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a b s t r a c t 

A directional wireless sensor network (DWSN) consists of a number of directional sensors. Many types 

of directional sensors have been widely used in constructing a wireless sensor network for IoT appli- 

cations. These types of sensors include infrared sensors, microwave sensors, ultrasonic sensors, cam- 

eras, and radar. Compared with an omni-directional sensor, a directional sensor can achieve better per- 

formance because it can additionally report the direction of an intruder. Unfortunately, most existing 

barrier-coverage mechanisms adopt omni-directional sensor networks. They cannot be efficiently applied 

to DWSNs because the sensing area of each directional sensor is fan-shaped. This paper investigates the 

surveillance service problem which supports the surveillance quality of k -barrier coverage in DWSNs. 

Three algorithms, called BA, BTA and BRA, are proposed which aim at finding a maximal number of 

different def ense barriers, each of which supports k -coverage. Using these algorithms, at least k direc- 

tional sensors can detect intruders intending to cross the monitoring area. Performance analyses of the 

proposed algorithms are conducted in Section 5 to verify the performance improvement from a theoret- 

ical point of view. In the performance study, the proposed algorithms are compared with other existing 

algorithms. The experimental study shows that the proposed k -barrier coverage algorithm achieves simi- 

lar performance with the optimal solution but has fewer control packets. Furthermore, the proposed BRA 

achieves better performance in terms of the numbers of control packets and constructed defense barriers, 

as compared with existing algorithms. 

© 2018 Elsevier B.V. All rights reserved. 

1

 

n  

w  

s  

t  

b  

e  

s  

s  

t  

l  

p  

p  

D  

.

a  

r  

t  

t  

w  

c  

t

 

a  

f  

b  

r  

c  

n  

s  

m  

h

1

. Introduction 

Directional wireless sensor networks (DWSNs) consist of a

umber of directional sensors. The directional sensors have been

idely used for IoT applications [1–5] . These applications include

upporting visual monitoring services [1,2] , identifying the posi-

ions of objects [3] , and constructing a virtual fence [4,5] on the

order between Mexico and the United States. The k -barrier cov-

rage problem [6–13] has been widely discussed for wireless sen-

or networks (WSNs) in the past few years. A defense barrier con-

tructed by a set of sensors in a given monitored region R is said

o satisfy k -barrier coverage if any crossing path is covered by at

east k distinct sensors [6] , where a path is said to be a crossing

ath if the path crosses through the complete width of R . Com-

ared with a traditional sensor in WSNs, each directional sensor in

WSNs is equipped with an infrared sensor, a microwave sensor,
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n ultrasonic sensor, a camera, radar, and so on, which provides

ich information for better understanding the behavior of targets in

arget tracking applications. Being different from traditional sensor,

he sensing range of a directional sensor is a Field of View (FoV),

hich can be viewed as fan-shaped. Hence the existing barrier-

overage algorithms [6–14] developed for WSNs cannot be applied

o DWSNs. 

In the past few years, barrier coverage problem in DWSNs has

ttracted much attention [15–22] . Since considerable intrusive in-

ormation captured by directional sensors will be further processed

y the sink node, most of the existing approaches [15–21] aim to

educe the number of active directional sensors for reducing the

omputing loads at the sink and energy consumptions at sensor

odes. Ma et al. [15] analyzed the FoV sensing model of directional

ensors and then proposed a connectivity checking and repairing

ethod, aiming to maintain the connectivity between directional

ensors. However, the authors did not take into consideration the

onstruction of defense barrier. Several studies [16–19] have pro-

osed barrier construction algorithms. The main concept is that
he contribution of each directional sensor is transformed into a 
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partial barrier line. The set of directional sensors that contribute

to the largest partial barrier line will be selected. The length of the

partial barrier line can be enlarged if two partial barrier lines over-

lap. As a result, the barrier can be constructed from the leftmost

to the rightmost boundaries. However, these studies did not con-

sider the k -barrier coverage problem, for k ≥ 2. Also, the maximal

number of constructed defense barriers was not achieved. 

Moreover, studies [20,21] proposed centralized barrier-coverage

algorithms aiming to minimize the number of directional sensors.

Wang et al. [20] transformed the given monitored region into a

weighted graph. An approach based on the Hungarian Algorithm is

applied to find the barrier lines on the weighted graph. As an ex-

tension of study [20] , Wang et al. [21] further demonstrated that

constructing a defense barrier with k -barrier coverage is related to

finding k vertex-disjoint paths on a weighted graph. An algorithm

based on Menger’s Theorem was proposed for finding the k vertex-

disjoint paths. However, the efficiencies of these centralized algo-

rithms [15,16,18,20,21] could be further improved since they raise

considerable communication overhead for collecting the locations

and FoV information from all directional sensors. 

This paper addresses the k -barrier coverage problem and devel-

ops a decentralized k -Barrier Coverage Construction ( k -BCC) mech-

anism for DWSNs. The developed k -BCC mechanism aims to con-

struct the maximal number of distinct defense barriers. Each con-

structed defense barrier is composed of as few directional sen-

sors as possible while satisfying the cover requirement of k -barrier

coverage. In the proposed k -BCC mechanism, the given monitored

region will be initially partitioned into several equal-sized grids

for simplifying the k -barrier coverage problem. Then a Basic Ap-

proach (BA) is proposed aiming at constructing a number of de-

fense barriers. Each of the constructed defense barriers consists

of a minimum number of directional sensors but satisfies the k -

barrier coverage. Based on the proposed BA, the Backtracking Ap-

proach (BTA) and Branch Approach (BRA) are further proposed to

construct more defense barriers with the capability of k -barrier

coverage. Consequently, those directional sensors that participate

in the constructed defense barriers can work in turn and the load

balance purpose can be achieved. 

The following presents the main contributions of this paper. 

1) Proposing a decentralized solution which achieves similar

performance to the centralized optimal solution. By locally

considering the contribution of each directional sensor, the pro-

posed decentralized k -BCC mechanism can construct a satisfac-

tory number of distinct defense barriers. Each constructed bar-

rier consists of as few directional sensors as possible but still

guarantees k -barrier coverage. In comparison, we treat MDP

[23] as the optimal solution since it is centralized and uses

exhausted search for all possible solutions. The proposed BRA

mechanism achieves similar performance as the optimal solu-

tion while the number of control packets of BRA is significantly

reduced. 

2) Achieving better performance than existing works. The pro-

posed BRA mechanism outperforms existing distributed algo-

rithms CoBRA [17] and D-TriB [19] , and centralized algorithms

MNBG [21] and MDP [23] in terms of the number of control

packets. 

3) Overcoming the obstacle problem. The dead-end problem

might occur when constructing a barrier. The proposed BTA

and BRA adopt the backtracking and branch approaches to over-

come the dead-end problem and further find more feasible so-

lutions for constructing the defense barriers. Hence both of BTA

and BRA can be applied to the obstacle environment. To our

knowledge, this is the first decentralized algorithm that han-

dles the dead-end problem when constructing a barrier. 
4) Handling the heterogeneous problem. The proposed k -BCC

mechanism can be also applied in heterogeneous directional

sensor networks because each directional sensor just needs to

calculate its contribution for constructing the defense barrier

based on parameters including its sensing radius, field of view,

view angle, and coordinates. 

5) Flexibility . The proposed BA, BTA, and BRA approaches can

work independently or can be integrated, according to the sit-

uations of a given monitored region. Compared with related

works [15,16,18,20,21] , the proposed approaches have more

flexibility. 

6) Problem simplification and performance analysis. The pro-

posed k -BCC mechanism which partitions the monitoring re-

gion into a number of grids can further simplify the barrier

construction problem and reduce the computational complex-

ity. Theoretical analyses of performance drop caused by grid

partition and message complexity are also made in Section 5 . 

The remainder of this paper is organized as follows. Section 2

iscusses related works. Section 3 introduces the network envi-

onment and problem statement. Section 4 gives the detailed de-

cription of the proposed mechanisms. Section 5 gives a theoreti-

al analysis for verifying the performance of the proposed barrier-

overage approaches. Section 6 presents the simulation results

hile Section 7 concludes this paper. 

. Related work 

Barrier coverage is one of the most important topics in wire-

ess sensor networks, which can be implemented in several appli-

ations including national border control, critical resource protec-

ion as well as intruder detection. In a WSN, a defense barrier is

ormed by selecting a set of sensors whose sensing ranges are con-

iguous and span across the monitored field. Every object crossing

he field from one side to another will be detected by at least one

ensor on the defense barrier. The following subsection presents

elated literature on barrier coverage developed for WSNs and di-

ectional WSNs. 

.1. Barrier coverage in WSNs 

The barrier coverage problem for traditional WSNs has been

tudied extensively in the past few years. Kumar et al. [6] firstly

efined the notion of k -barrier coverage of a belt region for wire-

ess sensors. They proposed an algorithm to determine whether a

elt region supports the k -barrier coverage. Kumar et al. [7] further

roposed a centralized sleep-wake-up schedule, aiming to prolong

he lifetime of the performing barrier for wireless sensors. Chen et

l. [8] introduced the concept of local barrier coverage for WSNs.

hey proposed a sleep-wakeup algorithm, aimed at maximizing

he network lifetime. Huang et al. [9] proposed a centralized algo-

ithm for constructing the barrier for WSNs. In the proposed algo-

ithm, the boundary arcs of the sensing intersection area among

ensors were calculated. A set of sensors with large projection

engths were selected to form the barrier. Yang et al. [10] inves-

igated the effectiveness of sensing range of each sensor on bar-

ier and derived the projection length of each sensor. A centralized

cheme which combines all the projection lengths was developed

or constructing the barrier. 

Liu et al. [11] divided the monitoring region into several hor-

zontal rectangular segments interleaved by vertical thin strips.

ach segment and vertical strip independently forms the local hor-

zontal and vertical barriers, respectively. The barrier for the whole

egion is constructed if neighboring local horizontal and vertical

arriers were connected with each other. Chen et al. [12] proposed

 mechanism that measures the quality of the barrier. If the qual-

ty of the barrier falls below a desired level, they further proposed
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 method to identify all the weak zones. Then a repair algorithm

s obtained to repair the weak zones until the barrier achieves a

esired level. He et al. [13,14] introduced a notion of distance-

ontinuous and then designed sensor deployment algorithms for

arrier coverage in WSNs. However, the abovementioned studies

ere developed for omni-directional sensors only. They cannot be

fficiently applied to DWSNs because the sensing area of each di-

ectional sensor is fan-shaped. Furthermore, most of the above-

entioned mechanisms were centralized, which require collecting

he locations of the sensors and then making a decision. The pro-

osed algorithms here are decentralized, where each sensor only

eeds to collect information from the neighboring sensor. Com-

ared with the abovementioned existing studies, the proposed de-

entralized algorithms further support scalability and flexibility. 

.2. Barrier coverage in directional WSNs 

Recently, the barrier coverage problem for directional WSNs has

radually received much attention. Ma et al. [15] analyzed deploy-

ent strategies with a FoV sensing model for directional sensors.

hey proposed connectivity checking and repairing methods, aim-

ng to maintain the connectivity between directional sensors. How-

ver, the authors did not take into consideration the construction

f a defense barrier. Zhang et al. [16] firstly transformed the given

onitored region into a coverage graph. Based on the coverage

raph, the authors presented an integer linear programming for-

ula for modeling the barrier coverage problem and then pro-

osed a centralized algorithm to find the defense barriers. The au-

hors also came up with a decentralized defense barrier construc-

ion algorithm where a defense barrier is constructed by combin-

ng barrier fragments. Shih et al. [17] proposed a distributed al-

orithm, aiming to construct the barrier in wireless camera sen-

or networks. In the proposed algorithm, the contribution of each

amera sensor on the barrier is transformed into a partial barrier

ine. The set of camera sensors that contributes the largest par-

ial barrier line will be selected. The length of the partial barrier

ine can be enlarged if two partial barrier lines overlap. As a re-

ult, the barrier can be constructed from the leftmost to the right-

ost boundaries. Cheng and Tsai [19] initially converted the FoV

f each directional sensor into a horizontal line. Later on, a di-

ectional sensor located at the leftmost boundary is selected to be

he initiator. Based on the length of the horizontal line, the initia-

or selects suitable relay directional sensors from left to right until

he rightmost boundary is reached. However, previous works [16–

9] did not consider the k -barrier coverage problem for k ≥ 2. To

ur knowledge, the maximal number of constructed defense barri-

rs is never achieved. 

Wang et al. [20] introduced the notion of a weighted barrier

raph (WBG) to model the barrier coverage problem. They demon-

trated the concept that the minimum number of directional sen-

ors required to form a defense barrier with 1-barrier coverage is

he length of the shortest path from the source node to the des-

ination node on the WBG. An approach based on the Hungarian

lgorithm is proposed to solve the problem of 1-barrier coverage.

s an extension of study [20] , Wang et al. [21] further proved the

act that the minimum number of directional sensors required to

orm a defense barrier with k -barrier coverage is related with find-

ng k vertex-disjoint paths with the minimum total length on the

BG. Afterwards, an algorithm based on a previous work, called

ertex-Disjoint Path Approach, is proposed for solving the problem

f k -barrier coverage. However, the efficiency of these centralized

lgorithms [15,16,18,20,21] could be further improved since they

aise considerable communication overhead for collecting the lo-

ations and FoV information from all directional sensors. Table 1

ummarizes the characteristics of the existing algorithms and the

roposed k -BCC. 
. Network environment and problem statement 

This section initially introduces the network environment and

ssumptions of the considered DWSNs. Later, the problem formu-

ations of this work are proposed. 

.1. Network environment 

The considered monitoring area is a rectangle region R with size

 × W , where L and W are the length and width of R , respectively.

et notations L top , L bottom 

, W left , and W right denote the top, bottom,

eft, and right boundaries of R , respectively. A path is said to be a

rossing path if it completely crosses from L bottom 

to L top . A set of

 directional sensors V = { v 1 , v 2 ,…, v n } are randomly deployed in R .

ach directional sensor v i has a unique ID and is aware of its own

ocation and the boundaries of R . Each v i has a non-rotatable sens-

ng range with sensing radius r , communication radius 2 r , field-of-

iew (FoV) angle θ , and orientation vector φi . The energy required

or each v i is sufficiently supported. This can be achieved by many

xisting Energy Harvesting technologies [24] . Through exchange of

eacon messages with one-hop neighbors, each v i can collect IDs,

ocations, and information of sensing range of its neighboring di-

ectional sensors. A notation table is given below to summarize no-

ations used in the proposed k -BCC mechanism ( Table 2 ). 

.2. Problem formulation 

Let DB 1 
h 

= (v ˆ 1 
, v ˆ 2 

, . . . , v ˆ f h 
) denote the h th constructed defense 1 -

overage barrier which is composed of ˆ f h ordered directional sen-

ors, where v ˆ i denotes the i th directional sensor participating in

B 1 
h 
, when applying a certain algorithm. The definitions of Initiator

nd Terminator, and disjoint k-coverage barrier are given below. 

efinition 1. Initiator and Terminator; v ˆ 1 
and v ˆ f h 

The Initiator, denoted by v ˆ 1 
, is the first sensor participating in

he construction of DB 1 
h 

and its sensing range intersects with W left .

he Terminator, denoted by v ˆ f h 
, is the last sensor participating

n the constructing of DB 1 
h 

and its sensing range intersects with

 right . �

efinition 2. Disjoint k -Coverage Barrier; DB k 

A disjoint k -coverage barrier, denoted by DB k , is a collection of

 disjoint DB 1 s. That is, 

 B 

k = 

k ⋃ 

h =1 

DB 

1 
h (1) 

The construction of a DB k can be achieved by finding k disjoi

B 1 s. The following presents several constraints that should be sat-

sfied during the construction of a DB k . 

In the k -barrier coverage problem, any crossing path should be

etected by at least k directional sensors in the given monitoring

egion R . The proposed k- BCC mechanism aims to solve the prob-

em of k - barrier coverage. The following presents the objective

unction and the constraints of the k -barrier coverage problem. 

Let N denote the number of disjoint k -coverage barriers that

an be constructed in R by applying a certain algorithm. As shown

n ( 2 ), the objective function of this paper is constructing the max-

mum number of disjoint defense barriers each of which supports

 -barrier coverage. 

aximize ( N ) (2) 

Expression ( 2 ) also indicates that the number of directional sen-

ors that compose each DB k should be minimized in order to max-

mize the number of constructed disjoint k -coverage barriers. This



74 C.-Y. Chang et al. / Ad Hoc Networks 81 (2018) 71–85 

Table 1 

Main characteristics of the k -BCC and related algorithms. 

Studies Directional WSNs Barrier Construction Decentralized Algorithm k -Barrier Coverage Flexibility 

[6,11] X X X V X 

[7–10,12–14] X X X V (1-Cover) X 

[15,18,20] V X X V (1-Cover) X 

[16,17,19] V V V V (1-Cover) X 

[21] V X X V X 

k -BCC V V V V V 

Table 2 

Notation table . 

Notations Descriptions 

DB k The Disjoint k -Coverage Barrier 

g x,y A grid with coordinates ( x, y ). 

g curr 
x,y The g x,y that is currently considered by the proposed algorithms. 

DM 

curr 
x,y The sensor that plays the role of Decision Maker of g curr 

x,y . 

q k, j 
x,y The j th candidate working set of g x,y , which is composed of k directional sensors . 

Q k,m 
x,y The m possible candidate working sets of g x,y , each of which is composed of k directional sensors . 

ˆ q k x,y The best working set in Q k,m 
x,y . 

g k, j,x,y 
ρ,σ The extended grid of q k, j 

x,y if both g curr 
x,y and g k, j,x,y 

ρ,σ are fully covered by all of the directional sensors in q k, j 
x,y . 

g BestEnding 

α,β
The grid g k, j,x,y 

ρ,σ that has maximal weighted distance d to g curr 
x,y . 

S n , S n + 1 The current constructed segment and the next constructed segment . 

g next 
x ′ ,y ′ The starting grid of S n + 1 . 

g k, j,x,y 

α+ ζ ,β+ ξ The candidate starting grids of S n + 1 , where − 1 ≤ ζ ≤ 1 and − 1 ≤ ξ ≤ 1. 

DM 

next 
x ′ ,y ′ The DM of g next 

x ′ ,y ′ . 

DM 

pre v 
x,y The previous DM of g curr 

x,y . 

G G = { g 1 , g 2 , .., g η} has η weak grids selected by DM 

curr 
x,y . 

c ω The coverage degree of grid g ω , where g ω ∈ G. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

t  

s  

o  

c

 

a

4

(

 

i  

o  

T  

c

4

 

p  

t  

i  

w  

i  

c  

p  

n  

p

 

b  

o  

g  

g  

t  
goal can reduce the complexities of intrusive information comput-

ing and communication. Since the constructed k -coverage barri-

ers can work in turn, the reliability of intruder detection task can

also be significantly improved when the number of constructed k -

coverage barriers is increased. 

Let v sen 
ˆ i 

denote the sensing range of the i th directional sensor

in DB 1 
h 
. Constraint ( 3 ) shows that the sensing ranges of two neigh-

boring directional sensors in DB 1 
h 

should be overlapped. 

Continuous constraint: 

v sen 
ˆ i 

∩ v sen 
ˆ i +1 

� = ∅ , 1 ≤ ˆ i ≤ ˆ f h − 1 , ∀ v ˆ i , v ˆ f h 
∈ DB 

1 
h (3)

Another constraint, called boundary constraint , should be satis-

fied for the first directional sensor v ˆ 1 
and last directional sensor

v ˆ f h 
in DB 1 

h 
. As expressed in ( 4 ), the sensing range of the first sen-

sor v sen 
ˆ 1 

should overlap with the left boundary of R (i.e., W left ) and

the sensing range of the last sensor, denoted by v sen 
ˆ f h 

, should over-

lap with W right . 

Boundary constraint: 

v sen 
ˆ 1 

∩ W le f t � = ∅ ∧ v sen 
ˆ f h 

∩ W right � = ∅ , ∀ v ˆ 1 
, v ˆ f h 

∈ DB 

1 
h (4)

Let x i,h denote the Boolean value indicating whether or not the

v i participates in DB 1 
h 
. That is, 

x i,h = 

{
1 , if v i ∈ DB 

1 
h 

0 , otherwise 
. (5)

Recall that the notations L and V denote the length of R and the

set of directional sensors deployed in R , respectively. Constraint ( 6 )

states that each v i participates in at most one defense 1-coverage

barrier. In other words, any two defense 1-coverage barriers, says

DB 1 α and DB 1 
β

, should be sensor-disjoint. 

Sensor-disjoint constraint: ∑ 

∀ DB 1 
h 

x i,h ≤ 1 , ∀ i ∈ V (6)
The following explains the reason why the k DB 1 s that construct

 DB k should be sensor-disjoint. Consider a DB 2 , which consists of

wo DB 1 s, say DB 1 α and DB 1 
β

. If DB 1 α and DB 1 
β

. share a common sen-

or, the crossing path might pass through this sensor and hence

nly one sensor can detect the intruder. As a result, DB 2 can only

ontribute 1-coverage. 

The next section presents the proposed k- BCC which aims to

chieve the goal given in ( 2 ) while satisfying ( 3 ), ( 4 ), and ( 6 ). 

. The proposed k -Barrier Coverage Construction mechanism 

 k -BCC) 

The proposed k -BCC mechanism consists of two phases. In the

nitialization phase , the given region R is partitioned into a number

f equal-sized grids for simplifying the k -barrier coverage problem.

hen the second phase, called barrier construction phase , aims to

onstruct a DB k grid by grid from W left to W right. 

.1. Initialization phase 

Each directional sensor v i has two major tasks to be accom-

lished. The first task is region partitioning which aims to parti-

ion the given region R into a set of equal-sized grids as shown

n Fig. 1 . Let the size of grid be l × l. Each grid is assigned

ith coordinates ( x, y ). As shown in Fig. 1 , the topmost left grid

s assigned with coordinates (1, 1) and the x -coordinate and y -

oordinate are increased by one if the location of a grid shifts one

osition towards the right and the down direction, respectively. Let

otation g x,y represent a grid with coordinates ( x, y ). Each v i in this

hase will firstly identify the coordinates of its own located grid. 

Let notation � denote the maximum size of the square that can

e contained in the sensing range of a directional sensor. The size

f grid � is bounded by 0 < � ≤ � . This makes it possible that the

rid can be fully covered by the directional sensor. The size of the

rid is a tradeoff between computational complexity and construc-

ion preciseness. A larger grid size can reduce the computational
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Fig. 1. Grid-based partition. 

Fig. 2. The fully covered grids of v a and v b . 
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omplexity of each directional sensor but will lead to a drop in

he performance. This occurs because a large-sized grid can reduce

he number of sensors that fully cover one grid, which reduces the

umber of sensors that can participate in the barrier-construction

ask. It is obvious that when the grid size is degraded to a cer-

ain point, it is equivalent to removing the grid. Here, we assume

hat the size of the grid is small enough such that the sensing

ange of each directional sensor can fully cover at least one grid.

ection 5 presents the analysis of the performance drop caused

y grid partition . Section 6 further offers several simulations to in-

estigate the impact of grid size on performance in terms of the

egree of performance drop and the success ratio of defense 3-

overage barrier construction. 

The second task of each v i is coverage identification . Here, we

otice that a grid might be commonly and fully covered by the

ensing ranges of several directional sensors. Therefore, in the ini-

ialization phase, each v i should evaluate the coverage degrees of

hose grids covered by itself. The following defines Fully Covered

et of v i . 

efinition 3. Fully Covered Set of v i ; G i 

A grid g x,y is said to be a fully covered grid of v i if the grid g x,y 

s fully covered by v i . The fully covered set of v i , denoted by G i ,

onsists of all fully covered grids of v i . �

Fig. 2 gives an example of G i . In Fig. 2 , the grids that are fully

overed by v a and v b are marked with notations a and b , respec-

ively. Therefore, we have G a = { g 2,2 , g 2,3 , g 3,2 , g 3,3 } and G b = { g 2,3 ,

 3,2 , g 3,3 }. 

By exchanging the fully covered set with neighbors, each v i can

erive the coverage degree of grids that belong to G i . More spe-

ially, a grid g x,y is said to be p -covered if the grid g x,y is fully

overed by p different directional sensors. In other words, a g x,y 

s p -covered if and only if the coverage degree of g x,y is p . 
.2. Barrier construction (BC) phase 

This section presents the construction of DB k . In a conceptual

evel, a DB k is composed of a series of interconnected segments .

ach segment consists of several k -covered grids contributed by k

irectional sensors. Let starting grid and ending grid be the leftmost

nd rightmost grids of a segment, respectively. Two segments are

aid to be interconnected if the starting grid of the successive seg-

ent neighbors is connected to the ending grid of the previous

egment. As a result, a DB k can be constructed by connecting a se-

ies of interconnected segments. The BC phase will construct a DB k 

egment by segment from boundaries W left to W right . 

To accomplish a DB k in each segment, a directional sensor is se-

ected to be the Decision Maker (DM) for executing the operations

roposed in the BC phase. Consider a grid g x,y . All of the direc-

ional sensors that can fully cover g x,y are called DM candidates of

 x,y . One of them will play the role of DM of grid g x,y if it has the

argest number of neighbors in DM candidates of g x,y . In case that

here is more than one directional sensor having the same num-

er of neighbors, the one with the largest ID will play the role of

M. In the BC phase, three approaches, the Basic Approach (BA),

acktracking Approach (BTA), and Branch Approach (BRA), are devel-

ped to implement the BC phase. Each DM applies the proposed

pproaches aiming to construct DB k . 

The defense barrier can be constructed by locally exchanging

onstruction message among DMs from W left to W right . The first

M , which is treated as an Initiator v ˆ 1 
, is the DM that initializes

he construction of each defense barrier based on the proposed BA,

TA, and BRA. The DM is said to be the Initiator candidate if there

xists a grid g 1, y , 1 ≤ y ≤ w, belonging to its fully covered set, and

ave not yet participated in the construction of any defense barrier.

ach Initiator candidate should determine a particular time period,

alled delay time . The delay time t i of an initiator candidate DM i 

s set by t i = ( y − 1) ×λ, where λ is a predefined time slot and y

s the y -axis coordinates of the grid g x,y that satisfies g x,y is the

losest grid in G i to the upper-left grid g 1,1 . Herein, we guarantee

hat all Initiator candidates should have different delay times, since

ach Initiator candidate should cover grid g 1, y , and each g 1, y is in

harge of at most one DM. 

After calculating the delay time, each Initiator candidate should

xecute an Initiator competition process , where each initiator candi-

ate waits for its own delay time before accessing the medium.

hen the delay time has expired, the Initiator candidate can

roadcast an Initiator message , aiming to notify all the initiator

andidates that it is an Initiator. The Initiator candidates that re-

eive the Initiator message should abandon the Initiator compe-

ition process. The Initiator then starts to construct the defense

arrier according to the proposed BA, BTA, and BRA. The defense

arrier can be constructed segment by segment until the DM, say

M j , that plays the role of Terminator v ˆ f h 
. The DM j which satisfies

he following two criteria can play the Terminator role: (1) DM j 

as not yet participated in any construction of a defense barrier;

2) DM j has at least a fully covered grid g l,y , 1 ≤ y ≤ w, which

elongs to its fully covered set. Once the defense barrier is con-

tructed, the Terminator will notify the Initiator about the success

f constructing the defense barrier. All the Initiator candidates will

gain execute the Initiator competition process, aiming to play the

nitiator role for constructing the next defense barrier until there

oes not exist any Initiator candidate. 

In the developed k -BCC mechanism, three barrier-construction

olicies, called BA , BTA , and BRA are proposed. Firstly, a decentral-

zed BA mechanism is proposed to deal with the k -barrier cover-

ge problem, which is simple and easy to be implemented. In ad-

ition to BA, the BTA and BRA algorithms that adopt backtracking

nd branch policies are proposed to further construct more disjoint
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Fig. 3. An example for illustrating the construction of a DB 2 by applying BA. 
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k -coverage barrier ( DB k ) than BA. Compared with BA, the BTA pro-

vides more opportunities for successfully constructing the DB k . The

BRA can use up many directional sensors as possible for construct-

ing the maximum number of DB k . 

1) Basic Approach (BA) 

This section describes the proposed BA for constructing a DB k .

Recall that a DB k is constructed in a segment by segment man-

ner from W left to W right . Let g curr 
x,y . denote the g x,y which is currently

considered by algorithm BA. Let DM 

curr 
x,y denote the DM of g curr 

x,y . The

DM 

curr 
x,y only considers a g curr 

x,y at a time and tries to find the best set

of k directional sensors, which is referred to the best working set

ˆ q k x,y of g curr 
x,y . Initially, the DM 

curr 
x,y will find each candidate working

set which consists of k directional sensors and each of them can

fully cover grid g curr 
x,y . Let q 

k, j 
x,y denote the j th candidate working set

found by DM 

curr 
x,y . Let Q 

k,m 

x,y denote the set of m possible candidate

working sets q 
k, j 
x,y . That is, 

Q 

k,m 

x,y = 

{
q k, j 

x,y | 1 ≤ j ≤ m 

}
(7)

Then the DM 

curr 
x,y will select one best working set ˆ q k x,y from set

Q 

k,m 

x,y . The selection policy for finding ˆ q k x,y is called Best Working Set

Construction Process which is presented below. 

a) Best Working Set Construction Process 

The following explains how DM 

curr 
x,y selects the best working set

ˆ q k x,y from Q 

k,m 

x,y . The policy for determining the ˆ q k x,y is based on the

contribution of each candidate working set q 
k, j 
x,y in Q 

k,m 

x,y . Let g 
k, j,x,y 
ρ,σ

denote an extended grid of q 
k, j 
x,y if both g curr 

x,y and g 
k, j,x,y 
ρ,σ are fully

covered by all of the directional sensors in q 
k, j 
x,y . Let Max ( W, L ) de-

note the maximum value between W and L , where W and L are the

width and length of the given monitored region R , respectively. Let

weighted distance d between the extended grids g 
k, j,x,y 
ρ,σ and g curr 

x,y be

evaluated by applying ( 8 ). 

d 
(
g curr 

x,y , g 
k, j,x,y 
ρ,σ

)
= ( y − σ ) + ( ρ − x ) · Max ( W, L ) (8)

The grid g 
k, j,x,y 
ρ,σ closer to boundary W right has a larger weighted

distance d and thus is considered having a larger contribution. This

occurs because the weighted distance d is the length of the de-

fense barrier contributed by the working set q 
k, j 
x,y . A larger d means

that the defense barrier requires fewer directional sensors to be

accomplished. In ( 8 ), the multiplication of Max ( W, L ) and ( ρ − x )

is to emphasize the weighted distance increasing in the x -axis di-

rection since a straight defense barrier is the most appropriate in

constructing the defense barrier. 

As shown in ( 9 ), the g 
k, j,x,y 
ρ,σ that has maximal weighted distance

to grid g curr 
x,y , denoted by g 

BestEnding 

α,β
, will be the best ending grid of

the current segment. 

g BestEnding 

α,β
= arg max d 

(
g curr 

x,y , g 
k, j,x,y 
ρ,σ

)
(9)

Therefore, the candidate working set q 
k, j 
x,y that can fully cover

the grid g 
BestEnding 

α,β
has the largest contribution and will be selected

as the best working set ˆ q k x,y by DM 

curr 
x,y . The grids covered by all di-

rectional sensors in ˆ q k x,y will become defense grids. These defense

grids are regarded as a constructed segment of DB k and any direc-

tional sensor in the best working set ˆ q k x,y will not be considered

again in the following segment construction. 

Recall that a DB k is constructed segment by segment. The cur-

rent grid g curr 
x,y . and the best ending grid g 

BestEnding 

α,β
will be the

starting grid and ending grid of the constructed segment, respec-

tively. The next step of BA is to construct the next segment which

connects to the previous one. Let g next 
x ′ ,y ′ denote the starting grid
f the next segment . To accomplish this, the DM 

curr 
x,y will select a

roper g next 
x ′ ,y ′ . Then the best working set construction process and

he g next 
x ′ ,y ′ selection process (discussed later), will be repeatedly per-

ormed to construct the defense barrier segment by segment. As

 result, the DB k can be constructed by repeatedly executing the

bove-mentioned procedure until a constructed segment reaches

he boundary W right . 

Fig. 3 is an example of selecting the best working set. As

hown in Fig. 3 , the fully covered sets of v a , v b , v c , v d and

 e are G a = { g 1,1 , g 1,2 , g 2,1 , g 2,2 , g 2,3 , g 3,2 , g 3,3 }, G b = { g 1,2 , g 1,3 ,

 2,2 , g 2,3 , g 3,2 }, G c = {g 1,2 , g 1,3 , g 2,3 }, G d = { g 4,1 , g 5,1 , g 5,2 , g 6,1 , g 6,2 ,

 6,3 } and G e = { g 4,1 , g 4,2 }, respectively. The grid g 1,2 is the start-

ng grid which has w = 3 candidate working sets: q 2 , 1 
1 , 2 

= { v a , v b } ,
 

2 , 2 
1 , 2 

= { v a , v c } and q 2 , 3 
1 , 2 

= { v b , v c } . The extended grids of q 2 , 1 
1 , 2 

, q 2 , 2
1 , 2

nd q 2 , 3 
1 , 2 

are { g 2 , 1 , 1 , 2 
1 , 2 

, g 2 , 1 , 1 , 2 
2 , 2 

, g 2 , 1 , 1 , 2 
2 , 3 

, g 2 , 1 , 1 , 2 
3 , 2 

} , { g 2 , 2 , 1 , 2 
1 , 2 

, g 2 , 2 , 1 , 2 
2 , 3 

} and

 g 2 , 3 , 1 , 2 
1 , 2 

, g 2 , 3 , 1 , 2 
1 , 3 

, g 2 , 3 , 1 , 2 
2 , 3 

} , respectively. The farthest extended grid of

 

2 , 1 
1 , 2 

. , q 2 , 2 
1 , 2 

and q 2 , 3 
1 , 2 

are g 2 , 1 , 1 , 2 
3 , 2 

, g 2 , 2 , 1 , 2 
1 , 2 

and g 2 , 3 , 1 , 2 
2 , 3 

, respectively. By

pplying ( 8 ) and ( 9 ), the contributions of q 2 , 1 
1 , 2 

, q 2 , 2 
1 , 2 

and q 2 , 3 
1 , 2 

are

valuated below. 

 

2 , 1 
1 , 2 

: d 
(
g curr 

1 , 2 , g 
2 , 1 , 1 , 2 
3 , 2 

)
= ( 2 − 2 ) + ( 3 − 1 ) · Max ( 3 , 6 ) = 12 

 

2 , 2 
1 , 2 

: d 
(
g curr 

1 , 2 , g 
2 , 2 , 1 , 2 
2 , 3 

)
= ( 2 − 3 ) + ( 2 − 1 ) · Max ( 3 , 6 ) = 5 

 

2 , 3 
1 , 2 

: d 
(
g curr 

1 , 2 , g 
2 , 3 , 1 , 2 
2 , 3 

)
= ( 2 − 3 ) + ( 2 − 1 ) · Max ( 3 , 6 ) = 5 

As a result, the g 
BestEnding 

α,β
will be the g 3,2 and the q 2 , 1 

1 , 2 
= { v a , v b }

e selected as the best working set, say ˆ q 2 
1 , 2 

= { v a , v b } , in charge of

onitoring the Segment 1 between g 1,2 and g 3,2 . 

The following presents how DM 

curr 
x,y selects the next starting grid

or initiating the construction of the next segment. 

b) Next Starting Grid Selection Process 

This paragraph describes how DM 

curr 
x,y selects the starting grid

f the next segment g next 
x ′ ,y ′ . Let S n and S n + 1 denote the current

onstructed segment and the next segment, respectively. Recall ( 9 )

hat g 
BestEnding 

α,β
denotes the best ending grid of S n . The g next 

x ′ ,y ′ should

e able to connect to the best ending grid g 
BestEnding 

α,β
of S n . Let

 

k, j,x,y 

α+ ζ ,β+ ξ , where − 1 ≤ ζ ≤ 1 and − 1 ≤ ξ ≤ 1 denote the candi-

ate starting grids of S n + 1 . Obviously, each candidate starting grid

 

k, j,x,y 

α+ ζ ,β+ ξ of S n + 1 should be k -covered and will be connected to the

est ending grid g 
BestEnding 

α,β
of S n . The DM 

curr 
x,y will select the grid

 

k, j,x,y 

α+ ζ ,β+ ξ with the largest ζ and the smallest ξ to be the starting

rid of S n + 1 , say g next 
x ′ ,y ′ , for increasing the utilization of directional
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Algorithm 1 Basic Approach (BA). 

Input : Each directional sensor in R has completed the tasks of region partitioning 

and coverage identification . The value k of k -barrier coverage requirement. 

Output : A disjoint k -coverage barrier ( DB k ) 

Initialization : Initiator v ˆ 1 selection by applying the initiator competition process. 

// Best Working Set Construction Process 

1 v i = DM 

curr 
x,y 

2 for all q k, j 
x,y ∈ Q k,m 

x,y , where ∀ x i,h = 0 , v i ∈ q k, j 
x,y and 1 ≤ j ≤ m do 

3 Computes d( g curr 
x,y , g 

k, j,x,y 
ρ,σ ) by applying (8) 

4 ˆ q k x,y = q k, j 
x,y with max. d( g curr 

x,y , g 
k, j,x,y 
ρ,σ ) 

// Next Starting Grid Selection Process 

5 if ∃ v i ∈ ̂  q k x,y , where g l,y ∈ G i then 

6 return (“Construction success ”) 

7 if � g next 
x ′ ,y ′ then 

8 return (“Construction failure ”) 

9 g next 
x ′ ,y ′ = max 

ζ
min 

ξ
g k, j,x,y 

α+ ζ ,β+ ξ

10 v i ′ = DM 

next 
x ′ ,y ′ , where g next 

x ′ ,y ′ ∈ G i ′ 
11 v i = DM 

pre v 
x,y , where v i is the DM 

curr 
x,y 

12 for all v i ∈ ̂  q k x,y do 

13 x i,h = 1 

14 Hand_Over ( DM 

pre v 
x,y , DM 

next 
x ′ ,y ′ , k ) 
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Fig. 4. An example for illustrating the construction of a DB 2 by applying BTA. 
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f  
ensors from top boundary L top to bottom boundary L bottom 

. That

s, 

 

next 
x ′ ,y ′ = max 

ζ
min 

ξ
g k, j,x,y 

α+ ζ ,β+ ξ . 
(10) 

After DM 

curr 
x,y determines the starting grid g next 

x ′ ,y ′ of S n + 1 , the

M 

curr 
x,y transfers the construction authority to the DM of g next 

x ′ ,y ′ , as

enoted by DM 

next 
x ′ ,y ′ , and changes role from DM 

curr 
x,y to previous DM,

s denoted by DM 

pre v 
x,y . The DM 

next 
x ′ ,y ′ will become the role of the cur-

ent DM. That is, the current DM of S n + 1 is DM 

curr 
x ′ ,y ′ . Executing sim-

lar operations done by DM 

pre v 
x,y , the DM 

curr 
x ′ ,y ′ will apply the BA pro-

edure, including the best working set construction process and next

tarting grid selection process , aiming to construct the next segment,

ntil a constructed segment reaches the right boundary W right . 

The following continues the example given in Fig. 3 to illustrate

he execution of Next Starting Grid Selection Process . Recall that the

est ending grid of S 1 is g 3,2 . As shown in Fig. 3 , the candidate

tarting grids of S 2 are g 4,1 , g 4,2 , and g 4,3 . By applying ( 10 ), the

M 

curr 
1 , 2 

selects grid g 4,1 , which satisfies the 2-covered restrictions

nd locates the top-right closest boundary to be the starting grid

f segment S 2 . As a result, segment S 1 has been constructed and

egment S 2 will start to be constructed. The defense barrier will

e formed by constructing segment by segment. The Best Working

et Construction Process and Next Starting Grid Selection Process will

e repeatedly applied until a grid of the segment that reaches the

ight boundary W right is selected, and then the DB 2 is constructed

y applying BA mechanism. The pseudo-code of BA is given in

lgorithm 1 . 

The major advantage of BA is simple and easily implemented.

owever, the BA might be a failure if the DM 

curr 
x,y cannot find any

ext starting grid which satisfies the k -covered restriction. Fig. 4

ives an example that fails to construct a DB 2 by applying BA.

uppose that the segment S 1 between g 1,2 and g 4,2 has been con-

tructed as the best working set ˆ q 2 
1 , 2 

= { v b , v c } and the g 5,1 is also

elected by DM 

curr 
1 , 2 

to be the starting grid of segment S 2 . Then the

M 

next 
5 , 1 

takes the construction authority from DM 

curr 
1 , 2 

and changes

ole from DM 

next 
5 , 1 

to DM 

curr 
5 , 1 

. The DM 

curr 
5 , 1 

further selects g 5,1 to be the

est ending grid of segment S 2 by applying ( 8 ) and ( 9 ). Note that a

rid g x,y can simultaneously play two roles, including starting grid

nd best ending grid, if g x,y has the largest contribution as com-

ared with all of the other extended grids. Since the DM 

curr 
5 , 1 

cannot

nd any grid fully covered by sensing ranges of at least two direc-

ional sensors, the BA will fail at g 5,1 in constructing DB 2 . To ex-

lore as many as possible feasible solutions, the following presents
 Backtracking Approach which can further construct the next seg-

ent if the BA fails. 

2) Backtracking Approach (BTA) 

The basic concept of BTA is to allow the DM 

curr to transfer the

onstruction authority back to the previous DM, say DM 

prev , if the

M 

curr fails to find any grid that satisfies the k -covered restriction.

s soon as the DM 

prev obtains construction authority from DM 

curr ,

t plays the role DM 

curr and tries to find another next starting grid

nd transfers construction authority to the next new DM. As a re-

ult, the construction of DB k can be continued until a grid of con-

tructed segment reaches the rightmost boundary W right . Thus the

TA provides more opportunities to construct a DB k rather than

A. 

BTA and BA have similar operations if the construction of a DB k 

s successful. However, if the DM 

curr 
x ′ ,y ′ fails to find the next starting

rid which satisfies k -covered restriction from its candidate start-

ng grids g 
k, j,x ′ ,y ′ 
α′ + ζ ,β ′ + ξ , where − 1 ≤ ζ ≤ 1 and − 1 ≤ ξ ≤ 1, it re-

urns a construction failure message to the DM 

pre v 
x,y . Upon receiving

he failure message, the DM 

pre v 
x,y changes role from DM 

pre v 
x,y to DM 

curr 
x,y 

nd tries to select the next starting grid from its candidate starting

rids g 
k, j,x,y 

α+ ζ ,β+ ξ but omits the grid g x ′ , y ′ . That is, 

 

next 
x ′ ,y ′ = max 

ζ
min 

ξ

(
g k, j,x,y 

α+ ζ ,β+ ξ − g x ′ ,y ′ 
)
. (11) 

After that, the DM 

curr 
x,y continuously executes a similar proce-

ure as BA and the backtracking mechanism is adopted once the

A fails. 

The following continues the example given in Fig. 4 for illus-

rating the execution of BTA. In Fig. 4 , once the DM 

curr 
5 , 1 

cannot find

he k -covered starting grid of segment S 3 from its candidate start-

ng grids, including g 6,1 , g 6,2 , g 5,1 , g 5,2 , g 4,1 , and g 4,2 , it will trans-

er the construction authority back to DM 

pre v 
1 , 2 

. Upon receiving the

onstruction authority from DM 

curr 
5 , 1 

, the DM 

pre v 
1 , 2 

changes role from

M 

pre v 
1 , 2 

to DM 

curr 
1 , 2 

and tries to find another starting grid of S 2 from

andidate starting grids, including g 5,2 , g 5,3 , g 4,1 , g 4,2 , g 4,3 , g 3,1 , g 3,2 ,

nd g 3,3 . Since grid g 5,3 satisfies the 2-covered restriction and its

ontribution calculated by applying ( 8 ) is larger than the others

xcept g 5,1 , the DM 

curr 
1 , 2 

will select grid g 5,3 as the new starting grid

f segment S 2 . After taking the construction authority from DM 

curr 
1 , 2 

,

he DM 

next 
5 , 3 

will change its role from DM 

next 
5 , 3 

into DM 

curr 
5 , 3 

and will

eep on executing the BTA until a constructed segment reaches the

oundary W right . The pseudo-code of BTA is given in Algorithm 2 . 

Although BTA provides more opportunities than BA for success-

ully constructing a DB k , only those k -covered grids will be invited
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Algorithm 2 Backtracking Approach (BTA). 

Input : Each directional sensor in R has completed the tasks of region partitioning 

and coverage identification . The value k of k -barrier coverage requirement. 

Output : A disjoint k -coverage barrier ( DB k ) 

Initialization : Initiator v ˆ 1 selection by applying the initiator competition process. 

1 if i = DM 

pre v 
x,y receives “Construction failure ” from i ′ = DM 

curr 
x ′ ,y ′ then 

2 i = DM 

curr 
x,y 

3 g next 
x ′ ,y ′ = max 

ζ
min 

ξ
( g k, j,x,y 

α+ ζ ,β+ ξ − g x ′ ,y ′ ) 

4 v i ′ = DM 

next 
x ′ ,y ′ , where g next 

x ′ ,y ′ ∈ G i ′ 
5 v i = DM 

pre v 
x,y , where v i is the DM 

curr 
x,y 

6 for all v i ∈ ̂  q k x,y do 

7 x i,h = 1 

8 Hand_Over ( DM 

pre v 
x,y , DM 

next 
x ′ ,y ′ , k ) 

9 end if 

10 if receives “Construction success ” from Basic Approach then 

11 return (“Construction success ”) 

12 else 

13 return ( Basic Approach ) 

Fig. 5. Priority table. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. A running example by applying the BRA. 
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to join the construction of DB k . In fact, those grids that do not sat-

isfy the k -covered restriction can cooperatively contribute to the k -

covered grids. The next section, called the Branch Approach, aims

to fully utilize those grids that do not satisfy the k -covered restric-

tion. 

3) Branch Approach (BRA) 

The main idea of BRA is to give more opportunities for the grids

which satisfy p -covered but do not satisfy the k -covered restriction,

where p < k . To accomplish this, the DB k can be decomposed into

several disjoint DB p s, for p < k . These p -covered grids can cooper-

atively participate in the construction of a DB k . 

Recall that, as shown in ( 1 ), a DB k is a collection of k disjoint

DB 1 s. In other words, a DB k can have k branches DB 1 
1 
, DB 1 

2 
, …,

DB 1 
k −1 

, and DB 1 
k 

from some grids. Let weak grid and qualified grid

represent the grid whose coverage degrees is less than k and more

than or equal to k , respectively. Different from BA and BTA, the

BRA can even invite weak grids to participate in the constructed

DB k . Therefore, the BRA can construct more defense barriers than

both BA and BTA. Besides, finding more defense barriers can also

further balance the workload of directional sensors. 

Similar to BA and BTA, the BRA constructs the defense barrier

by selecting a qualified grid through grid by grid from W right to

W left . However, once the DM 

curr 
x,y cannot find the qualified grid as

its next starting grid from its candidate starting grids g 
k, j,x,y 

α+ ζ ,β+ ξ ,

where − 1 ≤ ζ ≤ 1 and − 1 ≤ ξ ≤ 1, it initiates the BRA and tries

to select some weak grids from the same candidate starting grids

g 
k, j,x,y 

α+ ζ ,β+ ξ such that the sum of coverage degree of selected weak

grids is equal to or larger than k . More specifically, several weak

grids in candidate starting grids g 
k, j,x,y 

α+ ζ ,β+ ξ will be selected by DM 

curr 
x,y 

to be the next starting grids according to the priority table which

is described as follows. 

The grid selection priority will influence both the number of

directional sensors and the chance of successfully constructing a

DB k . As shown in Fig. 5 , the priority table is proposed to select ap-

propriately weak grids when the BRA is applied. In Fig. 5 , there

are 3 × 3 grids. Let the central grid, as marked with slash green

line, denote the ending grid of a current constructing segment. The

other grids around the ending grid will be the candidate start-
ng grids since each of them can connect to the ending grid. As

hown in Fig. 5 , a number labeled on each candidate starting grid

enotes the selection priority. These numbers are assigned accord-

ng to the coordinates of these grids. Since the construction of a

efense barrier starts from boundary W left and ends at boundary

 right , the candidate starting grid located close to the right coordi-

ate means that it is closer to the right boundary W right and hence

t has the highest selection priority to play the role of next start-

ng grid than the others. That is, constructing a defense barrier by

electing the starting grid with rightmost coordinates can likely re-

uce the number of required directional sensors. Furthermore, the

andidate grid located close to the top boundary L top also has a

igher priority to play the role of the next starting grid than the

thers because the BRA aims to explore the coverage contribution

rom all grids from the top grids to the bottom grids. 

Fig. 6 depicts an example of how DM 

curr 
x,y selects the weak grids

ccording to the priority table for constructing a DB 3 . In Fig. 6 , as-

ume that the segment S 1 , which is composed of those grids start-

ng from grid g 1,2 to the ending grid g 4,2 , is covered by the best

orking set ˆ q 3 
1 , 2 

= { v a , v b , v c } . However, since the coverage degrees

f the candidate starting grids g 5,1 , g 5,2 , g 5,3 , g 4,1 , g 4,2 , g 4,3 , g 3,1 ,

 3,2 , and g 3,3 are 1, 1, 1, 0, 0, 0, 0, 0, and 0, respectively, none of

hem satisfies the 3-covered restriction. Consequently, the DM 

curr 
1 , 2 

nitiates the BRA . According to the priority table given in Fig. 5 ,

he DM 

curr 
1 , 2 

selects the grid g 5,1 , which has the highest priority, to

e one starting grid. After the grid g 5,1 is selected for support-

ng 1-covered, the DM 

curr 
1 , 2 

will keep selecting another weak grid

rom the remaining candidate starting grids, including g 5,2 , g 5,3 ,

 4,1 , g 4,2 , g 4,3 , g 3,1 , g 3,2 , and g 3,3 , until the sum of the coverage

egree achieves the 3-covered restriction. As a result, both the 1-

overed grids g 5,2 and g 5,3 are subsequently selected by DM 

curr 
1 , 2 

to

e the next starting grids. Through the cooperation of these se-

ected grids g 5,1 , g 5,2 , and g 5,3 , the DB 3 can be constructed by the

-covered grids g 5,1 , g 5,2 , and g 5,3 . 

Let G = { g 1 , g 2 , .., g η} be η weak grids selected by DM 

curr 
x,y . Let c ω 

enote the coverage degree of grid g ω , where g ω ∈ G . To guaran-

ee that the η branches can cooperatively support the k -covered

estriction, the η weak grids selected by DM 

curr 
x,y should satisfy ( 12 ).

η∑ 

=1 

c ω ≥ k (12)

The next step is that each DM of g ω , also called DM 

next , fur-

her takes the construction authority from DM 

curr and plays the

ole of DM 

curr , aiming to further construct the next segment with

overage degree c ω . During segment construction, if the DM 

curr 
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Algorithm 3 Branch Approach (BRA). 

Input : Each directional sensor in R has completed the tasks of region partitioning 

and coverage identification . The value k of k -barrier coverage requirement. 

Output : A disjoint k -coverage barrier ( DB k ) 

Initialization : Initiator v ˆ 1 selection by applying the initiator competition process. 

1 if receives “Construction failure ” then 

2 while c ω ≤ k , where 1 ≤ ω ≤ η do 

3 Select g next 
x ′ ,y ′ based on Priority Table 

4 v i ′ = DM 

next 
x ′ ,y ′ , where g next 

x ′ ,y ′ ∈ G i ′ 
5 v i = DM 

pre v 
x,y , where v i is the DM 

curr 
x,y 

6 for all v i ∈ ̂  q k x,y do 

7 x i,h = 1 

8 Hand_Over ( DM 

pre v 
x,y , DM 

next 
x ′ ,y ′ , k ) 

9 end if 

10 if receives “Construction success ” from Basic Approach then 

11 return (“Construction success ”) 

12 else 

13 return ( Basic Approach ) 
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Fig. 7. An example that k -BCC misses to construct the existed defense barrier b un . 
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c  
f g ω encounters the situation that all of the candidate starting

rids cannot support the k -covered restriction, it further applies

he BRA to branch the current segment into several segments with

maller coverage degree. The segment construction will be con-

inuously executed until all of the branched segments reach the

ightmost boundary W right . Recall that with the sensor-disjoin con-

traint given in ( 6 ), different defense barriers cannot share the

ommon directional sensor. Therefore, when the BRA is applied,

he branched segments cannot share the common directional sen-

or. The pseudo-code of BRA is given in Algorithm 3 . 

The following continues the example given in Fig. 6 for illus-

rating the execution of BRA after the DM 

curr 
1 , 2 

determines the weak

rids g 5,1 , g 5,2 , and g 5,3 . In Fig. 6 , the DM 

curr 
5 , 3 

transfers the construc-

ion authorities to the DMs: DM 

next 
5 , 1 

, DM 

next 
5 , 2 

, and DM 

next 
5 , 3 

. Upon re-

eiving the construction authorities, these DMs change their role

rom DM 

next 
5 , 1 

, DM 

next 
5 , 2 

, and DM 

next 
5 , 3 

into DM 

curr 
5 , 1 

, DM 

curr 
5 , 2 

, and DM 

curr 
5 , 3 

,

espectively. Then, the DMs, including DM 

curr 
5 , 1 

, DM 

curr 
5 , 2 

, and DM 

curr 
5 , 3 

,

ndividually apply the BRA to construct the defense barrier with

overage degrees 1, 1, and 1, respectively. As a result, the DB 3 is ac-

omplished if all of the branches DB 1 s reach the rightmost bound-

ry W right . 

. Analyses of k -BCC 

This section analyzes the message complexity and the efficiency

f the proposed mechanism k − BCC. 

.1. Analysis of message complexity 

When executing the proposed k -BCC mechanism, two types of

essages, including the Hello message and the Construction mes-

age, should be used. Each sensor only needs to exchange a Hello

essage with its neighbors once. The Hello message is mainly

omposed of the ID and coordinates of the transmitter, and the

oordinates of grids that can be fully covered by the transmitter.

et notation q denote the average number of neighboring sensors.

he message complexity of each sensor requires O(q ) in terms of

he number of Hello message exchanges. Consequently, the mes-

age complexity of whole sensor network requires O( qn ) for the

umber of Hello message exchanges. Based on the received Hello

essage, each sensor can make a decision whether or not it should

lay the role of decision maker. The other message is called Con-

truction message which is exchanged by DMs. The Construction

essage is composed of the transmitter’s ID, receivers’ IDs, and

he required k -coverage degree. The sensor that plays the role of

M will further transmit the Construction messages to its neighbor-

ng sensors, aiming to construct a segment of a defense k -coverage

arrier. The defense k -coverage barrier will be constructed seg-
ent by segment while the Construction messages are exchanged

etween neighboring sensors from leftmost to rightmost bound-

ries. Let notation � denote the number of DMs. The value of �

ill be the same with the total number of grids in a given region.

herefore, the message complexity of the Construction message re-

uires O( h̄ 2 ) . 

.2. Analysis of efficiency 

Recall that the k -BCC constructs a DB k by using the concept of

 grid-based region which simplifies the k -barrier coverage prob-

em for reducing the computational complexity. However, adopting

 grid-based concept may mean losing opportunities to construct

ore defense barriers, as compared with the brute-force algorithm.

et undiscovered defense barrier , denoted by b un , represent the ex-

sting defense barrier that is unable to be constructed by the pro-

osed k -BCC mechanism. Fig. 7 depicts an example of the b un . In

ig. 7 , some grids, such as g 1,2 , g 3,3 , g 6,2 , g 8,1 , and g 10,2 , are not

ully covered grids as defined in the previous definition. The corre-

ponding directional sensors v a , v b , v c , and v d will ignore them and

ence the proposed k -BCC mechanism is unable to construct the

efense barrier b un . From this example, it is obvious that adopting

he grid-based concept will discard some existing defense barriers,

educing the defense efficiency. This section aims to analyze the

robability that a defense barrier exists in the region, but it is un-

ble to be constructed by the proposed k -BCC mechanism. 

Let fully covered grid g 
f ul l y 
i,x,y 

, partially covered grid g 
partial 
i,x,y 

and

mptily covered grid g 
empty 
i,x,y 

denote the grid g x,y that is fully, par-

ially and emptily covered by directional sensor v i , respectively.

s shown in Fig. 7 , the grids g 2,2 and g 3,1 are fully covered and

artially covered by v a , respectively. Hence the grids g 2,2 and

 3,1 can be represented by g 
f ul l y 
a, 2 , 2 

and g 
partial 
a, 3 , 1 

, respectively. On the

ther hand, the grid g 4,1 can be represented by g 
empty 
t, 4 , 1 

, where t ∈
 v a ,v b ,v c ,v d }, because that grid g 4,1 is not covered by any directional

ensor. 

A grid g x,y is said to be connectedly partial covered grid , denoted

y g conn 
i, j,x,y 

, if it is partially covered by both directional sensors v i and

 j , and the sensing ranges of v i and v j overlap in g x,y . In particular,

 grid g x,y is said to be boundary connectedly partial covered grid ,

enoted by g bconn 
i,x,y 

, if we treat left boundary W left or right boundary

 right as the sensing range of a virtual sensor v j and the grid g x,y 

till satisfies connectedly partial covered grid . As shown in Fig. 7 ,

rid g 3,3 can be represented by g conn 
a,b, 3 , 3 

or g conn 
b,a, 3 , 3 

. On the other

and, grids g 1,2 and g 10,2 can be represented by g bconn 
a, 1 , 2 

and g bconn 
d, 10 , 2 

,

espectively. 

Since both g conn 
i, j,x,y 

and g bconn 
i,x,y 

will be ignored by applying the

roposed mechanism k − BCC, the undiscovered defense barrier b un 

ay exist. As shown in Fig. 7 , the defense barrier b un consisting

f g bconn 
a, 1 , 2 

, g bconn 
d, 10 , 2 

, g conn 
a,b, 3 , 3 

, g conn 
b,c, 6 , 2 

, and g conn 
c,d, 8 , 1 

exists but it cannot be

onstructed by the proposed k -BCC. Let P lose denote the probability

f existing b un . The following evaluates the value of P lose . 

1) The Evaluation of P 

lose 

This section evaluates the value of P lose . Recall that the undis-

overed defense barrier b un only happens when there exists a
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g conn 
i, j,x,y 

or g bconn 
i,x,y 

in DB 1 . Let p conn 
i, j,x,y 

or p bconn 
i,x,y 

denote the probabilities

of a g conn 
i, j,x,y 

or g bconn 
i,x,y 

existing, respectively. The value of P lose varies

with the values of p conn 
i, j,x,y 

or p bconn 
i,x,y 

. The following firstly evaluates

the value of p conn 
i, j,x,y 

. Then the value of p bconn 
i,x,y 

is evaluated. Based on

the evaluations of p conn 
i, j,x,y 

and p bconn 
i,x,y 

, the P lose can be derived in the

end of this section. 

a. Evaluation of p 

conn 
i , j, x , y 

Assume that there are n empty grids uncovered by any directional

sensor in the given monitored region R . Recall that the number of

directional sensors deployed in R is denoted by notation n . Since

the n empty uncovered grids are not covered by any directional sen-

sor, on the average, the number of uncovered grids neighboring

each directional sensor is measured by n empty / n , denoted by n 
empty 
a v g .

As shown in Fig. 7 , each of the directional sensors, including v a , v b ,

v c , and v d , has n 
empty 
a v g = 5 / 4 average uncovered grids. 

Let n 
f ull 
a v g and n 

partial 
a v g respectively denote the average number of

fully and partially covered grids for each directional sensor. Let

n 
duty 

each 
denote the summation of n 

f ull 
a v g , n 

partial 
a v g , and n 

empty 
a v g , as depicted

in ( 13 ). 

n 

duty 

each 
= n 

f ull 
a v g + n 

partial 
a v g + n 

empty 
a v g (13)

Furthermore, let notations p 
f ull 

each 
, p 

partial 

each 
, and p 

empty 

each 
denote the

probabilities that there would exist a fully covered grid, partially

covered grid and emptily covered grid for each directional sensor,

respectively. The probabilities p 
f ull 

each 
, p 

partial 

each 
, and p 

empty 

each 
satisfy ( 14 ).

p f ull 

each 
+ p partial 

each 
+ p empty 

each 
= 

n 

f ull 
a v g 

n 

duty 

each 

+ 

n 

partial 
a v g 

n 

duty 

each 

+ 

n 

empty 
a v g 

n 

duty 

each 

= 1 (14)

The probabilities p 
f ull 

each 
, p 

partial 

each 
and p 

empty 

each 
can be used to esti-

mate the probabilities of a fully covered grid, partially covered grid

and emptily covered grid existing between two neighboring direc-

tional sensors, as shown in ( 15 ). (
p f ull 

each 
+ p partial 

each 
+ p empty 

each 

)2 

= 

(
p f ull 

each 

)2 + 

(
p partial 

each 

)2 + 

(
p empty 

each 

)2 + 2 · p f ull 

each 
· p partial 

each 

+ 2 · p partial 

each 
· p empty 

each 
+ 2 · p f ull 

each 
· p empty 

each 
(15)

In ( 15 ), the term ( p partial 

each 
) 2 means the probability of a grid

which is partially covered by two neighboring directional sensors

simultaneously while the term ( 2 · p 
f ull 

each 
· p 

partial 

each 
) represents the

probability of a grid that is fully covered by a directional sensor but

partially covered by another. 

Let g aconn 
i, j,x,y 

denote the grid g x,y that is not ignored by applying

the k -BCC but still satisfies the two conditions 1) the g x,y is cov-

ered by v i and v j , 2) the sensing ranges of v i and v j are overlapped

in g x,y . Let p aconn 
i, j,x,y 

denote the probability that there exists a g aconn 
i, j,x,y 

.

According to ( 15 ), the p aconn 
i, j,x,y 

can be evaluated by applying ( 16 ). 

p aconn 
i, j,x,y = 

(
p f ull 

each 

)2 + 2 · p f ull 

each 
· p partial 

each 
(16)

Recall that the connectedly partial covered gird g conn 
i, j,x,y 

is the grid

g x,y that is partially covered by v i and v j , and their sensing ranges

overlap in g x,y . Since a grid partially covered by two directional

sensors might be connected or not connected, the p conn 
i, j,x,y 

can be

evaluated by applying ( 17 ). 

p conn 
i, j,x,y = 

(
p partial 

each 

)2 
/ 2 (17)

In addition to the derivation of the value of p conn 
i, j,x,y 

, the evalu-

ation of P lose value still needs to evaluate the value of p bconn 
i,x,y 

. The

following paragraph presents the derivation of p bconn 
i,x,y 

. 
b. Evaluation of p 

bconn 
i , x , y 

The following evaluates the p bconn 
i,x,y 

. Recall that the considered

onitoring region is R = L × W . The grid size is denoted by l × l . Let

denote the total number of partitioned grids in R . The value of

can be calculated by applying ( 18 ). 

= 
 L/l� · 
 W/l� (18)

Let p boun 
x,y denote the probability of a grid g x,y existing that is

djacent to the boundaries W left or W right . According to ( 18 ), the

alue of p boun 
x,y can be estimated by applying ( 19 ). 

p boun 
x,y = 2 · [ W/l ] / � = 2 / [ L/l ] (19)

Let g abconn 
i,x,y 

denote the grid g x,y that is not ignored by applying

he k -BCC but still satisfies the three conditions 1) the g x,y is adja-

ent to the boundaries W left or W right , 2) the g x,y is covered by v i ,

) the sensing range of v i intersects with the boundaries W left or

 right . Let p abconn 
i,x,y 

denote the probability of a g abconn 
i,x,y 

existing. Ac-

ording to ( 15 ), the p abconn 
i,x,y 

can be evaluated by applying ( 20 ). 

p abconn 
i,x,y = p boun. 

x,y · p f ull 

each 
(20)

Similar to ( 17 ), consider a grid g x,y that is partially covered by

 i . It is obvious that the sensing range of v i might connect or not

onnect to any boundary ( W left or W right ). According to ( 15 ), the

alue of p bconn 
i,x,y 

can be calculated by applying ( 21 ). 

p bconn 
i,x,y = (p boun 

x,y · p partial 

each 
) / 2 = p partial 

each 
/ 
 L/l� . (21)

c. Evaluation of P 

lose 

According to ( 16 ), ( 17 ), ( 20 ), and ( 21 ), the following further

resents the evaluation of P lose . Recall that the undiscovered de-

ense barrier b un would occur if the constructing DB 1 contains ei-

her g conn 
i, j,x,y 

or g bconn 
i,x,y 

. Let notation m B denote the required average

umber of directional sensors for constructing a DB 1 by applying

he k- BCC. In the worst case, suppose b un occurs. That is to say

hat the b un has either ( m B − 1) independent chances for contain-

ng at least one g conn 
i, j,x,y 

, or 2 independent chances for containing at

east one g bconn 
i,x,y 

. 

The following gives an example to help understand the above-

entioned concept. As show in Fig. 7 , the number of directional

ensors for constructing DB 1 , which is composed of v a , v b , v c ,

nd v d , is m B = 4. Consequently, there are ( m B − 1) = 3 independent

hances for containing at least one g conn 
i, j,x,y 

formed by { v a , v b }, { v b ,

 c }, or { v c , v d }. Also, there are 2 independent chances for contain-

ng at least one g bconn 
i,x,y 

formed by { W left , v a } or { v d , W right }. 

Therefore, the composition of P lose can be divided into three

ossible cases. Let notations p 1 , p 2 and p 3 be the probabilities of

he three cases. The first case is that the constructing DB 1 contains

t least one g conn 
i, j,x,y 

with ( m B − 1) independent chances and does not

ontain g bconn 
i,x,y 

with 2 independent chances. According to ( 16 ), ( 17 ),

nd ( 20 ), the p 1 can be evaluated by applying ( 22 ). 

p 1 = 

(
p abconn 

i,x,y 

)2 ·
m B −1 ∑ 

u =1 

(
m B − 1 

u 

)
·
(

p conn 
i, j,x,y 

)u ·
(

p aconn 
i, j,x,y 

)m B −1 −u 
(22)

In the second case, two conditions should be satisfied. First, the

onstructing DB 1 does not contain g conn 
i, j,x,y 

that has ( m B − 1) indepen-

ent chances. The second condition is that there contains at least

ne g bconn 
i,x,y 

with 2 independent chances. According to ( 16 ), ( 20 ), and

 21 ), the probability of the second case, denoted by p 2 , can be eval-

ated by applying ( 23 ). 

p 2 = 

(
p aconn 

i, j,x,y 

)m B −1 ·
2 ∑ 

u =1 

(
2 

u 

)
·
(

p bconn 
i,x,y 

)u ·
(

p abconn 
i,x,y 

)2 −u 
(23)
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Fig. 8. The calculation of the number of partially covered grids of v i . 
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Table 3 

Estimations of P lose . 

l n f ull 
a v g n partial 

a v g n empty 
a v g P lose 

8 m 2.67 4.53 1.28 1.83% 

4 m 14.82 8.62 14.47 0.98% 

2 m 68.71 18.78 63.27 0.46% 

1 m 297.87 40.26 283.78 0.18% 
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The last case is that the constructing DB 1 contains at least one

 

conn 
i, j,x,y 

with ( m B − 1) independent chances and at least one g bconn 
i,x,y 

ith 2 independent chances. According to ( 13 ), ( 17 ), ( 20 ), and ( 21 ),

he probability of the last case, denoted by p 3 , can be evaluated by

pplying ( 24 ). 

p 3 = 

[ 

m B −1 ∑ 

u =1 

(
m B − 1 

u 

)
·
(

p conn 
i, j,x,y 

)u ·
(

p aconn 
i, j,x,y 

)m B −1 −u 

] 

×
[ 

2 ∑ 

u =1 

(
2 

u 

)
·
(

p bconn 
i,x,y 

)u ·
(

p abconn 
i,x,y 

)2 −u 

] 

(24) 

Based on ( 22 )–( 24 ), the P lose can be estimated by applying ( 25 ).

 

lose = 

3 ∑ 

u =1 

p u (25) 

2) The Evaluations of n 

f ull 
a v g and n 

partial 
a v g 

This section aims to evaluate both the average number of fully

overed grids n 
f ull 
a v g and partially covered grids n 

partial 
a v g in detail. As

hown in ( 13 )–( 25 ), the value of P lose varies with both the n 
f ull 
a v g and

 

partial 
a v g . Recall the assumptions that a directional sensor v i has

 non-rotatable sensing range with sensing range r , field-of-view

FoV) angle θ i , and orientation vector φi , as shown in Fig. 8 . Both

he n 
f ull 
a v g and n 

partial 
a v g are impacted by r , θ i , and φi . The following

rstly presents the evaluation of n 
partial 
a v g . 

As shown in Fig. 8 , let notations L 
right 
i 

, L 
le f t 
i 

, and L arc 
i 

denote

he right coverage boundary, left coverage boundary , and arc cover-

ge boundary of v i with θ i , r , and φi , respectively. Let notations

 

right 
i 

, n 
le f t 
i 

, and n arc 
i 

denote the numbers of partially covered grids

overed by L 
right 
i 

, L 
le f t 
i 

, and L arc 
i 

, respectively. The total number of

artially covered grids covered by v i , denoted by n 
partial 
i 

, can be

valuated by applying ( 26 ). 

 

partial 
i 

= n 

right 
i 

+ n 

arc 
i + n 

le f t 
i 

− 3 (26)

The following explains ( 26 ) in detail. A movement is said to

e valid if it moves along either the positive x -axis direction

r the positive y -axis direction. Each shortest path moving from

ource point ( x s ,y s ) to terminal point ( x t ,y t ) requires ( x t − x s ) move-

ents in x -axis and ( y t − y s ) movements in y- axis, where x s ≤
 t and y s ≤ y t . Recall that the size of a grid is l × l. As shown

n Fig. 8 , let o 
right.le f t 
i 

= ( x i , y i ) , o 
right.arc 
i 

= ( x i + r cos ϕ i , y i + r sin ϕ i ) ,

nd o 
le f t.arc 
i 

= ( x i + r cos ( ϕ i + θi ) , y i + r sin ( ϕ i + θi )) denote the con-

ection points between L 
right 
i 

and L 
le f t 
i 

, L 
right 
i 

and L arc 
i 

, and L 
le f t 
i 

nd L arc 
i 

, respectively. Obviously, the edge L 
right 
i 

is a shortest path
rom o 
right.le f t 
i 

to o 
right.arc 
i 

. Therefore, the number of partially cov-

red grids covered by L 
right 
i 

, say n 
right 
i 

, can be evaluated by 

 

right 
i 

= 

⌈ 

o right.le f t 
i 

o right.arc 
i 

/l 

⌉ 

+ 1 

= 

⌈√ 

(r cos ϕ i ) 
2 + (r sin ϕ i ) 

2 
/l 

⌉
+ 1 . (27) 

Similar to n 
right 
i 

, n arc 
i 

and n 
le f t 
i 

can also be evaluated by applying

 28 ) and ( 29 ), respectively. 

 

arc 
i 

= 1 + 

⌈ 

o right.arc 
i 

o le f t.arc 
i 

/l 

⌉ 

= 1+ 

 √ 

[ r cos ( ϕ i + θi ) − r cos ϕ i ] 
2 + [ r sin ( ϕ i + θi ) − r sin ϕ i ] 

2 
/l 

⌉ (28) 

 

le f t 
i 

= 1 + 

⌈ 

o right.le f t 
i 

o le f t.arc 
i 

/l 

⌉ 

= 1 + 

⌈√ 

[ r cos ( ϕ i + θi ) ] 
2 + [ r sin ( ϕ i + θi ) ] 

2 
/l 

⌉
(29) 

According to ( 27 )–( 29 ), the total number of partially covered

rids that are covered by v i , say n 
partial 
i 

, can be further derived as

 

partial 
i 

= 

⌈ 

o right.le f t 
i 

o right.arc 
i 

/l 

⌉ 

+ 

⌈ 

o right.arc 
i 

o le f t.arc 
i 

/l 

⌉ 

+ 

⌈ 

o right.le f t 
i 

o le f t.arc 
i 

/l 

⌉ 

= 

⌈√ 

(r cos ϕ i ) 
2 + (r sin ϕ i ) 

2 
/l 

⌉

+ 

⌈√ 

[ r cos ( ϕ i + θi ) − r cos ϕ i ] 
2 + [ r sin ( ϕ i + θi ) − r sin ϕ i ] 

2 
/l 

⌉

+ 

⌈√ 

[ r cos ( ϕ i + θi ) ] 
2 + [ r sin ( ϕ i + θi ) ] 

2 
/l 

⌉
. (30)

Finally, consider that the orientation vector φi also impacts

ach n 
partial 
i 

, the average number of fully covered grids, say n 
partial 
a v g ,

an be derived by applying ( 31 ). 

 

partial 
a v g = 

2 π/ θi ∑ 

u =1 

(
n 

partial 
i 

)
u 
/ (2 π/ θi ) (31)

The following presents the evaluation of n 
f ull 
a v g . To evaluate the

alue of n 
f ull 
a v g , let n 

f ull 
i 

denote the total number of fully covered

rids covered by v i . As shown in Fig. 8 , the value of n 
f ull 
i 

can be

valuated by applying ( 32 ). 

 

f ul l y 
i 

= 

� r/l� ∑ 

u =1 

� ( u · l · tan θi ) /l� (32) 

Similarly, the value of n 
f ull 
a v g can be calculated by applying ( 33 ).

 

f ull 
a v g = 

[ � 2 π/ θi � ∑ 

u 2 =1 

� r/l� ∑ 

u 1 =1 

� ( u · l · tan θi ) /l� 
] 

/ (2 π/ θi ) (33)

In summary, the P lose increases with p conn 
i, j,x,y 

and p bconn 
i,x,y 

. On the

ther hand, p conn 
i, j,x,y 

and p bconn 
i,x,y 

increase with n 
partial 
a v g and decrease

ith the n 
f ull 
a v g . Table 3 depicts the estimations of P lose values based

n ( 25 ), where R = 400 m × 400 m, r = 20 m , θ i = π /2, φi = π /12,

 V | = 600, and m = 23. Table 3 reflects the fact that the increased
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Table 4 

Simulation parameters. 

Monitored region 400 m × 400m 

Number of directional sensors 30 0–60 0 

Grid size 1 m, 2 m, 4 m , 8m 

Sensing radius 5m–30m 

Comm. radius 2 × Sensing radius ( r ) 

FoV 0.5(rad)–2(rad) 

Deployment Random 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. A snapshot of the simulation environment. 

Fig. 10. Performance comparison of BA, BTA, BRA, CoBRA, D-TriB, and MDP in terms 

of control overheads with different number of directional sensors. The cover re- 

quirement is k -barrier coverage. The R and r are set by R = 400 m × 400 m, and 

r = 20m, respectively. 
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magnitude of n 
f ull 
a v g is much larger than n 

partial 
a v g . This also indicates

that the value of P lose will remain very small even if the n 
partial 
a v g in-

creases. The next section will further investigate the approximate

value of P lose based on extensive experiments. 

6. Simulation 

This section shows the performance comparisons of BA, BTA,

BRA, and Maximum Disjoint Paths (MDP) mechanism. The MDP

mechanism proposed in [23] is a centralized method which applies

exhausted search on the possible solutions. Therefore, we treat the

MDP as the optimal solution. We also compare the performance

of the proposed k -BCC and the existing distributed algorithms Co-

BRA [17] and D-TriB [19] . In CoBRA, the main idea is that the con-

tribution of the sensing range of each directional sensor is trans-

formed into a partial barrier line. A set of partial barrier lines are

selected by several directional sensors based on their coordinates

and lengths. Similar to CoBRA, the D -TriB initially converts the FoV

of each directional sensor into a horizontal line. After this, a di-

rectional sensor located at the leftmost boundary is selected to be

the initiator. Based on the horizontal line of each directional sen-

sor, the initiator selects suitable relay directional sensors from left

to right until the leftmost boundary is reached and the defense 1-

barrier is completed. We further compare the performances of the

proposed k -BCC and the Max-Num-Barrier-Greedy (MNBG) algo-

rithm proposed by [21] . In MNBG, the given region is firstly trans-

formed into a weighted graph. Later on, the MNBG finds the short-

est path from leftmost to rightmost boundaries on the weighted

graph using Dijkstra’s algorithm until no path can be found. Each

found shortest path is considered as a defense 1-coverage barrier.

We evaluate the performances of the proposed k -BCC in a discrete

event network simulator ns-3.26. A set of directional sensors rang-

ing from 300 to 600 is randomly deployed in a 40 0 m × 40 0 m

monitoring area. The communication radius is twice the sensing

radius ranging from 5 m to 30 m. The grid size is set by 1 m, 2 m,

4 m, and 8 m. The FoV is set ranging from 0.5(rad)–2(rad). The sim-

ulation parameters are given in Table 4 . Fig. 9 gives a snapshot of

our simulation environment. 

Similar to the proposed k -BCC, two types of messages, such

as Hello message and Construction message, are used for CoBRA

[17] and D -TriB [19] aiming to construct a barrier. The basic con-

cept of their algorithms is that each sensor firstly collects the lo-

cal information of its neighbors by exchanging the Hello message.

The complexity of Hello message exchanges requires O( qn ) for the

whole sensor network, which is equivalent to the k -BCC. Based on

the received Hello message, the contribution of each sensor on bar-

rier is transformed into a partial barrier line. The set of sensors

that contribute to the largest partial barrier line will be selected.

The length of the partial barrier line can be enlarged if two par-

tial barrier lines overlap. As a result, a defense 1-coverage barrier

can be constructed from the leftmost to the rightmost boundaries.

Since both the CoBRA [17] and D -TriB [19] only consider construct-

ing the defense 1-coverage barrier, the message complexity of the

Construction message requires O( n 2 k ) in terms of k -barrier cover-
ge. Therefore, their control message overhead is O( n 2 k/ h̄ ) times

igher than the proposed k -BCC. 

Fig. 10 investigates the control overhead of MDP, CoBRA, D -

riB, and the proposed BA, BTA, and BRA algorithms by varying the

umber of directional sensors under different requirement of DB k .

ig. 10 (a) compares the number of control packets when the num-

er of directional sensors is ranging from 300 to 600 under the

equirement of 1-barrier coverage. As shown in Fig. 10 (a), the pro-

osed BA , BTA, and BRA outperform the optimal solution MDP. This

ccurs because the MDP is a centralized algorithm and it needs

o collect information and to broadcast the results between the

ink and all the directional sensors. In contrast, the main control

verheads of BA , BRA , and BTA only occur between DM 

curr and

ts neighbors. Moreover, since the cover requirement is 1-barrier

overage, there is no weak grid and thus the solution space can

e significantly reduced. This helps reduce the control overhead.

s shown in Fig. 10 (a), both BRA and BA create the same num-

er of control packets. On the other hand, the proposed BTA cre-

tes a larger number of control packets than BA and BRA. This oc-

urs because the BTA can still adopt the detour policy to find more

ossible solutions when k = 1. Moreover, since both of the existing

orks CoBRA and D -TriB require high-precision calculations and

ore control packet exchanges for identifying the connection re-

ation between two directional sensors, the proposed BA and BRA

utperform the existing CoBRA and D -TriB. 

Fig. 10 (b) further investigates the number of control packets

hen k = 3. Similarly, the proposed BA , BTA , and BRA outperform

he MDP. Besides, the BRA creates more control overhead than BA.

he results of Fig. 10 (a) and (b) are different if we compare the
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Fig. 11. Performance comparison of BA, BTA, BRA, CoBRA, D-TriB, and MDP in terms 

of average number of DB k by varying the number of directional sensors. The R, l , 

and r are set by R = 400m × 400m, l = 1m, and r = 20m, respectively. 
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Fig. 12. Performance evaluation on P lose with different FoV including π /4, π /2, 

2 π /3, and π by varying the size of grid ranging from 1 m to 8 m in a fixed region 

R = 400m × 400m, where | V | = 600 and r = 20m. 

Fig. 13. Performance comparison of BA , BTA , BRA , CoBRA , D-TriB and MDP in terms 

of average number of directional sensors needed for constructing a DB 3 by (a) 

varying the sensing radius and (b) varying the FoV. The R, l , and FoV are set by 

R = 400m × 400m, l = 1m, and FoV = π /2, respectively. 
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RA and BA mechanisms. Recall that the control overheads of BRA

nd BA are identical in Fig. 10 (a). The result of Fig. 10 (b) is differ-

nt from that of Fig. 10 (a). This occurs because the BRA can ex-

lore more possible solutions by considering the 1- covered weak

rids when it aims to construct additional DB 3 . In contrast, the BA

ill encounter the dead-end problem earlier than the BRA, which

auses the control overhead of BA to be lower than that of BRA.

n addition, since the BRA further invites more weak grids to par-

icipate in the construction of DB 3 , it can construct more DB 3 than

oBRA. This also means that the BRA requires more control packet

xchanges than CoBRA. 

Given a fixed number of directional sensors ranging from 300

o 600, Fig. 11 investigates the average number of DB k , where 1

k ≤ 4, by applying BA, BTA, BRA, MDP, CoBRA, and D -TriB. As

hown in Fig. 11 (a), MDP outperforms BA , BTA , BRA , CoBRA , and

 -TriB in terms of average number of DB 1 . This occurs because the

DP firstly calculates all of the possible DB 1 solutions, and then

elects the one which consists of the smallest number of direc-

ional sensors. However, as observed in Fig. 10 , the MDP creates

ignificant control overhead than the proposed BA , BTA , and BRA .

ompared to this, Fig. 11 (a) also shows that the BRA equals the

A in terms of the average number of DB 1 . This occurs because

here is no weak grid existing in the given monitored region if

 = 1. Therefore, the BRA will degenerate to BA when k = 1. More-

ver, since the BTA can still adopt the detour policy when encoun-

ering the dead-end problem, the BTA outperforms BA and BRA. As

entioned in Section 5 , since the value of P lose keeps a very small

alue, the performances of BTA and CoBRA are similar. In addition,

he performances of BA and BRA are very close to that of D -TriB. 

Fig. 11 (b) further investigates the average number of DB 3 by ap-

lying BA, BTA, BRA, CoBRA, D -TriB, and MDP. As shown in Fig.

1 (b), the BRA outperforms the BA , BTA , CoBRA , and D -TriB in

erms of average number of DB 3 . This occurs because the BRA can

urther consider 1-covered weak grids and hence it can explore

ore solutions for constructing DB 3 when encountering the dead-

nd problem. In addition, the numbers of DB 3 constructed by ap-

lying BRA and MDP are approximate. 

Fig. 12 investigates the value of P lose by varying the grid size

anging from 1 m to 8 m. Four curves, denoted by P lose ( π /4),

 

lose ( π /2), P lose (2 π /3), and P lose ( π ), which apply different FoVs, in-

luding π /4, π /2, 2 π /3, and π , are compared in terms of the value

f P lose . In general, the value of P lose of four curves increases with

he size of the grid. A large grid size increases the value of n 
partial 
a v g ,

hich leads to a large value of P lose . When the grid size drops, the

ncreasing magnitudes of n 
f ull 
a v g and n 

empty 
a v g are much larger than that

f n 
partial 
a v g . Thus, the value of P lose significantly drops. In general,

he P lose ( π ) outperforms the P lose (2 π /3), P lose ( π /2), and P lose ( π /4)

n terms of the value of P lose . This occurs because the FoV with

ngle π covers more fully covered grids than the others. 
Fig. 13 (a) investigates the average number of directional sensors

eeded for constructing a DB 3 by varying the sensing radius. In

eneral, the curves of six compared algorithms have a similar trend

hat the average number of directional sensors decreases with the

ensing radius. This occurs because the number of fully covered

rids increases with the sensing radius of the directional sensor.

hus a DB 3 can be constructed by a smaller number of directional

ensors if each directional sensor has a larger sensing radius. Al-

hough the number of partially covered grids n 
partial 
a v g also increases

ith the sensing radius, the n 
partial 
a v g is smaller than n 

f ull 
a v g in terms

f increasing magnitude, which can be validated in Table 3 and

ig. 12 as well. Fig. 13 (a) also shows that the BRA approaches the

ptimal solution (MDP) and outperforms the CoBRA and D -TriB. 

Fig. 13 (b) investigates the average number of directional sen-

ors needed for constructing a DB 3 by varying the degree of FoV. In

eneral, the average number of directional sensors decreases with

he degree of FoV. This occurs because a directional sensor that

as larger degree of FoV can cover more fully covered grids . Thus a

B 3 can be constructed by a smaller number of directional sensors

f the FoV of each directional sensor has a larger degree. Fig. 13 (b)

lso shows that the proposed BRA approaches the optimal solution

MDP) and outperforms both the CoBRA and the D -TriB in terms of

he average number of directional sensors needed for constructing

 DB 3 . 

The success ratio of defense barrier construction will be influ-

nced by the size of grid and by the degree of FoV. Fig. 14 gives

 success ratio comparison of a DB 3 construction among BA, BTA,

RA, and MDP by varying both of the size of grid and degree of

oV. As shown in Fig. 14 , with the decreasing size of the grid and

ncreasing degree of FoV, the success ratio of a DB 3 construction
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Fig. 14. Performance comparison of MDP, BA, BTA, and BRA in terms of the success 

ratio of a DB 3 construction by varying both of the size of grid and degree of FoV. 

The R and | V | are set by R = 400m × 400m and | V | = 400, respectively. 

Fig. 15. Performance comparison of BA, BTA, BRA, and their combinations including 

BTA + BRA and BRA + BTA in terms of average number of DB 3 by varying the number 

of directional sensors. The R, l , and FoV are set by R = 400m × 400m, l = 1m, and 

FoV = π /2, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Performance comparison of BA , BTA , BRA , CoBRA , D-TriB, MDP, and MNBG 

in terms of the average number of control packets per constructing a DB 1 . The R, l , 

and FoV are set by R = 400m × 400m, l = 1m, and FoV = π /2, respectively. 

Fig. 17. Performance comparison of BA, BTA, BRA, CoBRA, D-TriB, MDP, and MNBG 

in terms of the average number of control packets per constructing a DB 3 . The R, l , 

and FoV are set by R = 400m × 400m, l = 1m, and FoV = π /2, respectively. 
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increases. This occurs because the small size of the grid and the

large degree of FoV will raise the number of grids that can be fully

covered by each directional sensor. These extra fully covered grids

can be further considered by current decision maker DM 

curr such

that the construction of DB 3 has a larger probability to occur. Fig.

14 also shows that the BRA outperforms the BA and BRA. The ma-

jor reason is that the BRA can invite more weak grids to join the

construction of DB 3 than BA and BRA even if the size of grid is

large and the degree of FoV is reduced. In addition, the BRA is very

close to the optimal solution (MDP) especially when the size of the

grid is small and the degree of FoV is large. 

It is interesting that the backtracking and branch policies can

be integrated to obtain a better performance when constructing a

DB k . Fig. 15 investigates the performance improvement by integrat-

ing the BA, BTA, and BRA with different orders. The individual BA,

BTA, and BRA are compared with the combinational mechanisms in

terms of the number of constructed DB 3 . The BTA + BRA mechanism

firstly applies the BTA approach to constructing a DB 3 and then fur-

ther applies the branch approach when DM 

curr fails to find the next

qualified grid. Unlike BTA + BRA mechanism, the BRA + BTA mecha-

nism adopts the branch policy to utilize the weak grids first. Once

the DM 

curr encounters the dead-end problem, the backtracking pol-

icy is further applied. In Fig. 15 , these two combination mecha-

nisms outperform the other three compared mechanisms in terms

of the number of constructed DB 3 . The BRA + BTA mechanism has

a better performance than BTA + BRA mechanism. This occurs be-

cause the branch policy applied first in the BRA + BTA mechanism
ully utilizes the weak grids and thus gives more opportunities to

onstruct a successful DB 3 . 

Fig. 16 investigates the average number of control packets by

onstructing a DB 1 and varying the number of directional sensors.

s shown in Fig. 16 , the proposed BTA outperforms the MDP, BA,

RA , CoBRA , D -TriB, and MNBG. The main reason for this is that

he proposed BTA adopts a grid partitioning scheme and only re-

uires DMs, instead of all sensor nodes, to participate in the de-

ense barrier construction process. Therefore, the control packet

verhead of the proposed BTA are significantly fewer than those of

DP, BA, BRA, CoBRA, D -TriB, and MNBG. In addition, D -TriB and

NBG adopt centralized algorithms which require previous collec-

ion of information from the whole network. As a result, D -TriB

nd MNBG generate a considerable number of control packets. 

Fig. 17 further investigates the average number of control pack-

ts by constructing a DB 3 and varying the number of directional

ensors. As shown in Fig. 17 , the results are similar to those of

ig. 16 . The proposed BRA outperforms the MDP, BA, BTA, CoBRA,

 -TriB, and MNBG. It is notable that the proposed BRA generates

ewer number of control overheads than the proposed BTA. This

ccurs because BRA applies a branch policy which further exploits

ore barriers than BTA. 

. Conclusion 

Barrier coverage is one of the most important issues in intruder

etection applications. Directional sensors can support more accu-

ate information regarding an intruder but also raise the problem
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f large data volume for information exchange and processing. To

ope with the problem, constructing a disjoint k -coverage barrier

 DB k ) using as few directional sensors as possible is the main goal

f barrier coverage problem in DWSNs. This paper presents a k -

CC mechanism with three barrier-construction policies, called BA,

TA, and BRA. Firstly, a decentralized BA mechanism is proposed

o deal with the k -barrier coverage problem. In addition to BA,

he BTA and BRA algorithms that adopt backtracking and branch

olicies are proposed to further construct more disjoint k -coverage

arrier ( DB k ) than BA, for a predefined constant k . Analyses of per-

ormance drop caused by grid partition and message complexity

ere also made. The experimental study shows that the proposed

RA outperforms BA and BTA, and likely approaches the optimal

olution (MDP) in terms of the number of constructed DB k when k

2. Furthermore, the proposed BRA achieves better performance

n terms of the number of control packets and constructed defense

arriers, as compared with the existing works [17,19] . 
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