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Border surveillance for intrusion detection is an important application of wireless sensor networks
(WSNs). Given a set of mobile sensors and their initial positions, how to move these sensors to a region
border to achieve barrier coverage energy-efficiently is challenging. This paper studies the 2-D MinMax
barrier coverage problem of moving n sensors in a two-dimensional plane to form a barrier coverage of
a specified line segment in the plane while minimizing the maximum sensor movement for the sake of
balancing battery power consumption. Previously, this problem was shown to be NP-hard for the general
case when the sensing ranges are arbitrary. It was an open problem whether the problem is polynomial-
time solvable for the case when sensors have a fixed number of sensing ranges. We first study the bar-
rier coverage problem for the general case and propose a two-phase algorithm and a greedy algorithm.
The approximation factor of the two-phase algorithm is proved to be +/2 for the case when the sensors
can exactly cover the barrier. We then study a special case of great practical significance that the sensors
have the same sensing range and present an O(n?logn) time algorithm. We obtain ®(n?) candidate values
for the minimum maximum sensor movement by deriving a necessary condition of the optimal sensor
deployment and find the optimal sensor movement among them by using an efficient search procedure
and a decision algorithm. To the best of our knowledge, this is the first result for solving the 2-D MinMax
barrier coverage problem both for the general case and the uniform case.

© 2019 Published by Elsevier B.V.
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1. Introduction ing process, thus it is very important to design an energy-efficient

sensor mobility scheme that maximizes the lifetime of the mobile

Border surveillance for intrusion detection is an important ap-
plication category for wireless sensor networks. For example, sen-
sors can be deployed along international borders to form a bar-
rier for detecting illegal intruders as they cross the border. When
only stationary sensors are used, after randomly deployment, it is
difficult to form barriers for barrier coverage, allowing some in-
truders crossing the border without being detected. With recent
technical advances, sensors equipped with a great degree of mo-
bility (e.g., Packet [24] and Robomote [8]) have been developed.
Mobile sensors can move to cover particular sections of the bor-
der as needed, enabling fewer sensors deployed to achieve barrier
coverage than deploying stationary sensors. However, mobile sen-
sors equipped with batteries with limited energy consume much
more energy during the movement, which is known quadratic on
the moving distance, than that during the communication or sens-

* Corresponding author at: North Terrace, Adelaide, Australia.
E-mail addresses: lishj2013@hotmail.com (S. Li), hongshO1@gmail.com (H. Shen).

https://doi.org/10.1016/j.comnet.2019.06.019
1389-1286/© 2019 Published by Elsevier B.V.

sensor network for achieving barrier coverage. Mobile sensors can
also be used in the stationary sensor network to improve barrier
coverage because they can move to cover the barrier gaps left by
the stationary sensors after initial randomly deployment. In such a
hybrid stationary-sensor network, it is also important to design an
energy-efficient sensor mobility scheme for maximize the network
lifetime.

Given a set of mobile sensors and their initial positions, how to
move these sensors to a region border to achieve barrier coverage
energy-efficiently is challenging, because the sensors can move to
arbitrary points of the barrier line. As shown in Fig. 1(a), the work
[17] studied how to move mobile sensors to the grid points of a
barrier for achieving barrier coverage while minimizing the max-
imum sensor movement and solved it using the maximum flow
algorithm. However, as shown in Fig. 1(b), in this paper, the sen-
sors can move to arbitrary points of the barrier line for achieving
barrier coverage rather than the grid points, which may reduce the
sensor movement. Fig. 1 gives an example, which shows that the
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Fig. 1. (a) Sensors move to cover the grid points of barrier; (b) Sensors move to
cover the barrier.

maximum sensor movement in Fig. 1(b) is reduced compared to
that in Fig. 1(a).

This paper studies how to move the mobile sensors to cover
a barrier represented by a line segment with the minimum max-
imum sensor movement, which is referred to as the 2-D Min-
Max problem. As discussed in [10], the 2-D MinMax problem has
been shown to be NP-hard for the general case when the sensor
ranges are arbitrary. Besides, it was proposed as an open ques-
tion in [10] whether there is a polynomial time algorithm for the
case when sensors have a fixed number of sensing ranges. It is also
unknown whether the 2-D MinMax problem for the uniform case
when the sensing ranges are uniform is polynomial-time solvable.
This paper tries to solve the 2-D MinMax problem for the general
case, and also this problem for the uniform case. Since the sen-
sors can move to arbitrary points of the barrier line, there are in-
finite candidate values for the minimum maximum sensor move-
ment. It is therefore challenging to find the minimum maximum
movement. Besides, another challenging issue is also studied how
to determine whether the sensors can move to cover the barrier
when the sensors’ maximum movement is not greater than a fixed
value, which is referred to as the decision problem. It’s challenging
to determine the final positions of the sensors forming a barrier
coverage. The algorithm of the decision problem can help to solve
the 2-D MinMax problem.

This paper addresses the 2-D MinMax problem and also the de-
cision problem. The main contributions of this paper are summa-
rized as follows:

1) For the general case when the sensors’ sensing ranges are ar-
bitrary, the 2-D MinMax problem has been proved to be NP-hard
in [10]. A two-phase algorithm and a greedy fast algorithm are
presented. The approximation factor of the two-phase algorithm is
proved to be +/2 when the sensors can exactly cover the barrier.

2) For the uniform case when the sensing ranges are uniform, a
greedy algorithm is proposed to solve the decision problem of de-

termining whether the sensors can move to cover the barrier when
the sensors’ maximum movement is not larger than a fixed value.

3) For the case when the number of the sensors’ sensing ranges
is k (k is a constant), it was an open question in [10] whether
there is a polynomial time algorithm for this MinMax problem. We
show that there is an O(n2logn) time algorithm for a special case
when k= 1. We can obtain ©(n3) candidate values for the mini-
mum maximum sensor movement by deriving a necessary condi-
tion of the optimal sensor deployment and find the optimal value
among them by using an efficient search procedure and a decision
algorithm.

4) Extensive simulation experiments are conducted to evaluate
the proposed algorithms. The results demonstrate that our algo-
rithms are quite scalable and energy-efficient.

Our algorithms can be directly applied in various real applica-
tions, such as intrusion detection in the battlefield, boundary pro-
tection across protected areas and wildlife cross-zone activity mon-
itoring. In these applications, since mobile sensors are usually air-
dispersed and their deployment under a random distribution does
not cover the targeted barrier initially in most cases, they need to
move the desirable positions to form a barrier coverage. Our al-
gorithms provide a way how these sensors shall move to cover
the barrier represented by a line segment such that the maximum
movement is minimized and hence the lifetime of the coverage
(the time that the first sensor drops off) is maximized.

The rest of the paper is organized as follows. Section 2 re-
views the related work is. In Section 3, the problem formulation
and notation are presented. In Section 4, two algorithms are pro-
posed to solve the 2-D MinMax problem for the general case. In
Section 5, an algorithm is presented to solve the decision problem
for the uniform case. In Section 6, a polynomial time algorithm
is proposed to solve the 2-D MinMax problem for the uniform
case. The performance of our algorithms are evaluated in Section 7.
Section 8 concludes the paper.

2. Related work

Barrier coverage in stationary sensor network has been studied
intensively in [2,12,14,18,20,22,25]. Since random sensor dispersal
costs a large number of sensors, several researchers have started to
study how to use fewer sensors with mobility for achieving barrier
coverage in an energy-efficient way, especially minimizing some
aspect of the relocation cost.

Several work studied the 1-D barrier coverage problem under
the assumption that the barrier is a line segment and all sensors
are initially located on the line containing the barrier. The work
[6] first studied the problem of minimizing the maximum sen-
sor movement (1-D MinMax) and presented an O(n2) time algo-
rithm for the case when the sensor ranges are uniform. The key
idea of the algorithm is to cover the gaps one by one from left
to right, while balancing the costs of covering from left and right
as much as possible. The work [3] improved this time complexity
to O(nlogn) for the uniform case, and also solved the problem for
the general case when the sensing ranges are arbitrary by giving
an O(n2logn) time algorithm. To help solve this problem, the work
[3] also developed a greedy algorithm for the decision problem
of determining whether the sensors can move to cover the bar-
rier when the sensors’ maximum movement is not larger than a
fixed value, which takes O(nlogn) time. The work [15] considered
the problem of minimizing the number of sensors moved on the
line (1-D MinNum), which is proved to be NP-hard for the general
case while efficient algorithms are designed for the uniform case.
The work [7] studied the problem of minimizing the sum of sensor
movements (1-D MinSum), which is shown to be NP-complete by
reduction to the 3-partition problem for the general case and also
presented an O(n2) time algorithm for the uniform case.
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Several work studied the 2-D barrier coverage problem under
the assumption that the barrier is a line segment and all sensors
are initially located in a 2-D plane containing the barrier. The 2-D
MinMax problem was first studied in [10] and shown to be NP-
hard for the general case. When sensor movements are limited
to be perpendicular to the barrier, this problem can be solved in
O(nlogn) time by applying dynamic programming. Similar to the
2-D MinMax problem, the 2-D MinSum problem is also proved to
be NP-hard for the general case and an solvable in O(n?) time for
the perpendicular movement case. The work [13] studied the 2-D
MinMax problem for the uniform case and proposed an O(n3logn)
time algorithm. The work [5] studied the 2-D MinSum problem for
the uniform case and proposed a +/2-approximation algorithm.

Other types of the barriers than straight lines, such as circles
or simple polygons, were studied in [1]. To move the sensors from
the interior of a monitored region to the region’s perimeter that
forms a barrier of the region, the MinMax problem can be solved
in O(n3logn) time for cycle barriers and O(mn3-logn) time for
polygon barriers, where m is the number of edges of the simple
polygon [1]. Besides, the MinSum problem can be solved by a PTAS.
The work [19] improved the MinMax result for polygon barriers
to O(n*5logn) and also presented an O(n*) time algorithm for the
MinSum problem on the circle when the sensors are moved from
the circle perimeter to a regular n-gon, which is an open question
in [1].

Most of the previous work assumed that the positions of the
barriers are pre-specified, but the work [16,17] studied the barrier
coverage problem under the assumption that the positions of the
barriers are not known a priori and presented a two-phase sen-
sor mobility scheme, which was proved order optimal in achieving
the maximum number of barriers while minimizing the maximum
sensor moving distances. The work [27] studied the 2-D MinMax
problem when the y-coordinate of the barrier is determined and
proposed an efficient algorithm to find the optimal barrier location.
The work [11] studied how to achieve barrier coverage in the sen-
sor scarcity scenario by dynamic sensor patrolling and presented a
coordinated sensor patrolling (CSP) algorithm.

The work [23] studied how to form a barrier using mobile sen-
sors and stationary sensors. When the stationary sensors are pre-
deployed, the mobile sensors are moved to fill in the coverage
gaps. An algorithm was proposed to find the minimum number of
mobile sensors required and also another algorithm is presented
to minimize the cost of moving the sensors to fill in the gaps. The
work [9] studied how to use the mobile sensors with adjustable
sensing range to mend the gaps. It presented a scheme to maxi-
mize the lifetime of barrier coverage after mending the gaps.

3. Problem formulation

This section first formally describes the barrier coverage prob-
lems in mobile sensor network and then introduces relevant nota-
tion.

3.1. Problem statement

A barrier B is a line segment on the x-axis in the two-
dimensional plane with starting point [0, 0] and ending point [L,
0]. A set of n mobile sensors S ={sq,s,,...,S;,} with the sens-
ing range {ry,ry,...,rp} is located in this plane with initial po-
sitions {p1, pa,.... pn}, Where p; = (x;,y;). Let R= %7 2r;(R>L).
Each sensor of S is assumed to be mobile and can relocate itself
from the initial position to another specified position. Suppose the
final position of a mobile sensor s; is p; = (x;yf) The movement of
a sensor s; is defined as the Euclidean distance between its initial
position and its final position, denoted by d; = d(p;. p}).

This paper studies the problem of how to schedule the sensors
to move to a barrier line for achieving barrier coverage while min-
imizing the maximum moving distance of sensors, which can bal-
ance the power consumption among the sensors thus prolonging
the network lifetime. The formal definition of this problem is given
as follows:

Definition 1. The 2-D MinMax barrier coverage problem (2-D
MinMax problem): Given a barrier B and a set of sensors S =
{s1.52....,sp} with sensing range {r{,r,,...,r;} and initial posi-
tions {p1, p2...., Pn}, the problem is to find the sensors’ final po-
sitions {p’1 Py p;,} on the barrier B so that each point of B is
covered by at least one sensor and the maximum movement of the
sensors i.e. maxy i {d(p;, pj)} is minimized.

This paper first studies the 2-D MinMax problem for the gen-
eral case when the sensing ranges are arbitrary and then the 2-D
MinMax problem for the uniform case when the sensing ranges are
uniform.

To help design the 2-D MinMax problem for the uniform case,
we also study the decision problem of determining whether the
sensors can move to cover the barrier when the sensors’ maximum
movement is not larger than a fixed value. The formal definition of
this problem is given as follows:

Definition 2. The decision problem of barrier coverage (The deci-
sion problem): Given a barrier B, a set of sensors S = {s{, . ...,Sn}
with the same sensing range r and initial positions {p1, p2, ..., Pn}
and a constant A >0, the problem is to determine whether there
exist sensors’ final positions {p’1 p’z,...,p;} on the barrier B so
that each point of B is covered by at least one sensor and the max-
imum movement of the sensors is at most A.

3.2. Notation

In this subsection some notation is presented which will be
used in the following sections. Note that some of our notation is
adopted from [3].

Let A* denote the minimum maximum movement of sensors in
S obtained by the algorithm for the 2-D MinMax problem.

A sensor deployment scheme on A denoted by D(A) is defined
as a specification of the final positions of the sensors on the barrier
B when the maximum sensor movement is A.

A sensor deployment scheme is said to be a feasible sensor de-
ployment scheme if each point of barrier line B is covered by at
least one sensor in a sensor deployment scheme.

A feasible sensor deployment scheme is said to be an optimal
sensor deployment if the maximum sensor movement of each sen-
sor is minimized.

Given a positive constant A as the maximum sensor movement,
for each sensor s;€S, s;'s left and right endpoint of the moving
range, short for s;’s left and right moving endpoint, is defined
as the smallest and largest possible final position of sensor s; on
barrier B. Sensor s;’s left moving endpoint is denoted by x; —d;,
while s;’s right moving endpoint is denoted by x; + d;, where d; =
A2 —yiz. Fig. 2(a) shows s;’s left and right moving endpoint.

Given a positive constant A as the maximum sensor movement,
for each sensor s; €S, s;’s left and right extension of the moving
range, short for s;’s left and right moving extension, is defined as
the smallest and largest point of barrier B covered by sensor s;
when it is located at the left and right moving endpoint. Sensor
s;’s left moving extension is denoted by x; — d; — r;, while s;’s right
moving extension is denoted by x; + d; + r;, where d; = /A2 —yiz.
Fig. 2(b) shows s;’s left and right moving extension.

Sensor s; is said to be in attaching position in D(A) if s; is two
sensing ranges distance away from the left adjacent sensor in D(A),
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Fig. 2. (a) sensor s;’s left and right moving endpoint (b) sensor s;’s left and right
moving extension.

or one sensing range distance away from the left endpoint of bar-
rier B if no left adjacent sensor in D(A).

4. The 2-D minmax problem for the general case

This section studies the 2-D MinMax problem for the case when
the sensing ranges are arbitrary. This problem has been proved to
be NP-hard in [10] but no approximation algorithm has been de-
signed so far. A two-phase algorithm is first proposed, whose ap-
proximation factor is +/2 for a special case when sensing ranges
of the sensors can exactly cover the barrier line together, that is
R = L. Then a greedy heuristic algorithm is presented.

4.1. Two-phase algorithm

A two-phase sensor movement scheme is proposed to solve the
2-D MinMax problem for the general case. This scheme is based on
the algorithm of BCLS problem in [3], which is called 1-D MinMax
algorithm. The 1-D MinMax algorithm in [3] is to schedule the sen-
sors located on the line containing the barrier line to move to the
barrier line for barrier coverage while minimizing the maximum
sensor movement.

In the first phase, sensors move to the line containing the bar-
rier B in the vertical direction. The maximum sensor movement is
denoted by ym, which is the largest y-coordinate of the initial po-
sitions of all the sensors. The running time of this phase is O(n).

In the second phase, sensors move to cover the barrier B in
the horizontal direction by using the 1-D MinMax algorithm in
[3]. Suppose dp, is the minimum maximum sensor movement com-
puted by the 1-D MinMax algorithm. Since 1-D MinMax algorithm
runs in O(n%logn) time, the running time of this phase is O(n%logn).

Fig. 3 shows an example of the two-phase sensor movement
scheme.

This algorithm costs O(n%logn) time. The maximum sensor
movement can be computed by this two-phase sensor movement
scheme, which is \/y%, 4 d2,, since sensors can move from the ini-
tial positions to the final positions directly.

Phase 1 sensors move vertically

@

sensors

®

arrier B
Phase 2 sensors move horizontally

Barrier B

Fig. 3. The two-phase algorithm.

Below we’ll prove that this two-phase algorithm is a good ap-
proximation algorithm for a special case when R = L.

Lemma 3. The two-phase algorithm is a /2 -approximation algo-
rithm for the 2-D MinMax problem when the sensing ranges are arbi-
trary and R = L.

Proof. Let OPT denote the optimal algorithm for the 2-D MinMax
problem and A* denote the maximum sensor movement by OPT.
Let SOL denote the two-phase algorithm for the 2-D MinMax prob-
lem and A denote the maximum sensor movement computed by
SOL.

In the first phase of SOL, all the sensors should move to cover
the barrier line since R = L. Thus it can be seen that

Ym <A (1)

where yy,; is the largest y-coordinate of the initial positions of all
the sensors.

In the second phase of SOL, it can be proved that dp, < A*, where
dp is the minimum maximum sensor movement computed by the
1-D MinMax algorithm in [3].

Let y; denote the smallest y-coordinate of the initial positions of
all the sensors. In the second phase, a feasible sensor deployment
scheme can be obtained when the maximum sensor movement is

% — y2. Since dy, is the optimal sensor movement in the sec-
ond phase, dp, < ()\*)2 — y? holds. Thus it can be seen that
dm < A* (2)

By inequality (1)(2), it can be seen that

b= Vb @ =002+ 002 = V20

Therefore, the Lemma is proved. O

4.2. Greedy algorithm

A faster greedy algorithm called the GreedyDiff algorithm is
proposed to solve the 2-D MinMax problem for the general case.
In this algorithm, we always choose the closest available mobile
sensor to cover the leftmost uncovered point of the barrier line
and put it in attaching position. This process continues until the
whole of the barrier line is covered. The detail of the algorithm is
described in Algorithm 1.
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Algorithm 1 The GreedyDiff algorithm.
INPUT: S, L

OUTPUT: A

: Let Rg<-0,i <« 0, Sc < ¢;

A <0

: while R; <L

1 m < infinity;

: for each sensor s; € S/S.

dj < (Ri+1;-x))" = y%;

ifdj<ln
m<«dj;
k<j;

10: endif

11: endfor

12: Se < ScU{sy});

13: i<i+1;

14: R;j<Rj_1+2ry;

15: if A <m

16: A < m;

17: endif

18: endwhile;

19: return A;

WO O UAWN=

5. The decision problem for the uniform case

This section studies the decision problem for the uniform case,
which is to determine whether the sensors can move to cover the
barrier when the sensors’ maximum movement is not larger than
a fixed value A. The challenging issue is how to obtain the final po-
sitions of the sensors forming a barrier coverage. Motivated by the
algorithm in [3], we determine the critical sensors and their final
positions in the sensor deployment scheme. The difference is that
we determine the critical sensors by considering sensors’ moving
ranges rather than sensors’ right-side extensions as in [3]. The al-
gorithm for decision problem, short for the decision algorithm, will
be used as a decision procedure by our algorithm to solve the 2-D
MinMax problem for the uniform case in Section 6.

5.1. Algorithm description

The main idea of the decision algorithm is to choose a set of
critical sensors to move to cover the barrier from the left to the
right.

In each step of the algorithm, a critical sensor is chosen to
cover the leftmost uncovered point of the barrier. The critical sen-
sor is chosen as follows: first, check whether there is a non-critical
sensor which can cover the leftmost uncovered point of the bar-
rier and can not be in attaching position when it is located at
its right moving endpoint. If yes, choose the satisfied sensor with
the largest right moving endpoint as the critical sensor and put
it located at its right moving endpoint; otherwise, check whether
there is a non-critical sensor which can cover the leftmost uncov-
ered point of the barrier. If yes, choose the satisfied sensor with
the smallest right moving endpoint as a critical sensor and put it
in attaching position; otherwise, the barrier cannot be covered by
these sensors.

The algorithm works as follows:

Let the set S.CS denote the set of critical sensors, i.e. Sc =
{sc(,-)}(1 <i<vy), where s is the sensor chosen in step i to cover
the leftmost uncovered point on B. In ith step, suppose the left-
most uncovered point of the barrier is R;_{(Ri_; <L), a critical
sensor sq;) is chosen as follows: First, scan all the non-critical
sensors and put the satisfied sensors which can move to cover
the point R;_; and also can not be in attaching position, which

sensor a

@\Moving range A
P(Rii E

(a) If S;1 # ¢, sensor a is chosen as a critical sensor
to cover the point P(R;_1 )

Barrier B

sensor b -

Moving range A

Barrier B

(b) If Si1 = ¢ and S;2 # ¢, sensor b is
chosen as a critical sensor to cover the point
P(Ri_l )

Fig. 4. lllustration of the critical sensor covering the point p(R;_;).

implies that its right moving endpoint is smaller than R;_;+r1
into the set S;;. That is S;; = {sj|Ri_1 — 17 <Xx;+d; <Ri_1 +1} = Sc.
If S;; #¢, choose the sensor with the largest right moving end-
point from S;; as a critical sensor sy;) and put it located at its
right moving endpoint, as shown in Fig. 4(a); otherwise, scan all
the non-critical sensors and put the satisfied sensors which can
move to cover the point R;_; and also whose right moving end-
point is not smaller than R;_; +r into the set Sj;. That is S =
{silx; —di —r < Ri_1 <x;+d; —r} —S¢. If S # ¢, choose the sensor
with the smallest right moving endpoint from S;, as a critical sen-
sor S;y and put it in attaching position, as shown in Fig. 4(b); oth-
erwise, the algorithm stops and return A <A*. If R;_; > L, the algo-
rithm stops and return A > A*.

The detail of the algorithm is described in Algorithm 2. Since
there are n sensors in S, the algorithm runs at most n steps.

According to the decision algorithm, the following Lemma can
be obtained which specifies the property of the sensors in the sen-
sor deployment, which will be used in the next section.

Lemma 4. Every sensor of S is either at the right moving endpoint or
not. If not, then it is in attaching position.

Proof. According to the decision algorithm, the critical sensors is
either at the right moving endpoint or not. If not, then it is in at-
taching position. According to Algorithm 2, the sensors which are
not critical sensors are located at the right moving endpoint. Thus,
the Lemma is proved. O

Theorem 5. The decision problem is solvable in O(nlogn) time.

Proof. The decision problem can be solved by decision algorithm
in Algorithm 2. Step 5 through 24 of Algorithm 2 dominate the
running time of decision algorithm.

Step 6 through 11 obtain the set S;; and find the sensor with
the largest right moving endpoint from S;; as a critical sensor.
According to decision algorithm, put the sensor s; which satisfies
Ri_1 —1 <X;+d; <R;_{ +r into set S;;. Recall that x; + d; denotes
the right moving endpoint of sensor s;. Actually, don’t need to ob-
tain all the sensors in the set S;;. Sort the sensors increasingly by
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Algorithm 2 decision algorithm.
INPUT: A, S
OUTPUT: A < A* or A > A*
1: Let Ry<-0,i < 1, S; < ¢;
2: For each sensor s; € S
dj < 22— y?;
: endfor;
:while Ri_1<L
Sit < {silRi_1 =17 <x;+d; <Ri_1 +1} —Sc;
ifSy#¢
Select the sensor s; with the largest x; + dj +r from S;;
as SC(i):
9: X/C(i) <« xc(i) + dc(i);
100 Sc < ScU{sci}:

1: R Hx’c(i)Jrr;

w

i

12: else

13: Sp < {silx;—di—r<Ri_1 <x;+d; —1} —S¢;

14: if sz 75 ¢

15: Select the sensor s, with the smallest x; + d; + r from S;,
as SC([);

16: xé(i) <~Ri_1+T1;

17: Sc < Sc U {sc(i)};

18: R; < x’cm +71;

19:  else

20: return A < A*;

21:  endif;

22: endif;

23 i<«i+1;

24: endwhile;

25: for each sensor s, € S\S¢
26: X, < xg+dy;

27: endfor;

28: return A > A*;

their right moving endpoint, which costs O(nlogn) time. Then find
the sensor with the largest right moving endpoint which satisfies
Ri_1 — 1 <X;+d; < R;_1 +r by doing binary search on these sorted
sensors, which costs O(logn) time. There are n sensors, thus step 6
through 11 perform at most n times, which cost O(nlogn) time.

Step 13 through 18 obtain the set S;; and find the sensor with
the smallest right moving endpoint from S;, as a critical sensor. Ac-
cording to decision algorithm, choose the sensor s; which satisfies
X; —d; —r <Rj_1 <x; +d; —r into set S;,. Recall that x; — d; denotes
the left moving endpoint of sensor s;. Sort the sensors increas-
ingly by their left moving endpoint, which costs O(nlogn) time. To
obtain set Sj,, construct a new binary search tree using the sen-
sors’ right moving endpoints as keys. Then scan the sorted sen-
sors until the sensor satisfies x; —d; — r > R;_; and put the sensors
which satisfy x; —d; —r <R;_{ <x; +d; —r into the binary search
tree. Obviously, the sorted sensors are scanned once in all the
steps, which costs O(n) time in the whole algorithm. Meanwshile,
delete the sensors which don’t satisfy x; —d; —r <Ri_y <x;+d; —r
from the binary search tree. To delete the unsatisfied sensors, just
do binary search on the search tree finding the sensors which sat-
isfies x; +d —r < R;_;, which cost O(logn) time. There are n sen-
sors, thus step 13 through 18 perform at most n times, which cost
O(nlogn) time.

Step 2 through 4 cost O(n) time. Besides, step 25 through 27
cost O(n) time.

Thus, decision algorithm cost O(nlogn) time. O

5.2. Correctness

The correctness of the decision algorithm is proved in this sub-
section. Our analysis is similar to the one in [3]. Note that the left-
aligned line segment is an line segment with the starting point at
0 and the ending point at a nonnegative number.

Lemma 6. Suppose S; is a subset of sensors in S. If the line segment
[0, R;] is covered by the sensors of S; by decision algorithm, then [0,
R;] is the largest left-aligned line segment that can be covered by the
sensors of S;.

Proof. Suppose there is a sensor deployment D’ of the sensors in
S; which can cover the line segment [0, x]. It can be claimed that
we can obtain the sensor deployment D of the critical sensors in S;
by decision algorithm which can also cover [0, xi;].

Let Sc = {s.(j)} (1 < j < i)cS; denote the critical set of S; in the
sensor deployment D. Suppose the final position of the sensor s
in D is xé(j). Suppose the final position of sy;) in D" is ty;). It can be
proved that sensors of S; can still cover the line segment [0, x| if
each critical sensor s in Sc moves from t;) to xé(j).

First, it can be proved that sensor sqy can move from fqy to
x’c(]). Suppose t.1y # x/c(l). Two cases will be considered:

Case 1: If sqq)€Sy, then x/c(]) =Xc1y +dey and ey <X
Since sensor s, located at xé(l)
S¢(1) €an move from t.) to X/c(l)
Xm].

Case 2: If s.(1) € S12, then Sy; = ¢. It implies that sy is the sen-
sor with the smallest right moving endpoint in Sy,. If sensor s
located at 1) covers the point 0 in D', then t.(;y < X/c(l) =r, thus

SENsor sq1) can move from tyq) to X::(l) and sensors of S; can still
cover [0, xm]. If sensor s4) located at t.;) doesn’t cover the point
0 in D', two cases will be considered: if t.q) < —, sensor sq) can
move from ty;) to x/c(l) and sensors of S; can still cover [0, xp];
otherwise, it can be claimed that the sensor s, which cover the
point 0 and sensor sg;y can switch their positions. Since Sy = ¢
and s,y is the sensor with the smallest right moving endpoint in
S12, the right moving endpoint of s; is not smaller than that of s¢).
Then switch these two sensors by moving sy to t,qy and move sy
to Xéﬂ)' Sensors of S; can still cover [0, xn].

Thus, sensor sy can move from .y to X1y Similarly, sensor
Sq(j)(1 <j <i) can be moved from t; to xé(j) one by one. Therefore,
we can obtain the sensor deployment D of the critical sensors in S;
by decision algorithm which can also cover [0, xp].

By decision algorithm, the sensors of S; can cover [0, R;] in D.
Thus x;, <R; holds. Therefore, [0, R;] is the largest left-aligned line

segment that can be covered by the sensors of S;. O

/
c(1)"
can cover the point 0 in D, sensor

and sensors of S; can still cover [0,

/

Now we’ll prove the correctness of decision algorithm by using
Lemma 6.

Theorem 7. If decision algorithm reports A > A*, there is a feasible
sensor deployment scheme on A; If it reports A < A*, there is no fea-
sible sensor deployment scheme on A.

Proof. If decision algorithm reports A > A*, the set of critical sen-
sors can cover the barrier, which implies that there is a feasible
sensor deployment scheme on A.

If decision algorithm reports A < A*, the sensors of S can cover
[0, R;], where R; <L. By Lemma 6, [0, R;] is the largest left-aligned
line segment that can be covered by the sensors of S. Therefore,
there is no feasible sensor deployment scheme on A. O
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6. The 2-D MinMax problem for the uniform case

This section presents a polynomial-time algorithm to solve the
2-D MinMax problem when the sensors’ sensing ranges are uni-
form. This section first describes the basic idea of our algorithm,
then presents a Theorem of necessary condition for the optimal
sensor deployment and finally proposes an algorithm and an im-
proved algorithm for the 2-D MinMax problem for the uniform
case.

6.1. Basic idea of our algorithm

Mobile sensors are initially deployed randomly in the plane
containing the barrier and then move to the barrier for achieving
barrier coverage. The objective of the 2-D MinMax problem is to
minimize the maximum movement of mobile sensors to achieve
barrier coverage. It is challenging to solve the 2-D MinMax prob-
lem for the uniform case, since the sensors can move to arbitrary
points of the barrier and there are infinite candidate values for the
minimum maximum sensor movement. It’s unknown whether the
minimum maximum sensor movement can be found in a poly-
nomial time. To overcome this difficulties, a necessary condition
of the optimal sensor deployment is derived so that the search
space of the optimal movement is narrowed down from infinite
candidate values to O(n3) candidate values. Obviously, the mini-
mum maximum sensor movement is the smallest feasible value
among these candidate values which can achieve barrier coverage.
The smallest feasible value can be found by first sorting these can-
didate values and then doing binary search on these sorted value
using the decision algorithm as the decision procedure.

6.2. Necessary condition for optimality

In this subsection a necessary condition of the optimal sensor
deployment is presented to help compute ®(n3) candidate values
for the minimum maximum sensor movement.

Lemma 8. Suppose D(A) is a feasible sensor deployment on A by de-
cision algorithm. If A = A*, then one of the following conditions is
true.

(a) There exists a sensor which is at the right moving endpoint and
the last sensor is at the position of L —r in D(A).

(b) There exists two sensors which are both at the right moving
endpoint and one of which with larger position is also in at-
taching position in D(A).

(c) There exists a sensor which is located at the left moving end-
point in D(X) .

Proof. This Lemma can be proved by contradiction. Suppose none
of the two conditions is true, it can be proved that A > A*.

We choose an small positive constant g(e.g. € is 10-10). If A is
decreased to be A — ¢, the right moving endpoints of the sensors
are shifted to the left a bit in D(A — &) compared to D(X). Since &
is a very small positive constant, the final positions of the sensors
which are not at the left or right moving endpoint in D(A) can keep
unchanged or be shifted to the left a bit in D(A — ¢), since these
sensors are still located within their moving range in D(A — ¢).

If none of the conditions is true, two cases are studied as fol-
lows:

Case 1: None of the sensors is located at left or right mov-
ing endpoint in D(A). Suppose A is decreased to be A — ¢. The fi-
nal positions of these sensors can keep unchanged. It implies that
D(X —¢) is a feasible sensor deployment, thus A > A*.

Case 2: None of the sensors is located at the left moving end-
point in D(A) and there exists a sensor which is at the right moving
endpoint in D()). Besides, the last sensor is at the position larger

Sensor Sy(1) Sensor Sy(9)
W D(X)
| | |
—17L, ( Lo * Ls 1
I | I g
| | |
| | |
| |
® L ® @®—)D(A-¢)
| I
—L,’' ': L' 1, —
! 2 3 A

Fig. 5. Illustration of the proof of Lemma 8 (Yellow circle represented as sensors
located at the right moving endpoint. Compared to D(A), the sensors’ final positions
are shifted to the left a bit in D(A — ¢) except the first sensor).

than L —r and there doesn’t exist two sensors which are both at
the right moving endpoint and one of which with larger position
is also in attaching position in D(A). Note that if the last sensor is
at the position smaller than L —r, D(A) is not a feasible sensor de-
ployment, thus the last sensor is at the position larger than L —r.
Below a feasible sensor deployment can be produced on A — &.

Let Sy = {Sr(1). Sr(2). -~ -+ Sr(i |- Where s,(;) denotes the sensor lo-
cated at the right moving endpoint. The sensors of S, are sorted by
their positions in D(A) increasingly.

Let Ly denote the subsegment of barrier covered by sensor sy
and the sensors preceding s,y in D(A). Let L; denote the subseg-
ment of barrier covered by sensor s,; and the sensors between
Sri—1y and sq;y in D(A), where 1<i<k. Let L4 denote the sub-
segment of barrier covered by the sensors following sensor s, in
D(A). Obviously, Eg‘;’]]L,- > L holds because the last sensor is at the
position larger than L —r. Fig. 5 shows an example of L;.

Suppose A is decreased to be A — ¢. Then the right moving end-
points of sensors in S, are shifted to the left a bit, thus the final
positions of sensors in S; should be also shifted to the left a bit.

Let L denote the sub-segment of barrier which starts from the
position 0 to the right moving extension of sensor sy in D(A —¢).
Let L] denote the sub-segment of barrier which starts from the
right moving extension of sensor s,;_1y to that of sensor sy; in
D(A —¢€), where 1 <i<k. Let L;<+l denote the sub-segment of bar-
rier which starts from the right moving extension of sensor s,;) to
the position L. Fig. 5 shows an example of L.

It'll be proved that there is a feasible sensor deployment D(A —
g) to cover the subsegments of barrier {L§|1 <i< k+1}. These
subsegments will be considered from back to forth by using in-
duction method.

First, it can be claimed that L) ek be covered by the sensors
following sensor s;). When A is decreased to be A — ¢, the final
position of the sensor s, should be shifted to the left a bit. Recall
that none of the sensors is located at the left moving endpoint in
D(2). The final positions of the sensors following sensor s, can all
be shifted to the left a bit to fill the gap left by sensor sy,. Recall
that the position of the last sensor is larger than L —r in D(A). The
final positions of the last sensor can be also shifted to the left a
bit such that it still covers the point L. Thus the claim is proved.

It can be assumed inductively that the sensors following sen-
sor sy;(1<i<k) can cover the subsegment Ej.‘iiing. when A is
decreased to be A — ¢. Depending on whether i> 1, two cases are
considered:

If i>1, it can be claimed that L} can be covered by sensor s
and the sensors between sy;) and s,_1).

When A is decreased to be A — ¢, the final positions of the sen-
sor sy(;_1y and sy;) should be shifted to the left a bit. Let d,_1)(¢)
and d,;(¢) be the movement of the final positions of sensor s,_s)
and sensor s,;) when A is decreased by ¢. Two cases are consid-
ered.
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case (a;

case (b)
case (c)

case (d)

case (e)
@ represent the sensor located at the right moving endpoint
. represent the sensor located at the left moving endpoint

@ represent the sensor located at the left and right moving endpoint

Fig. 6. The illustration of Theorem 9.

Case 1: dy_1)(¢) < dy;(¢). Obviously, L/ <L;. It implies the
sensing ranges of sensors may still cover L. Recall that none of
these sensors is located at the left moving endpoint in D(A). The fi-
nal positions of the sensors between sensor s,;_;, and sensor s
can all be shifted to the left a bit to fill the gap left by sensor
Sy(i—1)- Thus L] can be covered by sensor s; and the sensors be-
tween s,y and $p_1).

Case 2: dyj_1y (&) > dp(;) (¢). Obviously, L} > L;. It can be claimed
that L} can be covered by sensor s; and the sensors between sy;
and s.;_1). Let Ly, denote double the sum of the sensing ranges
of these sensors. Recall that s,;) is not in attaching position. Thus,
Lm > L; holds. Since ¢ is very small, L,f < Ly can hold. The final po-
sitions of the sensors between sensor s,;_1, and sensor s, can all
be shifted to the left a bit to fill the gap left by sensor s.(;_1), thus
L can be covered by sensor s,;) and the sensors between s,;) and
Sr(i-1)-

( If)i =1, it can be claimed that L} can be covered by sensor s
and the sensors preceding s,q). When A is decreased to be A —
¢, the final position of the sensor s,;) must be shifted to the left
a bit. The final positions of the sensors following sensor s can
keep unchanged. Thus L} can be covered by sensor s,y and the
sensors preceding sy1).

Therefore, there is a feasible sensor deployment D(A —¢) to
cover E;‘:}L}, which is the barrier. Then A > A* holds. The Lemma

is proved by contradiction. O

Below, Lemma 8 can be rewritten to obtain a Theorem as fol-
lows, which is illustrated in Fig. 6.

Theorem 9. Suppose D(A) is a feasible sensor deployment on A by
the decision algorithm. If A = A*, then one of the following cases is
true.

(a) There is a sensor located at the right moving endpoint in D(A)
such that the sensors following it is in attaching position and
the last sensor is at the position of L —r.

(b) There exists a sensor s; located at the left moving endpoint in
D(A) such that all the sensors preceding sensor s; are in attach-
ing position.

(c) There exist two sensor s; and s; such that both of them are
at the right moving endpoint in D(A) and the sensors between
sensor s; and s;, including s;, are all in attaching position.

(d) There exists a sensor s; located at the left moving endpoint in
D()) such that there is a sensor s; preceding it which is at the
right moving endpoint in D(A) and the sensors between sensor
s; and s; are all in attaching position.

(e) There exists a sensor s; located at the left moving endpoint and
also the right moving endpoint in D()).

Proof. By Lemma 4, every sensor is either in attaching position or
not. If not, then it is at the right moving endpoint.

By Lemma 8, there exists a sensor which is at the right moving
endpoint and the last sensor is at the position of L —r in D(A). It
implies that there is a sensor located at the right moving endpoint
in D(A) such that the sensors following it is in attaching position
and the last sensor is at the position of L —r.

By Lemma 8, there exists two sensors which are both at the
right moving endpoint and one of which with larger position is
also in attaching position in D(A). It implies that there exist two
sensor s; and s; such that both of them are at the right moving
endpoint in D(A) and the sensors between sensor s; and s;, includ-
ing s;, are all in attaching position.

By Lemma 8, there exists a sensor which is located at the left
moving endpoint in D(A). Three cases will be considered.

Case 1: If none of the sensors is located at the right moving
endpoint, it implies that there exists a sensor s; located at the left
moving endpoint in D(A) such that all the sensors preceding sensor
s; are in attaching position.

Case 2: If there is a sensor s; preceding it which is at the right
moving endpoint, it implies that there exists a sensor s; located
at the left moving endpoint in D(A) such that there is a sensor s;
preceding it which is at the right moving endpoint in D(A) and the
sensors between sensor s; and s; are all in attaching position.

Case 3: There exists a sensor s; located at the left moving end-
point and also the right moving endpoint in D(A).

Thus, the Theorem is proved. O

6.3. computing A*

According to Theorem 9, the candidate values for A* are com-
puted in this subsection, where A* is the minimum maximum sen-
sor movement. Corresponding to the five cases of Theorem 9, the
candidate values for A* are computed as follows:

(1) for every sensor s;(1<i<n) and every k € [0,n — 1], com-
pute A as Aq(i, k) which satisfies that x; + /A2 —yiz =L— (kx
2r +r), where the position of s;’s right moving endpoint is x; +
NZEE

1

(2) For each sensor s; (1<i<n), each k €[0,n— 1], compute
A as Ay(i, k) which satisfies that x; — /A2 —yl.2 =k x 2r +r, where
the position of s;’s left moving endpoint is x; — /A2 —yiz:

(3) For each sensor s; (1 <i<n), each sensor s; (1<j#i<n) and
each k € [0, n — 2], compute A as As(i, j, k) which satisfies that x; +

VA2 —yZ kX 2r+2r =x; + /Az—yf..

(4) For each sensor s; (1 <i<n), each sensor s; (1<j#i<n) and
each k € [0, n — 2], compute A as A4(i, j, k) which satisfies that x; +

VA2 =y2 4 kx2r42r=x;— [A? —y?.

(5) For each sensor s; (1<i<n), As(i) =y;.

Let A denote the set of A1(i, k), Ay(i, k), As3(i, j, k), A4(i, j, k)
and As(i). Clearly, |A| = O(n3). By Theorem 9, A* € A holds. Obvi-
ously, A* is the minimum feasible value among all the values in set
A which can produce a feasible sensor deployment scheme. Recall
that the decision algorithm can be adopted to determine whether
there is a feasible sensor deployment on the value in set A. To
compute A* is to first sort all the values of A increasingly and
then find the minimum feasible value by doing binary search on
them and using decision algorithm as the decision procedure. The
algorithm runs in O(n3logn) time.
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6.4. An improved algorithm

To reduce the runtime of the algorithm, the technique called
binary search on sorted arrays is adopted from the work [4]. The
runtime of the algorithm can be reduced to O(n%logn) time.

First introduce the technique of binary search in sorted arrays
[4].

Lemma 10. [4] Given M arrays, each array Y;(1<i<M) containing
O(N) sorted elements, it takes O(M + T)log(NM) time to find the ele-
ment §inY = uf‘LYi, where O(T) is the time consumed by reporting
a<§ ora>4§ (ais a constant).

Below we’ll order the values of the set A into O(n?) sorted lists.

Lemma 11. The elements of set A can be ordered into O(n?) sorted
lists such that each list has O(n) elements in O(n2) time.

Proof. Recall that set A is the set of Aq(i, k), Ao(i, k), As3(i, j, k),
Aa(i, j, k) and As(i).

The set of A;(i, k) has O(n?) elements. By simple calculation,
M(i, k) is a decreasing function of k when i is fixed. That is A(i,
ki) > Aq(i, k) when kq <k,. Thus for each i (1<i<n), there is a
sorted list of at most n — 1 elements A¢(i, 0), A1(i, 1),...A1 (i, n —2).
Thus, the elements in the set of A{(i, k) can be sorted into O(n)
sorted lists denoted by arrays Cj(1<i<n), and each list has O(n)
values. For example, C; = {A1(1,0),A1(1,1)...,A1(1,n—1)}. Note
that the elements of each array are not computed explicitly but
computed when needed. It costs O(n) time.

Similarly, the set of A,(i, k) can be sorted in the same way.
The elements in the set of A,(i, k) can be sorted into O(n) sorted
lists denoted by arrays D;(1 <i<n), and each list has O(n) values.
It costs O(n) time.

By simple calculation, As(i, j, k) is a decreasing function of k,
when both i and j are fixed. That is A3(i, j, k1)>A3(i, j, k) when
ki <ky, thus for each pair of i and j(1 <i#j<n), there is a sorted
list of at most n — 1 elements As(i, j, 0), A3(i, j, 1),...A3(i, j,n—2).
Therefore, the elements in the set of A3(i, j, k) is sorted into O(n?)
sorted lists, denoted by arrays E;(1<i#j<n), such that each list
has O(n) elements. It costs O(n2) time.

Similarly, the set of A4(i, j, k) is sorted in the same way. The el-
ements in the set of A4(i, j, k) can be sorted into O(n?) sorted lists,
denoted by arrays F;(1 <i#j<n), and each list has O(n) values. It
costs O(n?) time.

The set of As(i) has O(n) elements, which can be sorted into
Array G, which costs O(nlogn) time.

Therefore, the elements of set A can be ordered into O(n?)
sorted lists such that each list has O(n) elements in O(n?) time. O

By lemma 11, we have the following results:

1) The elements in the set of A¢(i, k) can be ordered into O(n)
sorted arrays C;(1 <i<n), and each list has O(n) values. Besides, the
kth element A of the array C; can be explicitly computed, which
satisfies x; + /A2 —y? =L — (k x 2r+71).

2) The elements in the set of A,(i, k) can be ordered into O(n)
sorted arrays D;(1<i<n), and each list has O(n) values. Besides,
the kth element A of the array D; can be explicitly computed,
which satisfies x; — /A2 —y? =k x 2r +r.

3) The elements in the set of A3(i, j, k) can be ordered into
0(n?) sorted arrays Ej(1<i#j<n) and each list includes O(n) el-
ements. Besides, the kth element A of the array E; can be ex-
plicitly computed, which satisfies n x; + /A2 —yl.z +kx2r+2r=

Xj+ /A2 —y?.

4) The elements in the set of A4(i, j, k) can be ordered into
0(n?) sorted arrays Fj(1<i#j<n) and each list has O(n) values.

Besides, the kth element A of the array F; can be explicitly com-

puted, which satisfies x; + /A2 —y? + k x 2r + 2r = x; — /A2 —y?.

5) The elements in the set of A5(i) can be ordered into array G,
and the kth element A of the array G is yy.

Then the smallest feasible value A. can be found in arrays
U, G using binary search on sorted arrays and decision algorithm.
Similarly, the smallest feasible value A4 can be found in arrays
U Dj, or A in arrays UlffjﬂEij, or A in arrays U;?_j:]F,-j, or Ag array
G. Then A* = min{Ac, Ag, Ae, A, Ag}.

Theorem 12. The 2-D MinMax problem when the sensors’ sensing
range are uniform can be solved in O(n%logn) time.

Proof. According to Lemma 11, the elements of the set A are
sorted into O(n?) arrays and each array includes O(n) sorted ele-
ments. Recall that the decision algorithm costs O(nlogn) time. By
Lemma 10, it takes O(n? + nlogn)log(n *n?) time to find the small-
est feasible element in A. Thus, the 2-D MinMax problem for the
uniform case can be solved in O(n2logn) time. O

7. Performance evaluation

This section evaluates the performance of the proposed algo-
rithms for 2-D MinMax problem by conducting a set of simulation
experiments using Matlab. We first investigate the performance of
the algorithms for the general case that sensors’ sensing ranges are
arbitrary, and then study the performance of the algorithm for the
uniform (sensing range) case.

We use robomotes as mobile sensors. Each robomote is smaller
than 0.000047m3, costs less than 150 dollars and is equipped with
two AA batteries with an initial amount of energy 24,172 Joules
[8]. IEEE 802.11b is chosen as the medium access control protocol
and a shortest path routing is adopted [26]. This robomote is with
the differential drive and moves two coaxial wheels with two in-
dependent electric motors. It consumes 27.96 Joule to move one
meter and 0.1 Joule per second to sense and communicate [21,28].
The final positions of all robomotes are computed by a sink node,
which is rechargeable and with strong computing and storage ca-
pabilities. The robomotes carry little computing power and storage,
which can be ignored.

All sensors are deployed randomly and uniformly in a rectan-
gular area of length L = 1000m and width w = 100m. The barrier B
is located in the same area with the starting point [0, 0] and the
ending point [1000, 0]. We only consider that case that the sen-
sors are sufficient to cover the barrier. Note that each data point of
our experiment results is an average value of the data collected by
running the experiments 100 times. The metric studied is the max-
imum moving distance for mobile sensors to achieve barrier cov-
erage, the average moving distance for mobile sensors to achieve
barrier coverage and the running time of the algorithm.

7.1. Evaluation for the general case

We solve the 2-D MinMax barrier coverage problem for the
general case of arbitrary sensor sensing ranges. The performance
of the two phase algorithm called the TwoPhase algorithm is com-
pared with the GreedyDiff algorithm in three scenarios by mea-
suring the metric of the maximum moving distance, the aver-
age moving distance and the running time. Evaluation of these
performance metrics is conducted on different parameters, such
as length of the deployed area(L), number of mobile sensors de-
ployed(n) and maximum sensing range of sensors(rmax). The de-
fault setting of the parameters are L=1000, n=75 and rmax=25.

Fig. 7 shows the effects of different parameters on the maxi-
mum moving distance for the general case. The red curve repre-
sents the maximum moving distance obtained by the TwoPhase
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Fig. 7. Performance evaluation of algorithms for the general case on the maximum
moving distance.

algorithm while the blue curve represents the maximum moving
distance obtained by the GreedyDiff algorithm. It can observed
that no matter how the parameters change, the maximum sen-
sor movement by using the TwoPhase algorithm increases slowly
while that by using the GreedyDiff algorithm increases fast. It can
be seen that the TwoPhase algorithm is more scalable.

As shown in Fig. 7(a), the maximum moving distance by the
two algorithms both increases as the length of the deployed area
increases. Since the number of mobile sensor deployed is fixed,
the density of the sensors decreases as the length of the deployed
area increases. Thus, the sensors need to move a larger distance
to cover the barrier. When the length of barrier is smaller than
800, the result by the GreedyDiff algorithm is smaller than that by
the TwoPhase algorithm. When the length of barrier is larger than
800, the result by the GreedyDiff algorithm is larger than that by
the TwoPhase algorithm. TwoPhase algorithm is more suitable if
the deployed area is long.

As shown in Fig. 7(b), the maximum moving distance by the
two algorithms decreases as number of mobile sensor deployed in-
creases. That’s because nearer sensors can be chosen to cover the
barrier. Thus, deploying more mobile sensors can reduce the max-
imum sensor movement. When the number of mobile sensors is
less than 70, the result by the TwoPhase algorithm is smaller than
that by the GreedyDiff algorithm. When the number of mobile sen-
sors is larger than 70, the GreedyDiff algorithm outperforms the
TwoPhase algorithm. When the number of mobile sensors is big,
the GreedynDiff algorithm is more suitable.

As shown in Fig. 7(c), the maximum moving distance by the
two algorithms decreases as the maximum sensing range of sen-
sors increases. That's because sensors with larger sensing range
can cover larger subsegment of the barrier, which implies that sen-
sors can move a smaller distance to cover the barrier. When the
maximum sensing range of sensors is less than 25, the result by
the TwoPhase algorithm is smaller than that by the GreedyDiff al-
gorithm. When the maximum sensing range of sensors is larger
than 25, the GreedyDiff algorithm outperforms the TwoPhase algo-
rithm. The TwoPhase algorithm is more suitable when the maxi-
mum sensing range of sensors is small.

Fig. 8 shows the effects of different parameters on the aver-
age moving distance for the general case. The red curve represents
the average moving distance obtained by the TwoPhase algorithm
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Fig. 8. Performance evaluation of algorithms for the general case on the average
moving distance.
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lifetime.

while the blue curve represents the average moving distance ob-
tained by the GreedyDiff algorithm. As shown in Fig. 8(a), the aver-
age moving distance by the two algorithms increase as the length
of the deployed area increases. The result by the TwoPhase algo-
rithm is larger than that by the GreedyDiff algorithm, which is be-
cause the GreedyDiff algorithm uses less sensors than TwoPhase
algorithm, which implies that the total sensor movement by the
GreedyDiff algorithm is less than that by TwoPhase algorithm. As
shown in Fig. 8(b), the average moving distance by the two al-
gorithms decreases as the maximum sensing range of sensors in-
creases. The result by the TwoPhase algorithm is larger than that
by the GreedyDiff algorithm. As shown in Fig. 8(c), the average
moving distance by the two algorithms decreases as the maximum
sensing range of sensors increases. In most of the cases, the re-
sult by the TwoPhase algorithm is larger than that by the GreedyD-
iff algorithm. Therefore, the GreedyDiff algorithm outperforms the
TwoPhase algorithm for the metric of the average moving distance.

Fig. 9 shows the network lifetime for barrier coverage for the
negeral case. The green line denotes the upperbound of network
lifetime, which is the lifetime of a working sensor without moving.
The upperbound of network lifetime is the initial energy of batter-
ies divided by the energy for sensing and communicating, which
is 67.2 hours. From this figure, it can be seen that the network
lifetime by the TwoPhase algorithm, denoted by the red curve, is
almost 57 hours, which is almost 84% of the upperbound of the
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network lifetime. The network lifetime by the GreedyDiff algo-
rithm, denoted by blue curve, increases from 44 hours to 63 hours,
when the number of sensors increases from 50 to 140, which im-
plies that the moving distance of sensors has an important effect
on the network lifetime. These results shows that the TwoPhase
algorithm can result a longer network lifetime than the GreedyDiff
algorithm when the number of sensors is small, while the latter
would be better when the number of sensors is large.

Fig. 10 shows the comparison of the running time of these two
algorithms for the general case. The running time of GreedyDiff
algorithm is smaller than that of the TwoPhase algorithm. Thus,
GreedynDiff algorithm is more suitable for practical applications in
this aspect.

7.2. Evaluation for the uniform case

We solve the 2-D MinMax barrier coverage problem for the case
that all sensors have the same sensing range and propose an algo-
rithm called the MinMax algorithm. We choose a grid_based al-
gorithm adopted from [17] for comparison, which is called Min-
Grid. In this algorithm, all the sensors are only allowed to move
to grid points of coordinates (2i+ 1) x r on barrier B, where 0 <
i <1/2r — 1. The MinGrid algorithm tries to match a mobile node
to each grid point and minimizes the maximum moving distance
among all sensors. The maximum flow algorithm used by the Min-
Grid algorithm as the decision procedure runs in a lot of time.
Thus, we use the decision algorithm in our paper instead as the
decision procedure to reduce the time complexity.

We compare the performance of the MinMax algorithm with
that of the MinGrid algorithm in three scenarios by measuring the
metric of the maximum moving distance, the average moving dis-
tance and the running time. Evaluation of these performance met-
rics is conducted on different parameters, such as number of mo-
bile sensors deployed(n), width of the deployed area(w) and sens-
ing range of sensors(r). The default setting of the parameters are
L=1000, w=100, n=100 and r=15.

Fig. 11 shows the effects of different parameters on the max-
imum moving distance for the uniform case. The red curve rep-
resents the maximum moving distance obtained by the MinMax
algorithm while the blue curve represents the maximum moving
distance obtained by the MinGrid algorithm. It can observed that
in all the cases, the maximum moving distance by the MinMax al-
gorithm is smaller than the MinGrid algorithm, which validates the
optimality of the MinMax algorithm. The reason is that the Min-
Max algorithm may choose a closer final position than the MinGrid
on the barrier for each sensor.

As shown in Fig. 11(a), the maximum moving distance de-
creases as the number of sensors increases. That's because when
more sensors are deployed, there will be more sensors closer to
choose from to cover the barrier. As shown in Fig. 11(b), the maxi-
mum moving distance increases as the width of the deployed area
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increases. That’s because the sensors are randomly distributed in
a wider area and they have to move a larger distance to cover
the barrier line. As shown in Fig. 11(c), the maximum movement
for the case of R=3L is almost 80 percent of that for the case
of R = 2L. The maximum moving distance increases as the sensing
range of sensors increases. That's because as the sensing range of
sensors increases, the number of sensors decreases. Thus the sen-
sors have to travel a larger distance. This motivates us to deploy
small sensing range of sensors to prolong the lifetime of wireless
sensor network.

Fig. 12 shows the effects of different parameters on the average
moving distance for the uniform case. The red curve represents the
average moving distance obtained by the MinMax algorithm while
the blue curve represents the average moving distance obtained by
the MinGrid algorithm. In all the cases, the average moving dis-
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tance by the MinMax algorithm is smaller than the MinGrid al-
gorithm. As shown in Fig. 12(a), the average moving distance de-
creases as the number of sensors increases. As shown in Fig. 12(b),
the average moving distance increases as the width of the de-
ployed area increases. As shown in Fig. 12(c), the average moving
distance increases as the sensing range of sensors increases.

Fig. 13 shows the network lifetime for barrier coverage for the
uniform case. The upperbound of network lifetime is 67.2 hours,
which is denoted by the green line. The network lifetime by Min-
Max algorithm, denoted by the red curve, is greater than that by
MinGrid algorithm denoted by the blue curve. As the number of
sensors increases, these curves show that the network lifetimes by
these two algorithms both increase. So in order to prolong the net-
work lifetime, more sensors should be deployed so that the maxi-
mum sensor movement can be reduced.

Fig. 14 shows the comparison of the running time of these two
algorithms for the uniform case. Although the running time of
MinGrid algorithm is smaller than that of the MinMax algorithm,
our MinMax algorithm can find the minimum maximum sensor
movement.

8. Conclusions

This paper studied the 2-D MinMax barrier coverage problem
under the assumption that the barrier is a line segment in a two-
dimensional plane and the sensors are initially located in this
plane. Two algorithms are proposed for the general case of arbi-
trary sensor sensing ranges and then an O(n%logn) time algorithm
is presented for the uniform sening-range case. It would be inter-
esting to see whether our techniques can be extended to solve the
2-D MinMax problem for the case that sensor ranges are within
a set of fixed values. Besides, this 2-D MinMax problem requires
that the final positions of sensors should be on the barrier. It is

challenging to design an algorithm for achieving barrier coverage
and also minimizing the maximum sensor movement without the
assumption that the final positions of the sensors must be on the
barrier.
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ABSTRACT Barrier coverage is an important coverage model for intrusion detection. Clearly energy
consumption of sensors is a critical issue to the design of a sensor deployment scheme. In mobile sensor
network, it costs the sensors much energy to move. In this paper, we study how to optimize the sensor
movement while scheduling the mobile sensors to achieve barrier coverage. Given a line barrier and n sink
stations that can supply a required number of mobile sensors, we study how to find the mobile sensors’ final
positions on the line barrier so that the barrier is covered and the total sensor movement is minimized. We first
propose a fast algorithm for determining the nearest sink for the given point on the barrier. We then propose
a greedy algorithm and an optimal polynomial-time algorithm for calculating the optimal sensor movement.
To obtain an optimal algorithm, we first introduce a notion of the virtual-cluster which represents a subset of
sensors covering a specified line segment of the barrier and their sensor movements are minimized. Then we
construct a weighted barrier graph with the virtual-clusters modeled as vertexes and the weight of each vertex
as the total sensor movements of the virtual-cluster. We also prove that the minimum total sensor movements
for achieving barrier coverage is the minimum total weights of the path between the two endpoints of the line
barrier in this graph. We also solve this barrier coverage problem for the case when the barrier is a cycle by
extending the techniques used for the line barrier. Finally, we demonstrate the effectiveness and efficiency

of our algorithms by simulations.

INDEX TERMS Barrier coverage, MinSum, mobile sensors, sink-based deployment.

I. INTRODUCTION

Wireless sensor network has received a great interest in appli-
cations such as border surveillance, battlefield surveillance
and critical infrastructure security. Barrier coverage is an
important coverage model in wireless sensor network, which
can provide a sensor-chain barrier for detecting the intruders
crossing the boundaries of the surveillance area. Sensors are
often randomly dispersed from the airplane. However, it is
difficult to achieve barrier coverage only using stationary
sensors. Recently, with the development of mobile sensors
(e.g., Robomote [1], Packbot [2] and Khepera [3]), it is
possible to deploy mobile sensors in practical applications.

The associate editor coordinating the review of this manuscript and
approving it for publication was Zhenliang Zhang.
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Mobile sensors can move to the desired positions for con-
structing a sensor-chain barrier, which can save a lot of
stationary sensors. However, the movement of mobile sen-
sors consumes much more energy than sensor’s sensing and
communication. Most of sensors are equipped with batteries,
thus it is a critical problem how to minimize the sensor move-
ment for saving the energy, thus prolonging the network’s
lifetime.

A widely-used random sensor deployment model assumes
that sensors, dispersed from an airplane, are randomly dis-
tributed in a deployed area [4]. This deployment model
requires that sensors are dispersed by a airplane flying at
a low altitude because of sensors’ small measurement and
light weight; otherwise, sensors may have a very large offset
from their target landing points, and some sensors cannot
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communicate with other sensors. In some applications such as
the battlefield surveillance and nuclear leakage monitoring,
it is impossible that the airplane is flying at a low altitude and
thus a new deployment model should be explored. We assume
that a sink station and some mobile sensors are packed up as
apackage. These packages are dispersed by a airplane, which
are distributed randomly in a deployed area. After these
packages are deployed, the sink stations communicate with
their neighbor sink stations, then compute the final positions
of mobile sensors and schedule the sensors to move to the
desired positions for achieving barrier coverage. Since the
mobile sensors may have quite different moving distances,
the mobile sensors in a package are equipped with different
initial energies. The sensor with more initial energy is sent
to a farther final position. This kind of deployment model is
called as the sink-based deployment model, which has some
advantages. First, sinks can communicate with neighbor sinks
easily for their large communication range. Second, sinks
can compute the final positions of sensors for their powerful
computing ability and storage capacity. Third, fewer mobile
sensors are used than the random deployment model.

This model was first studied in the target coverage problem
in the work [5]. It assumed that initially all the sensors are
located at k sink stations and proposed a polynomial-time
approximation scheme to minimize the moving distance of
sensors to cover all targets in the surveillance region. How-
ever, little work has been studied in the barrier coverage prob-
lem based on this deployment model and we are the first to
study this problem. Given a line barrier and # sink stations that
can supply a required number of sensors, we study the barrier
coverage problem which aims to find the mobile sensors’
final positions on the line barrier so that the barrier is covered
and the total sensor movement is minimized. We find that the
barrier coverage problem under the sink-based deployment
model can be solved by a polynomial-time algorithm. The
challenge of this problem is that the sensors can move to
arbitrary point of the line barrier.

The main contributions of this paper are summarized as
follows:

1) To the best of our knowledge, we are the first to study the
barrier coverage problem under the sink-deployment model.
This model is suitable for the scenario that sensors can only
be dispersed from a airplane flying at a high altitude.

2) We present a fast algorithm for determining the nearest
sink for a given point on the barrier and a greedy algorithm for
finding the final positions of sensors to cover the line barrier
energy-efficiently.

3) We propose an optimal algorithm for finding the final
positions of sensors to cover the line barrier while minimizing
the total sensor movements. First, we define a concept of
virtual-cluster which represents a subset of sensors cover-
ing a specified line segment of the barrier and their sensor
movements are minimized. Then we construct a weighted
barrier graph with the virtual-clusters modeled as vertexes
and the weight of each vertex as the total sensor movements
of the virtual-cluster. Two vertexes have an edge if these
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two corresponding sensor-clusters overlap. We prove that
the minimum total sensor movements for achieving barrier
coverage is the minimum total weights of the path between
the two endpoints of the line barrier in this graph.

4) By extending the techniques used for the line barrier
coverage, we also propose a polynomial-time algorithm for
the barrier coverage problem when the barrier is a cycle.

5) We conduct simulations to evaluate the performance of
our algorithms.

The remainder of this paper is organized as follows.
We present the previous work in Section 2. The network
model and the problem definition are given in Section 3.
We present a fast algorithm for determining the nearest sink
for a given point and then propose a greedy algorithm for
the line barrier coverage problem in Section 4. An optimal
polynomial-time algorithm is also proposed for the line bar-
rier coverage problem in Section 5. We propose an optimal
algorithm for the cycle barrier coverage problem in Section 6.
Extensive performance evaluations of our algorithms are
presented in Section 7. Finally, we conclude this paper in
Section 8.

Il. PREVIOUS WORK

Barrier coverage in wireless sensor network has been studied
for over ten years. Most of the work focuses on stationary
sensor network [6]—[11]. Since the mobile sensors can move
to the desired positions, fewer sensors are used to achieve
barrier coverage. Recently, the researchers turn to study how
to deploy the mobile sensor to achieve barrier coverage in
mobile sensor network, especially minimizing the sensor
movement.

Some work studied the barrier coverage problem in one-
dimensional setting. Suppose the barrier is a line segment
and all sensors are initially located on the line containing
the barrier. Some work studied the minimum maximum sen-
sor movement problem (MinMax). The work [12] first pro-
posed an O(n?) time algorithm for solving this problem when
the sensing range of sensors are uniform. The work [13]
improved the time complexity to O(nlogn) for the uniform
case, and also proposed an O(n” log n) time algorithm when
the sensing ranges of sensors are arbitrary. The work [14]
studied the minimum total sensor problem (MinSum). It pro-
posed an O(n?) time algorithm when the sensing ranges of
sensors are uniform and proved the problem is NP-complete
by reduction to the 3-partition problem for the general case.
The work [15] studied the minimum sensor number problem
(MinNum). It proved the problem is NP-hard for the gen-
eral case and proposed efficient algorithms for the uniform
case.

Some work studied the barrier coverage problem in two-
dimensional setting. Suppose the barrier is a line segment
and all sensors are initially located in a plane containing
the barrier. The minimum total sensor problem (MinSum)
was studied in [16] and was proved to be NP-hard when
the sensing range of sensors are arbitrary and can be solved
in O(n?) time when the sensors can only move vertically
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to the barrier. The minimum maximum sensor movement
problem (MinMax) was studied in [16] and was proved be
NP-hard when the sensing range of sensors are arbitrary. This
problem can be solved in O(nlogn) time when the sensors
can only move vertically to the barrier. The work [17] first
studied the MinMax problem when the sensing ranges of
sensors are uniform and presented an optimal algorithm. The
work [18] studied how to form the maximum number of
barriers and also minimize the maximum sensor movement
when the number of sensors is given and the positions of the
barriers are not known a priori. It proposed a two-phase sensor
mobility scheme, which was proved order optimal.

Some work studied the case when the barrier is a circle
or simple polygon. The work [19] studied the MinMax prob-
lem and proposed an O(n3- logn) time algorithm for cycle
barriers and proposed an O(mn>3logn) time for polygon
barriers, where m is the number of edges of the polygon.
The work [19] studied the MinSum problem and proposed a
PTAS. The MinMax result for polygon barriers was improved
by [20], which proposed an O(n> logn) algorithm. It also
proposed an O(n*) time algorithm for the MinSum problem
when the sensors are moved from the circle perimeter to a
regular n-gon. The work [21] studied how to cover the targets
on the line by mobile sensors while minimizing the maximum
sensor movement and it was proved that this problem is
NP-hard when the sensors are initially on this line and the
sensing ranges of sensors are non-uniform.

The work [22] studied the hybrid sensor network composed
by stationary sensors and mobile sensors. The problem is how
to move mobile sensors to fill the gaps while balancing the
energy consumption when the stationary sensors are deployed
under the line-based deployment. The work [23] studied how
many mobile sensors are needed to form k barriers when
the stationary sensors are deployed and proposed an optimal
algorithm. The work [24] studied the problem when there are
not enough sensors to form a barrier and proposed a dynamic
sensor patrolling algorithm. It proved that the total sensor
movement during one time slot is minimized. The work [25]
studied the dynamic barrier coverage problem by combining
an inspection robot and stationary sensors and proposed a
heuristic algorithm based on game theory.

lIl. PRELIMINARIES AND PROBLEM STATEMENT
In this section, we present the network model and the problem
formulation.

A. NETWORK MODEL

We assume that the deployed area is a two-dimensional rect-
angular area with the length L and the width W. A barrier is
a line segment starting from [0, 0] to [L, O] in the deployed
area. Suppose n sink stations SK = ({ski, skp, ..., sk}
are randomly deployed along the barrier, whose positions
are {(x;, )i = 1,2, ..., n}. The sink stations can supply a
required number of sensors and send the sensors to locate at
one point on the barrier for achieving barrier coverage. Sen-
sors can move in any direction. The movement of sensor s;,
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denoted by d;, is the Euclidean distance of the sensor’s initial
position p; and its final position p, that is d; = dist(p;, p;).
The sensing range of the sensors are denoted as r.

We also study the case when the barrier is a cycle. The
cycle barrier is located in the deployed area with the cen-
ter at [xg, yo] and the radius R. Let p denote the point on
the circle barrier, then it can be represented by a 4-tuple
< R, 0, x;,y; >, where (R, 0) is polar coordinate of p and the
(x;, yi) is the rectangular coordinate of p. We choose the point
with its polar coordinate [R, 0] as the origin of B denoted
as po. Suppose n sink stations SK = {sky, skp, ..., sk,} are
randomly deployed along the cycle. The sink stations can
supply a required number of sensors and send the sensors to
locate at one point on the cycle for achieving barrier coverage.

B. PROBLEM DEFINITION

Our barrier coverage problem focuses on how to schedule the
sensors to cover the barrier so that the total sensor movement
is minimized.

Suppose the barrier is a line segment, we define n-Sink
Minimum Sum of Movement for Line Barrier Coverage
(L-MSBC) problem as follows:

Definition 1 (n-Sink Minimum Sum of Movement for Line
Barrier Coverage Problem, Short for L-MSBC Problem):
There are n sink stations SK = {sky, sky, ..., sk,} which
send mobile sensors to cover the line barrier. The L-MSBC
problem is to schedule the sinks to send the mobile sensors
S = {s1, 82, ..., Sm} to locate on the line barrier so that this
line barrier is covered by the sensing ranges of the mobile
sensors and the total sensor movement Y ;- {dist(p;, p})} is
minimized.

Suppose the barrier is a cycle, we define n-Sink Minimum
Sum of Movement for Cycle Barrier Coverage (C-MSBC)
problem as follows:

Definition 2 (n-Sink Minimum Sum of Movement for Cycle
Barrier Coverage Problem, Short for C-MSBC Problem):
There are n sink stations SK = {sky, ska, ..., sk,} which
send mobile sensors to cover the cycle barrier. The C-MSBC
problem is to schedule the sinks to send the mobile sensors
S = {s1,52,...,5mu} to locate on the cycle barrier so that
this barrier is covered by the sensing ranges of the mobile
sensors and the total sensor movement y_r- {dist(p;, P} is
minimized.

IV. THE FAST ALGORITHM FOR THE L-MSBC PROBLEM
In this section, we first present a fast algorithm for deter-
mining the nearest sink for a given point on the barrier and
then propose a greedy and fast algorithm for the L-MSBC
problem.

A. THE ALGORITHM FOR DETERMINING
THE NEAREST SINK
Given a point on the barrier, how to find the nearest sink to
send a sensor to locate at this point?

A trivial way is to compute all the distances between this
target point and each sink, and then find the nearest sink for
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FIGURE 1. lllustration of b_segments.

this point. Obviously, at least [L/2r] sensors are needed to
cover the barrier. Thus, it costs O(nL/2r) time to find the
nearest sinks for all the sensors covering the barrier. If L is
a big number, this method is time consuming. We’ll show a
fast method to find the nearest sinks.

The main idea of our algorithm is to compute the set
of equaldistant points on the line barrier for every pair
of sinks, then find a subset of equaldistant points, called
boundary-points, such that any point between two consecu-
tive boundary-points in this subset has a same nearest sink,
and compute the nearest sink for the subsegment between
such two consecutive points. Given a target point, we first
identify the subsegment which include it and then return the
nearest sink for this subsegment as the nearest sink for this
target point.

Before showing the detail of this algorithm, we first intro-
duce some definitions.

Definition 3 (balance-Point): A point on the line barrier
is called balance-point, denoted as bpy, if the distance from
sink s; to it is equal to that from sink s; to it.

A balance-point is an equaldistant point on the line barrier
for a pair of sinks. Let BP denote the set of balance-points.
For a pair of sinks s; and s;, we compute the balance-point
bpy by drawing the vertical bisector of the line segment 5;5;,
and bpy, is the intersection point between this vertical bisector
and the line barrier. For every pair of sinks, we can compute
all the balance-points and sort them increasingly. As shown
in Fig.1, bp1, bp>, bpz are balance-points.

Definition 4 (boundary-Point): A balance-point is called
boundary-point, denoted as dp;, if the two points dp;-e and
dp; + € have a different nearest sink, where ¢ is a very small
positive number.

Let DP denote the set of boundary-points. We can com-
pute all the boundary-points by binary searching all the
balance-points and computing their nearest sink.

Lemma 5: Any point on the subsegment bounded by two
consecutive boundary-points has the same nearest sink.

Proof:  Suppose there exist two points p;,, p;, on the
subsegment bounded by two consecutive boundary-points
dpj, , dpj, has different nearest sink sk;, , sk, .

It is easy to know that there is a balance-point bpy between
pi, and p;, which has the same distance to sk; and sk;,.
It implies that bpy is also a boundary-point. It is a contradic-
tion, since dpj, , dpj, are two consecutive boundary-points.

Therefore, the lemma is proved. [ |
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Definition 6 (b_Segment): A line segment is called a
b_segment if its endpoints are two consecutive boundary-
points.

Let bs; denote the ith b_segment and BS = {bs1, bsa, ...,
bs;} denote the set of b_segments. Let BE = {be;|]l <
i < 1t} = {bo, b1} U DP denote the set of the endpoints
of b_segments, which consists of the endpoints of the line
barrier and the set DP. That is bs; = dp;_1dp;.

Definition 7 (Assigned Sink): Sink sy is said to be
assigned sink of b_segment bs; if sy is the nearest sink of one
point on bs;.

Let as; denote the assigned sink of b_segment bs; and
AS = lasi,as,...,as;} be the set of these assigned
sinks. As shown in Fig.1, {bp;, bp>, bp3} is a set of balance-
points. Since bp; is not a boundary-point, {bp, bp3} is the
set of boundary-points. Thus, {bsy, bsy, bs3} is the set of
b_segments and BE = {by, bp1, bp3, b1}, where by and b
are the endpoints of the barrier and {ski, sky, sk3} is the set of
assigned sinks.

These b_segments have the following property:

Lemma 8: Any two b_segments have different assigned
sinks.

Proof: We’ll prove it by contradiction. Suppose there
are two b_segments which have the same assigned sink.

Suppose b_segment bs; and bs(11) have a common end-
point be;. Sink sk; is the assigned sink of bs; while sink sk 1)
is the assigned sink of bs(;11). We claim that the line segment
skit1be; is on the right of sk;be;. If not, the distance from sink
skit1 to be;jy1 is larger than that from sink sk; to be;1 1, which
is contradiction.

Suppose there is one b_segment bs;;| between these two
b_segments bs; and bs;y;. Suppose bs; and bs;1> have the
same assigned sink sk; while sk;; is the assigned sink of
bsiy1. As shown in Fig.2(a), we draw a circle ¢; with be;
as its center and be;sk; as its radius. We also draw another
circle ¢;+1 with be;41 as its centre and be;sk; as its radius.
By the claim, sk;11be; is on the right of sk;be;. Thus, ski;|
is in the circle c;4+2, which implies that be;1 sk is shorter
than be;1sk;. However, be;1skit1 is equal to be;1sk; since
beit1 is the common point of bs;+1 and bs;+o, which is a
contradiction. Thus, if there is one b_segment between two
b_segment, these three b_segments have different assigned
sinks.

Suppose there are two b_segments bs; 1 and bs;;» between
these two b_segments bs; and bs;13. As shown in Fig.2(b), bs;
and bs;;+3 have the same assigned sink sk;, while sk; 1 and
skiyo are the assigned sinks of bs;+1 and bs;;» respectively.
We draw a circle ¢; with be; as its centre and be;sk; as its
radius. We also draw another circle c;y; with be;;o as its
centre and be;osk; as its radius. By the claim, sk;be;;> is on
the right of skjiobeirr. Thus, skiyo is in the circle ¢,
which implies be;ski;o is shorter than be;sk;. Since sk; is
the assigned sink of bs;, be;skiy; is not shorter than be;sk;,
which is a contradiction. Thus, if there are two b_segments
between two b_segments, these four b_segments have differ-
ent assigned sinks.
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(a) Three b_subsegments

(b) Four b_subsegments

FIGURE 2. Illustration of lemma 8.

Suppose there are m(m > 2) b_segments between these
two b_segments. Similarly, we can prove that these two
b_segments have different assigned sinks using the above
method.

Therefore, the lemma is proved. ]

Next, we propose an algorithm to find all the b_segments
and their assigned sinks by computing the boundary-points.

First, compute all the balance-points and sort them increas-
ingly, denoted as bp1, bp; . . . bpy; Let bpy, bpy,+1 denote the
endpoints of the line barrier; Second, let i = 0,j = 0 and
be; = bpj, compute the nearest sink of the point bp; + ¢ as sk,
where ¢ is a small positive number; Third, use binary search
technique to find the largest balance-point bp; whose nearest
sink is also sk. Let i = i+ 1 and be; = bp;. Next, if [ ism+ 1,
the algorithm stops; Otherwise, compute the nearest sink of
the point be;+ ¢ as sk. Go to the third step. The pseudocode of
the algorithm is presented in Algorithm 1. It costs O(n*logn)
time.

Given one point of the line barrier (x,, 0), we propose a
method to find its nearest sink by binary searching the set
BE and finding the index i such that be;_; < x < be;. The
nearest sink of this point is as;. The detail of this algorithm is
in Algorithm 2. It costs O(logn) time.

B. GREEDY ALGORITHM FOR THE L-MSBC PROBLEM

Given the locations of sinks and a line barrier, the L-MSBC
problem is how to calculate the final locations of sensors
sent by sinks such that the line barrier is covered and the
total sensor movements are minimized. We propose a greedy
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and fast algorithm for the L-MSBC problem. In the greedy
algorithm, we send sensors to cover the grid points on the
line barrier G = {r,3r,5r,...,}. We always choose the
closest sink to send the sensor to locate at each grid points
until all the grid points are covered. This algorithm runs in
max{O(Llogn/2r), O(n*logn)} time.

Algorithm 1 Algorithm for Computing the Set of
b_Segments

INPUT: SK = {sky, sko, ..., sk,}, L
OUTPUT: BE = {beg, bey, ..., be:}, AS =
{asy, asy, ..., as;}

1:bpy <0,k < 1,AS <« ¢;
2: for each sk; in SK

3: for each sk; (i < j) in SK

4: calculate bpy;

5: ifbpy <L

6: k++;

7:  endif

8: endfor

9: endfor

10: bp < L;

11: sort bpg, bp1, . . ., bpy increasingly;

12:i <0, beg < bpg, mid <—0, BE <— BE U {beg};

13: while be;! = L

14: | < mid + 1;r < k;

15: find the nearest sink sk for the point be; 4+ 0.001;
16: while! <r

17: mid < (I +r)/2;

18:  find the nearest sink sk; for the point bp,,iq + 0.001;
19:  if sky # skp

20: r < mid —1;

21: else
22: | < mid + 1;
23:  endif

24: endwhile

25: beiy1 < bpmia;

26: BE < BE U {be;j1};
27: AS < AS U {sk};
28: i< i+1;

29: endwhile

30: return BE, AS;

V. THE OPTIMAL ALGORITHM FOR

THE L-MSBC PROBLEM

In this section, we propose an optimal algorithm for the
L-MSBC problem by introducing a weighted barrier graph
model.

A. WEIGHTED BARRIER GRAPH
We first give some definitions as follows.

Definition 9 (Projective-Point): A point on the line bar-
rier, denoted as pp;, is called the projective-point of sink s;
if sink §;’s x-coordinate equals to pp;’s x-coordinate.
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Algorithm 2 Algorithm for Finding the Nearest Sink When
the Barrier Is a Line Segment
INPUT: BE, AS, x,,

OUTPUT: sk

1:1 < 1;r < |BE|;
2:whilel <r

3: mid < (I +71)/2;
4: if BEpiq > xp

5. r < mid—1;

6: else

7. | < mid + 1;

8: endif

9: endwhile

10: return sk;;iq;

Algorithm 3 Greedy Algorithm for the L-MSBC Problem
INPUT: SK = {sky, sk, ..., sk,}, L, r

OUTPUT: P, d

1: compute BE, AS using Algorithm 1;

2:p «<r,d<0;

3:whilep <L +r

4: find the nearest sink sk; to p using Algorithm 2;

5: d+ = dist(p, sk;);

6: putp into P;

7. p=p+2r;
8: endwhile
9: return P, d;
| i ; i
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FIGURE 3. lllustration of projective-subsegments.

The line segment between two projective-points is called a
projective-subsegment.

Definition 10 (Projective-Subsegment): A line segment
on the line barrier, denoted as ps; = pp;ppj, is called
a projective-subsegment if both endpoints are also the
projective-points.

There are O(n”) projective-subsegments. As shown
in Fig.3, ppo, pp1, pp2, pp3 are the projective-points and
pPS1, PS2, . .. pSe are the projective-subsegments.

Lemma 11: For a projective-subsegments ps; = ppippj,
the minimum number of sensors needed for covering it,
denoted as n,l, is [((ppj — ppi) — 2r)/2r], while the
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maximum number of sensors needed, denoted as n,%,
is [((ppj — ppi) +2r)/2r7.

Proof: The line segment starting from pp; to pp; + r,
denoted as pp; (ppi +r), can be covered by the sensor
located within its left neighbor projective-subsegment. Sim-
ilarly, (ppj - r) ppj can be covered by the sensor located
within the right neighbor projective-subsegment. Thus, the
minimum number of sensors needed for covering psi is
the maximum number of sensors needed to cover the line
segment (pp; + r) (ppj — r). Since these sensors are in
attaching positions, [((pp; — ppi) — 2r)/2r] sensors are
needed. Thus, the minimum number of sensors needed is
[(pps — ppi) — 2r)/2r].

Suppose the line segment (pp; — r) pp; is covered by a
sensor located at psy and pp; (ppj + r) is covered by a sensor
located at psi. Thus, the maximum number of sensors needed
is [((ppj — ppi) + 2r)/2r7. u

Definition 12: Sensors s;,, Si,, co.y S, are said to be in
attaching positions if any pair of neighbor sensors overlap at
only one point, thatis V1 < j < g, x;;;, = x;; + 2r holds.

Lemma 13: In a sensor deployment of minimizing the total
sensor movements, the sensors are in attaching positions
if their positions are within, not including, two consecutive
projective-points.

Proof: Suppose there is a sensor in these sensors which
overlaps with its left neighbor sensor at more than one
point. If the x-coordinate of this sensor’s final position is
smaller than that of this sensor’s initial position, the sen-
sor’s final position can be shifted to the right a bit, which
can reduce its movement; otherwise, the final position of
its left neighbor sensor can be shifted to the left a bit,
which can reduce its movement. It is a contradiction of the
optimality.

Suppose there is a sensor in these sensors which overlaps
with its right neighbor sensor at more than one point. We can
also prove that it is a contradiction of the optimality.

Thus, the lemma is proved. [ ]

Now we define a notion of sensor-cluster.

Definition 14 (Sensor-Cluster): A set of sensors {s;,, ...,

si;} with final positions {p;], .. ,pgr} is called a
sensor-cluster within pp;pp; if pp; < p;, < ... < p| <
pp; holds and for any k (1 <k < t) which satisfies that
p;kH —pgk = 2r holds, where n}( <t< n,%

As shown in Fig.4, there are three sensor-clusters, which
are the set of sensors s1, 52, 53, the set of sensors sy, 55, 56, 57

and the set of sensor sg, 59, S10.
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Suppose the sensors’ initial positions are fixed and their
final positions should be within pp;pp;, we can calculate
a sensor-cluster such that the sensors’ total movements are
minimized.

Definition 15 (Virtual-Cluster): A sensor-cluster, con-
sisting of sensors {s;,,...,s;,} with final positions
{p;l, el p;r}, is called a virtual-cluster, denoted as vc;j,
within pp;pp; if initial positions of sensors {pi] N } are
fixed and Z;Zl (p;i — p,:/) is minimized, where 1 </ < y.

We’ll define the notion of a weighted barrier graph as
follows.

Definition 16 (A Weighted Barrier Graph): G = (V,
E, W) of a mobile sensor network is constructed as fol-
lows: The set V consists of vertices corresponding to
the left endpoint of line barrier (s), the virtual-clusters
({vejll <i<j=<n,1<1<n}) and the right endpoint of
line barrier (¢). Thatis, V = {sUt U {vc;y|l <i <j < n,
1 < I < n}}. The set E = {e(vi, vj)} consists of
edges which are between two vertices if their corresponding
sensor-clusters overlap. A vertex has an edge with s or 7 if the
corresponding sensor-cluster covers the left or right endpoint
of line barrier. W : V. — R is the set of the weights of
each vertices, where the weight w(v;) of vertex v; is the total
movement of sensors in the corresponding sensor-cluster.

Then we have the following lemma.

Lemma 17: Any path from s to t on the weighted barrier
graph G means that the barrier can be covered by the corre-
sponding sensor-clusters of the vertices on the path.

Proof: By the definition of a weighted barrier graph, two
vertices have an edge if their corresponding sensor-clusters
overlap. A vertex has an edge with s or ¢ if the corresponding
sensor-cluster covers the left or right endpoint of line barrier.
Thus, if there is a path from s to ¢ on the weighted barrier
graph G, there are sensor-clusters which cover the barrier
from left to right. ]

Theorem 18: The minimum total sensor movement needed
to form a barrier under the sink-deployment model is exactly
the minimum total weight of s—t path on the weighted barrier
graph G.

Proof: Suppose the minimum total weight of s — ¢ path
on the weighted barrier graph G is larger than the minimum
total sensor movement needed to form a barrier. Recall that
the path with the minimum total weight is composed of
virtual-clusters which cover the whole line barrier.

By lemma 13 and the definition of the sensor-cluster,
it implies that the sensor deployment of minimizing the total
sensor movements, called the optimal sensor deployment,
is composed of sensor-clusters.

Now we can produce a sensor deployment whose total
sensor movement is smaller than this optimal sensor deploy-
ment. We check the sensor-clusters in the optimal sensor
deployment from the left to the right.

If the ith sensor-cluster is not a virtual-cluster, we can
replace this sensor-cluster by the corresponding virtual-
cluster. If there is a gap between it and its left neighbor
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virtual-cluster, then these two virtual-clusters can be replaced
by the corresponding virtual-cluster; If there is still a gap
between this new virtual-cluster and its left neighbor, con-
tinue replacing these two virtual-clusters by the correspond-
ing virtual-cluster until there is no gap between it and its left
neighbor. Since the virtual-cluster is a sensor-cluster with the
minimum total sensor movement, thus the total sensor move-
ment can be decreased by the replacement of virtual-clusters.
Thus, a sensor deployment consisting of virtual-clusters is
produced, whose total sensor movement is smaller than the
optimal sensor deployment, which is a contradiction.

Thus, the Theroem is proved. [ ]

B. ALGORITHM DESCRIPTION
In this subsection, we’ll present an optimal algorithm of the
L-MSBC problem.

The main idea of this algorithm is to compute all possible
projective-subsegments, then compute the virtual-clusters for
each projective-subsegment, and construct a weighted barrier
graph with the virtual-clusters as the vertices. The optimal
sensor deployment is the vertices on the path of the minimum
total weights.

1) COMPUTING THE VIRTUAL-CLUSTERS
In this subsection, we’ll show how to compute the virtual-
clusters after the projective-subsegments are calculated.

Recall that the virtual-clusters are the optimal deployments
of sensors located within the projective-subsegment. The dif-
ficulty to compute the virtual-clusters is that the initial posi-
tions of sensors deployed are unfixed. We solve this problem
by dividing the range of the sensors’ final positions into some
subranges such that the initial-positions of sensors are fixed.
In each subrange, we can compute the optimal sensor deploy-
ment by using optimization technique as a virtual-cluster.

First, we calculate the range of sensors’ final positions. For
a projective-subsegments ps; = pp;ppj, the final positions of
the sensors within it should satisfy the two conditions:

1) Their final positions should be within the projective-
subsegment;

2) These sensors should cover the line segment starting
from pp; + r to pp; — r;

By lemma 11, the minimum number of sensors needed
for covering the projective-subsegment psy = pp;pp; is ni
We calculate the range of the sensors’ final position as
follows:

1) Suppose these sensors are in attaching positions.
We consider the final position of first sensor, which is called
archor-sensor. We can calculate the range of the archor-
sensor’s final position, called as sensor-range, as follows:

Case 1: Suppose the number of sensors in the
virtual-cluster is n,i If (ppj — ppi) %2r = 0, then the
sensor-range is [2r + pp;, 2r + pp;]; Otherwise, the sensor-
range is [ (pp; — ppi) %2r + ppi, 2r + ppi].

Case 2: Suppose the number of sensors in the
virtual-cluster is n,& + 1. If (ppj —pp,-) %2r = 0, then the
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sensor-range is [pp;, 2r + ppi]; Otherwise, the sensor-range
is [ppi, (ppj — ppi) %2r + ppi].

2) Suppose the first sensor is located the projective-point
and the other sensors are in attaching positions. Then we
choose the second sensor as the archor-sensor. This case can
be calculated as Case 1.

3) Suppose the last sensor is located the projective-point
and the other sensors are in attaching positions. Then we
choose the first sensor as the archor-sensor. This case can be
calculated as Case 1.

Second, we divide the sensor-range into some subranges,
called as sensor-subrange, such that the initial-positions of
sensors are fixed when the archor-sensor is located in this
subrange.

The sensor-subranges are calculated as follows:

1) check out all the boundary-points within this
subsegment;

2) calculate the anchor-sensor’s final position, called
change-point, such that there is a sensor in this sensor-cluster
exactly located at one boundary-point;

3) these change-points divide the sensor-range into
sensor-subranges.

Suppose sensor-range is [a, b] and the boundary-point
is bp;. Then the change-point cp; can be calculated as (bp; —
a)%2r + a. If cp; is larger than b, this change-point is not
within the sensor-range and ignored.

Third, we compute the optimal sensor deployment when
the archor-sensor is located with a sensor-subrange.

Suppose the sensors for covering psy = pp;pp; are
S1, 82, ...5,. The archor-sensor is located in one sensor-
subrange [ay, b1] with initial position (x1, y1) and final posi-
tion (x, 0). Letyy,, yp, be the sensor movement when a sensor
is located at the left and right endpoints of for ps; respectively.
Depending on four cases, we calculate the minimum total
sensor movement as follows:

(1) When the number of sensors is m = n,i the minimum
total sensor movement M is calculated as follows:

If (ppj — ppi) %2r =0,

My < Y, S — ppi+2r) — (= D %20 + 33

else

M, < Minimize ) ;" , \/(xl —x—(i—1)%2r)? —I—y%

st.x € la1, b1l S [(ppj — ppi) %2r + ppi, 2r + ppi]

Then optimization method, such as interpolation method,
can be adopted to find the minimum total sensor movement
value.

(2) When the number of sensors is m = n,i +
1 and a sensor is located at the left endpoint of the
projective-subsegment, the minimum total sensor movement
My = M; + Ypi-

(3) When the number of sensors is m = n}( + 1 and there
is no projective-sensor, the minimum total sensor movement
M3 is calculated as follows:

If (ppj — ppi) %2r = 0,

M3 (_Z?zl\/(xl—(Ppi+r)—(i—1)*2r)2+y%
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else

M3 < minimizey i \/(xl —x—(—1D)*2r)2+y?

st.x € la1, b1 S [ppi. (ppj — ppi) %2r + ppi]

Then optimization method, such as interpolation method,
can be adopted to find the minimum total sensor movement
value.

(4) When the number of sensors is m = ”11< + 1 and a sensor
is located at the right endpoint of the projective-subsegment,
the minimum total sensor movement M4 = M1 + yp,.

Finally, we’ll compute all the virtual-clusters.

The virtual-cluster is denoted by < M, [, r, indx >.Let M
denote the minimum total sensor movement of this cluster,
while [(resp. r) is represented as the leftmost(resp. rightmost)
covering point of this cluster. Let indx denote the index of the
projective-subsegment. The left endpoint of the line barrier is
also regarded as a virtual-cluster denoted by < 0,0,0,0 >,
while the right endpoint of the line barrier is also regarded as
a virtual-cluster denoted by < 0, L, L, size(PS) + 1 >. Note
that size(PS) is the number of the projective-subsegments.

There are O(1n?) projective-subsegments. Besides, there are
O(n) sensor-subranges for each projective-subsegment. Thus,
there are O(n?) virtual-clusters and it costs O(n>C) time to
calculate all virtual-clusters, where C is the time consumed
by the optimization method adopted to find the minimum
total sensor movement value.

2) CONSTRUCTING WEIGHTED BARRIER GRAPH
Now we’ll show how to construct the weighted barrier graph.

We construct a weighted barrier graph G = (V, E). Each
node in V represents a virtual-cluster and its weight is the
virtual-cluster’s M value. Let s and ¢ be the virtual-clusters of
the left and right endpoint of the line barrier respectively. The
weight of each edge is set as follows:

Initially, the weight of each edge is set to be infinity.

For two nodes ve; = (M, I, 1, indx;} and ve; =
{M;, 1, rj, indx;}, the weights of the edges e(i, ) and e(j, i)
are calculated as follows:

1) If indx; # indxj, rj > ri, r; > lj and [; > [; hold, e(i, j)
is set to be M;;

2) if indx; # indx;, vj < r;, r; < ljand [; < [; hold, e(j, i) is
set to be M;;

Our optimization problem is converted into finding a path
with the minimum total weights from s to ¢ in G. We use
Djikstra algorithm to find the minimum total weight path,
which represents the minimum total sensor movement. The
Djikstra algorithm costs O(E + VIgV) time.

Theorem 19: The L-MSBC problem can be solved in
On3lign) time.

Proof: By Theorem 18, Algorithm 4 can find the mini-
mum total sensor movements for the L-MSBC problem.

There are O(n3) virtual-clusters, thus there are O(n3) ver-
tices. There are O(n?) edges, since only two vertices belong-
ing to the neighbor projective-subsegments have an edge.

Thus, Algorithm 4 runs in O(n>1gn) time.

Therefore, the Theorem is proved. |
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Algorithm 4 The Optimal Algorithm for the L-MSBC
Problem

Input: SK = {sky, ...sk,}, L

Output: M // the total sensor movement

1: Generate all possible projective-subsegments;

2: Generate all virtual-clusters;

3: Generate the weighted barrier graph G = (V, E).

4: Run djikstra algorithm on this graph and find a path with
the minimum total weights from s to ¢ in G.

5: return the minimum total weights of the path as M;

VI. THE OPTIMAL ALGORITHM FOR THE

C-MSBC PROBLEM

In this section, we study the C-MSBC problem for achieving
barrier coverage when the barrier is a cycle by extending the
technique used for line barrier coverage.

A. OVERVIEW

Although the cycle barrier coverage problem is as similar as
the line barrier coverage problem, the solution for line barrier
coverage cannot be directly applied to solve the cycle barrier
coverage case. There are some challenging issues. First, how
to determine the starting point and ending point of the cycle
barrier as the line barrier? Second, even though these two
points are determined, there exists a sensor in the sensor
deployment which may cover both the starting point and
ending point. How to solve this special case? Third, we cannot
sort the points on the circle barrier by their x-coordinates like
the line barrier.

We’ll study these issues and try to extend the technique
used for line barrier coverage to solve the circle barrier cover-
age problem. The basic idea is to introduce weighted barrier
graph and find the minimum weight cycle on the weighted
barrier graph to obtain the minimum total sensor movement
needed to form a cycle barrier.

B. DETERMINING THE NEAREST SINK
In this subsection, we propose a method to determine the
nearest sink for one point of the cycle barrier.

We adopt the algorithm from the line barrier coverage,
which is to first compute the boundary-points and then find
all the b_segments and the assigned sinks. However, there are
two differences between the line barrier coverage and cycle
barrier coverage. First, there may be two boundary-points
for each pair of sinks, thus the algorithm for the line bar-
rier can not be directedly applied to the cycle barrier cov-
erage. It implies that two b_segments may have the same
assigned sinks. Second, there may exist a b_segment which
crosses the starting point and ending point of the cycle
barrier.

To handle these two challenges, we propose an algorithm.

We choose the point with its polar coordinate [R, 0] as
the origin of B denoted as bpy and bp,1. Then calculate
all the boundary-points, and then sort these boundary-points
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by their polar angles, denoted by bpy, ... bp,. Our algorithm
considers the set of boundary-points BP = {bpog, bp1, ...
bp,, bp,+1}. For simplicity, bp; = 6;, where 0; is the polar
angle of the point bp;. The basic idea is to compute all
b_segments satisfying that the neighbor b_segments share
different assigned sinks. Let bs; denote the ith b_segment and
BS = {bsy, bsa, ..., bs;} denote the set of b_segments. Let
BE = {beg, bey, ...be;} derﬁt_ﬂhe set of the b_segments’
endpoints. That is bs; = be;_1be;. The procedures of the
algorithm are described as follows:

1) Initialize BE as an empty set. Leti = 0,j = 0 and
bey = bpy.

2) Calculate the assigned sink sk which is the nearest sink
of the point be; 4 0.001.

3) Letj = j + 1. Check the boundary-point bp; + 0.001
whether its nearest sink is also sk. If yes, go to 3); Otherwise,
leti =i+ 1and be; = bp;.

4) If j is n + 1, stop; otherwise, go to 2).

The pseudocode of the algorithm is presented in
Algorithm 5. It costs O(n>) time.

Algorithm 5 Algorithm of Finding the Nearest Sink When
the Barrier Is a Cycle

INPUT: SK = {ski, ska, ..., sk,}
OUTPUT: BE = {bey, bey, ..., be;}, AS =
{asy, asy, ..., as;}

l:bpyg < 0,k < 1, BE < ¢, AS <« ¢;

2: for each sink sk;

3: for each sink sk; (i <))

4: calculate bpy;

5. k++;

6: endfor

7: endfor

8: bpy < 2m;

9: sort bpg, bp1, . . ., bpy increasingly by their angles;
10:i < 0,j < 0, bey < bpo; BE < BE U {bep};

11: calculate the nearest sink sk of the point beg + 0.001.
12: while bp;! = bpi

13:  calculate the nearest sink sk, of the point bp; + 0.001.
14: if sky # sko

15: BE < BE U {bp;};

16: AS < AS U {sk};

17: i+ +;

18: ski < ska;
19: endif

20: j«—j+1;

21: endwhile
22: return BE, AS;

C. CALCULATING PROJECTIVE-SUBSEGMENTS
In this subsection, we present a method to divide the cycle
barrier into segments called projective-subsegments.

We first calculate the projective-points. Note that for each
sink, there are two projective-points and we only choose
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FIGURE 5. lllustration of projective-points on the cycle barrier.

the nearer projective-point. Let PP = {ppy, ...pp.} denote
the set of projective-points. The p_segments are the arcs
satisfying that the endpoints of the arc are two projective-
points. Notes that for any pair of two projective-points,
there may exist two p_segments and one p_segment may
cross the starting point and ending point of the cycle bar-
rier, which is named crossed p_segment. As seen in Fig 5,
the projective-subsegment pp3pp; crosses the point py.
To handle the crossed p_segments, we add a duplication of
the projective-points to the set of projective-points, with the
polar angle added by 2m. Sort the projective-points by their
polar angles and the set of projective-points is denoted by
PP = {ppl,ppz, .o s PP2(—1)s pp2n} with their polar angles
(61,67, ...27 4+ 6,1, 2 + 6,}. A projective-subsegment is

denoted by ps; =pp}13pk (j < k) and Let PS = {ps1, ps2, ...}
denote the set of p_segments.

Then we enumerate all possible projective-subsegments
and there are four types of projective-subsegments. Let pp;
denote the starting endpoint of one projective-subsegment
and pp; be the ending endpoint.

For the first type of projective-subsegment, pp; < 2w and
ppj < 2w hold.

For the second type of projective-subsegment, pp; > 27
and pp; > 27 hold.

For the third type of projective-subsegment, pp; < 2w,
ppj > 2m and pp; — pp; < 2 hold.

For the fourth type of projective-subsegment, pp; < 2w,
ppj > 2m and pp; — pp; > 27 hold.

It is easy to know that the second type and the fourth of
projective-subsegment can be transformed into the first type
of projective-subsegment. Thus, we only choose the first type
and the third type of projective-subsegments and put them
into the set PS, which has O(n?) projective-subsegments.

The procedures of the algorithm are described as
follows:

1) Initialize PS and PP as an empty set.

2) For each sink, compute its projective-points. Choose
the nearer projective-point and add it to PP. We also add a
duplication of this projective-point to PP, with the polar angle
added by 2.

3) Sort these projective-points by their polar angles.

156310

4) For each pair of pp; and pp; (i <)), if pp; < 2m
and pp; — pp; < 27 hold, then add the p_segment pp;ppy
into PS.

D. DEFINING VIRTUAL-CLUSTER

Now we compute all the virtual-clusters after calculating
the projective-subsegments. First, we compute the minimum
number of sensors within each projective-subsegment. Sim-
ilar as the line barrier, we divide the range of sensors’ final
positions into subranges such that the sensors’ initial posi-
tions are fixed. We use the polar angle of the archor-sensor’
final position instead of its x-coordinate and use arcsin(r /R)
instead of r. The sensor-range and the sensor_subrange is
calculated as the line barrier.

Suppose the archor-sensor is located in one sensor-
subrange [ay, b1] with final position (R, 6;,). Let y,,, yp, be
the polar radius of the initial position of the sensors which will
be located at the left and right endpoints of the projective-
subsegment. Let rr = arcsin(r/R). We calculate the ith
sensor’s initial position and final position. The ith sensor’s
final position is calculated as (R, 6;, + (i — 1) * 2rr). That is,
the x-coordinate of the ith sensor is xlf = Rcos(by, + ([ — 1) =
2rr) and the y-coordinate is y; = Rsin(6;, + (i — 1) * 2rr).
The ith sensor’s initial position is the position of its assigned
sink denoted by (x;,, y;;). The virtual-cluster is calculated as
the line barrier. There are O(n?) virtual-clusters and it costs
O(n*C) time to calculate all virtual-clusters, where C is the
time consumed by the optimization method adopted to find
the minimum total sensor movement.

E. CONSTRUCTING WEIGHTED BARRIER GRAPH
We construct a directed weighted barrier graph G = (V, E)
and the C-MSBC problem can be converted into finding
a cycle with the minimum total weights in G. Now we’ll
show how to construct the directed weighted barrier graph
G = (V,E). Each node in V represents a virtual-cluster
and its weight is the virtual-cluster’s M value. The weight
of the edge of two nodes is not infinity if the corresponding
virtual-clusters belongs to different projective-subsegments
and they are connected. The weight of the edges are set as
follows:

Initially, the weight of all the edges are set to be infinity.

For two nodes ve; = (M, I, 1, indx;} and ve; =
{M;, 1j, rj, indx;}, the weight of the edges e(i, /) and e(j, i) are
calculated as follows:

D) If indx; # indxj, r; > ri, r; > lj and [; > [; hold, e(, j)
is set to be M;;

2) if indx; # indxj, vj < r;, r; < lyand [; < [; hold, e(j, i) is
set to be M;j;

3)ifindx; # indxj, r; > 2m,r; > r; — 2w and r; — 2m > [;
hold, e(i, j) is set to be M;;

4)if indx; # indxj, r; > 2w, r; > rj— 2w and r; — 27 > ;
hold, e(j, i) is set to be M;;

5)ifr; — I; > 2m, e(i, i) is set to be M;;
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Our optimization problem is converted into finding a cycle
with the minimum total weights in G. We can use the algo-
rithm in [26] to find the minimum weight cycle, which runs
in O(VE) time.

Theorem 20: The minimum total sensor movement needed
to form a cycle barrier is exactly the total weights
of the minimum weight cycle on the weighted barrier
graph G.

Proof: Suppose there is an optimal sensor deployment
of minimum total sensor movement forming a cycle barrier,
whose sensor movement is smaller than that of the minimum
weight cycle on G.

It is easy to know that there is a sensor-cluster in the
optimal sensor deployment, which is not a virtual-cluster.
By using the similar method in Theorem 19, we can also
produce a sensor deployment which has a smaller sensor
movement than the optimal sensor deployment, which is a
contradiction.

Thus, the Theorem is proved. [ |

Theorem 21: The C-MSBC problem can be solved in O(n®)
time.

Proof: By Theorem 20, the C-MSBC problem can be
transformed to finding the minimum weight cycle on the
weighted barrier graph G. We can use the algorithm in [26] to
find the minimum weight cycle, which runs in O(VE) time.
There are O(n°) vertices and O(n°) edges in G. Thus, the
C-MSBC problem can be solved by O(n%) time. ]

VII. EVALUATION
In this section we evaluate the performance of the proposed
algorithms by simulation in two different cases.

A. THE LINE BARRIER CASE

We first evaluate the solution for the L-MSBC problem called
SMC solution. The sinks are deployed randomly in a belt
region with length L and width W. The barrier is a line
segment in the belt region starting from [0, 0] to [L, O]. L is
set to be 1057 and W is 30. The number of sinks is 5.
Each sink can send sensors to cover the barrier. The sensing
range of sensors is 22. We mainly focus on the minimum
total sensor movement for barrier coverage. This metric is
evaluated on the length of the line barrier, the width of the
deployed area, the number of sinks and the sensor’s sensing
range. We compare the SMC algorithm with the greedy algo-
rithm, which run 100 times. The data points are a average of
100 experiments.

Fig 6 shows the effect of the length of line barrier on
the minimum total sensor movement. The length of the line
barrier varies from 177 to 1200 with step 176. As the length
of the line barrier increases, the minimum total sensor move-
ment by two algorithms both increases. The reason is that
more sensors are needed to cover the line barrier . We can
see that the minimum total sensor movement by SMC is
always smaller than the result by the Greedy algorithm, which
implies that the SMC algorithm outperforms the Greedy
algorithm.
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Fig 7 shows the effect of the width of the deployed
area on the minimum total sensor movement. The width of
the deployed area varies from 0 to 100 with the step 20.
With the increasing of the width of the deployed area,
the minimum total sensor movement by two algorithms both
increases nearly linearly. We can see that the result obtained
by SMC algorithm is about 90 percent of that by Greedy
algorithm.

Fig 8 shows the effect of the number of sinks on the
minimum total sensor movement. The number of sinks
varies from 3 to 13 with the step 2. With the increasing
of the number of sinks, the minimum total sensor move-
ment by two algorithms both decreases sharply until the
number of sinks approaches 7. After passing this value,
the result decreases slowly. This demonstrates a tradeoff
between the number of sinks and the minimum total sensor
movement required to achieve barrier coverage. The result
by SMC is always smaller than the result by the Greedy
algorithm.
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Fig 9 shows the effect of the sensing range of sensors on
the minimum total sensor movement. The sensing range of
sensors varies from 11 to 66 with 11 as the step size. As the
sensing range of sensors increases, the minimum total sensor
movement decreases. That’s because more sensors are needed
to achieve barrier coverage when the sensing range increases.
The result first decreases sharply, and then decreases slowly.
When the sensing range is larger than 55, the effect on the
result is not significant.

B. THE CYCLE BARRIER CASE
We evaluate the solution for the C-MSBC problem called
SCC solution. The barrier is a cycle with the radius R.
The sinks are deployed randomly along the cycle barrier
with the maximum offset W. Each sink can send sensors
to cover the cycle barrier. R is set to be 190 and W is set
to be 22. The sensing range of sensors, denoted as r, is set
to be 22. The number of sinks is 3. We mainly focus on
the minimum total sensor movement for barrier coverage.
This metric is evaluated on the radius of the barrier cycle,
the maximum offset of the sinks from the cycle barrier,
the number of sinks and the sensor’s sensing range. As similar
as the line barrier case, we also choose the greedy algorithm
for comparison. The greedy algorithm and the SCC algo-
rithm are run 100 times. The data points are a average of
100 experiments.

Fig 10 shows the effect of the radius of barrier cycle on the
minimum total sensor movement. The radius of barrier cycle
varies from 175 to 200 with step 5. The result by the SCC
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algorithm is smaller than that by the Greedy algorithm, thus
SCC algorithm always outperforms the Greedy algorithm.
As the radius of barrier cycle increases, the minimum total
sensor movement also increases. We find that when the radius
of the barrier cycle approaches 190, the gap of the two curves
is the largest. Fig 11 shows the effect of the maximum offset
of the sinks from the cycle barrier on the minimum total
sensor movement. The maximum offset of the sinks from the
cycle barrier varies from 10 to 110 with the step 20. The result
by the two algorithms both increase as the maximum offset
of the sinks from the cycle barrier increases. That’s because
the sensors need to move a larger distance to cover the barrier
cycle.

Fig 12 shows the effect of the number of sinks on the
minimum total sensor movement. The number of sinks varies
from 2 to 6 with the step 1. The minimum total sensor
movement by two algorithms both decreases as the number
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of sinks increases. The minimum total sensor movement
decreases by 50 percent when the number of sinks increases
from 2 to 6. Fig 13 shows the effect of the sensing range of
sensors on the minimum total sensor movement. The sensing
range of sensors varies from 20 to 28 with 2 as the step
size. The minimum sensor movements by the two algorithms
both decrease as the sensing range of sensors increases. The
result decreases by 30 percent when the sensing range of
sensors increases from 20 to 28. The gap between these
two curves is the largest when the sensing range of sensors
is 22.

VIil. CONCLUSION

In this paper, we study the minimum total sensor movement
problem for barrier coverage under sink-based deployment
and propose some algorithms both for the line barrier and
the cycle barrier. To solve the line barrier case, we enumer-
ate all the projective-subsegments and compute all possible
optimal sensor deployments for each projective-subsegment
as virtual-clusters. Then we construct a weighted barrier
graph and find the path with the minimum weight, which is
the minimum total sensor deployment for achieving barrier
coverage. We also solve the cycle barrier case by extending
the techniques used in the line barrier case. In the future,
we will study an approximation algorithm for solving the
minimum total sensor movement problem for barrier cov-
erage under the assumption that sensors are randomly dis-
tributed in the surveillance area, which has been proved to be
NP-hard.
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Abstract—The breakthrough of wireless power transfer tech-
nology provides an effective solution to the problem of energy
depletion in Wireless Rechargeable Sensor Networks (WRSNs).
Most existing work focuses on charging between a mobile charger
and a requested sensor, such as NJNP and SAMER, under the
assumption that sensors have the same battery capacity and
energy consumption rate. In reality, it is more general that a
WRSN consists of different types of sensors where they have
different battery capacity and energy consumption rate, which
is referred as Heterogeneous Wireless Rechargeable Sensor Net-
work (HWRSN). We propose a novel online charging algorithm
called VTMT to solve the charging problem in HWRSN. First,
we propose the concept of Virtual Time, which is positively
correlated with the waiting time of the requested sensor. Then
selects the next charging sensor primarily based on the Virtual
Time (VT) of the sensor and the Moving Time (MT) of the
mobile charger to the node. Simulation results show that VTMT
outperforms other charging schemes, which effectively reduce the
failure rate of nodes and ensure the scheduling fairness.

Index Terms—Heterogeneous Wireless Rechargeable Sensor
Networks, Energy Replenishment, Online Charging Scheme.

I. INTRODUCTION

As one of the most essential technology in Internet of
Things, Wireless Sensor Networks (WSNs) are extensively
used in precision farming [1], intelligent transportation [2],
temperature regulation [3] and forest fire detection [4], etc.
Nevertheless, due to the limited battery capacity of sensor
nodes in the WSNs, the performance and lifetime of sensor
nodes are severely constrained. How to prolong the lifetime
of sensors is an important problem. Existing solutions can
be roughly divided into three categories: energy conservation
[5], energy harvesting [6] and wireless charging [7]. The
wireless charging scheme uses a mobile charger to wirelessly
charge the sensor node to extend its lifetime. There are three
kinds of wireless power transfer technologies used for wire-
less charging: inductive coupling, electromagnetic radiation
and magnetic resonance coupling [7]. Magnetic resonance
coupling is widely used in wireless charging because of its
high efficiency, long transmission distance, omni direction

978-1-7281-8086-1/20/$31.00 ©2020 IEEE

and insensitive to weather conditions. Adopting this scheme
requires the deployment of mobile charging nodes and service
station nodes in the network, which is referred as wireless
rechargeable sensor networks (WRSNs). Such network with
multiple types of sensors is called as heterogeneous wire-
less rechargeable sensor networks (HWRSNs). The mobile
charging node is referred as Mobile Charger (MC) and the
service station node is referred as Base Station (BS). Different
from other schemes, wireless charging scheme can provide
continuous and stable energy for nodes in WRSNs.

The current charging schemes can be roughly divided into
two categories: offline [8]-[11] and online [12]-[16]. The
offline charging scheme is that the MC periodically charges
the sensor nodes in accordance with a predefined route. For
the existing offline schemes, it is usually assumed that the
energy consumption rate of the nodes is constant, which is
inconsistent with the dynamic energy consumption rate in
the practical applications. For online charging schemes, nodes
can periodically send the residual energy message to the BS,
so that the node consumption rate can be estimated. Due to
the dynamic energy consumption rate of sensors, the online
charging scheme cannot plan the charging paths of MC in
advance and should schedule the charging orders of sensors
in real time, which is more according with the practical
applications.

There are some challenges in designing the online charging
scheme: First, whether the charging scheme can reduce the
node failure rate in the network, which is defined as the
percentage of the sensors with energy depletion. It is a key
factor in evaluating a online charging scheme. Second, whether
the charging scheme can reduce the moving cost of the MC,
which is defined as the total moving distance of the MC.
Third, whether the charging scheme can guarantee scheduling
fairness, which means that the requested sensors cannot wait
for charging for a long time. The classic NJNP scheduling
strategy [13] always chooses the nearest node to the MC as
the next charging node, and new requests can be preempted
during the MC’s movement. Therefore, this scheme leads to
a high node failure rate. Meanwhile, this scheme has a bad
performance in HWRSNS.
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We propose a novel online charging algorithm in HWRSNSs,
called a charging algorithm based on virtual time and moving
time (VIMT). First, we define three concepts, virtual time,
moving time and starvation node rate. Virtual time (VT) is
positively related to the waiting time and the energy con-
sumption rate of the requested node. Moving time (MT) is
defined as the time of the MC moved to the node. We also
define the concept of starvation node rate, which used to judge
the scheduling fairness. Second, we investigate a simple and
effective method of calculating the energy consumption rate of
node based on historical information. The main idea of VIMT
algorithm is to divide the VT by the MT as the Service Value
(SV), and then select the node with the highest Service Value
(SV), which is the ratio of VT to the MT, as the next charging
node. The requested sensor with a longer virtual time are more
likely to be charged preferentially. The nearer candidate node
are chosen to reduce the moving cost of the MC. Experiments
demonstrate that our algorithm results in the low node failure
rate, short moving cost of MC and good scheduling fairness
in HWRSNS.

The rest of the paper is arranged as follows: We introduce
related works in Section II. The system model and notions
will be given in Section III. In Section VI, we present the
the VIMT algorithm. Simulation experiments are performed
in Section V. Section VI concludes this paper.

II. RELATED WORK

With the development of wireless rechargeable sensor net-
works, two types of charging schemes are proposed, offline
charging schemes and online charging schemes.

For offline schemes, Fu et al. [8] transformed the charging
delay minimization problem into a solvable linear program-
ming problem, and proposed a heuristic algorithm to fur-
ther reduce the computational complexity. Li et al. [9] put
forward a joint routing and charging scheme to maximize
the lifetime of HWRSNs. Xie et al. [10] used the piecewise
linear approximation technique to find an approximation al-
gorithm to maximize the proportion of the MC’s vacation
time over the cycle time. Peng et al. [11] transformed the
energy replenishment problem into a classic traveling salesman
problem and proposed two greedy algorithms to extend the
lifetime of the sensor network. However, these offline schemes
did not consider the real-time dynamic energy consumption
rate of sensors, which are not applicable to many real-time
applications.

The online schemes can handle the dynamic energy con-
sumption rate of sensors. For the existing online charging
schemes, He et al. proposed a first-come-first-serve (FCFS)
scheduling strategy [12], which is simple but performs poor
performance. It only considered the arrival time of requests,
but did not consider the distance between the node and the
MC, which led to the high moving cost of the MC and high
node failure rate. In order to reduce the moving cost of the
MC, He et al. proposed an efficient scheduling strategy called
NINP [13], which is based on the principle of nearest job
next with preemption. This scheduling strategy can reduce

the node failure rate and MC moving costs, but lack the
scheduling fairness. In the work [14], Tomar et al. proposed
an algorithm that multiplies the tolerable time of node by the
distance of MC to node as the cost, and then selects the node
with the lowest cost as the next node. The complexity of the
algorithm was improved by the heap structure. Compared with
NINP, this algorithm can reduce the node failure rate and the
average charging latency. In order to ensure the fairness of the
scheduling and reduce the node failure rate, Feng et al. pro-
posed a Starvation Avoidance Mobile Energy Replenishment
scheme (SAMER) [15], which can avoid energy starvation
through calculating and considering the maximum tolerable
latency of each charging requirement. This scheme abandons
the failed nodes. On the basis of SAMER, Zhu et al. proposed
an Invalid Node Minimized Algorithm (INMA) [16]. INMA
preferentially selects the node that causes the least number of
other nodes to fail after charging it. Experiments show that
compared with SAMER, the algorithm can reduce the failure
rate of nodes under certain conditions.

III. SYSTEM MODEL AND NOTIONS
A. System Model

We define heterogeneous wireless rechargeable sensor net-
works as a triple (N, BS, MC), as shown in Fig. 1. N is the set
of sensor nodes in HWRSNs, where N={N7, Ny, ..., N, }. The
battery capacity of N; is E;, and the energy consumption rate
of N; is P;. Sensors are randomly distributed in a square with
side length M, and the Euclidean distance between N; and N;
is denoted by D;;. Sensor nodes can communicate with BS,
where the time of communication and the energy consumed
by communication can be ignored. BS is the only base station
which has enough energy and the ability to calculate and
store, and can communicate with MC. It can recharge the
MC or replace its battery in negligible time. MC is the only
wireless mobile charger in HWRSNs, whose battery capacity
is Eps¢ and moving speed is v. Let Py;c denote the energy
consumed by the MC per unit distance of movement, and 7,
is the charging rate between MC and the node. The threshold
of MC is denoted as . If its residual energy is lower than Y,
MC will return to the BS to supplement the energy. Except for
the energy consumed by charging and moving, other energy
consumption of MC is negligible. It can communicate with the
BS, and the time and energy consumed by the communication
can be ignored.

The system works as follows: In HWRSNs, the node N,
ie{l, 2, ..., n}, sends a residual energy message (ID, RE,
T, NC) to the BS every A time, and the BS will calculate
the node’s dynamic energy consumption rate PD; and deter-
mine whether the node needs to be charged based on this
message. Among them, ID is the serial number of the node,
RE is the residual energy of the node, where RE>0, T is
the timestamp of the node sending message, NC indicates
whether the node needs to be charged, and NCe{TRUE,
FALSE}. The BS maintains a Dynamic Energy Consumption
Rate Pool (DECRP), which records the latest dynamic energy
consumption rate PD; of the node. The BS maintains a
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Residual Energy Message Pool (REMP), which records the
lastest residual energy message of each node. The BS will
maintain a Charging Request Pool (CRP) which records the
first charge request of each node, that is, the first NC is TRUE
in the residual energy message. When the node sends the
residual energy message, it will detect its own residual energy.
If the residual energy is lower than the threshold ¢;, the node
will set NC to TRUE, indicating that the node needs to be
charged, otherwise the NC is set to FALSE by default.

@t @
o ) o
S - © ’ Base Station
© ) "
) = =R D 8 Mobile Charger
12 )) (('))D (‘") {‘A}} ) [ ((-))D Normal Node
§ I Ol
o I
() =
©@ ((o)) Oh (Co))D () Charging Node
¥ o ©

Fig. 1. Network Model

During MC charging, the charged node will suspend sending
the residual energy message. When the MC completes the
charging, MC will send a completed service message (ID) to
the BS to inform that the charging service is completed, and
the ID is the serial number of the completed charging node.
At this time, the BS will remove the records about the node in
DECRP, REMP and CRP to avoid the interference of outdated
messages on subsequent scheduling. After the MC completes
charging of the node, it will send a request (REp;¢, L) to
the BS to query the next service location. RE ;¢ denotes the
residual energy of the MC. L denotes the location of the MC,
and Le{Ly, Ly, ..., L,}. Ly is the location of BS and the
location of N; is L;. After BS calculates MC’s next service
location L using our online charging algorithm, it will send a
response (L) to the MC. L denotes the next service location
of the MC. And then the MC will go to the next location for
service.

The MC does not allow other sensor nodes to preempt dur-
ing the charging process to avoid interruption of the charging
process. Table I shows the symbols used in this paper.

B. Notions

Before showing the online charging scheme, we first give
some definitions.

Definition 1. (Node Starvation) If the failure time of a sensor
is greater than 7 time, this sensor is said to be in the node
starvation state.

If a sensor node is unable to be selected as the next charging
node for a long time, resulting in the node being in a node
starvation state. Node starvation rate is an important measure
indicating whether the charging scheme is fair. The lower the
starvation rate of the nodes, the fairer the charging scheme

TABLE I

LIST OF NOTATIONS.
Symbol  Description
M Side length of network
Pyo Energy consumed by travelling one unit distance of MC
v Moving velocity of MC
n Charging rate between MC and the node
REj);¢c  Residual energy of MC
Ene Battery capacity of MC
X Threshold of MC return BS supplementary energy
RE; Residual energy of N;
E; Battery capacity of N;
P; Energy consumption rate of N;
PD; Dynamic energy consumption rate of N;
o Threshold of N; send charging request
« Update rate of dynamic energy consumption rate
A Sensor node sends the residual energy message interval
L; The location of the BS or sensor node in the network
D;; Euclidean distance between L; and L;
TC Current timestamp

is. The formula for judging whether the node is in the node
starvation state is as follows:

TC—-TF > )

Where TF denotes the timestamp of node running out of
energy, and 7 is a given constant . When 7=0, this formula
can be used to judge whether the node fails.

Definition 2. (Virtual Time) The virtual Time of sensor IV;,
denoted as V'1;, is defined to be a measurement used to select
the next charging node, which is calculated as follows:

(TC - T,)PD;
PD

Where T; denotes the timestamp of the node’s first charging
request, and PD is the average dynamic energy consumption
rate of all nodes that need to be charged.

When calculating the virtual time, we consider the waiting
time of the nodes to ensure fairness. The node with the
longer waiting time will be more likely to be selected as
the next charging node. Besides, we also consider the energy
consumption rates of nodes, since the energy consumption
rates of different nodes differ greatly, as shown in Eq. 2. The
higher the energy consumption rate, the longer the virtual time.

It can be considered that the higher the energy consumption
rate, the faster the virtual time increases with the waiting time.

VT; = 2

Definition 3. (Moving Time) The moving time of sensor NNV;,
denoted as MT;, is the time cost by MC moving to this sensor,
which is calculated as follows:

Dji
v

MT; = 3)

Where Dj; denotes the distance of the MC from the current
location L; to the next node IV;’s location L;.

The moving distance of the MC is an important factor
in scheduling, because reducing the moving distance of the
MC not only helps to reduce the energy consumption of the
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MC, but also indirectly reduces the node failure rate and the
starvation rate. Therefore, in our algorithm, the node closer to
MC will be more likely to be selected as the next charging
node. In addition, as shown in Eq. 3, we convert the distance
of MC to node into the moving time of MC.

IV. SYSTEM WORKING PROCESS AND VTMT ALGORITHM
A. System Working Process

In this subsection, BS will use the following method to
calculate the dynamic energy consumption rate, denoted as
PD, of the node once it receives the residual energy message
not for the first time. The dynamic energy consumption rate PD
of the node is calculated based on the historical information.

Before calculating PD, we first define the current energy
consumption rate, denoted as PR; of the N; as follows:

RE;, — RE;,
PR, = X “)
Where RE;, denotes the residual energy in the last residual
energy message of the node (o represents old), RE;,, denotes
the residual energy of the current residual energy message (n
represents new). We do not calculate PR, when the BS receives
the first residual energy message.

We define the dynamic energy consumption rate PD; as

follows:

PD; exists
PD; not exists

PD, = {(1 —a)PD; + aPR;, )

PRia

Where « is parameter. The larger the « is, the faster the
dynamic energy consumption rate is more updated. When a=1,
PD;=PR;, that is, the real-time energy consumption rate to the
node is taken as the dynamic energy consumption rate.

When the BS receives the MC’s request (REj;¢, L) for
the next destination, the BS will calculate the next destination
L, ez of the MC according to the VIMT algorithm. If L,
is the location of the BS, then the MC will return to the BS.
If it is the location of the node, then the MC will go to the
next node to charge it.

B. VIMT Algorithm

In this subsection, we propose the VIMT algorithm, which
is used by BS to select the next charging node of the MC.
The VIMT algorithm works as follows:

1) step 1: First, determine whether the CRP is empty. If it
is empty, return L. Otherwise, go to step 2.

2) step 2: For all nodes in the CRP, calculate the moving
time of MC to node MT and virtual time VT, and normalize
the MT and VT respectively to be MT* and VT*. Then divide
VT* by MT* as the service value (SV) of the node and find out
the node N; with the largest service value among all requested
nodes as the next charging node. Go to step 3.

SV, is calculated as follows:

VT

SVi= 311

(6)

3) step 3: Determine whether the MC has enough energy to
return to the BS after charging the node N;, that is, whether it
meets Eq. 7. If it is satisfied, then return L;. Otherwise, return
Lo.

The formula for judging whether the MC can serve this
node is as follows:

REyc — DjixPyeo —TCixn > x (7

Where D;; denotes the distance between current location L;
to L;, TC; is charging time for MC to charge node N;.
TC; is defined as follows:

E,—FERE;
E=BRE. ERE,> 0
TC; =< " gP (8)
45 ERE; <0

Where ERE;=RE,;-(TC-T;)xPD;-MT,;xPD,;, which denotes
the estimated residual energy. RE; denotes the residual energy
in the last residual energy message of N;, 7; denotes the
timestamp of the last residual energy message of IV;, and MT;
denotes the moving time of MC from current location L; to L;.
Since the nodes also need to consume energy during charging,
the actual charging rate is n-PD;. If the energy of the node
is exhausted when the MC reaches the node, that is, ERE; <0,
then e P 5, 1s used to calculate the charging time of the node.

The pseudo code of the VIMT algorithm is given in
Algorithm 1.

Algorithm 1 VITMT Algorithm
Input: Ly, DECRP,CRP
Output: L
1: if CRP is empty then
2 return L
3: end if
4: N = getAllNeedChargingNodes(CRP)
5: PD = calculate AveragePD(N, DECRP)
6
7
8
9

VT =¢, MT = ¢, SV =¢
: for N; in N do
: MT = Dij/U
10: end for
11: VT = normalize(VT), MT* = normalize(MT)
12: for N; in N do
13: SV =VTr/MT}
14: end for
15: Npeat = getMaxServiceValueNode(SV)
16: if Nyept satisfies Eq. 7 then
17: return N,,..;.getLocation()
18: end if
19: return L

V. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our proposed
VTMT algorithm under different network conditions. We
analyze the experimental results by comparing with the state-
of-the-art charging schemes NJNP and SAMER. The metrics
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TABLE 11

DEFAULT PARAMETERS.
Parameter Value
M 100m
Number of Node 150
v 1m/s
P MC 4mJ/m
n 100ml/s
Enve 5,000,000mJ
X 1,000mJ
E; Randomly from 1000 to 3,000mJ
bq 0.4E;
A 10s
« 0.25
P; Randomly from 0.1 to 1.0mJ/s
T 1,000s
Simulation time 86,400

used for comparison are node starvation rate, node failure rate
and moving cost.

A. Experimental Environment Settings

The experiment is performed using Java. 150 nodes are
randomly deployed in a 100mx 100m area, and the simulation
time is 24 hours. The battery capacity of each node is ran-
domly drawn from 1000 to 3,000mJ and energy consumption
rate of each node is randomly drawn from 0.1 to 1.0mJ/s. The
value in each figure is the mean of 1000 experiments. The
experimental parameters are given in Table II.

B. Different Number of Nodes

As shown in Fig. 2, the number of sensors varies from 25
to 300. As shown in Fig. 2(a) and Fig. 2(b), it is found that as
the number of nodes increases, the node failure rate and the
starvation rate also gradually increase. This is because as the
number of nodes increases, the MC cannot serve each node
in a timely manner. However, the node failure rate and the
starvation rate are obviously lower than NJNP and SAMER,
which implies that VIMT is more suitable for HWRSNs.
From Fig. 2(b), we can see that VIMT can reduce the
starvation rate of nodes, which shows that VIMT is fairer
than the other two algorithms. In Fig. 2(c), as the number
of nodes increases, the moving cost increases first and then
decreases. That is because as the number of nodes increases,
the MC needs to serve more nodes and move longer. When the
number of nodes grows to a threshold, the MC cannot provide
charging services for all nodes in a timely manner. The average
distance between nodes decreases, and then some nodes closer
to the MC will be selected, resulting in smaller moving cost.

C. Different Charging Rate

As shown in Fig. 3, the charging rate varies from 100 to
300mlJ/s. It can be seen from Fig. 3(a) and Fig. 3(b) that as the
charging rate increases, the node failure rate and the starvation
rate gradually decrease. As the charging rate increases, MC
can charge the nodes more quickly, thus reducing the charging
time and serving more nodes. And we can see that under
different charging rates, both the failure rate and the starvation
rate of VITMT are significantly lower than NJNP and SAMER.

As shown in Fig. 3(c), as the charging rate increases, the
moving cost of all charging schemes also gradually increase.
Since the MC can charge more nodes as the charging rate
increases, it needs to move longer.

D. Different Velocity of MC

As shown in Fig. 4, the moving speed of MC varies from 0.6
to 1.5m/s. It can be viewed from Fig. 4(a) and Fig. 4(b) that the
node failure rate and the node starvation rate decrease with the
increase of MC moving velocity. Since the increasing moving
speed can reduce MC’s moving time, more time is spent
on charging nodes. Compared with the other two charging
schemes, VITMT results in the lower node failure rate and the
lower starvation rate. As shown in Fig. 4(c), as the moving
speed of the MC increases, the moving cost of the MC also
increases gradually. This is because as the moving speed of
the MC increases, the moving time of the MC decreases, and
the MC has more time to charge more nodes. Therefore, it
needs to move longer.

VI. CONCLUSION

In this paper, we proposed an online charging algorithm
called VTMT, which was suitable for HWRSNs. We also
calculated the dynamic energy consumption rate based on his-
torical information, which can give a very good approximation
to the energy consumption rate of the nodes. Experiments
showed that in HWRSNs, compared with the state-of-the-art
NJNP and SAMER, our proposed VIMT algorithm could
reduce the failure rate of nodes and ensure the fairness of
scheduling. In the future, we will study an one-to-many online
charging algorithm for HWRSNS, that is a mobile charger can
charge more than one sensor simultaneously.
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Abstract—Barrier coverage is an important coverage model
for intrusion detection, which requires a chain of sensors across
the deployment area with the adjacent sensors’ sensing areas
overlapping. Directional sensors are often dispersed from an air-
plane following a predetermined line. However, barrier coverage
cannot be guaranteed after initial sensor deployment due to the
sensors’ random offsets and random orientations. Fortunately,
directional sensors can rotate to mend the barrier gaps using this
line-based sensor deployment model. Existing work proposed a
greedy heuristic approach to mend the gaps by rotating sensors,
but it cannot answer whether there exists a barrier. We fill in
this gap by presenting an exact algorithm which can determine
whether there exists a barrier. We first introduce the notion of
feasible orientation range and then try to calculate each sensor’s
feasible orientation starting from the leftmost sensor. We also
propose a fast algorithm of choosing the sensors’ orientations
from their feasible orientation ranges to form a barrier if there
exists a barrier, or form a set of sub-barriers if there does not exist
a barrier. Simulation results show that our algorithm outperforms
the distributed algorithm in the existing work.

Index Terms—wireless sensor networks, directional sensor,
strong barrier coverage, rotatable sensor

[. INTRODUCTION

Wireless Sensor Networks (WSNs) have been widely used
in many fields such as intrusion detection, border surveil-
lance, critical resource protection and battlefield surveillance.
Barrier coverage is an important coverage model of intrusion
detection, which aims to form a barrier consisting of sensors
across the region of interest (ROI) such that any intruder
passing through the ROI can be detected by at least one sensor
[1]. Sensors are often dispersed from an airplane following
a predetermined line in the ROI, where the offset of each
sensor’s actual landing location follows a normal distribution.
It is important to study the barrier coverage problem of such
line-based sensor deployment model( [2], [4]-[6], [9]), which
is more realistic than the poisson distribution model [12]. Due
to the random offsets of the sensors’ locations, it is difficult
to guarantee barrier coverage after initial line-based sensor
deployment and the barrier gaps are unavoidable.

Most of the research on barrier coverage are based on
isotropic sensor whose sensing range is modeled as a circle
[4], which is an ideal model. However, sensors with directional
sensing range, often modeled as a sector [3], are widely used
in many practical applications, such as cameras, audio sensors,
infrared sensors and radar sensors. It is more practical to study
how to achieve barrier coverage using directional sensors than

978-1-7281-3106-1/20/$31.00 ©2020 IEEE

the isotropic sensors. Due to the sensors’ random offsets of
locations and random orientations, the orientation of these
sensors is also a key factor to form barrier coverage besides
the positions of the directional sensors. There may exist some
barrier gaps after initial line-based sensor deployment, which
can be mended by changing the orientations of the sensors.
However, it is challenging to determine the orientations of the
directional sensors to mend these gaps, since the sensors can
rotate 360 degrees.

Existing work in [5] proposed a distributed algorithm of ro-
tating the sensors, called Distributed Gap Mending Algorithm,
to mend the barrier gaps. However, this algorithm cannot
give an exact answer to the problem of determining whether
there exists a barrier. Distributed Gap Mending Algorithm
used a greedy method, which determined the orientation of
each sensor only using the information of its closest neighbor
sensors. It always chose the orientation of each sensor such
that its sensing area is the nearest to its right closest neighbor
sensor. However, this chosen orientation may not be the
optimal choice for deciding the orientations of other right
neighbor sensors.

In this paper, we fill in this gap by proposing an exact
algorithm to solve the problem of determining whether there
exists a barrier. We first introduced a notion of feasible
orientation range. That is, if an orientation of one sensor is
not in its feasible orientation range, this sensor cannot form a
barrier with other sensors with any possible orientations. Then
we calculate each sensor’s feasible orientation range starting
from the leftmost sensor. If there exists one sensor whose
feasible orientation range is null, it implies that there does
not exist a barrier; otherwise, there exists a barrier and we
propose an algorithm to find the orientations of all the sensors
to form a barrier. Even if there does not exist a barrier, we can
also find the orientations of all the sensors to form a set of
sub-barriers such that the total number of gaps is minimized.

The rest of the paper is organized as follows. Section II
reviews some related works. In section III we will establish
the network model. Section IV proposes an algorithm of
determining whether there exists a barrier. In section V we
propose an algorithm of finding the sensors’ orientations to
form a barrier or a set of sub-barriers. In section VI we
evaluate the performance of the algorithms by simulations.
In section VII we conclude this paper.
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II. RELATED WORK

Barrier coverage is a hot topic in WSNSs. It aims to construct
a chain of sensors across the deployed area to detect any
intruder crossing through it. The notion of barrier coverage
was first proposed in the work [1], in which two types of
barrier coverage were studied: weak barrier coverage and
strong barrier coverage. Weak barrier coverage aims to detect
any intruder crossing the ROI along the vertical paths, while
strong barrier coverage aims to detect any intruder whose
crossing paths are arbitrary. In this paper we study the strong
barrier coverage, short for barrier coverage. The work in [6]—
[10] studied how to achieve barrier coverage with sensors.
However, most of these works assume that the sensing model
of sensors are omnidirectional.

The work in [12] studied the barrier coverage problem in di-
rectional sensor network under the poisson distribution model.
It defined the virtual node to reduce the solution space from
continuous domain to discrete domain and then constructed
a barrier graph using these virtual nodes as vertices. By
finding a path in this graph, it could determine whether there
exist sensors’ orientations that can provide barrier coverage.
However, the algorithm could not give us an exact answer but
an approximate one, because the solution space is continuous
other than discrete.

The work in [2] studied how to mend the barrier gaps
by rotating the directional sensors for barrier coverage under
the line-based deployment. It proposed algorithms for the
weak barrier coverage and strong barrier coverage. The simple
rotation algorithm was proposed to only rotate the sensor on
either side of the gap to mend this gap. When this simple
algorithm could not mend the gap, the chain reaction-based
rotation algorithm was proposed to rotate the sensors one by
one like a chain reaction to fix the gap. The work in [5]
proposed distributed algorithms by rotating sensors to mend
the gap based on line-based deployment. It determined the
orientation of one sensor based on the closest left and right
neighbor sensors. However, both of the algorithms in [2], [5]
cannot answer whether there exists a barrier. We study the
same scenario as the work in [2], [5], and try to fill in this
gap by giving an exact answer to this problem.

III. NETWORK MODEL

The ROI is a rectangular belt region of length L and
width H, where L>>H. N directional sensors are deployed
evenly on a predetermined horizontal line in ROI, where the
X coordinate of sensor s;’s target location is calculated by
(2¢ — 1)/2N. However, due to environmental constraints, the
actual locations of sensors have random offsets.

As shown in Fig. 1, a directional sensor s; is modeled as
a sector, denoted as < (z;,¥;),0,¢,Rs>. Here, (x;,y;) are
the cartesian coordinates of sensor s;, € is the view angle,
¢ is the orientation angle and Ry is the sensing range. The
sector of sensor s;” view area is denoted as ;. For any point
p on the arc of S;, we rotate ﬂ around s; in a clockwise
direction until we meet the first endpoint of this arc denoted
as m; and the other endpoint denoted as n;. The vector m

is called the starting edge of sector .S; while 5;m; is called the
end edge of S;. Sensor s; can rotate to change its orientation
angle and can rotate from O to 360 degree. Assume that each
directional sensor knows its coordinate (z;,v;) using GPS or
other localization algorithms. Fig. 2 shows an initial line-based
deployment of directional sensors, which has some barrier
gaps, denoted by G, G, ...Gy.

st y) X

Fig. 1. Directional sensing model
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Fig. 2. Initial line-based sensor deployment with gaps G1, G2, ...Gg

We study how to rotate the directional sensors to achieve
barrier coverage. We first define the problem of how to
determine whether there exists a barrier as follows:

Definition 1. The decision problem of barrier coverage
(DBC): Given n directional sensors deployed along a prede-
termined horizontal line with random offsets, the problem is
to determine whether there exists an orientation angle of each
sensor such that the sensing ranges of the adjacent sensors
overlap with each other to form a barrier crossing from the
left boundary of the region to the right boundary.

We also define the problem of how to choose the orientation
angles of these sensors to form a barrier or a set of sub-barriers
as follows:

Definition 2. The orientation problem of barrier cover-
age(OBC): Given n directional sensors deployed along a pre-
determined horizontal line with random offsets, the problem
is to find the orientation angle of each sensor such that the
sensing ranges of these sensors overlap to form a barrier
crossing from the left boundary of the region to the right
boundary or a set of sub-barriers such that the total numbers
of gaps is minimized.

IV. MOTIVATION

In this section we analyze the Distributed Gap Mending
Algorithm [5] and show that this algorithm may not form
a barrier even if there exists a barrier. This algorithm chose
the orientation of each sensor such that its sensing area is
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the nearest to its closest right neighbor sensor, which is local
optimal.

Given the orientation of sensor s;_1, this algorithm always
chose the orientation of sensor s; such that the corresponding
sector is the closest to the vector m . For example, as
shown in Fig. 3(a), S; rotates to overlap with S;_;. If S;
rotates anti-clockwise to touch S;_1, a; is the point where S;
intersects with S;_q. If S; rotates clockwise to touch S;_1, b;
is the point where S; intersects with S;_;. .S; finally rotates
clockwise to touch s;b;, since s;b; is closer to m than
5;a,, as shown in Fig. 3 (b). Similarly, we rotate .S;;1 to touch

Si+1bit1, since s;11b;41 1s closer to ;115,45 than s;+1a;+1,
as shown in Fig. 3 (c). However, S;;2 cannot intersect with
Si+1, since S;11 cannot intersect with the circle which S;
is located at.

In fact, as shown in Fig. 3 (d), S;+2 can rotate to touch S;1,
if S; rotates to touch sl-_a; other than s;b;. Thus, Distributed
Gap Mending Algorithm may not find the proper orientations
of sensors to form a barrier if there exists one.

VASRVA

Fig. 3. A failure case of Distributed Gap Mending Algorithm [5]

V. DBC ALGORITHM

In this section, we will propose an algorithm for the decision
problem of barrier coverage, short for DBC algorithm. To
determine whether there exists a barrier, we try to calculate
each sensor’s feasible orientation range.

A. calculate the feasible orientation range
We first introduce some notions.

Definition 3. Virtual circle: Virtual circle, denoted as C;, is
the circle where the sector S; is located at.

As shown in Fig. 4(a), sensor s;’s sensing area is represented
by the sector bounded by black edges and its virtual circle is
the circle in blue.

Definition 4. Sub-barrier: A sub-barrier is formed by a set of
sensors if the sensing ranges of the adjacent sensors overlap
with each other.

Virtual
y Circle

Fig. 4. (a) virtual circle; (b) feasible orientation range; (c¢) right orientation
range; (d) updated feasible orientation range

If a sub-barrier also overlaps with the left and right bound-
ary of the ROL this sub-barrier is called a barrier.

Definition 5. Feasible orientation: For sensor s;, one orienta-
tion angle is called the feasible orientation if the sensor can
form a sub-barrier together with its left neighbor sensors.

It is easy to know that there may be many feasible ori-
entations. Thus, we define the feasible orientation range as
follows:

Definition 6. Feasible orientation range: For sensor s;, its
feasible orientation range, denoted as O;, includes all possible
feasible orientations.

We also define the feasible region.

Definition 7. Feasible region: For sensor s;, its feasible region,
denoted as Tj, is the union of the sector S; whose orientation
is within its feasible orientation range.

Let o ? denote the included angle of vector ? and the
x-axis. The feasible orientation range O; and feasible region
T; are calculated shown in Fig. 4 (b). Suppose the feasible
region T;_; of sensor s;_; is the sector with black edges.
The sector .S; first rotates such that it does not intersect with
T;_1. Then rotate S; around s; anticlockwise until it first meets
T;_1, denoting its starting edge as s;a7. Continue rotating .S;
around s; anticlockwise until it first leaves 7;_1, denoting its
end edge as s;br. Thus, the feasible orientation range O; is
the range from o (sTaf) to « (m) — @ in the anticlockwise
direction and the feasiblgggion T; is the region enclosed by
si—aZ, s;br, and the arc ar by (i.e. the shadowed sector in Fig.
4(b)).

Given the feasible orientation range of sensor s;_j, we
calculate the feasible orientation range of s; as follows:

1) If s; is the first sensor, the feasible orientation range of
s; 1s calculated according to the intersection of circle C; and
the left boundary of region. The two intersection points are
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denoted as p; and p; respectively (if C; and the left boundary
are tangent, p; and p; are the same point). We rotate sector
S; to intersect with the left boundary only at point p; or pj,
denoting its orientation as A; or A; respectively. Thus, the
feasible orientation range of s; is the range from A; to A; .

2) If s; is not the first sensor, then four cases are considered
according to the locations of s; and s;_1.

fi1 i

(a) (b)

Wi

(©) (d)

Fig. 5. Examples of calculating feasible orientation range

Case 1: C; does not intersect with C;_;. It implies that .S;
cannot overlap with S;_1, as shown in Fig. 5(a). Thus, there
is a gap between these two sectors and the feasible orientation
range of s; is set to be [0,27].

Case 2: C; intersects with C;_; and s; is located outside
C;_1, as shown in Fig. 5(b). We define a vector set D. First
draw two tangent lines from s; to C;_; with tangent points
denoted as t; and ¢;. If #; or t; is in C; and also in the sector
T;_1, then s;t; or s;t; will be added to D. The vectors ﬁ
and §7€? will be also added to D, where e; and e; are the
intersection points of sector 7;_1 and C;. Suppose f;_1 and
gi—1 are the end points of the arc of the sector T;_4. If f;_1 or
gi—1 isinside C;, then s; f;_1 or M will be added to D. We
choose the vector in D with the smallest angle, denoted as v;.
We also choose one with the largest angle, denoted as v}. Thus,
the feasible orientation range of s; is the range from « (FZ) —6

_>
to« (v; ) . As shown in Fig. 5(b), the feasible orientation range

of s; is the range from « sl_tz —0) to o szfll(P

Case 3: C; intersects with C;_; and s; 1s inside C;_; but
outside T;_1, as shown in Fig. 5(c). We also define a vector set
D. If T;_, and C; do not intersect, S; cannot overlap with §;_1,
which implies that there is a gap between them and the feasible
orientation range of s; is set to be [0,27]; otherwise, si.eﬁ or
ﬁ will be added to D, where ¢; and ¢; are the intersection
points of sensor 7;_; and C;. If f;_1 or g;—; is inside Cj,

— s . ..

then s; f;_1 or s;g;—1 will be added to D. Similar as Case 2,
we choose the vector in D with the smallest and largest angle,
denoted as v; and v}. Thus, the feasible orientation range of s;

—
is the range from o (7]) — 6 to (v;) As shown in Fig. 5(c),

the feasible orientation range is the range from « (sL fic1— 9)
to o (5;5,-1).

Case 4: C; intersects with C;_; and s; is inside C;_; as
well as 7;_1, as shown in Fig. 5(d). Since s; is located inside
Ti—1, S; intersects with 7,_; in any orientation, thus the
feasible orientation range of s; is [0,27].

It is easy to know that the feasible orientation range of s;
is also related with the location of its closest right neighbor
sensor. Thus, we introduce the notion of the right orientation
range and then update the feasible orientation range using the
right orientation range.

B. calculate the right orientation range

We first define the right orientation range.

Definition 8. Right orientation range: For sensor s;, its right
orientation range, denoted as R;, includes all the orientations
which satisfy that .S; can overlap with its closest right neighbor
sensor or the right boundary of ROL

The sector S; first rotates such that it does not intersect
with C;y1. Then rotate S; around s; anticlockwise until it
first meets C; 1, denoting its starting edge as 5:a5. Continue
rotating S; around s; anticlockwise until it first leaves C; 1,
denoting its end edge as s;br. Thus, the right orientation

. — — .
range O; is the range from « (siaR) to « (sibR — @ in the
anticlockwise direction, as shown in Fig. 4(c). Then, update
the feasible orientation range O; as the range from « (m ) to

—
« (sibR) — 0 and the feasible region T; is the region enclosed
H —_—
by si—aZ, s;br and the arc arbr(i.e. the shadowed sector in
Fig. 4(d)).
In this subsection we will calculate the right orientation
range of s;.

Fig. 6. Examples of calculating right orientation range

If the feasible orientation range of s;;; has not been
calculated, three cases will be considered.

Case 1: C; does not intersects with C;1. It implies that S;
cannot overlap with S;; ;. Thus, there is a gap between them.

Case 2: C; intersects with C;1 but s; is outside C; 1, as
shown in Fig. 6. We draw two tangent lines from s; to C;11
with the tangent points denoted as #; and #;. Let p; and p;
denote the intersections of C; and C;;. If two tangent points
t; and t; are inside C;, we rotate S; to intersect with C;;q
only at point t; or ¢;, denoting the orientation of sensor s; as
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A; or A; respectively; otherwise, we calculate A; and A; by
rotating §; to intersect with C; 1 only at p; or p;. Then the
right orientation range is the range from A; to A;. In Fig. 6(a),
the right orientation range is « (siti — 09) to «v (971?]) In Fig.
6(b), the right orientation range is o (5;p; — 6) to a (5;p}).

Case 3: C; intersects with C,;; and s; is inside C;4;. It
implies that whatever orientation S; rotates, S; ;1 can rotate to
intersect with it, so the right orientation range of s; is [0,27].

After the right orientation range is calculated, update the
feasible orientation range of sensor s; by the intersection of
it and right orientation range. Besides, we will update the
feasible orientation ranges of all the sensors on its left side
belonging to the same sub-barrier. The process of calculation
is similar as the process of calculating the feasible orientation
range in the above subsection.

C. Algorithm Description

In this subsection, we propose the algorithm of determining
whether there exists a barrier.

The basic idea of this algorithm is to calculate the feasible
and right orientation range of each sensor from the left to the
right. If none of the intersection of these two ranges is null,
it implies that there exists a global barrier; Otherwise, there
does not exist one and we will calculate the feasible orientation
ranges of the sensors to form a set of sub-barriers.

The procedures of this algorithm are described as follows:

1) For each sensor s;, calculate its feasible and right orien-
tation range using the methods in the above two subsection.

2) If the intersection of these two ranges is null, then it
means that there does not exist a global barrier and the current
sub-barrier ends with sensor s;. A new sub-barrier starts with
sensor s;41, go to 1); otherwise, go to 3).

3) For each sensor s; (j < ¢) back to forth, which belongs to
the current sub-barrier, recalculating its right orientation range.
If the intersection of these two ranges is null, then it means that
there does not exist a global barrier and the current sub-barrier
ends with sensor s;. A new sub-barrier starts with sensor s;1,
and recalculate its feasible and right orientation range, go to 2);
If none of the intersection of all these sensors is null, update
their feasible orientation ranges by the intersections and go to
1).

Note that if s; is the first or the last sensor, its feasible
or right orientation range should be calculated based on the
locations of left or right boundary of ROIL If a new sub-
barrier starts with sensor s;, then its feasible orientation range
is initially set to be [0, 27].

The detail of this algorithm is shown in Algorithm 1. Let cur
denote the first sensor’s index of the current sub-barrier. Let
isSuccess denote the variable indicating whether there exists
a global barrier.

VI. ALGORITHM OF OBC

In this section, we propose an algorithm of finding the
orientations of all the sensors to form a barrier or form a
set of sub-barriers, called algorithm of OBC.

Algorithm 1 Algorithm of DBC
Input: Sensor Set §
Output: Feasible Orientation Range Set 0={0;|1 < i < n},
boolean isSuccess
1: cur = 0, isSuccess = true
2: for each sensor s; € S
3:  calculate feasible and right orientation range of S; as
Oi and Rl

4 if O; N R; is null then

5 isSuccess = false

6: cur =2 + 1

7 continue

8 else

9: O; =0;

10: 0; =0; N R;

11:  end if

12:  if > 1 then

13: position = ¢ — 1

14: while position > cur do

15: calculate right orientation range of Sposition as
;Josition

16: ;osition= Oposition n R;osition

17: if Opygition is null then

18: 0, = 0]

19: cur =1+ 1

20: isSuccess = false

21: break

22: end if

23: position = position — 1

24: end while

25:  end if

26:  if position < cur then

27: position = ¢ — 1

28: while position > cur do

29: Oposition: O;osition

30: position = position — 1

31: end while

32:  end if

33: end for

34: return isSuccess and O

The basic idea of this algorithm is to choose an orientation
of each sensor from its feasible orientation range such that
its sensing area overlaps with that of its closest left neighbor
sensor. If there is no such orientation, it implies that there is
a gap between this sensor and its left closest neighbor sensor
and a new sub-barrier starts from this sensor. Rotate this sensor
to the boundary of this range; otherwise, rotate this sensor to
intersect with its closest left neighbor sensor by choosing one
orientation from its feasible orientation range. Note that the
feasible orientation range of one sensor may include more than
one ranges.

Algorithm 2 shows the detail of OBC algorithm.

Fig.7 presents a part of final deployment of sensors using
our proposed algorithm and the Distributed Gap Mending
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Algorithm 2 OBC Algorithm

Input: Sensor Set S

QOutput: The orientations of Sensors §

: Calculate feasible orientation range set O by Algorithm 1

—

2: for each sensor s5; € §

3 ifi=1

4 rotate S; to one boundary of s;’s feasible orientation
range

50 else

6: isRotated = false

7: for each range of feasible orientation range o € O;

8: if there is an orientation in o such that S; can
intersect with S;11 then

9: rotate §; to this orientation

10: isRotated = true

11: end if

12: end for

13: if isRotated = false

14: rotate S; to one boundary of s;’s feasible orienta-
tion range

15: end if

16:  end if

17: end for

18: return S

Algorithm [5]. Sensors are deployed with view angle 6 = 60.
Fig. 7(a) shows a barrier formed using our algorithm. Fig.
7(b) shows the orientations of sensors computed in the work
[5] under the same initial sensor deployment, which results in
a barrier gap.

L

(@)

L

H

(b)

Fig. 7. (a) The final sensor rotation scheme by our algorithm; (b) The final
sensor rotation scheme by the Distributed Gap Mending Algorithm [5]

208

—e—Distributed Gap Mending
——Our Algorithm Of DBC

45 50 55 60 65 70 75 80 85 90 95 100 105 25 30 35 40 45 50 55 60 65
View angle Number of sensors

(a) (®)

Fig. 8. (a)Probability of forming a strong barrier vs view angle of sensors
(b)Probability of forming a strong barrier vs number of sensors

VII. SIMULATION RESULTS

In this section, we evaluate our proposed algorithm using
Java by compared to the Distributed Gap Mending Algorithm
[5]. We assume the ROl is a rectangle belt region with length L
= 500m and H = 100m. Sensors are deployed randomly along
the middle-line of this region. The initial orientation angle
of the sensors is randomly chosen from [0, 27]. The sensing
range of sensor is 15m. In each experiment, we evaluate
the probability of forming a barrier and unmended gaps of
forming a strong barrier. The result is an average result of
100 experiments.

First, we evaluate the probability of forming a barrier when
the view angle changes. The number of sensors is 40. As
shown in Fig. 8(a), the probability of forming barrier increases
as the view angle of sensors increases. Our proposed algorithm
has a higher successful ratio than the distributed algorithm.
Moreover, our algorithm can form a barrier when the view
angle is not smaller than 70 while the distributed algorithm
can form a barrier when the view angle must be larger than 90.
Since sensors with larger view angle consume more energy to
sense, the barrier formed by our algorithm with smaller view
angle can have a long lifetime than that by the distributed
algorithm.

Then, we investigate the probability of forming barrier when
the number of sensors changes. The view angle of sensors
is 60. The number of sensors varies from 25 to 65 with
a step 5. Fig. 8(b) shows that the probability of forming
barrier increases as the number of sensors increases. Our
proposed algorithm always has a higher successful ratio than
the distributed algorithm. Moreover, our algorithm can form a
barrier only using 45 sensors while the distributed algorithm
must use 55 sensors. It implies that under the same conditions,
our algorithm needs fewer directional sensors, which can
decrease the cost of directional sensors.

Furthermore, we evaluate the unmended barrier gaps when
the view angle and number of sensors changes respectively.
In Fig. 9(a), the number of sensors is 40. It demonstrates that
our algorithm of DBC always results in fewer unmended gaps
than the distributed algorithm as the view angle of sensors
increases. Moreover, the result obtained by our algorithm
decreases more quickly than that by distributed algorithm.
Fig.9(b), the view angle of sensors is 60. The result shows
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Fig. 9. (a)Unmended gaps of forming a strong barrier vs view angle of

sensors (b)Unmended gaps of forming a strong barrier vs number of sensors

that our proposed algorithm has a better performance than
the distributed algorithm as the number of sensors increases.
Our algorithm results in only one gap while the distributed
algorithm results in 2.8 gaps when the number of sensors is 40.
Thus, our algorithm can leave fewer gaps than the distributed
algorithm when the number of sensors is not sufficient.

VIII. CONCLUSION

We present an exact algorithm of determining whether there
exists a strong barrier by rotating the directional sensors with
the line-based directional sensors. Then we also propose an
algorithm of determining the sensors’ orientations for forming
a strong barrier or a set of sub-barriers if the number of sensors
is not sufficient. Simulation results indicate that our algorithm
outperforms the distributed algorithm.
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