between any two fail-
ure regions might be incorrect because of the existence of
obstacles. To prevent the robot from energy exhaustion, the
robot should try to estimate the distance of the two suc-
cessive failure regions scheduled on the constructed route.
To accomplish this, as shown in line 3, the robot initiates a
probe packet before its movement, aiming to estimate the
distance of the route for avoiding the energy exhaustion.
The probe packet will be transmitted along the constructed
path and passed through all failure regions. As shown in
Lines 5-9, when the probe packet arrives each request ini-
tiator, it collects information including the number of hops
from the previous request initiator to the current initiator
and the distance from the current initiator to the home loca-
tion. Regarding the distance from the Home’s location to the
request initiator, it can be simply known by flooding another
packet from home location over the WSN. As soon as the
probe packet returns to the robot, it analyzes the collected
information and determines the actual route according to
the remaining energy. As shown in line 10, if the remain-
ing energy of the robot can only reach failure region v;,
the robot goes back Home for recharging and the segment
v; — Home will be inserted in the constructed path.

Figure 12 shows an example to illustrate the path con-
struction algorithm applied in the obstacle environment. In
Figure 12a, A, B, C, D, E, and F denote the request initia-
tors that have sent the repairing requests to the robot and

Obstacle-Free Path Construction Algorithm

Input: repairing path (v,, vy, ..., v,.1), v, = location of robot

1 if (obstacle_flag = true)
2

3 transmit a probe packet to simulate the repairing path
4 simulate_energy = Energy(R)
5 for (i = 0; temp < 0; i++)
6 {

7 simulate_energy = simulate_energy — energy of v; to vy,
8 temp = simulate_energy — energy of v;,; to Home

9 }

10 repairing path = v,, vy, ..., v, Home, viy, ..., Vg

11

}

Figure 11. Algorithm for constructing a repairing path.
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Figure 12. An example for illustrating the path construction algo-

rithm with the consideration of obstacle. (a) The robot initiates a

probe packet and transmits it along the constructed shortest path

as shown in the dotted line. (b) Based on the collected informa-

tion and the remaining energy, the robot constructs the repairing
path which is marked by the solid line.

H denotes the Home location. Each request initiator main-
tains a table that records the distance between itself to the
Home location. Therefore, initiators A, B, C, D, E, and F
maintain AH =7, BH =4, CH=28,DH =3, EH =2,
and FH = 4in their tables, respectively. Upon receiving the
repairing requests from the six request initiators, the robot
applies the algorithm shown in Figure 10 to construct an
efficient path A - C — F — E — D — B, which is repre-
sented by the dotted line as shown in Figure 12a. To estimate
the length of each segment of the constructed route, the
robot initiates a probe packet and transmits it along the con-
structed route. The probe packet contains the information
of constructed path and a Hops field which counts the num-
ber of hops it traverses. Upon receiving the probe packet,
the request initiator A additionally records OA = 1 hop in
its table according to the value of Hops field in the packet.
Then request initiator A appends OA = 1 and AH =7 to
the probe packet. The contents of the probe packet are shown
in Figure 12b. After that, initiator A transmits the probe
packet along the path indicated in the probe packet. Sim-
ilarly, when request initiator C receives the probe packet,

C. Chang et al.

it stores AC = 3 hops in its table, which indicates the seg-
ment length from previous initiator A to C. The initiator
C appends information including AC = 3 and CH =8 to
the probe packet and then transmits the packet along the
path. The initiators F, E, D, and B will execute the simi-
lar operations upon receiving the probe packet. Finally, the
length of each segment of the constructed route and the
distance from each initiator to the home location will be
known by the robot. Hence the robot is able to construct
the repairing path according to its remaining energy. As
shown in Figure 12b, the remaining energy of the robot can
only reach to F. According to the algorithm presented in
Figure 11, the robot will insert Home location between ini-
tiators F and E. As a result, the resultant movement path is
A — C— F— Home — E— D — B, which is denoted by
the solid line as shown in Figure 12b.

6. PERFORMANCE STUDY

This section examines the performance study of the devel-
oped tracking and repairing mechanisms. The proposed
tracking and robot repairing algorithm, called TRR in short,
is compared with previous work in Ref. [8] which is referred
to coverage, exploration and deployment (CED) mecha-
nism. Table III lists the parameter values which refer to
the typical parameters in Berkeley motes [21].

The robot is assumed to be equipped with a compass and
several Berkeley motes. The total energy and the speed of
the robot are 64 800J and 3 m/s, respectively. The mobil-
ity cost is set by 8.267 J/m which refers to previous work
[22]. The experimental environment is described below. The
network size is 400 x 400 m?. The home is located at the
left-top corner of the monitoring region and the start loca-
tion of the robot is home location. Each simulation result
is obtained from the average of 100 independent runs. The
95% confidence interval is always smaller than 5% of the
reported values.

The request initiator which is nearby the failure sensor
will send a repairing request to the robot. Upon receiving
the request message, the robot will perform the proposed
repairing algorithm to construct a repairing path if it collects
at least five different request messages in 10 min. In case
that the robot collects fewer than five failure messages for
20 min, the robot also executes the repairing mechanism in
order to prevent the request initiators from waiting for a

Table lll. Simulation parameters.

Parameter Value
Communication range 40m
Sensing range 20m
Packet transmission cost 0.075J/s
Packet reception cost 0.030J/s
Idle cost 0.025J/s
Maximum energy consumption in motes 324 J/h

Total initial energy 32400J (100h)

386 Wirel. Commun. Mob. Comput. 2013; 13:377-392 © 2011 John Wiley & Sons, Ltd.

DOI: 10.1002/wem



C.Changetal.

5 N

- 200 »- - 150 >

tao
120 |J2“ 400 EN

I 1] 1]

40 L
v -r
Slb
ElLH 400

(a) C-shape obstacle (b) X-shape obstacle

‘IRI' 400
-+ L

200

400
(¢) Rectangle obstacle

Figure 13. Obstacles with various shapes are considered in the
simulation environment. (a) C-shape obstacle, (b) X-shape obsta-
cle, and (c) rectangle obstacle.

long time. As shown in Figure 13, three different shapes of
obstacles are considered in the simulation. For each obstacle
shape, three different sizes of the obstacles are considered.
The large size of the obstacle is shown in Figure 13. The
small and middle sizes of obstacles are 40% and 70% of the
large one, respectively.

The simulations evaluate the performance of repairing
mechanisms in terms of the recovery delay time, cov-
erage ratio, and the number of sensor nodes deployed
for repairing WSN by the robot for each movement.
An X-correction mechanism is proposed to help the
request initiator learn a better route. To evaluate the
benefit obtained from the proposed X-correction, two
straightforward mechanisms including flooding-correction
mechanism and line-correction mechanism are compared
with the proposed X-correction mechanism in terms of the
control packet overhead and the length of tracking path.
In the flooding mechanism, the robot floods a correction
packet over the entire WSN and all sensor nodes update their
counter values according to the correction packet. In the
line-correction mechanism, the robot broadcasts a correc-
tion packet to those nodes that have the same y-coordinate
value with the robot.

‘We assume that the robot broadcasts the correction packet
for every movement of 400 m. The failure nodes are ran-
domly selected and five failure nodes will be generated
every 10 min. As shown in Figure 14, the line-correction
and flooding mechanisms have smallest and largest con-
trol overheads, respectively. The control packet overhead
of X-correction mechanism is approximately 2.5 times of
the line-correction mechanism while the control overhead
of flooding mechanism is about 37 times of X-correction
mechanism. In other words, the control overheads of the
line-correction and X-correction are similar and they are
significantly smaller than that of the flooding mechanism.

Hole-healing for WSNs with obstacles
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Figure 14. The control overhead of three mechanisms for cor
recting the counter values.

To evaluate the impact of applying the three correction
mechanisms on the tracking length, the average length of
tracking path is calculated and compared. Figure 15 exam-
ines the average distance between sensor nodes and robot.
The repairing request packet sent by any sensor node can
always reach the robot by traveling the shortest path by
applying the flooding-correction mechanism. Although the
lengths of tracking path by applying the X-correction and
line-correction mechanisms are not as short as the one cre-
ated by applying the flooding mechanism, however, the
X-correction mechanism efficiently reduces the average
length and keeps the path length smaller than 520 m. As
a result, the average path lengths by applying X-correction
and line-correction mechanisms are 370 and 483 m, respec-
tively.

The following introduces the Correction Efficient Index
(CEI) to estimate the contribution of each control over-
head in terms of reduced path length. Let |L,,,.| denote
the length of tracking path L,,,. without applying any cor-
rection mechanism. That is, the initiator sends the repairing
packet to the robot along the path that the robot traversed. As
aresult, the path L, is rugged and inefficient, as shown in
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N
BO0f-rerrreberrrrmratesssorastarsona s saneee s —#—Flondmg-correction |-
—&— X-correchon
——d— Linp-poerpction o

E00

FAverage Lengih of Tradsng Path

Figure 15. The average length of tracking path from request initia-
tors to the robot by applying the three correction mechanisms.
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Figure 16. The average length of tracking path by varying
the threshold value of movement distance in the X-correction
mechanism.

the blue path of Figure 1. Let L} and J; denote the tracking
path and control packet overhead, respectively, by apply-
ing the mechanism i, where i€{f: flooding-correction, x:
X-correction, I: line-correction }. The CEI, is formulated as
Equation (4):

|Ln0ne|_|L;k|

CE[, =
Ji

4

The mechanism that results in a largest value of CEI
would be the most cost-effective mechanism. According to
Figure 14, the average control packet overheads by applying
the flooding-correction, X-correction, and line-correction
mechanisms are J;=2874J, J,=316]J, and J;=287],
respectively. As shown in Figure 15, the average path
lengths by applying the flooding-correction, X-correction,
and line-correction mechanisms are L% =314m, L% =
370m, and L} = 483 m, respectively. Since the value of
|Lyone| 1s 1033 m in our simulation, we can derive the values
of CEl, CEI,,and CEI, are 0.25,2.1, and 1.92, respectively,
by applying Equation (4). As a result, the X-correction
mechanism has the largest CEI value and its control over-
head is the most cost effective.

The threshold of robot movement distance that initiates
the X-correction mechanism is ranging from 200 to 500 m.
As shown in Figure 16, the value of threshold set by 200 and
300 m can reduce the average length of tracking path. When
the threshold values are 400 and 500 m, the improvement of
path length is not significant. Therefore, the X-correction
mechanism will use 400 m as the threshold value to compare
with the CED mechanism [8] in the repairing task.

Figure 17 compares TRR and CED in terms of recovery
delay. In the environment, multiple middle-sized obstacles
with different shapes are randomly generated. The recovery
delay time for repairing failure regions required in TRR is
smaller than that of CED even through there exist multiple
obstacles. The major reason is that TRR actively notifies the
robot to repair the failure regions while CED passively waits
for repairing until the robot visits that region. The CED did
not concern the delay-constraint issue for repairing the fail-
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Figure 17. Comparison of TRR and CED in terms of recovery
delay in the environment that contains multiple obstacles with
different shapes.

ure sensors. The failure sensors can be repaired by the robot
only when the robot moves to their locations. Therefore,
CED did not guarantee the recovery delay. In addition, the
repairing algorithm proposed in TRR constructs a short-
est path for robot’s movement in the environment without
obstacles and hence reduces the time required for repairing
the failure regions. When the environment contains mul-
tiple obstacles, the robot’s movement will be blocked and
the repair path may be rugged. The proposed repairing algo-
rithm takes the obstacles into consideration and constructs
an efficient path which significantly reduces the required
repairing time. In comparison, TRR outperforms CED in
terms of recovery time.

Figure 18 investigates the impacts of obstacle size on
recovery delay time. The TRR maintains a constant delay
time in all cases because the probe packet helps the robot to
construct an efficient repair path when the environment con-
tains obstacles. The recover time of the CED will increases
with the obstacle size. The reason is that the robot’s move-
ment is easier to be blocked by the large-size obstacle and
hence the CED increases the required time for repairing the
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Figure 18. Comparison of TRR and CED in terms of recovery
delay in the environment that contains multiple obstacles with
different sizes.
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Figure 19. Comparison of TRR and CED in terms of the repair
efficiency in the environment that contains multiple obstacles
with different shapes.

failure regions. As aresult, TRR reduces the recovery delay
time and outperforms the CED in all cases.

In addition to the network recovery time, the proposed
TRR additionally reduces the energy consumption of the
robot. When the robot receives multiple repairing request
messages, it constructs a shortest route that passes through
all failure regions. Even though the environment contains
multiple obstacles with different shapes, TRR also con-
structs an efficient route along which the robot saves its
energy for movement. Figure 19 measures the repairing effi-
ciency which is defined by the average energy consumption
required for robot to repair a failure region. Since the robot
moves along the better route, the TRR has a better repairing
efficiency than CED.

The existence of obstacles increases the difficulty of path
construction because the robot cannot estimate the distance
between two failure regions. The possibility that the obsta-
cle exists between two failure regions increases with the
obstacle size. As shown in Figure 20, TRR outperforms
CED in terms of the average energy consumption required
for robot to repair a failure region. By applying the probe
packets, TRR estimates the distance of the route and pre-
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Figure 20. Comparison of TRR and CED in terms of the repairing
efficiency in the environment that contains multiple obstacles
with different sizes.
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Figure 21. Comparison of TRR and CED in terms of the coverage
ratio in the environment that contains multiple obstacles with
different shapes.

vents the robot from energy exhaustion. The TRR helps
the robot construct an efficient repairing path and therefore
maintains 1500 of repair efficiency in average. On the other
hand, CED passively waits for repairing until the robot visits
the region. Consequently, TRR has a better repair efficiency
than CED.

Moreover, we compare the TRR and CED in terms of
the coverage ratio in the environment that contains mul-
tiple obstacles with different shapes. The proposed TRR
enables request initiators to actively notify the robot to
repair the failure region, resulting in the failure region being
rapidly redeployed within 10 min. Therefore, TRR main-
tains above 90% of coverage ratio, even through there are
multiple obstacles with different shapes. However, CED
passively waits the robot to repair the failure region, and
hence some existing holes cannot be repaired in time. In
the worst case, CED maintains 62% of coverage ratio. As
shown in Figure 21, TRR has a better coverage ratio than
CED.

Figure 22 depicts that the coverage ratio of TRR is larger
than that of CED in the environment containing multiple
obstacles with different sizes. The TRR maintains above
95% of coverage ratio in all cases since the robot moves
along an efficient path and hence the failure regions can
be repaired in time. Finally, the TRR maintains a simi-
lar coverage ratio. On the other hand, the CED locally
guides the robot by the nearby sensors and thus the resul-
tant repair path is rugged and inefficient. The number of
sensor failures increase with mission time. This also indi-
cates that the number of coverage holes increases with
the working time. In general, the lengths of repair paths
by applying TRR and CED increase with the size of the
obstacle. Therefore, both TRR and CED have smaller cov-
erage ratio in the environment that contains a lager size of
obstacle.

Finally, we compare the TRR and CED in terms of varia-
tion of repair efficiency by changing the home locations.
Note that a large value of variation of repair efficiency
represents that the path length constructed by the applied
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Figure 22. Comparison of TRR and CED in terms of the coverage
ratio in the environment of containing multiple obstacles with
different sizes.

algorithm highly depends on the home location. Herein, as
shown in Figure 23a, we equally partition the monitoring
region into nine subregions. The central points of the nine
subregions, denoted by UL, U, UR, L, C, R, DL, D, and
DR, are the candidates of home location. The CED does not
schedule the repair path for the failure regions and thus the
robot might need to charge its energy after repairing one fail-
ure region which is far away the home location, resulting in
an inefficient path. Therefore, the path length of CED highly
depends on the home location. In Figure 23b, the variation
of the repair efficiencies of CED and TRR are 700 and 300,
respectively. As a result, the TRR has a smaller variation
of the repair efficiency than CED. The major reason is that
the proposed repairing algorithm takes into consideration
the home location and therefore the path length constructed
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Figure 23. Comparison of TRR and CED in terms of the variation
of repair efficiency when the home location is changed.
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by TRR will not be affected significantly by the home loca-
tion. As a result, the TRR outperforms CED in terms of
the variation of repair efficiency when the home location is
varied.

7. CONCLUSIONS

This paper proposes a tracking mechanism and a robot
repairing mechanism for maintaining coverage quality of
a given WSN. With the extension of the existing robot
deployment algorithm [7-11], the robot leaves location
information and counter value on each deployed sensor
as a footmark for tracking the robot. After the robot com-
pletes its deployment task, it moves for handling the event
and repairing the failure regions. Since the robot changes
its location, an X-correction mechanism is proposed for
the robot to update the counter values of some sensors in
a cost-effective manner. Consequently, the request initia-
tor learns a better route to notify the robot for repairing.
Upon receiving the location of failure regions from mul-
tiple request initiators, the robot dynamically constructs a
shortest route that passes through each failure region for
executing the redeployment task so that the coverage quality
of the given WSN can be maintained. The route construction
also takes obstacle and the constraint of robot’s remaining
energy into consideration. Performance results reveal that
the proposed tracking and repairing algorithms outperform
existing mechanism in terms of recovery delay time and
coverage ratio.
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