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a b s t r a c t
Area coverage problem in Directional Sensor Networks (DSNs) presents great research challenges including minimization of number of active sensors and overlapping sensing coverage area among them, determination of their active sensing directions in an energy-eﬃcient way, etc. Existing solutions permit to execute coverage enhancement algorithms at each individual sensor nodes, leading to high communication
and computation overheads, loss of energy and reduced sensing coverage. In this paper, we ﬁrst formulate the problem of maximizing area coverage with minimum number of active nodes as a mixed-integer
linear programming (MILP) optimization problem for a clustered DSN. Due to its NP-completeness, we
then develop a greedy alternate solution, namely α -overlapping area coverage (α -OAC). In α -OAC, each
cluster head (CH) takes the responsibility of determining the active member nodes and their sensing
directions, where, each sensing node is allowed to have at most α % coverage overlapping with its neighbors. The α -OAC CHs activate a sensor node iif the later has suﬃcient residual energy and send other
member nodes to the sleep state. The proposed α -OAC system is distributed and scalable since it requires
single-hop neighborhood information only. Results from extensive simulations, done in NS-3, reveal that
the α -OAC system outperforms state-of-the-art works in terms of area coverage, network lifetime and
operation overhead.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
A Directional Sensor Network (DSN) consists of large number
of small battery powered directional sensor devices that can sense
and report event data to a sink. A directional sensor device can,
at a certain time, sense and communicate in only one direction or
in a particular angle as it has limited range of communication and
sensing capabilities contrasting to omni-directional sensors. However, more spatial reuse of underlying communication channel, less
radio interference, higher coverage range can be achieved using directional sensors which subsequently increase the overall network
capacity. Thus, the DSNs offer increased network performance and
many smart applications using directional camera [1,2], ultrasonic
or infrared sensors [3] are gaining much popularity in recent days.
The problem of area coverage refers to maximizing the sensing area coverage percentage of perception area with minimum
number of sensors, termed as MCMS, which is a well known classic problem [4]. It is of great importance for many real-life applications including security monitoring of historical or vital places,
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wildlife monitoring in the forests, battleﬁeld surveillance, etc. In
the literature, this area coverage problem has been proved as an
NP-hard one [5,6] and a greedy alternative or heuristic approach is
used to achieve near-optimal solution. The complexity of the problem is further complicated for directional nodes since we need to
ﬁx the active sensing nodes as well as their sensing sectors [7,8] so
that the area coverage is maximized by using as minimum number
of nodes as possible. Note that, this problem is translated into minimizing coverage area overlapping among the sensor nodes while
every point in the target area is covered. In other words, the least
amount of sensing area overlapping activates the minimum number of nodes, resulting in higher network lifetime and vice-versa.
This translated problem helps us to develop a distributed solution
for the MCMS.
The existing solutions in the literature for the area coverage
problem exploit diverse approaches. The authors in [6,9] introduce
Voronoi cells to determine active nodes and their sensing directions so as to increase the area coverage. The authors in [10] divide the sensing sectors of each node into small grids and thus
the amount of active sensing nodes is minimized by lessening the
overlapping area. Tien et al. [11] selects the nodes that can cover
larger area in Voronoi cell to increase coverage ratio. Moreover, in
some cases, it becomes more costly to compute Voronoi diagram.
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In the above works, an individual node takes its decision of sensing responsibility exploiting neighborhood information. These fully
distributed approaches generate huge communication and computational overheads. In addition to that, to the best of our knowledge, none of the previous works considered residual energy levels
of the nodes in support of enhancing the network lifetime.
In this work, we have developed a network lifetime aware area
coverage system, called α -OAC, that limits the percentage of overlapping area coverage among nodes by α . We assume that the
deployment area is divided into small grids, where sensor nodes
are placed and assembled into clusters. Each cluster head (CH)
runs the α -OAC algorithm to determine the active sensing member nodes with their sensing directions following the number of
grids they cover in a sector, coverage area overlapping caused by
the activation and their residual energy values. There is a trade-off
among these parameters and nodes that fulﬁll certain conditions
will be active while the others will remain in sleep state. In α -OAC,
each CH acts as a centralized controller for its member nodes and
the CHs are distributed over the network. The key contributions of
this work are summarized as follows:
• We formulate the area coverage problem as a mixed integer
linear programming (MILP) problem considering the area is divided into smaller grids, which is proved to be an NP-hard
problem.
• A greedy alternate solution, α -OAC, for the area coverage problem has been developed that allows as maximum as α % overlapping and considers residual energy to activate nodes, helping
to increase the network lifetime.
• The α -OAC runs at each CH and exploits single-hop neighborhood information only; thus, it is lightweight, distributed and
scalable.
• We have also presented schemes to diminish void regions
as well as coverage redundancy among inter-cluster sensing
nodes.
• The results of performance evaluation studies, experimented on
ns-3 [12], show that the proposed α -OAC system accomplish
better coverage ratio and network lifetime compared to those
of a number of works in the literature.
The rest of this paper is organized as follows. The related works
and motivation points are described in Section 2. We deﬁne the
system model and formulate the problem in Section 3. The details
of our proposed α -OAC system is presented in Section 4 and the
simulation results are presented in Section 5. Finally, we conclude
the paper in Section 6 along with future research directions.
2. State-of-the-art works
In recent years, the sensing coverage problem in DSNs has received immense interest from both industrial and academic communities. The related studies in this ﬁeld fall into three categories:
(1) target coverage (2) area coverage and (3) sensing or barrier coverage. In the target coverage ﬁeld, researchers determine a subset
of sensors to cover some speciﬁc targets or positions [13–16]. The
barrier coverage guarantees the detection of events crossing a barrier of sensors [17,18]. In area coverage, we need to activate sensors
so that a certain or full region falls under the sensing coverage
[6,9,19]. In this work, our goal is to provide maximum area coverage with a minimum number of sensors, well known as MCMS
problem, which is an NP-hard one [19].
The authors in [5,13] develop a network lifetime maximization
algorithm by ﬁnding minimum cover sets among nodes. In [20],
coverage reliability has been maximized using directional coversets for ﬁxed targets. The authors in [21], develop a clustering
mechanism to enhance the coverage for directional sensor networks. However, proposing a cluster as circle considering only the

communication range and selecting the ﬁrst node as center of the
circle without provisioning cluster heads, fails to provide a suitable clustering for the environment. Moreover, due to lack of well
deﬁned solution, it is diﬃcult to enhance the coverage ratio. The
problems related to connected coverage in directional sensor networks were investigated in [22], where two deployment patterns
were developed that guarantee coverage density. Regarding region
coverage, the authors in [23] utilize the coverage overlap between
the adjacent sensors as the quantity of electric charge and decrease the overlapped coverage region using Coulomb’s inversesquare law to change the sensor direction. In [24], the authors use
a hybrid solution mixing stationary and mobile sensors to increase
the sensing ﬁeld coverage in a DSN.
Considering the directions and movements of sensors, the authors in [25] address the problem of mobile sensors deployment,
controlling mobile sensors with directional sensing ability towards
optimal coverage. The authors take initiative to handle the Coverage Maximizing Mobile Sensor Deployment Problem (CMMSDP)
with directional and arbitrarily oriented sensors. In [26], Junguo et al. study the probability model of directional perceived
nodes and propose an improved deterministic deployment algorithm based on particle swarm optimization to increase perceived
probability for DSNs.
For solving coverage problems, the authors in [6] introduce
Voronoi based distributed approximation (VDA) algorithm that
makes sensors cover the Voronoi edges as more as possible. Their
work is based on the idea that if most Voronoi edges are covered then most area will be covered; however, this is not deﬁnite
and has the chance to increase the coverage overlapping. In [27],
the authors utilize mobile and direction-rotatable sensors to enhance the overall ﬁeld coverage. The algorithm makes sensors selfredeploy to the new location and new direction without a global
information by utilizing the features of geometrical Voronoi cells.
The authors in [28], also develop a greedy algorithm for maximizing coverage area in clustered DSNs using Voronoi diagram.
However, computation of Voronoi diagram is sometimes costly and
complex for large scale sensor networks.
In [29], the authors present an auto-rotation mechanism using
Field of View (FOV) for each sensor node to maximize the coverage
area. However, ﬁnding the overlapping region only for a circle neither covers all cases nor it is able to optimize the number of active
nodes. A preliminary version of our work has been published in
[30], where an area coverage algorithm is developed using clusters
in an energy-eﬃcient way. However, neither the issues of mitigating overlapping areas nor void regions have been well explored.
The authors in [11] develop two algorithms: Intra-cell working
direction (IDS) and Inter-cell working direction adjustment (IDA)
exploiting Voronoi vertices. In IDS, the region inside the cell are
enhanced and IDA tries to minimize the overlapping regions that
are formed for IDS. Furthermore, they propose out-of ﬁeld coverage avoidance (OFCA) algorithm to control the direction of sensors
outside boundary. In [10], in order to optimize the network coverage, the authors propose a coverage-enhancing algorithm based
on overlap-sense ratio. By adjusting the sensing direction of the
nodes, the coverage area is increased with reduced computational
complexity. In addition, a modiﬁed strategy is presented to shut off
redundant sensors to prolong network lifetime.
In this work, we propose solutions to increase area coverage
for a clustered DSN, where the active nodes are selected considering residual energy levels of nodes. More importantly, it limits the
overlapping area among nodes within a threshold. Here, coverage
redundancy is reduced since each cluster head controls the activities of its member nodes. Our α -overlapping area coverage system
(α -OAC) has some distinct features compared to [10,11]. Firstly, individual nodes in [10,11] determine their activity as well as sensing
direction through message passing among the neighboring sensors,
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route data packets from CHs toward the sink using the shortest
hop single path strategy. We have studied the performances of our
α -OAC system using the two existing clustering techniques ACDA
and TCDC, as depicted in Section 5.
A sensor node can be in either active or in sleep state. When in
sleep state, a sensor periodically wakes up and communicates with
its CH to check if it has any new responsibility. In the network,
no data packet aggregation is employed by the CHs. What follows
next are the sensing and communication models of a sensor node.

3.1. Sensing model of a sensor node
Fig. 1. Directional sensor node model.

increasing network traﬃc and data loss. In α -OAC, each CH works
as central controller for its member nodes and individual CHs are
distributed over the network, reducing communication overhead
signiﬁcantly and increasing the network performance. Secondly, to
increase network lifetime, α -OAC CHs select active member nodes
based on their remaining residual energy values; resulting in better performance in network lifetime compared to that of [10,11].
Thirdly, the lack of synchronization among nodes and exact quantiﬁcation of overlapping amount in [10,11] limit their capability of
minimizing overlapping ratio as well as number of sleep nodes.
Our proposed α -OAC algorithm addresses these issues through
quantiﬁed minimization of coverage overlapping among intra- and
inter-cluster sensing nodes.

We have adopted the binary disk sensing model [8,13] for a
DSN with N directional sensor devices {i|i = 1, 2, . . . , N }. Each sensor has the following characteristics:
• Each sensor has s (s ≥ 2) sectors, centered at the sensor node
with a sensing radius Rs and the sensing angle θs = 2sπ . A sensor can work only at one sector at a given time.
• Rs is the maximum sensing radius and a sensor device cannot
sense anything beyond this radius.
• θ s (0 < θ s < 2π ): the maximum sensing angle which is called
ﬁeld of view (FOV), as shown in Fig. 1(a).
 s is a directional vector that divides a sensing sector into two
• V
i, j
equal parts.

3.2. Communication model of a sensor node
3. System model and problem formulation
We assume a Directional Sensor Network (DSN) composed of a
large set of directional sensor nodes N in a two dimensional plane.
The sensors are deployed within an area of A, which is divided
into small square grids. The length of a grid is d, a predetermined
constant and there are a total of p × q grids. The (x, y) co-ordinate
of each grid is denoted as cell and each sensor i has a ﬁxed and
known cell-location (xi , yi ) in the grid. The co-ordinate information of the grid-area is embedded into every static sensor. The DSN
has a sink node, to which all sensor devices send their sensed data
packets in multi-hop fashion. Each sensor device is uniquely identiﬁed by its ID, which we assume to be an integer number. We
assume that all the directional sensor nodes are homogeneous in
terms of number of sensing sectors, sensing and communication
radius and the initial energy E0 .
We also assume that a suitable clustering algorithm [31,32] is
running in the network that selects cluster heads (CHs) and gateways (GWs) to develop a communication backbone for the network. In the literature, a very good number of clustering algorithms exist that consider the coverage problem for omnidirectional sensor networks [33,34]. Nevertheless, those are not applicable for directional sensor networks since there are some basic differences between operational procedures of omni and directional sensor nodes. In the state-of-the-art works, we have found
two leading clustering techniques that work with directional sensor networks - ACDA [31] and TCDC [32]. In autonomous clustering algorithm (ACDA) [31], individual nodes exchange messages for
a random waiting time period to select cluster heads and gateway
nodes. At the beginning, ACDA does not consider residual energy
levels of nodes; however, later it renews the cluster heads and
gateways studying the residual energy levels. On the other hand,
the TCDC [32] selects a node as cluster head (or gateway) considering its residual energy level, number of neighbor nodes and its
distance from the sink. The renew process is performed by existing CHs and gateways when their energy levels fall below a certain threshold. Both the ACDA and TCDC systems use gateways to

Like sensing orientations, each sensor device has a set of communication sectors [35], characterized by the following attributes:
• θ c (0 ≤ θ c ≤ 2π ): the maximum communication angle, i.e., the
ﬁeld of view (FOV), as shown in Fig. 1(b).
 c : the directional vector which is the center line of a commu• V
i, j
nication sector, as shown in Fig. 1(b).
• Rc : the maximum communication radius; typically, Rc is twice
larger than the Rs [36] and a sensor node cannot communicate
with other nodes beyond this radius.
We also assume that each sensor node knows the location of
itself and its neighbors by GPS or any other localization method
[37]. The tasks of sensing and transmission are directional and the
reception is omni-directional. Throughout the paper, we follow notations described in Table 1.

3.3. Problem formulation
In this section, we provide a mixed integer linear program
(MILP) formulation for the problem of maximizing area coverage
with minimum number of sensors in DSNs. Each CH K takes decision whether to keep a member node in active or in sleep state. A
CH K has a list of its member sensor nodes, denoted by β K , and
it maintains a two dimensional matrix K for the entire area A.
Thus, the entries of the matrix correspond to the state of a grid,
whether it is already covered by a sensor node or not. The value
of each grid (x, y) is initialized by a CH K ∈  as follows by,



K (x, y ) =

0 if (x,y) ∈ AK and is not covered yet,
1 if (x,y) ∈ AK and is already covered.

(1)

Here, the value K (x, y ) = 1 indicates the grid (x, y) is covered
by a sector of a node, i.e., the grid is under the sensing coverage
of a member node. We also deﬁne a boolean variable bi, s, K that
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Table 1
Notations.

α

Maximum overlapping threshold

N

Set of all sensor nodes
Set of cluster member nodes of CH K
Communication sectors set for a node i ∈ N
Sensing sectors set for a node i ∈ N
Sector s of node i
The set of i’s neighbor nodes in sector s ∈  s
List of neighbor CHs of CH K
Node i’s initial energy
Node i’s residual energy
The set of grids that are inside total communication sector of CH K
The set of grids that are inside active communication sector C ∈  c of CH K
The set of grids that can be fully covered by a sector s of a node i ∈ β K
The set of grids that are covered by a sector s of a node i ∈ β K
The set of common grids between nodes i and j for a sector s
The set of active member nodes of CH K with active sector
Set of CHs
The percentage of overlapping grids between node i and j for a sector s
A descending ordered sorted list of <i, s> based on the metric ε i, s
Set of sensor nodes i, initialized to β K

βK
c
s

<i, s>
ni, s
NK
E0 (i)
Eres (i)
AK
AK, C
ATi,s
A<i, s>
O(i, j, s)

ηK

χi,s j
γ
λK

represents whether a sector s of a sensor i ∈ β K is activated or
not,



bi,s,K =

1 if < i, s > ∈
0 otherwise.

ηK ,

(2)

The MILP formulation for maximizing coverage area with minimum number of sensors is as follows:
Maximize:



Z=

p
q



x=1 y=1 ∀K∈



K (x, y ) −



bi,s,K ,

(3)

∀i∈βK ,∀s∈s ,∀K∈

subject to:



bi,s,K ≤ 1,

∀i ∈ βK , ∀K ∈ 

(4)

∀ s ∈ s

K (x, y ) = 1, ∀(x, y ) ∈ AK,C , ∀K ∈ 

χi,s j ≤ α ,
Eres (i ) ≥ Eth ,

(5)

(6)

∀ < i, s >∈ ηK , ∀K ∈ 

(7)

The constraint (4) ensures that a node can be activated only
in a certain sector at a given time. Constraint (5) ensures that all
the grids in the working communication sector of a CH are fully
covered. Constraint (6) indicates that the amount of overlapping
area among nodes can’t be larger than a threshold α . A selected
node must have residual energy greater than a minimum threshold value (Eth ) which is ensured by constraint (7). The ﬁrst part
of the objective function in Eq. (3) corresponds to maximizing the
number of grids covered by the activated sensors, while the second
part is to minimize the number of active sensor nodes. The solution of this kind of MILP formulation requires a central controller
which has all the network information in the vicinity. Moreover,
if the number of sensor nodes increases to a large number, the
space and time complexities of the MILP will increase as well. The
same is true if the area A upsurges. In other words, the MILP becomes an NP-hard problem for N → ∞ and is not scalable. Therefore, we provide an alternative greedy solution, namely α -OAC, for
the MCMS problem.

4. Design of α-OAC system
Given a DSN, where randomly deployed sensor devices are
grouped into multiple clusters, our aim is to maximize the ﬁeld
area coverage by activating the number of sensor nodes as minimum as possible so as to enhance the network lifetime. The difﬁculty of the problem lies in minimizing the uncovered and overlapped regions. In α -OAC, each CH works as a central controller
for its members to determine nodes for activation along with their
direction of sensing. The CHs select the number of active sensing
nodes so that the coverage overlapping as well as uncovered regions
are minimized within and outside the clusters. The CHs also collect, process and transmit data packets toward the sink for all of
its members. Therefore, our proposed α -OAC system is distributed
and scalable, and it exploits single hop information only centered
at each CH. What follows next is the details of the constituent
components of the α -OAC system.
4.1. Active node selection in a CH
Each CH K maintains a temporary list λK , initialized to β K .
When a node i and its sector s is selected by the CH K as active,
it is moved from λK to the active list ηK i.e. ηK ← <i, s>. In the
process of active node selection, the ﬁrst step is to add the CH itself to active list ηK and its sensing direction will be the same as
communication direction, i.e. ηK ← <K, s>, where s ∈  s . When
the CH K selects the sector <K, s> as active, the grid points covered by the sector <K, s> will be marked as covered in the matrix
K and accordingly the list K is updated using Eq. (8).

K (x, y ) ← 1, ∀(x, y ) ∈ A<K,s>

(8)

Since the communication radius is twice larger than the sensing radius of a node, a large portion of the communication sector
region of the CH K will be covered by this selection. This potentially serves our purpose of activating minimum number of sensors. What follows next, we describe the selection process of cluster member nodes and their sectors for activation.
4.1.1. Selection of sectors of nodes having non-overlapping grids
After selecting its own active sector, the CH K runs the process of selecting its member sensor nodes and their active sensing directions. A CH K ∈  ﬁrst selects the sectors of sensors that
can sense a particular non-overlapping communication grids of it,
i.e., no other sensing direction of the member nodes can cover
the same grids. There might be the possibility that these selected

S. Sharmin et al. / Computer Communications 109 (2017) 89–103

sensors can cover larger set of grids if they sense in other sectors. However, selecting these sectors based on maximum covered
grids may leave some grids uncovered. The CH K ﬁnds the nonoverlapping grids and moves the nodes that cover these grids from
λK to ηK using Eq. (9) as follows,

ηK ← {ηK ∪ < i, s > |(x, y ) = nul l ,
(x, y ) ∈ {A<i,s> \{A<i,s> ∩ {



(9)

Whenever a node and its sector is selected as an active node,
the matrix K is updated using Eq. (8) for ∀(x, y) ∈ A<i, s> . How to
decide whether a grid (x,y) is covered by a sector of a node or not
is described in Section 4.1.4.
4.1.2. Selection of sectors of nodes having overlapping grids
Now, the list λK contains only those nodes that have full grid
coverage overlapping with the neighborhood nodes. At this stage,
the proposed α -OAC selection process gives higher priority to the
nodes having higher residual energy (Eres (i)) and to the sectors covering smaller amount of overlapping grid points (O(i, j, s)). Therefore, an integrated metric is deﬁned for each sector s ∈  s of each
node i ∈ λK , as follows,

εi,s

Eres (i )
= ω1 × ( 1 − χ ) + ω2 ×
,
E0 ( i )

∀i ∈ λK , Eres (i ) ≥ Eth , ∀s ∈ s
(10)

where, the value χi,s j is the ratio of number of overlapping grids
to total grids and the details of this calculation is found in
Section 4.1.4; ω1 and ω2 are the weight factors, E0 is the initial
energy and Eres (i) is the residual energy of the node i which is
larger than a threshold value Eth . Note that the Eq. (10) measures
the value of the metric ε i, s as a weighted linear combination of
two sub metrics, χi,s j and EresE0(i ) , corresponding to the portion of
overlapping grids covered by a sector s ∈  s of any sensor <i, s>
∈λK and the portion of residual energy of a node <i, s> ∈λK has,
respectively. Therefore, the metric ε i, s helps us to select the sensor that has higher residual energy and the sector having higher
non-overlapping grid coverage, which in turn helps to increase the
network lifetime as well as to decrease the coverage redundancy
by judiciously choosing the active sensor nodes in the region. The
CH K now produces a list γ =< i, s >, which is a descending order
sorted list of nodes and their sectors following their ε i, s values.
The CH K then checks whether the ﬁrst entry of γ passes the inequality test in Eq. (11); if yes, the node entry <i, s> is moved to
the active list ηK ; and simultaneously, the other entries for that
node are removed from the list γ . In the case the Eq. (11) returns
false, the CH K goes to the next entry. The checking will continue
again and resume for two conditions: if all the entries of γ are
checked, or the communication region of CH is fully covered.

χi,s j ≤ α , ∀ < j, s >∈ ηK , j ∈ ni,s .

INPUT: βK , α
OUTPUT: ηK
1.
2.
4.
5.

∀ j∈ni,s

s
i, j

Algorithm 1 Active node selection algorithm for a CH.

3.

A< j,s> }, ∀s ∈ s .

(11)

Note that the Eq. (11) helps the CH K to reduce the sensing
overhead by activating a sensor node i and its sector s if it has
grid overlapping less than the overlapping threshold, α . Finally
the nodes that are in the active list ηK will be activated. The details of intra-CH node activation process has been summarized in
Algorithm 1 and using it, a CH keeps some nodes in active states to
cover its communication grids (Fig. 2). In the Algorithm 1, we start
1
with a small value of α (line 9) instead of α (α = α × w
where
w is a multiplication factor). The introduction of α helps the proposed system to further minimize the sensing overlapping among
the activated nodes in the network.
4.1.3. Determination of CH region is fully covered or not
Before, selecting a new active node, a CH K needs to check
whether its communication region is fully covered or not, as stated
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6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

ηK ← ηK ∪ < K, s >
update ηK , using Eq. (9)
update λK
for all i ∈ λK do
for all s ∈ s do
Find the value of εi,s using Eq. (10)

end for
end for
α = α × w1
γ ← Descending order sorted list of < i, s > using εi,s
while (λK = φ ) do
for all < i, s >∈ γ do
if Eq. (11) returns TRUE then
ηK ← ηK ∪ < i, s >
remove all entries of node i from γ
λK ← λK \ i
end if
if Eq.˜(12) returns true OR α > α then
Exit
end if
end for
α =α × w
end while

in line number 18 of Algorithm 1. For this, the CH K checks the following equality test

K (x, y ) = 1, ∀(x, y ) ∈ (AK ∩ AK,C ).

(12)

Note that, the true return value of Eq. (12) speciﬁes that all the
grids that are inside the current communication sector of CH K are
covered by some nodes. Note that, each time a sensor node i and
its sector s has been selected to add in the active sensor list ηK , its
corresponding grid points are marked as covered, i.e. the entry for
the covered grid (x,y) is set to 1 in the matrix K using Eq. (8).
The complexity of Algorithm 1 is quite straightforward to follow. The statements 4 ∼ 8 are enclosed in a loop that iterates |β K |
× | s | times, where |β K | is the total number of member nodes
of a CH K. In line 10, the worst-case computing cost of Bubble
sort algorithm is O((|β K | × | s |)2 ). The maximum number of total entity in λK can be |β K |; therefore, the while loop may iterate at most |β K | times in line 11 and inside it the for loop can
run as maximum as (|β K | × | s ) times. So, lines 11 ∼ 23 has
time complexity O(|β K | × (|β K | × | s |)) ≈ O(|β K |2 × | s |). The
rest of the statements have constant unit time complexities. Therefore,
of the algorithm is
 the worst-case
 computational

 complexity

O (|βK | × |s | )2 + O |βK |2 × |s | ≈ O (|βK | × |s | )2 .
4.1.4. Determination of grid coverage
As stated previously, when a member node is decided to be activated by a CH K, it requires to decide whether a particular grid
is covered by an active sensing sector or not. A sensing sector may
have two types of grids: grids that are fully covered by the sector
and grids that are partially covered, i.e., the border grids.
As each CH knows the length of a square grid (d), the radius of
the sensing sector (Rs ), the sensing angle (θ s ) and the grid location
of member sensor nodes using some simple geometric equations,
it can easily determine the grids that are fully covered by a sensing
sector. For border grids, we consider a grid is covered if at least δ
portion of the total grid area falls within the coverage area of a
sector.
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Fig. 2. Active node selection inside the communication sector of CH K.

Fig. 4. Coverage area overlapping by two nodes.

Fig. 3. Grid coverage determination (a) Covered grids by a sector (b) A grid is inside
the sector and (c) A border grid.

Let the four Cartesian co-ordinate points for a square grid G(x,y)
are
P1 (d (x − 1 ), d (y − 1 )), P2 (dx, d (y − 1 )), P3 (dx, dy ), P4 (d (x −
1 ), dy ) (considering the positive side only) and Q(g, h) is a point
 s of the node i in sector s
on the line of the directional vector V
i, j
(Section 3). For a grid to be fully covered, the distance of the farthest corner of the grid from sector center C must be less than or
equal to sector radius and the corner point falls within the sector
area. A true value of a binary variable z(x, y) in Eq. (13) indicates a
grid G(x,y) is fully covered by the sensing sector of a node,



1
0

z(x,y ) =

if dist (C, P ) ≤ Rs , ∠P CQ ≤ θ2s ,
otherwise,

1
0

u(x,y ) =

if dist (C, P ) ≤ Rs , ∠P CQ ≤ θ2s , dist (C, P ) ≥ Rs
otherwise.
(14)

In Eq. (14), the point P is any corner point of the grid from
center C and P is any other point of the grid except P . A border grid G(x,y) is considered to be covered if δ portion of the total
grid area is covered by the arc of the sector, i.e, when the binary
variable t(x, y) is true,



t(x,y ) =

b
1 Hx,y
≥ δ d2
0 otherwise,

4.1.5. Determination of overlapping grids
In the active node selection process, overlapping grids may reside among the sectors of the member nodes of the CHs. As each
CH knows the location of its member nodes β K , the overlapping
grids between the sectors of two nodes can be found by taking the
common grids covered by them. These common grids can be found
using Eq. (16).

O(i, j, s ) ← {(x, y )

| (x, y ) ∈ (A<i,s> ∩ A< j,s> ), ∀s ∈ s , j ∈ ni,s }
(16)

(13)

where, P is the farthest corner of a grid from the center C and
P is the nearest corner point of the grid, for example in Fig. 3(b)
P = P3 and P = P1 . The function dist(C, P ) returns the Euclidian
distance from C to P . Similarly, to decide a gird G(x,y) is a border
grid, the binary variable u(x, y) in Eq. (14) must be true.



b
where, Hx,y
is the covered area by a border grid, as shown in
Fig. 3(c) and it can easily be measured using some lightweight geometric equations [15].

(15)

The percentage of overlapped grid coverage of a node i with any of
its neighbor node j for a sector s can be calculated as,

χi,s j =

|O(i, j, s )|
× 100%, ∀ j ∈ ni,s , ∀s ∈ s .
|ATi,s |

(17)

where, ATi,s is the set of all covered grid points of node i in sector s
and O(i, j, s) is the set of overlapping grids between nodes i and j.
4.2. Mitigating inter-cluster void regions
When each CH selects its active member nodes to cover its
working communication sector, this distributed decision of CHs
may keep some grids void or uncovered inside the total communication region of a CH (Fig. 5(a)). These types of void grids are
formed as each CH works individually to keep its active communication sector under sensing coverage without considering the total communication sector and without communicating with neighbor CHs. To mitigate this problem, we allow neighbor CHs to share
their <working communication sector, the active sensor nodes list
ηK , the grid point of their locations, and the matrix K > with
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Fig. 5. Mitigating void grids among the CHs.

each other in all directions, so as to inform all the neighbors
around the CH. Thus each CH can distributedly determine the
void grids and take actions to mitigate them. Upon receiving the
neighborhood information a CH K updates its own matrix K as
follows:

K (x, y ) ← 1, ∀(x, y ) ∈ A<i,s> & ∀ < i, s >∈ (ηK ∪ ηL ), ∀L ∈ NK . (18)
Updating the matrix K , the CH K determines whether its total
communication region (across all sectors) is fully covered or not by
invoking the equality test in Eq. (19).

K (x, y ) = 1, ∀(x, y ) ∈ AK

Note that, Eq. (19) returns true if all the grids in AK are covered
by any of the sensor nodes; otherwise, the CH K attempts to switch
on some of its sleep nodes to active state so as to cover the void
grids using Eq. (20).

K (x, y ) ← 1, ηK ←< i, s > | K (x, y ) = 1, (x, y ) ∈ AK ,
∀(x, y ) ∈ A<i,s> , ∀ < i, s >∈ λK , Eres (i ) ≥ Eth .

(20)

Note that, it won’t be possible for a CH to cover some of the
grids by activating its member nodes. However, while mitigating
the void regions, there may be a chance to produce more overlapping grids among the members of the neighborhood CHs. What
follows next, is the steps to mitigate the inter-cluster overlapping
grids.
4.3. Mitigating inter-cluster overlapping grids
In the active node selection process, distributed decision of
each CH may form overlapping regions among the members of the
neighborhood CHs. If the number of overlapping grids can be minimized by turning some active nodes off to sleep state, it can decrease the number of active nodes as well as enhance the lifetime
of the network. In this section, we discuss how to minimize the
number of overlapping grids among the members of neighborhood
CHs.
A CH K ﬁrst updates its matrix K using Eq. (18) getting informations from all neighbor node L ∈ NK . Getting information from
the neighbors, a CH K, makes a list ϑK of its member sensor nodes
using Eq. (21).


ϑK ← < i, s > |
χi,s j ≥ α , ∀L ∈ NK , ∀s ∈ s
(21)
∀<i,s>∈ηK ∀< j,s>∈ηL

Note that, the Eq. (21) ensures that the CH K considers only
those active sensor nodes that have overlapping with neighbor CH
L ∈ NK larger than the overlapping threshold α and keeps them
in a list ϑK . The list ϑK is again sorted in decreasing order based
on the amount of overlapping grid points with the CHs L ∈ NK .1
1

Fig. 6. Coverage overlapping among members of neigborhood CHs.

(19)

Since K has the grid location information of active sensors of all its neighbors L
∈ NK , it can easily calculate the list ϑK .

The CH K now picks a sector <i, s> serially from ϑK and checks
whether there remains any uncovered grid if node <i, s> is sent
to sleep state, i.e., the CH K needs to determine, whether its communication region is fully covered by the other active members
of itself and neighbor CH L ∈ NK . Hence, we boil down our problem only to check whether the entries of the matrix K are still
marked as covered by the nodes of ηL (∀L ∈ NK ) and ηK \ <i, s>,
which can be determined by Eq. (22).

K (x, y ) = 1, ∀(x, y ) ∈ (A<i,s> ∪ A< j,s> ),
∀ < j, s > ∈ (ηL ∪ (ηK \ < i, s > )), ∀L ∈ NK , ∀ < i, s >∈ ϑK , s ∈ s
(22)
Note that, a true return value of Eq. (22) indicates that, dropping
of <i, s> from active sensor list does not affect any grids in the
coverage list of K . Hence, CH K may send its node <i, s> to sleep
state. However, before doing so, K gives a message to all L ∈ NK
that, it wants to keep the node <i, s> in sleep state. Upon receiving
a reply OK message from L ∈ NK , K removes the node <i, s> from
active list i.e, ηK = ηK \ < i, s >. The new updated list is broadcasted
to all other neighbor nodes NK . The whole process continues for
each item of ϑK and stops as soon as an uncovered grid is found.
In the Fig. 6(a) we ﬁnd node j of CH L covers some grids of CH K.
After calculation, CH K sends its node <i, s> to sleep state as the
grids covered by node <i, s> are still covered by other node of K
and L as shown in Fig. 6(b).
Lemma 1. The number of grid n, covered by a sensing sector, is a function of grid length (d), sensing radius (Rs ), sensing angle (θ s ), and value
of δ ; and the maximum value of n for a node <i, s> located at (xi , yi )
is bounded by

θs



180
w1 =

xi +w1 y i +w1





x=xi −w1 y=yi

xi +w2 y i +w2

z(x,y ) +

Rs
, w2 =
d

Rs
d





x=xi −w2 y=yi



t(x,y ) u(x,y ) ,

(23)

Proof. Given that
n = f (Rs , θs , d, δ )

(24)
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Fig. 7. Analysis of covered grids with varying grid distance, sensing angle and radius.

for a directional sensor node, the maximum value of sensing angle, θs = 180◦ . First, we calculate the maximum number of grids
that can be covered when θs = 180◦ . Let n1 represents the number
of grids that are totally covered by the sensing sector and n2 is
corresponding to the grids that are partially (at least δ %) covered.
Using Eq. (13), the value of n1 is given by
xi +w1 y i +w1



n1 ≤



x=xi −w1 y=yi

z(x,y ) , w1 =

Rs
.
d

(25)

Similarly, the value of n2 can be found using Eqs. (14) and
(15) as follows,
xi +w2 y i +w2



n2 ≤



x=xi −w2 y=yi

t(x,y ) u(x,y ) ,

w2 =

Rs
.
d

(26)

Adding Eqs. (26) and (25) and multiplying it by a value τ , we ﬁnally ﬁnd the number of grids that are covered by a sensing sector
of a node considering δ value for any sensing angle θ s . The value
θs
τ is 180
◦ which represents the portion of θ s with respect to 180°,
for example, when θs = 120◦ , τ = 23 .
In α -OAC, a grid is covered when it is under the coverage of
sensing sector of a node or at least δ portion of the grid area is
covered (for the border grids) as deﬁned in Section 4.1.4. From Eq.
(23), it is clear that if the value of δ is ﬁxed, the maximum number of covered grids n depends on d, Rs and θ s . Our results of simulation experiments, carried out in Matlab [38], validate the theoretical expectations, as depicted in Fig. 7. The number of covered
grids decreases exponentially with an increase in grid distance (d)
(Fig. 7(a)). It is also observed that, for a ﬁxed sensing radius (Rs ),
the number of covered grids are relatively larger for increasing
value of sensing angle θ s (blue and black lines in Fig. 7(a)). On the
other hand, for ﬁxed sensing angle θ s , the number of covered grids
is higher for large value of sensing radius (Rs ). Similarly, the other
graphs Fig. 7(b), (c) produce results as expected theoretically. 
Lemma 2. The value of overlapping factor α is a function of sensing
radius (Rs ) and the sensing sector (θ s ), i.e., α = f (Rs , θs ), and its minimum value α min is bounded by

αmin ≈

1

ζ

×

(θs − sinθs )
θs R s

(27)

where, ζ is a factor for error correction.
Proof. Note that, the minimum area coverage overlapping occurs
when the nodes are deployed well planned in the terrain. In such
a scenario, the number of grids in the overlapping region of two
nodes depends on the sensing radius Rs and sensing sector size θ s .
θ R2
The number of grids covered by a sensing sector is  2sd2s , where
d is the grid length [39]. The number of required sensor nodes to
cover all grids  dA2  in the network can be determined as,



2A
.
θs R2s

(28)

The

overlapping

region

between

two

sensing

nodes

is

 21d2 R2s (θs − sinθs ) (Fig. 8(a)) [39]. Therefore, the minimum
overlapping ratio in the terrain can be calculated as,



2A

θs R2s

×

1
2d 2

R2s (θs − sinθs )
A
d2



.

(29)


Rewriting the Eq. (29), the minimum value of the overlapping
factor can be measured as,


(θs − sinθs )
.
2 θs R s

(30)

However, Eq. (30) is not fully appropriate for a disk like sensing
sector and it has some inaccuracy in calculation. Therefore, we
have introduced an error correction factor to determine the minimum value of α as follows,

αmin ≈

1 (θs − sinθs )
,
θs R s

ζ

(31)

where, ζ is an error correction factor, the value is set from 0.002 ≤
1
ζ ≤ 0.0025, depicted from numerous simulation experiments in
Matlab [38] for all practical values of θ s and Rs . In fact, the number of overlapping grids rapidly increases with the sensing angle
as the later increases the overlapping area among the nodes, as
shown in Fig. 8(b). However, the number of overlapping grids decreases slightly with the increasing values of sensing radius since it
increases the arc length and thereby reduces the ratio of overlapping, as shown in Fig. 8(c). Note also that the maximum threshold
of α actually has no limit; it’s a design choice and higher values
may be chosen to cover a single point of interest by multiple sensing nodes for the sake of reliability.
4.4. Discussion
In α -OAC, an integrated metric ε i, s , which is a weighted linear combination of two sub metrics (residual energy and covered
grids), has been used to select the active nodes. The CH selects the
active nodes and communicates with its neighbor CHs. Only singlehop neighborhood information has been exploited by α -OAC CHs.
The CHs take the responsibility for computation and communication overheads. Therefore, the α -OAC gives a distributed solution
in the network, where each CH works as a central controller for its
member nodes.
Nevertheless, the main constraint of this work is the absence of
mathematical expressions of weighing parameters ω1 , ω2 used in
Eq. (10) and δ in Eq. (15). The network density, initial energy of
nodes, network shape and dimension inﬂuence the optimal selection of these weight factors. Inappropriate selection of weight factors may decrease the performance of α -OAC. We determine the
weight factor values using extensive simulations; however, it does
not ensure the ideal choice. In future, we are looking forward to
develop an analytical model for dynamically selecting their optimal values.

S. Sharmin et al. / Computer Communications 109 (2017) 89–103

97

Fig. 8. Relation of coverage overlapping with sensing angle and radius.

Table 2
Network simulation parameters.

Table 3
Events and traﬃc bursts.

Parameters

Value

Area of deployment
Grid distance d
Type of deployment
Sensor nodes deployed
Sensing and communication sectors
Field of view
Transmission range
Sensing range
Node energy (initial)
Eth
Network bandwidth
Data packet size
ACK size
Control packet size
Physical layer model
Application type
Simulation time

10 0 0 m × 10 0 0 m
1m
Random (Uniform)
200 ∼ 1000
2∼6
60° ∼ 180°
100 m
50 m
6J
1J
512 Kbps
512 bytes
14 bytes
16 bytes
YansWiﬁ Model
OnOffApplication
10 0 0 s

5. Performance evaluation
In this section, we present comparative performances of the
proposed α -OAC system with two state-of-the-art solutions OSRCEA [10] and IDA-OFCA [11]. The proposed α -OAC system is implemented on two existing clustering algorithms for DSN- TCDC
[32] and ACDA [31].

5.1. Simulation environment
The experiments have been carried out in a discrete event network simulator ns-3 [12]. Sensors are randomly deployed (unless
otherwise explicitly mentioned) in a region of 10 0 0 × 10 0 0 m2
and the grid distance d is kept 1 m. For different experiments, we
have varied the number of sensors from 200 to 10 0 0. YansWiﬁPhy
model is used for adjusting the channel properties like the propagation delay model, data rate, delay loss model and other channel
properties. The simulation parameters are shown in Table 2. For
event generation, we use OnOff application type; each event happens randomly at different places, time-overlaps with other events,
and lasts for different simulation durations (Table 3). The size of
generated packets by each event is 512 bytes.
We have kept the weight factor values ω1 = 0.55, ω2 = 0.45,
w = 2, δ = 0.75 and run simulation experiments for various node
densities, network sizes, node distributions and initial node energy
values as in [40–42]. For the parameter settings of clustering protocol TCDC [32], we take the values as referred to Sections 6.1 and
6.2 of [32]. Similarly, simulation parameters for ACDA [31], the values are taken as described in Section VI(B) of [31]. In the network,
all the α -OAC nodes, be it a cluster head (CH) or cluster member
(CM) use the same transmission range in all transmission attempts
irrespective of location of the destination node. The energy consumption is calculated following equations in [32,43]. Each simu-

Burst 1
Burst 2
Burst 3

Event 1

Event 2

Event 3

50 s–80 s
160 s–230 s
540 s–750 s

70 s–100 s
250 s–330 s
700 s–850 s

130 s–190 s
340 s–450 s
820 s–960 s

lation was run for 10 0 0 s and the graph data points are plotted for
the average of the results from 20 simulation runs.
5.2. Performance metrics
• Coverage percentage: The coverage percentage is measured as
the ratio of total number of covered grids to the total number
of grids in the terrain.
• Network lifetime: The network lifetime is deﬁned as the time
difference from the deployment time of the network nodes to
the time at which the ﬁrst node dies out of energy. This is a
reasonable assumption in sensor networks since it is expected
that the energy of other nodes will also be exhausted some
time after the ﬁrst node.
• Percentage of active sensor nodes: After deploying nodes in the
terrain, the percentage of active sensor nodes to cover the grid
area perceived by the studied systems is measured. The lower
the number of active sensor nodes for the coverage of the terrain, better is the corresponding coverage algorithm, because
it reduces the energy consumption and increases the network
lifetime.
• Standard deviation of residual energy: The standard deviation of
energy states the average variance among the residual energy
levels on all nodes and can be calculated as follows,



σ=

|N |
1 
(Eres (i ) − μ )2 ,
|N |

(32)

i=1

where, Eres (i) is the node i’s residual energy and the mean
residual energy of all nodes is indicated by μ. Hence, the
σ value speciﬁes the distribution of the energy consumption
among the sensors. The σ value is expected to be small cause
it indicates better ability of the α -OAC system to balance energy consumption.
• Operation overhead: We have also studied the amount of control bytes transmitted during the whole simulation period for
successful transmission of each byte of user data to the sink to
compare the operation overhead. A smaller value of operation
overhead indicates better performance.
5.3. Simulation results
5.3.1. Impacts of overlapping threshold (α )
We ﬁrst vary the overlapping threshold (α ) to study the performances of α -OAC using TCDC for different sensing radius (Rs )
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Fig. 9. Performance studies of the systems for increasing overlapping threshold (α ).

Fig. 10. Performance studies of the systems for increasing node densities.

and sectors (s ∈  s ). The graphs in Fig. 9(a) depict that the coverage ratio initially increases with the overlapping threshold (α )
since higher α value allows more nodes to take part in coverage
enhancing method. However, the coverage ratio does not increase
after reaching the α value at a certain point. But, the number of
active nodes upsurges to cover the same area, which in turn decreases the network lifetime, as shown in Fig. 9(b). Observing the
comparative performances, the experimental results reveal that for
α = 45% proposed α -OAC performed well than the other values.
Therefore, the rest of the experiments have been carried out using α = 45%.
5.3.2. Impacts of node density
By varying the node deployment density, we have measured the
performance metrics discussed above. Here, the number of sectors
is kept at 4, sensing radius is 50 m and α = 45%. From the graphs
in Fig. 10(a), we have found that there is a substantial improvement in terms of area coverage percentage for α -OAC. This result
is achieved because of, opposing to OSRCEA and IDA-OFCA, the
CHs in α -OAC administer the coverage activities of their member
nodes. In IDA-OFCA and OSRCEA, individual sensors are responsible for taking decisions and due to the less synchronization among
the nodes they are incapable to offer better area coverages. On

the other hand, in α -OAC, the CHs not only control their member nodes but also they cooperate with neighbor clusters so as to
minimize the overlapping coverage by detecting and sending corresponding sensor nodes to sleep mode. Moreover, the threshold α
limits overlapping and offers additional opportunity to select the
sectors for better coverage. The graphs of Fig. 10(a) reveal that the
α -OAC with TCDC clustering algorithm provides better coverage
than that with ACDA. The cluster formation strategy of TCDC takes
into account the number of neighbor nodes, energy of nodes and
communication cost with the sink. As a result, α -OAC (TCDC) provides better lifetime and coverage compared to α -OAC (ACDA). The
network lifetime behaviors of the algorithms α -OAC, IDA-OFCA and
OSRCEA are shown in Fig. 10(b). As expected theoretically, the network lifetime upsurges linearly with extra deployed sensors in the
network for all the systems. However, compare to others, the α OAC system attains improved lifetime as it uses clustered network
to lessen overhead of the network. More explicitly, in IDA-OFCA
and OSRCEA, the energy level is not considered when selecting active nodes. On the contrary, proposed α -OAC considers the energy
level of nodes and hence, there is balanced energy consumption
that enhances the network lifetime. Compare to α -OAC (ACDA) system, α -OAC (TCDC) achieves better lifetime due to reduced communication overhead for cluster formation and renewal of CHs and
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Fig. 11. Performance studies of the systems for increasing number of sectors.

gateways considering nodes’ residual energy values. Furthermore,
the selection of CHs considering the residual energy and distance
from sink to node, helps the α -OAC (TCDC) to achieve improved
lifetime.
The graphs of Fig. 10(c) state that the percentage of active
nodes are much higher for IDA-OFCA and OSRCEA systems compare to α -OAC. This happens as the proposed α -OAC executes at
the CH, not an individual nodes. Each CH ﬁrst minimizes the number of active member nodes ensuring its communication region
is fully covered and overlapping nodes are reduced using CH-CH
communication. For the same reason, as stated previously, α -OAC
(ACDA) performs worse than the α -OAC (TCDC) for the activation
of sensor nodes. The graphs in Fig. 10(d) depict that the standard deviation of residual energy level lessening gradually with
the growing amount of sensors in all the studied algorithms. The
proposed α -OAC system achieves enhanced result than the IDAOFCA and OSRCEA algorithms. The reason behind this is that the
IDA-OFCA and OSRCEA don’t study the effect of energy level when
picking active nodes; on the contrary, balanced energy consumption is achieved in α -OAC for taking care of remaining energy of
nodes. However, α -OAC (TCDC) shows better performance than α OAC (ACDA). Our in-depth look into the simulation trace ﬁles reveals that, the energy overhead due to the constitution and maintenance of cluster and gateways are relatively small in TCDC compared to that of ACDA, as expected theoretically.
5.3.3. Impacts of sector numbers
In this section, we assess the performances of the system by
varying the ﬁeld of view (FOV) from 180° to 60°. Varying the FOV
allows us to use different amount of sensing as well as communication sectors, changing from 2 to 6. In this experiment, the number of deployed sensor nodes is 600. The graphs in Fig. 11(a) state
that the coverage percentage decreases with increasing number of
sectors in all the studied systems. Less number of sectors means
higher size of FOV and better area coverage. The graphs also reveal that despite of increasing number of sectors, α -OAC algorithm
achieves better results than OSRCEA and IDA-OFCA algorithms. In
α -OAC, the coverage percentage is much better as the CHs run the

coverage algorithm to decide the sensor nodes for activation along
with directions in distributed fashion. As shown in Fig. 11(b), the
network lifetime is gradually reduced with the increasing number
of sensing sectors for all the studied algorithms as it upsurges the
possibility of activating huge amount of nodes primarily. However,
our α -OAC shows better result as CHs select the active nodes considering their energy levels. The policy of selection of nodes helps
α -OAC to overcome the overhead of clustering. Furthermore, the
inter-cluster communication among the CHs assists to enhance the
network lifetime. The energy-aware selection of CHs and gateways
offer better network lifetime of the α -OAC (TCDC) compared to
that of α -OAC (ACDA).
For increasing number of sectors, the quantity of active sensor
nodes increases as depicted in Fig. 11(c). However, less number
of nodes remain active in α -OAC compared to others since cluster formation optimizes the node activation policy co-ordinated by
CHs. Besides the eﬃcient selection of the communication sectors
and the rescheduling mechanism of the cluster head and gateway nodes increase the performance of the α -OAC (TCDC) over
α -OAC (ACDA). The graphs in Fig. 11(d) indicate that, for all systems, the standard deviation of residual energy level lessen gradually for growing number of sectors. The proposed α -OAC system
achieves improved performance than others. As expected, relatively
large value of sectors also enhances the choices for the CH to select
nodes to keep in active or in sleep state. Consequently, this preserves the energy. As stated previously, the energy-aware selection
of CHs, active member nodes, reduced message passing, considering hop distance to the sink assists the α -OAC (TCDC) to distribute
the energy load evenly over α -OAC (ACDA).
5.3.4. Operation overhead analysis
In this section, we have evaluated the operation overhead performances of the systems by varying the node density and number
of sectors.
The graphs of Fig. 12(a) depict that our α -OAC system outperforms than the IDA-OFCA and OSRCEA since the former can signiﬁcantly decrease the number of message passing by introducing one
central cluster head for many sensing nodes. In fully distributed
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Fig. 12. Impacts of number of sensor nodes and their sectors on operation overhead.

Fig. 13. Performance studies of the systems for different node distributions.

systems, IDA-OFCA and OSRCEA, the computation and communication costs are increased for exchanging messages among individual
nodes. Therefore, proposed α -OAC performs better. Introducing the
random waiting time in α -OAC (ACDA) incurs a number of message passing in the network, results more operation overhead in
α -OAC (ACDA) compare to α -OAC (TCDC). The graphs of Fig. 12(b)
state that our proposed system has a small overhead compared to
IDA and OSRCEA, since the former needs to send few control bytes
to build the cluster and communicate among the CHs.
5.3.5. Impacts of different node distributions
In a network, nodes can be deployed using different distributions based on application requirements. In this experiment, we
observe the network lifetime and coverage performances of our
proposed α -OAC system compared to those of IDA-OFCA and OSRCEA for three different node distributions- uniform random, Poisson and Gaussian. The number of nodes, sectors and sensing radius are kept at 600, 4 and 50 m, respectively. From the graphs of
Fig. 13(a) and (b), we observe that the coverage ratio and network
lifetime are better for uniform distribution compare to those of
Poisson and Gaussian distributions. The result is as expected theoretically, because uniform distribution helps to have more ﬂexibility in activating sensor nodes. The results of Poisson distribution
are very close to those of uniform distribution as it offers similar
node distribution [44,45]. However, Gaussian distribution causes
nodes congested to some points, resulting in poor coverage and
network lifetime. On the other hand, we have found that the proposed α -OAC performs well than the other state-of-the-art works
for its better decision making capability using CHs.
6. Conclusion
This paper develops a network lifetime-aware novel area coverage mechanism, α -OAC, has been developed for clustered DSNs.
To the best of our knowledge, the α -OAC is the ﬁrst approach to
solve the area coverage problem using clustering mechanism by
taking into account an acceptable sensing overlapping amount α

among the nodes and their residual energy levels. In α -OAC system, each CH ﬁrst selects the active nodes and their sensing directions within its covering region to ensure a fully covered communication region considering overlapping threshold α . The redundant sensor nodes for overlapping regions among CHs are also
minimized by CH-CH communication. The residual energy-aware
selection of sensing nodes and limiting the coverage overlapping
help α -OAC to achieve balanced energy consumption among network nodes and thereby extends the network lifetime signiﬁcantly.
Moreover, the inter-cluster communication among the CHs helps
to lessen the number of active nodes, resulting in higher network
lifetime.
Although our proposed strategy achieves better coverage ratio
and network lifetime, further theoretical and experimental extensions are possible. In future, we plan to investigate the problem
of ﬁnding suitable clustering and routing algorithms that work the
best with the proposed α -OAC system.
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