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Abstract—Barrier coverage problem is an important
issue in wireless sensor networks (WSNs). Many solutions
have been proposed for constructing a defense barrier
aiming to maximize the surveillance quality while prolonging
the network lifetime. However, most of them assumed that the
sensor nodes are battery powered without considering the
rechargeable sensors. Though the energy conservation issue
has been taken into account in most studies, the perpetual
network lifetime is still impossible. In addition, most of
existing works considered Boolean Sensing Model (BSM)
which cannot reflect the physical features of sensing. This
paper proposes a barrier coverage algorithm, called MMICDP,
which considers the rechargeable solar-powered sensors
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and applies the Probability Sensing Model (PSM) aiming to maximize the surveillance quality while the perpetual network

lifetime of WSNs can be achieved. The MCDP algorithm first

partitions the time line and monitoring region into several

space time points and calculates the detection probability of each sensor to each space time point. Then the proposed
MCDP algorithm schedules sensors staying in sensing state and recharging state in each time slot such that the weakest
cooperative surveillance quality of the time-space point can be maximized. Experimental study shows that the proposed
MCDP algorithm achieves better performance than existing work in terms of surveillance quality, stability of cooperative

detection probability as well as fault tolerance.

Index Terms— Barrier coverage, solar-powered sensor, probability sensing model, wireless sensor networks.

I. INTRODUCTION
IRELESS sensor networks have been applied to a wide

range of applications including earthquake detection
and prediction, environment monitoring, intruder detection in
the hazardous region and so on. Network coverage is one
of the most important issues in WSNs [1], which can be
classified into three categories: target coverage, area coverage,
and barrier coverage [2]. The target coverage aims to monitor
some specific objects [3] such as museum and campus while
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the area coverage aims to monitor a given region [4] such as
agricultural test field and chemical plant. Unlike target and
area coverages, the barrier coverage aims to detect illegal
intruders crossing a given region, which is mainly applied
in border surveillance [5]. The barrier coverage problem has
been widely discussed in the literature. The main challenge
of the barrier coverage is the limited sensing ability and
limited battery. Consequently, achieving the high surveillance
quality while maintaining a long network lifetime has been
the common goal of existing researches [6]—[8].

The surveillance quality of the barrier is generally deter-
mined by the sensing model and the barrier construction
algorithm. Most of the existing approaches designed bar-
rier construction algorithms based on the Boolean Sensing
Model (BSM) which aimed to construct a barrier that satisfies
k-barrier coverage [9]. The BSM assumes that the sensing
ability of each sensor is perfect and the event occurred in
the sensing range of each sensor is definitely detected. Under
this assumption, the BSM is unable to reflect the physical
features of sensing. Different from BSM, the Probability Sens-
ing Model (PSM) describes the sensing ability by detection
probability [19]. The algorithms based on PSM addressed
barrier coverage problem and aimed to detect event with a
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probability larger than the predefined requirement. The PSM
is more practical as compared with BSM because it matches
real sensing behavior.

The network lifetime is another challenge of barrier cov-
erage problem [11]. Most of the previous studies assumed
that the battery of sensor is energy constrained and developed
energy management scheme to prolong the lifetime of the
given wireless network [22]. They aimed to explore more
distinct defense barriers, then designed the sleep-wake up
algorithm based on the remaining energy of each sensor in
order to balance the energy of each sensor. By applying
this scheme, the network lifetime can be enhanced. However,
the network lifetime is still limited. The deployed WSNs have
to stop monitoring task and change the battery, which lead to
a high cost. Some other studies considered the rechargeable
solar-powered sensors which aimed to obtain a permanent
lifetime. However, most of these researches cannot be applied
in barrier coverage.

By applying the PSM, this paper addresses the barrier
coverage problem and develops a barrier coverage construction
algorithm, called maximizing cooperative detection probability
or MCDP in short for wireless solar-powered sensor networks.
In order to maximize the cooperative detection probability of
the barrier, the MCDP algorithm first aims to identify the
“bottleneck point” which has the weakest cooperative detec-
tion probability. Then MCDP algorithm prior allocates the
sensor with the largest contribution to improve the cooperative
detection probability of the bottleneck point. Then the MCDP
algorithm schedules each sensor that participates in defense
barrier to periodically recharge its battery while guaranteeing
a certain level of surveillance quality.

The main contributions of the proposed MCDP algorithm
are itemized as follows:

1) The physical features of the sensor are taken into
consideration. Most existing works applied BSM to
cope with the barrier coverage problem [12], [13].
The evaluation of sensing ability by applying BSM is
not accurate, resulting in low surveillance quality or
coverage holes in actual applications. This paper applies
PSM to evaluate the sensing ability which can reflect the
physical features of the sensing behavior.

2) Weakest-first and contribution-based scheme for
cooperative monitoring. The proposed MCDP algo-
rithm considers the cooperative detection probability and
prior allocates the sensor with the largest contribution to
monitor the bottleneck point. By applying this scheme,
the surveillance quality of the constructed barrier can
be significantly improved, as compared with the existing
algorithms.

3) Perpetuating the lifetime of the deployed WSNs. The
previous studies [14]-[16] aimed to prolong the network
lifetime by reducing energy consumption. However,
the battery-based sensor has an energy constraint in
which its lifetime is still limited. This paper adopts
the solar-powered sensor and designs a scheme for
scheduling sensors to be recharged in turn such that the
lifetime of deployed networks is perpetual.

4) Make full use of all sensors. The proposed MCDP
algorithm aims to schedule all sensors to monitor the
region periodically rather than selecting some sensors
to construct a set of disjoint barriers. Therefore, surveil-
lance quality can be significantly improved.

The rest of this paper is organized as follows. Section II
presents the related work. Section III presents the network
environment and problem statement. Section IV gives the
details of the proposed MCDP algorithm. Section V further
gives the simulation results. Finally, a conclusion of the
proposed algorithm and future works are drawn.

Il. RELATED WORK
In literature, several barrier coverage algorithms have been
proposed in recent years. In general, these studies are devel-
oped based on different sensing models and different assump-
tions on battery types. The following reviews these studies and
compares them with our work.

A. Barrier Coverage by Applying BSM

A number of barrier coverage algorithms have been pro-
posed by applying the BSM which assumed that the sensor has
perfect sensing ability and can definitely detect the event that
occurred in its sensing range. Yu et al. [9] first introduced a
novel concept of coverage contribution area, aiming to reduce
the redundancy of sensor selection for k-barrier coverage.
Then two mechanisms are presented for solving the k-barrier
coverage problem based on coverage contribution area. The
constructed barriers satisfied k-barrier coverage with lower
sensor spatial density. Weng et al. [14] presented a graph
model, called CA-Net, which aims to simplify the prob-
lem of k-barrier coverage while reducing the computational
complexity. Based on the developed CA-Net, a decentral-
ized approach is presented to address the k-barrier coverage
problem with the purposes of balanced energy and maximal
lifetime. Silvestri et al. [17] proposed an autonomous deployed
algorithm for k-barrier coverage with mobile sensor. This
algorithm coordinated sensor movement in order to construct k
distinct barriers. Kong et al. [18] proposed a software defined
system consisting of the cloud-based architecture and a barrier
maintenance algorithm. The proposed algorithm continuously
retains the barrier coverage wrapping the dynamic zone. The
above mentioned studies are developed based on the assump-
tion that the BSM is applied. Since the sensing probability
is practically changed with the distance between the sensor
and the intruder, the performance estimations might not be
accurate in real applications.

B. Barrier Coverage by Applying PSM

Different with the BSM, the PSM assumes that the sensing
ability of each sensor is a probability value determined by the
distance between the sensor and the intruder. Compared with
the BSM, the PSM is more practical because it can reflect
physical sensing behavior. Chang et al. [10] proposed two
scheduling mechanisms which aim to achieve the predefined
monitoring quality of traffic counting while satisfying the
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TABLE |
COMPARISON OF THE MAIN CHARACTERISTICS OF THE PROPOSED MCDP WITH THE EXISTING RELATED WORKS

Related Work Barrier Coverage PSM Rechargeable Perpetual Lifetime Decentralized
Battery

9] v X X x v
[10] v v X X X
[14] v X X X v
[15] v X X X v
[17] v X X x v
[18] v X X X X
[20] v v X X v
[21] v X X X X
[22] v X X X v
[23] X X v v X
[24] X v v v X
[25] X X v v X
MCDP v v v v v

minimum number of working sensors. Chen et al. [19] consid-
ered PSM and proposed an iterative scheme to provide strong
barrier coverage, aiming to minimize the number of active
sensors. Li et al. [20] applied PSM to analyze the detection
probability of crossing path when the intruder crosses the
barrier with the maximum moving speed. Though the above
mentioned studies applied the PSM to develop the algorithms
and aimed to improve the performance of surveillance quality,
they did not consider the issue of energy management. To pro-
long the lifetime or even support the perpetual surveillance
operations, some efforts are still required.

C. Barrier Coverage Aiming to Maximize the Network
Lifetime

In literature, most of existing solutions for maximizing the
network lifetime are developed under the assumption that
sensors are battery powered. Chen et al. [11] developed a novel
sleep-wake up algorithm for maximizing the network lifetime
and proved that the algorithm guarantees barrier coverage
and closed to the optimal solution in terms of the network
lifetime. Kim et al. [15] considered the sensor network which
is organized by a number of energy-scarce ground sensors with
homogenous initial battery level and energy-plentiful mobile
sensors. Then they proposed an efficient algorithm aiming to
maximize the lifetime of barrier coverage. Gupta et al. [21]
proposed a probabilistic approach to determine if a sensor in
barrier is redundant. Then they proposed a scheduling protocol
to schedule redundant sensors to stay in sleep state such that
the energy consumption can be reduced. Zhang et al. [22]
proposed a breach-free scheduling for barrier coverage in
heterogeneous sensor networks. They proved that the prob-
lem of finding a lifetime-maximizing breach-free schedule is
equivalent to the maximum node weighted path problem in a
directed graph. Though studies fall in this category aimed to
schedule the sensors for prolonging the network lifetime, the
surveillance service cannot be continuously supported when
the sensors in WSNs exhaust their energies.

D. Perpetual Network Lifetime for Wireless Sensor
Networks

To support the perpetual lifetime of the barrier, some other
studies considered that the rechargeable battery is mounted

on the sensor, which can be recharged by an external
energy source in order to prevent the energy exhaustion.
Nelofar et al. [23] formulated a multi-objective optimization
function to compute the optimal path for wireless charger
and to construct intellectual routing for reducing energy
consumption of sensor nodes in the renewable wireless
sensor networks. Chen et al. [24] presented a reinforcement
learning-based sleep scheduling for the solar-powered wireless
sensor network with the goal of maximizing the area coverage.
Ayadi et al. [25] proposed an enhanced sensor coverage
with the Daubechies wavelet algorithm, aiming to identify
the optimal position for each wireless charger such that the
number of chargers to recharge all sensor nodes can be min-
imized. Although abovementioned studies have proposed the
scheduling algorithms for a solar-powered WSN, the proposed
algorithms cannot be applied to the barrier coverage.

Table I gives the comparison of the main characteristics of
the proposed MCDP with the existing related works.

I1l. ASSUMPTIONS AND PROBLEM STATEMENT
This section firstly presents the network model and assump-
tions of the considered wireless solar-powered sensor net-
works. Then, the main features of the deployed sensor and
the problem statements of this paper are introduced.

A. Network Model

This paper considers a rectangle region R with the size
L x W, where L and W are the length and width of R,
respectively. Let Biers, Bright, Biop and Bporrom denote the
left, right, top and bottom boundaries of R. A path is said to
be a crossing path if it completely crosses from Bposrom tO
Biop. Let (x,, y,) represent the coordinates of a given point
v in R. We assume that a set of n solar-powered sensors
S = {s1, 82, ..., sy} have been randomly deployed in region R.
Each sensor has a unique /D and is aware of its own location,
remaining energy and the boundaries of R. Let (x;, y;) repre-
sent the coordinate of deployed sensor s;. The sensing radius
and communication radius of each sensor are denoted by r;
and r., respectively. In general, the communication radius is
at least twice the sensing radius. That is r. > 2r;.
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Fig. 1. The logic view of the probability sensing model.

B. Sensing Model

This paper applies the PSM (Probability Sensing Model).
Fig. 1 depicts the main features of this model. The sensing
range of any sensor s; is divided into two regions. The inner
region is the guaranteed sensing region and the outer region
is the uncertain sensing region. Let A§ and A# denote the
guaranteed and uncertain sensing regions, respectively. The
radius of the region A$ is . If the event occurred in Aj,
the detection probability of sensor s; to this event is 100%.
However, in case that the event is occurred in A¢, the detection
probability of sensor s; to this event will be decreased with the
distance between the sensor s; and the location of the occurred
event which is ranging from 100% to 0%.

Let p(si,v) denote the detection probability that sensor
s; detects an event occurred at the point v. Let d (s;, v)
denote the distance between the sensor s; and point v. The
value of p (s;, v) can be calculated by applying the following
expression.

1 d(s,-,v)grf
p(siv0) = e 6= 08 < g (s 0) <y (D)
0 d(si,v) >rs

where A and y represent the path loss exponents of the sensing
signal strength of the sensor and both two parameters can
be adjusted with the physical properties of the sensor. The
distance d (s;, v) in Exp. (1) can be obtained by applying the
following expression.

d Gsi,0) = i — 2 + i — 1)’ @

C. Recharging and Discharging Model

Assume that each solar-powered sensor is rechargeable.
There are three possible states for each sensor: recharging
state, sensing state and sleeping state. Each sensor consumes
energy if it stays in sensing state which is called active sensor.
A sensor stays in recharging state can be recharged from the
solar energy when its power is not full. In case that the sensor
stays in the sleeping state, it will do nothing while the remain
energy of this sensor does not change.

Let 7 denote the length of a time slot. Let recharging
and discharging rates be the recharged energy and consumed
energy of each sensor in each time slot, respectively. There
are three physical parameters which impact the energy of
each sensor, including battery capacity, discharging rate and
recharging rate, which are denoted by E}4x, Usen and uye.. Let
E.in denote the minimal energy that required for maintaining

T T T | -~ T
k Daytime
{ \ I Sensing State
' '
T ! Lo ,%— Recharging State

T ey et

I
i
1 T T
'
I
'

Fig. 2. An example of a cycle under condition 0 = o + 1.

the basic operation of each sensor. E;, is the threshold
of energy below which the sensor cannot work and should
switch to recharging state or sleeping state. Let f... denote
the recharging time period which is the maximal time length
required to fully recharge one sensor. Similarly, let fs., denote
the discharging time period which is the maximal time length
that the sensor performs sensing task until its remaining energy
equals to E,;,. The value of t,.. and t, can be calculated
by applying Exp. (3).

Emax -

trec =

Emin

E — Eni
and tsen — max min (3)

Urec Usen
Let a denote the ratio of the discharging and recharging

rates. The value of a is

o= lrusen—‘ _ lrtrec—‘ 4)
Urec Isen

The value of a is assumed to be an integer under the condition
of & > 1. The time line can be divided into several cycles,
each cycle is denoted by T, which consists of ¢ equal-sized
time slots, where ¢ = a + 1. Fig. 2 shows an example of the
time partition and a cycle T. Let 7 = ., denote the length of
each time slot. It is obvious that the value of ¢, is a7t such
that each sensor can be recharged energy for consuming in
sensing state. Because that each sensor has the same schedule
in each cycle, the developed algorithm only needs to cope with
the scheduling of one cycle for each sensor.

D. Problem Statement

This paper considers the barrier coverage problem for a
given wireless solar-powered sensor networks and proposes
a barrier coverage algorithm, called MCDP. The proposed
MCDP algorithm constructs a barrier which aims to maximize
the surveillance quality while obtaining the perpetual lifetime
of the deployed WSNs. The objective function and some
constraints are presented as following.

Let ¢ denote a possible scheduling algorithm. Let DB,
denote a constructed barrier based on ¢. Let #;, denote the
h-th time slot in cycle T. Let ngé’g denote the set of active
sensors which participate in DB at t;, and can cover point v.
Recall that a path is said to be a crossing path if it completely
crosses R from Bporrom t0 Brop. Recall that p (s;, v) denotes
the detection probability that sensor s; detect an event occurred
at the point v. The probability that sensor s; can’t detect the
event occurred at the point v is 1 — p (s;, v). Consider a space
time point (v,4), v € R and h € T. The probability of all
Sensors s; € Sgc}i < cooperative monitor space time point (v, 1)
but unable to detect an occurred event is

Hsiesg’fZ’f (1= p(si,0)
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Let pg ;, denote the cooperative detection probability of all the
sensors in SZZ’C to (v, ). The value of pg, , can be calculated
by applying Exp. (5).

¢
Poa =111, cgouc 1 = P (si0)) )

Let H denote the set of all the possible crossing paths. Let

n; denote the j-th crossing path in H. Let qi’}” denote the

surveillance quality of DB, to #; at ;. The qi’}” can be

represented by the maximal cooperative detection probability
of DB to any point on #; at #;. That is
&nj

qp I = maxyey; ngh (6)
Because there are different time slots in each cycle. In order to
guarantee the surveillance quality of DB can be maximize at
all time slots. The surveillance quality of DB to #;, denoted
by g%, is the weakest surveillance quality at any time slot
in one cycle. That is,

. . SN
g~ = minger ;" @)

Let ¢¢ denote the surveillance quality of DB,. The ¢¢ can be
represented by the weakest surveillance quality of DB, to all
possible crossing paths. That is,

q° =mingen g°" ®)

However, the number of points on #; and the number of
possible crossing paths are both infinite. This paper applies
the grid-based approach to cope with this problem. The detail
of this approach is presented in section I'V.

The proposed MCDP algorithm aims to maximize the
surveillance quality of the constructed barrier for detecting
the intruder while maintaining the perpetual lifetime of the
deployed solar-powered WSNs. The object function of this
paper is given in Exp. (9).

Objective Function

Max(q* = miny;en ") ©)

Exp. (9) should be achieved under the condition that some
constraints should be further satisfied. The following presents
these constraints.

Let Boolean variables M je}:l, M ]’e}f and M;fﬁ represent the
sensing, recharging and sleeping states of sensor s; at f;,
respectively. That is,

sen |1, if sj stays in sensing state at 7, (10)
P10, otherwise
rec _ |1, if sj stays in recharging state at an
2710, otherwise
1, if s; stays in sleeping state at ¢,
M = j Sy ping N F)
’ 0, otherwise

It is obvious that each sensor can only stay in one state at any
given time slot. Exp. (13) gives the constraint that each sensor
can only stay in one of the three possible states at any given
time.

(1) State Constraint

S MU+ MY =1, V), Vh (13)
Let e;.c and eyis denote the recharged and discharged
capacity of each cycle, respectively, as shown in Exp. (14)

and (15).

a+1

erec = D (M xuree X 7) (14)
a+1

edis = M35 XUgen X T (15)

h=1 Js
Exp. (16) gives the constraint that the total energies of recharg-
ing and discharging in each cycle T should be equal. This
constraint guarantees the perpetual lifetime of each sensor.
(2) Perpetual Lifetime Constraint:
a+1 a+1
o MG e x T = (MG xtree x T) (16)
Each scheduled sensor should be activated for only one
time slot in each cycle. The following constraint shows this
requirement.
(3) Sensing Time Constraint

h+T
Zh 15,6;:1 = 1’ Vh
Some other constraint for the constructed barrier is that
the set of active sensors whose sensing ranges can form a
continuous barrier without containing any coverage hole. Let
A; denote the coverage area of sensor s;. The following
constraint shows that the coverage areas of two neighboring
active sensors should be overlapped with each other in the
constructed DB,
(4) Continuous Constraint:

AiNAiy1 #9, Vs;i € DB,

a7)

(18)

Another important property that should be satisfied for a
barrier is the boundary constraint. Let S f1mosr and Srighimost
denote the leftmost and rightmost sensors of the constructed
DB, respectively. The boundary constraint requires that the
coverage areas of Sjef1mosr and Syighrmos: should be intersected
with the Bjer; and Byigp, respectively. The following gives the
boundary constraint.

(5) Boundary constraint:

-Aleftmost N Bleft 7’é @A -Arightmost N Bright 7’é @,

where

Sleftmosts Srightmost € DB( (19)

The next section presents the proposed MCDP algorithm
which aims to achieve the objective function shown in Exp. (9)
while satisfying constraints given in Exps. (13), (16), (17), (18)
and (19).

IV. THE PROPOSED MCDP ALGORITHM
The proposed algorithm, called Maximizing Cooperative
Detection Probability (MCDP), aims to construct a defense
barrier for a given solar-powered sensor network. The sensors
perform sensing task and recharging task in turn such that the
lifetime of each sensor can be perpetual. Besides, the proposed
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The partitioned monitoring region R

The cooperative
detected grid a4

({1, 52,53}, 9a)=2Ta[1 — p(s:, 9a6)] -
Jfar :
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------- i R SR
p(s29s7) =P (527455 7)
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;e
7 Intruder
10 {

'
Crossing Path

Fig. 3. The partitioned monitoring region R based on the grid-based
method.

MCDP algorithm aims to schedule sensors working in an
efficient way such that the cooperative monitoring can support
maximal surveillance quality. The following presents the detail
of the MCDP algorithm.

The MCDP algorithm mainly consists of three phases:
Space-Time Partitioning Phase, Computation Phase and
Barrier Construction and Sensor Scheduling Phase. The
Space-Time Partitioning Phase initially partitions the monitor-
ing region R into several equal-sized grids and the time line
into several equal length time slots. The Computation Phase
mainly defines the cycle length based on the ratio of recharging
and discharging rates. Then the contribution of each sensor
to each grid is calculated. Finally, the Barrier Construction
and Sensor Scheduling Phase identifies the bottleneck point
which is the space time point with the weakest detection
probability. Finally, the sensor with the largest contribution
to the bottleneck point will be selected as the active sensor,
aiming to maximize the surveillance quality of the defense
barrier while maintaining the perpetual network lifetime.

A. Space-Time Partitioning Phase

The main concept of this algorithm is to find the bottleneck
space time points of all possible crossing paths and maximizes
the detection probability of bottleneck space time point in each
round. However, the number of possible crossing paths is infi-
nite. This implies that the number of possible space time points
is uncountable. In order to simplify the investigated issue and
reduce computation complexity, the grid-based approach is
adopted. In this phase, the monitoring region R is partitioned
into ¢; X ¢ equal-sized grids. The detection probabilities of
one sensor to all the points in one grid are simply considered
to be identical. Each grid will be labeled with two-dimensional
coordinates. The most top-left grid in R is labeled with (1, 1).
The x-coordinate and y-coordinate are increased by one if the
location of a grid shifts one position toward the right and down
directions. Let g(,,y) denote the grid with coordinates (x, y).
Fig. 3 shows an example of a monitoring region R, which is
partitioned into 16 x 10 equal-sized grids. The sensors s1, 52
and s3 are three active sensors for participating in a defense
barrier.

Recall that the .. and a = {”M—I = ’7”&—‘ denote the

Urec Isen
recharging rate and the ratio of the discharging and recharging
rate. According to the principle of energy balance, we have,

Emax - Emin.| (20)

lrec =0T = af
Usen

B. Computation Phase

This phase consists of two tasks: cycle length calculation
and detection probability calculation. Since the schedule of
each sensor is cycle-based, the first task aims to calculate
the length of each cycle. Then the second task calculates the
detection probability of each sensor.

Task I (Cycle Length Calculation): The proposed MCDP
algorithm is a cycle-based scheduling scheme. That is, each
sensor has the same schedule in each cycle. Each scheduled
sensor only has two operations in one cycle: the sensing
operation and the recharging operation. As mentioned above,
each cycle consists of ¢ time slots. Each sensor should be
fully recharged for supporting the sensing operations, aiming
at maximizing the surveillance quality. Recall that each cycle
is denoted by T'. The length of T can be calculated by applying
Exp. (21).

T =tyen +tree =at +7 21

It is obvious that ¢ = a + 1. That is, each sensor performs
the sensing operation for one slot and then is recharged for o
time slots.

Task II (Detection Probability Calculation): This task aims
to calculate the detection probability of each sensor to each
grid. Assume that sensor s; can cover grid gy, y). The detection
probability depends on the situation whether or not the g, y)
is fully covered by s;. In case that a grid g(,y) is not fully
covered by the sensor s;, the intruder can cross it through
the uncovered space of this grid. Therefore, the detection
probability of sensor s; to g(x,y) is 0. On the contrary, if the
sensor s; can fully cover grid g(,,y), the detection probability
of s; t0 g(x,y) depends on the distance between s; and gy y).
Let p (si,&(r,y)) denote the detection probability of s; to
8(x,y)- Let vi,&r,y) denote the farthest point in g, y) to s;. That
is,

ol =arg max d(v,s;)

/ 22
h(x.) veg(x,y) 22

In order to guarantee the surveillance quality, the point
far . . . .
Vi (x,y) 18 selected as the representative point of grid g(x,y).
Therefore, the detection probability of s; to g(,y) can be
calculated by applying Exp. (23)

P (sis8ay) =P (Si’ ”i{gcr:w) @9

The following further discusses the case that two or more
active sensors can fully cover grid g y). Let @ ) =
{s{, 9! ,...,s;“} denote the set of active sensors that
fully covers grid g(x,y). Let p° (®(x.y), §(x.y)) denote the
cooperative detection probability of all sensors in @y y) to
8(x,y)- The value of p (®(x,y), g(x,y)) can be calculated by

applying Exp. (24)

!
PP (@ g) = 1=, 1= P (5{. 6]
(24)

As shown in Fig. 3, grid g(2,7) is not fully covered by
sensor sp, we have p (s2, g(2,7)) = 0. On the contrary, grid
g4,7) is fully covered by sensor s>, the farthest point in
g(4,7) to s2 is marked by the green point as shown in Fig. 3.
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The detection probability of s> to g,7) is determined by
the distance between s, and v{ ‘(Z 7 By applying the sensing
model presented in Exp. (1), we have,

p (Sz, g(4,7))
_ far
= P \52:02,4,7)

1 d (sz, vzf,‘(l;j)) <r
_ far _ .8 l
=1 ﬂ(d(sz,vz,(4,7)) rs) rf <d (52, z){‘(lz 7)) <rs
0 d (sz, 1){:‘(17)) > ry

Furthermore, grid g 4) is fully covered by sensors s1, 52
and s3. That is, we have ®4 4y = {s1, 52, s3}. The cooperative
detection probability of s, s> and s3 t0 g(,4) is

3
PP (R0, 8agy) =1 - szl [1— p (sx, 84.9)]

Let c; (x,y) denote the surveillance contribution of sensor
s; to grid g(y,y). The value of ¢; (y,y) can be calculated by
applying Exp. (25).

¢i(ey) = P (Da,y) Usis 8eyy) — PO (Pixy)s 8(xy)
(25)

In this phase, the length of the cycle, the detection prob-
ability of each grid and the contribution of each sensor to
each grid can be obtained. When MCDP algorithm finishes
these computations, the next phase will construct the barrier by
scheduling the sensors based on their contribution of detection
probability to the bottlenecked space time point.

C. Barrier Construction and Sensor Scheduling Phase

This phase aims to schedule a set of active sensors working
in different time slots for constructing a barrier, aiming to
maximize the surveillance quality while lifetime of each sensor
can be perpetuated. The main idea is to select the grid that
obtains the maximal detection probability in each column of
the partitioned region R as the best grid round by round
from Bjef; to Byigns. Then MCDP algorithm prior allocates
the unscheduled sensor which has the largest contribution
for improving the cooperative detection probability at the
bottleneck space time point.

In the conceptual level, the MCDP algorithm initially
divides all the sensors into several groups from B;,, to
Bpottom- Sensors in each group can form an independent
defense barrier and thus several independent barriers can be
constructed by different groups. To maximize the surveillance
quality of each constructed defense barrier, sensors in each
group will be scheduled from Bj.f; to Byign: based on their
contributions in terms of detection probabilities. In each group,
each unscheduled sensor first calculates their detection prob-
ability to each grid. Then the MCDP algorithm identifies the
bottleneck space time point. Finally, the sensor that has the
largest contribution to the bottleneck space time point will be
scheduled to join the defense barrier.

Fig. 4 gives the flow chart of barrier construction and sensor
scheduling phase. This phase mainly consists of five tasks. The
first task divides all the sensors into some disjoint groups.

Selecting the
first best grid

I

Identifying of
the
space time point

Selecting the
next best grid

Scheduling the
optimal sensor
for the

If the
surveillance
quality is
maximal

Tt current
best grid
reaches

Brigne

Yes

Fig. 4. The flow chart of barrier construction and sensor scheduling

phase.

The second task selects the first best grid for initializing the
barrier construction process in each group. The third task aims
to identify the bottleneck space time point of the selected
best grid. Then the fourth task selects one unscheduled sensor
which has the largest contribution for improving the cooper-
ative detection probability of the bottleneck space time point
and schedules the selected sensor to join the defense barrier.
The operations in the third and the fourth tasks will be
repeatedly executed until the maximal surveillance quality of
the bottleneck space time point has been achieved. The last
task further selects the next best grid such that the barrier can
be extended continuously. Then the operations of the third
and fourth tasks will be performed again for the new selected
grid. This phase will be terminated until the rightmost best
grid reaches the right boundary and the surveillance quality of
the rightmost best grid has been maximized.

Task 1 (Group Sensors Partitioning): This task aims to
divide all the sensors into several groups. Sensors in different
groups can form different independent barriers which can work
together for supporting a higher surveillance quality. Fig. 5
gives an example of the partitioned groups. As shown in
Fig. 5, the region R is partitioned into three sub-regions. The
first, second and third sub-regions are the spaces consists of
rows 1-3, rows 4-6 and rows 7-10, and are marked with blue,
yellow and purple colors, respectively. Sensors fall in different
sub-regions form different groups. The following illustrates
how the proposed MCDP algorithm constructs one barrier for
the first group. The constructions of other barriers are similar
and will be omitted in this paper.

Tas II (Selecting the First Best Grid): This task aims to
select the first best grid such that the barrier construction
process can be initialized. Recall that each grid is labeled with
two-dimensional coordinates (x,y). All sensors which can
cover any grid g(1, ) should calculate its detection probability
to g(1, j)- The grid which has the maximal detection probability
will be selected as the gb¢s'.

Fig. 6 gives an example of selecting the first best grid.
Assume that § = {s1, 50, 53, 54, S5, S¢} are the set of sensors
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The partitioned momtonngreglonR Cycle T. That is,
R
bott best

O 179" = arg min pl-jzs 27)

Sub-region 1|~ 25 1<ty<o
In case that there are more than one time slots which satisfy
Sub-region 2|~ Exp. (27), the earliest time slot will be treated as the bottleneck

time slot.

Subregion 3 1 Task 1V (Scheduling the Sensor for the “Bottleneck”): This

Fig. 5. An example of partitioned groups.

p(s1,901,1)) =091
p(52,911)) = 045
(83, 9(12)) = 092 Maximal
P(s4,9(1,2)) = 018
. PG5 9asz) =088
! L p(Segaz) =044
| 1.2y is the first best grid

| 55 is the Decision Maker

Ny N Ny Nr Scheduled Sensor
Pin |9 | % |9

ty 04s [ os | 046 S5

1, 097 [ 078 | 0.16 51,52

ty 047 [ 096 | 098 | sy 55 56

2ol — @) =0.501
Maximal
$oafh - ) =021

Fig. 6. An example of selecting the first best grid.

that can cover left boundary grids g(1,1), g(1,2) or g(1,3) in
sub-region 1. Each sensor s; € S calculates its detection
probability to g(1,1), &(1,2) and g(1,3). By applying Exp. (23),
the value of p(s3, g(1,2)) is maximal and is marked with yellow
color. Therefore, grid g(1,3) is selected as the first best grid
which is marked with green color.

When the gll’”’ has been selected, the next two tasks aim to
identify the bottleneck space time point of gb“’ and schedule
the unscheduled sensor which has the largest detection proba-
bility contribution to the bottleneck space time point of gbes’

Task 111 (Identifying of the “Bottleneck Space Time Point”):
This task aims to identify the bottleneck space time point of
the newly selected best grid such that the cooperative detec-
tion probability can be maximized. Recall that the notation
(v, h) represents a space time point. Recall that the detection
probabilities of one sensor to all the points in one grid are
considered to be identical. Let gbe” with coordinates (x, y)
be the selected best grid and (gl est , h) denote the considered
space time point associated with grid gbe” at time slot #,. This
task aims to identify the bottleneck time slot of grid gbe”
Recall that each cycle T consists of ¢ time slots. Let S’”’“h
denote the set of unscheduled sensors. Let S“”“h denote the
set of sensors which can cover grid gbes’ but is unscheduled
to any time slot. Let SSCh denote the set of sensors which have
been already scheduled to . Let S; “h denote the set of sensors
which have been scheduled for monltorlng gbes ! at time slot #,.
Let pbe” denote the cooperative detection probability of gb est
at time slot 7. By applying the Exps. (23) and (24), the value

(26)

best _ best
- HS essrh (s]’gl ))

Let tb"” denote bottleneck time slot of gbes’ , at which
the cooperatlve detection probability of gbm is weakest in

task aims to select the unscheduled sensors to improve the
cooperative detection probability of the bottleneck space time
point. Consider the best grid gf.’”’ . The following defines the
Scheduling Matrix M which represents the scheduling result
of this phase.

Definition (Scheduling Matrix of Best Grid gbe” ) A
scheduling matrix of best grid gbe” denoted by M ,is a
two-dimensional matrix with size a x o, where a denotes the
number of sensors that cover grid g and ¢ denotes the number
of time slots in each cycle. The value of J\/[g? o [Z, j] is either
‘sen’ or ‘rec’, denoting that the sensor in i-th row, denoted
by §;, stays in sensing or recharging states, respectively, at time
slot ¢;. That is,

el i, j] = sen if 5 ste'lys in sensing state
rec otherwise

O
Let DM denote the Decision Maker that is responsible for
the scheduling operation. Let notation ®; denote the DM node
which is the closest sensor to the central point of the gbes’
This task is performed repeatedly until all the sensors which
have contribution to g2’ have been scheduled. Let p2°'f
denote the cooperative detection probability at 12/, Let 57!
denote the optimal sensor that has largest contrlbutlon to gbes !
at slot tlb"”. Recall that @y ) and pP (@ y), §(x,y)) denote
the set of active sensors that can fully cover grid g(,y) and
the cooperative detection probability of all sensors in @, y)

to g(x,y), respectively. We have,

s = arg max  [p°? ((D(g’g;m) Us],gf’e”)

Summ h

— pCOOP ((D(g?mt)’ glbesl‘)] (28)

Let Sf P! denote the set of sensors that satisfy Exp. (28). In case
that two more sensors satisfy Exp. (28), the MCDP algorithm
will further check other advantages of each sensor in Sl.o Pt
In order to fully utilize sensors from top to bottom, the sensor
which is located at the upper position will be prior selected
as the s°P. that is,

s =qarg min - y;
S]ESP

(29)

where y; is the y-coordinate of sensor s;, as defined pre-
viously. The sensors which satisfy Exp. (29) can be retained
in S;7 ! If there are still more than one sensors in s7P " the D;
will randomly select one sensor in ;7" to play the role of s/

As a result, the s°P! can be uniquely determined and should
be removed from Sl’f:“h. That is,

SZ:SCh — SK:SCh \ {sopt} (30)
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Scheduling Matrix M 91
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Fig. 7. The scheduling result of the example given in Fig. 6.

Then s°P' will be arranged to improve the detection proba-
bility of g2’ at t?°". The new bottleneck time slot should
be reidentified by applying Exp. (27). Then the scheduling
operations of the next round will be started to repeatedly find
another s°’'. Let ¢g; denote the surveillance quality of gbm
which is the weakest cooperative detection probability at any
time slot of one cycle. That is

best

qi = argm”Tl Pin (31

The scheduling operation for gb”’
cannot be further improved.

To illustrate the operations designed in this phase, the fol-
lowing gives an example which continues the example shown
in Fig. 6. Since g(1,2) is selected as gbm and s3 is the closest
sensor to the central point of g(12), s3 will play the role of
decision maker, as denoted by ®1. Assume that the ratio of
the discharging and recharging rate is o = 2. This implies that
each cycle T consists of 3 time slots. By applying the schedul-
ing operations designed in this task, the scheduling result
for gbe” is shown in Fig. 7. In the beginning, the detection
probability of gbe” at each time slot is zero because that there
is no sensor activated. The earliest time slot #; will be treated
as the t{”" ! In the first round, the decision maker © schedules
s3 to be activated at f1. In the second round, #, becomes
the new bottleneck time slot and sensor s4 has the largest
contribution to gbm at time slot 7. Therefore, ©; schedules
sensor s4 to be activated at f,. Finally, the scheduhng result
for gbe” is given in the scheduling matrix M&T™" as shown in
Fig. 7. As shown in this matrix, each scheduled sensor will
be activated in one time slot and be recharged in two time
slots. For example, as shown in the first column of Mgiw,
only sensor s3 stays in sensing state. All the other sensors
stay in rechargmg state. As shown in the second column of
the Mg T , sensors s1 and s> stay in sensing states. The sensing
probablhty of the space time point (gle” , 2) is

Pyt =1-[1- [1 =P (s2..80.2)] = 0.828

Similarly, as shown in the third column of Mg?ESt, SEensors
s4, s5 and sg stay in sensing state. Therefore, the cooperative
sensing probability is pll’%s’ =0.807.

Task V (Selecting the Next Best Grid): Herein, we notice
that the barrier is constructed from left boundary to right
boundary by repeatedly selecting the best grid. Therefore, the
proposed MCDP algorithm selects the best grid at a time
and connects the selected best grid to the already constructed
barrier. As soon as the scheduling operation for the first best

will be terminated if g;

p (51, 8(1,2))] X

grid has been accomplished, the next major work of this task
is to select the next best grid for extending the length of the
constructed barrier. To achieve this, the next best grid should
be selected from the right neighboring grids of the current
best grid. The following defines the right neighboring grids of
8(,k)- The grid g, n) is said to be the right neighboring grid
of gq k) if it satisfies Exp. (32).

m—1=1&& n—kl <1

Let N, (g(x ))) = {g{v’, gév’, e, g|N (50|
of right neighboring grlds of g(x,y)- Assum)e the current best
grid is g?*’. Bach grid g, Nrin N, (g7¢") will be the candidate
of next best grid. Since the scheduling operation for gbe” has
been accomplished, some scheduled sensors for monitoring
ghest may also have contribution to the grids in N, (g?*").

Let p }, denote the cooperative detection probability of space

(32)

} denote the set

time pomt (gk’,h), which is contributed by those already
selected sensors. The g,iv’ which takes maximal advantages,
in terms of detection probability, from the already selected
sensors will be selected as the best grid. Recall ¢; denotes
the surveillance quality of gf’e” . Exp. (33) reflects the above
mentioned condition.
o
Zh:l

In case that there is no scheduled sensor contributed to any
grid in N, (g?¢"), the upper grid in N, (g?*") will be selected
as the next best one. This is because that the MCDP algorithm
aims to utilize the unscheduled sensors from top to bottom.

Fig. 6 continuously gives an example to illustrate the oper-
ations for selecting the next best grid. Assume that grid g(1,2)
has been selected as the first best grid. The set of candidates
of the second best grids is

Ny (gllje”) {gl ,gz 983 "}

which are marked with read shadow color. The table in Fig. 6
gives the contribution of each scheduled sensor to each space
time point (g,iv’,h), where g,iv’ € N,(glfe”). By applying
Exp. (33), the detection probability of gév " is selected as the
best grid g5". Meanwhile, sensor s, will play the role of D5
because it is the closest sensor to the central point of gb”’
Then the operation of Tasks III and IV will be executed for
gge”. The next best grid selection operation will be finished
if the rightmost best grid which reaches the right boundary is
selected.

Fig. 8 summaries the process of the MCDP algorithm.
Steps 1 and 2 summarize the space-time partitioning phase.
Then steps 3 and 4 summarize the computation phase. Finally,
step 5 to step 9 summarize the barrier construction and sensor
scheduling phase.

best

gy =arg (33)

N,
max’ ) (Pk,h —qi)
765)

g0 €N, (gt

V. SIMULATION
This section studies the performance improvement of the
proposed MCDP algorithm against the existing Best-fit Cov-
erage Approach (BCA) and Top-down One-coverage Barrier
Approach (TOBA) [14]. The BCA algorithm aimed to find
the maximal number of disjoint k-barrier which consists of
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The MCDP algorithm
Inputs:
1. A set of sensors S = {sy, S5, ..., S, } randomly deployed in R.
2. The physical location (x;,y;) of each deployed sensor s;.
3. Parameters: Ein, Emayx » Usen and Upee

Outputs: A set of active sensors which construct the barrier
Step 1. /* Space Partitioning */

Partition the R into ¢; X ¢, equal-sized grids;
Step 2. /* Time Partitioning Phase */

Emax=Emin
T= tsen -

Usen

Step 3. /* Cycle Length Calculation */
T = teen + trec = (@ + 1)7
Step 4. /* Detection probability Calculation */
If (grid g(x,, is fully covered by sensor s;)
Calculates p(si, g(x,y)) according to Exp. (23)
else if (grid gy,) is covered by the set of sensors @, ,,y)
Calculates p(tb(x,y), g(x'y)) according to Exp. (24)
Step 5. /* Group Sensor Partitioning */
For (each sensor s; € §)
{s; is grouped into j-th group if it is located in the j-th
sub-region;}
Step 6. /* Selecting the first best grid */
For (each group ) {

Identify g}P®* from candidates g ).
Identify closest sensor to the central point of g?¢st to be D,}
Repeat {

Step 7. /* Identifying of the Bottleneck Space Time Point*/
thott = arg min pbest
1stpso ’
Step 8. /* Scheduling Sensor for “Bottleneck” */
Repeat {
For (each s; € S{75¢h) {
If (s; satisfies Exp. (28) )
(S =57 0{s} }
If (877 = 1) {
sopPt — 5
Else If (|SZP*| > 1) {
Identify s°Pt by applying Exp. (29)
Construct S{P* by SPP¢ = §7P¢sopt
Else If (|S{P*] > 1)
Randomly select one sensor in Sfpt asthe s
Until g; is maximized,;
Step 9. /*Selecting the Next Best Grid */
For (cach grid gp™ € N,(g?*%)) {
P:[XZ —qi}
If (g™ satisfies Exp. (33))

Ny best.
Gk 18 Giv1s

Else If
best ;.
pe = ar min
gH-l gg,’:’eNr(g}’e“)
Executing the operations in Step 7 and Step 8; }

. best
Until (grie;htmos[ n Brightmost * Q))

opt.
B

Vi

Fig. 8. The process of the MCDP algorithm.

the minimal number of active sensors. The TOBA algorithm
aimed to find the maximal number of disjoint 1-barrier and
form a k-barrier by integrating multiple 1-barrier. Both of
the two algorithms are decentralized and are designed based
on the grid-based method aiming at achieving the goals of
energy balance and maximal lifetime. Herein, we notice that
the proposed MCDP algorithm adopts the solar-power sensors
which need to be recharged in every cycle. Though this
can achieve the perpetual network lifetime of the considered
WSNs, the coverage will be reduced when some sensors are
recharging in the recharging slots. Therefore, it is not fair
to compare the network lifetime of the WSNs or the energy
consumptions of the sensors. In the experiments, the three

TABLE I
SIMULATION PARAMETER

Parameter Value
Monitoring Region 800m X 400m
Density Degree 1-5
Sensing Radius 10m-30m
Communication Radius Twice of sensing radius
Grid Size 10m X 10m
Deployment Strategy Randomly/Uniformly
Ratio of the discharging and 3

recharging rate

Width of The Monitoring Region(m)

600 700 800

() 100 200

300 400 0
Length of The Monitoring Region(m)

(a) A scenario that sensors are randomly deployed in the monitoring area.

Width of The Monitoring Region(m)

() 100 200 600 700 800

S ) o
Langth o The Montoring Region(m)
(b) A scenario that sensors are uniformly deployed in the monitoring area.

Fig. 9. The example of deployments where the random and uni-
form deployment strategies are applied in the monitoring region sized
800m™*400m.

algorithms are compared in terms of the surveillance quality,
the stability of cooperative detection probability as well as
the fault tolerance capability. To fairly compare the three
algorithms, the number of working sensors in each slot is
set as a constant value. The following firstly illustrates the
simulation model. Then the simulation results are presented.

A. Simulation Environment

The simulation parameters are given in Table II. As shown
in Fig. 9, there are two sensor deployment scenarios. The
first one is random deployment while the second one is
uniform deployment. The size of the monitoring region is
800m x 400m. Herein, we define the density degree which
represents the number of sensors covering each grid. In the
experiment, the density degree is used to represent the density
of the deployed sensors and its value is ranging from 1 to 5.
The communication radius is twice of the sensing radius
which is ranging from 10m to 30m. The grid size is set at
10mx 10m. The ratio of the discharging and recharging rate
is 3, and the cycle length is 4 time slots.

B. Simulation Results

Fig. 10 compares the surveillance quality by varying the
sensing radius of each sensor and the density degree.
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Fig. 10.  Comparisons of MCDP, TOBA and BCA in terms of the

surveillance quality by considering different sensing ranges and varying
the density degree.

In general, three compared algorithms have a similar trend
in both random and uniform deployment strategies that the
surveillance quality significantly increases with both the den-
sity degree and the sensing radius of each sensor. This
occurs because more sensors can participate in monitoring
task at each time slot if the sensors deployed in a higher
density degree. Besides, a large sensing radius leads to
a large coverage area, increasing the detection probability.
In comparison, the uniform deployment strategy obtains a
better result than random deployment. This occurs because
that sensors deployed by applying the uniform deployment
strategy can provide a better balanced detection probability.
In comparison, the proposed MCDP algorithm outperforms
the other two algorithms in terms of surveillance quality.
This occurs because that the proposed MCDP applies PSM
and selects the sensor with the largest contribution to each
bottleneck space time point. Both TOBA and BCA algorithms
aimed to construct a k-barrier with the minimal number of
active sensors. Therefore, the selected sensors might not have
the largest contribution to the bottleneck space time point. As a
result, the performance of the MCDP algorithm outperforms
the other two algorithms.

Fig. 11 investigates the surveillance quality by varying the
width of the sub-region and density degree. The comparison
results by applying random and uniform deployment strategies
are shown in Figs. 11 (a) and 11 (b), respectively. As shown
in Fig. 11, the surveillance qualities of three compared algo-
rithms are generally increased with the width of the sub-region
in both random and uniform deployment strategies. This
occurs because that the larger width of the sub-region can
provide more sensors to be scheduled for monitoring each best

Fig. 11.  Comparisons of MCDP, TOBA and BCA in terms of the
surveillance quality by varying the width of the sub-region and the density
degree.

grid. Similar to the results obtained in Fig. 10, the uniform
deployment strategy obtains a better result than the random
deployment one. The performance of the proposed MCDP
algorithm is better than those of TOBA and BCA algorithms.
This occurs because that TOBA and BCA algorithms aimed to
reduce both the computation complexity and the number of
active sensors. Hence there are more constraints for selecting
the active sensors.

Fig. 12 further studies the cooperative detection proba-
bility of randomly selected 9 points on the defense bar-
rier. Fig. 12 (a) shows the cooperative detection probability
of 9 points by applying the proposed MCDP at four time slots
of one cycle. As shown in Fig. 12 (a), the cooperative detec-
tion probabilities of the selected point at four time slots are
similar. It implies that the proposed MCDP algorithm supports
good stability of cooperative detection probability. This occurs
because that the MCDP algorithm identifies the bottleneck
space time point and tries to schedule the sensor which has
the largest contribution to the bottleneck space time point to
be active. Therefore, the proposed MCDP can support better
stability of cooperative detection probability, as compared with
the other two algorithms. Fig. 12 (b) further compares the
surveillance quality of 9 points by applying MCDP, TOBA
and BCA algorithms. The observed locations are identical to
those of Fig. 12 (a). The performance of the proposed MCDP
algorithm is better than the existing TOBA and BCA algorithms
in terms of the surveillance quality and its stability.

Fig. 13 further investigates the stability of the cooperative
detection probability of each space time point on defense
barrier. The observation locations are identical to those as
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(b) Comparison of three algorithms in terms of cooperative detection
probability.

Fig. 12. Comparison of cooperative detection probabilities of randomly
selecting points.

shown in Fig. 12. The stability of cooperative detection prob-
ability can be measured by different degrees of cooperative
detection probability for a given ¢ time slots or a given m
locations. Recall that p;; denotes the cooperative detection
probability of the i-th location at the h-th time slot. The
stability of the i-th location for ¢ time slots and the stability
of the h-th time slot on m locations are defined by J; and dy,
respectively. That is,

G pin)?

5 = —Lh=1 Pih)_ 34

o Zh:l (Pi,h)2 )
Gy pin)?

o = ————2 " 35

! m > (pin)? )

Fig. 13 (a) first compares the stabilities of four time slots on
nine locations. The value of stability approaching to 1 indicates
that the cooperative detection probabilities of m locations are
similar. The proposed MCDP algorithm outperforms the other
two existing algorithms in terms of stability and approaches
to 1 for all observed locations. This occurs because that the
MCDP algorithm prior schedules the sensor which has the
largest detection probability contribution to the bottleneck
space time point. Fig. 13 (b) further compares the stability
of nine locations at four time slots. The results are similar to
those as shown in Fig. 13 (a). The proposed MCDP algorithm
outperforms the other two compared algorithms in terms the
stability of each time slot for the defense barrier.

Fig. 14 compares the fault tolerance capability of three
compared algorithms by varying the density degree, which
can be measured by the discrepancy of cooperative detection
probability if some sensor is broken. Recall that Slsilh denotes
the set of sensors which has been scheduled for monitoring
grid gbes " at time slot ;. Let S; ;: f4il denote the set of

failure sensors in S“h Let ® sdis denote the discrepancy of

of The Defense Barrier
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0 01 02 03 04 05
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(a) Stability of each observed location.
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(b) Stability of each time slot.

Fig. 13. Comparison of the cooperative detection probability stability.
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Fig. 14. Comparisons of MCDP, TOBA and BCA in terms of fault
tolerance by varying the density degree.

cooperative detection probability if some sensors in szf'

suddenly broken. The value of ® ! fail can be calculated by
Exp. (36)

pcoop (Ssch gbest) _ pcoop ( sch\Sfall best)
b 1 b
peoop (SSCh, glbest)

The value of ©® sdis approaching to 0 implies that the cor-

(36)

® Sdis—

responding algorlthm has better fault tolerance capability.
Because that surveillance quality is determined by the
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cooperative detection probability at the bottleneck space time
point. Fig. 14 (a) compares the fault tolerance capability of
barrier if one sensor monitoring the bottleneck space time
point is failure. As shown in Fig. 14 (a), the fault tolerance
capability of the proposed MCDP is better than those of the
existing TOBA and BCA algorithms. This occurs because the
MCDP aims to find the sensors which are able to cooperative
monitor every location on the barrier. However, the other two
algorithms aimed to guarantee the coverage degree without
considering the detection probability. Therefore, the impact on
surveillance quality of the barrier constructed by MCDP is rel-
atively small if one active sensor is failure. Fig. 14 (b) shows
a similar result though it adopts uniform deployment strategy.

VI. CONCLUSION

This paper proposes a barrier coverage algorithm, called
MCDP, which applies PSM sensing model and aims to
perpetuate the lifetime of solar-powered WSNs while
maximizing the surveillance quality of the constructed barrier.
In order to perpetuate the lifetime of the solar-powered
WSNs, each sensor is scheduled to stay in recharging and
sensing states in different time slots. To maximize the
surveillance quality of the constructed barrier, the proposed
MCDP algorithm first calculates the detection probability of
each sensor to each grid. Then it selects the best grid from the
left boundary to the right boundary and schedules the sensor
with the largest contribution to the bottleneck space time
point. Extensive simulations demonstrate that the proposed
MCDP algorithm outperforms the compared TOBA and BCA
algorithms in terms of surveillance quality, the stability of
cooperative detection probability as well as the fault tolerance
capability. Future work will consider solar-powered sensor
with adjustable sensing radius and further optimize the
surveillance quality for each space time point.
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