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Abstract - Wireless Sensor Networks (WSN) are used for the
monitoring of objects in various fields of application as well as the
monitoring of military and civilian environments. The energy
consumption of sensors and the optimization of network lifetime
in WSNs are among the important problems that are constantly
investigated and for which solutions are developed by linear
programming method. Furthermore, different algorithmic
solutions have been developed to perform the dynamic
deployment of the nodes efficiently for the solution of this
problem. The proposed solutions require that the targets in the
network are covered by a minimum number of sensors. k-
coverage, that determines the degrees of coverage of the targets in
the area of interest, is an important criterion in determining the
number of sensors covering each target after the deployment of
the sensors. Because the coverage of the targets by a minimum
number of sensors and the minimization of the intersection area
of the sensor increase the lifetime of the network by optimizing
the energy consumptions of the sensors.

In this study, the dynamic deployment approach based on the
Whale Optimization Algorithm was proposed to provide the
optimum solution to the k-coverage problem of WSNs by ensuring
that the targets in the area are covered by a minimum number of
sensors. This approach, that performs the effective dynamic
deployment of sensors by covering the maximum number of
target points and ensuring the minimum degree of k-coverage,
was compared with the MADA-EM in the literature. Simulation
results have shown that this approach is optimum and can be
recommended in the solution of the k-coverage problem by
ensuring that the targets are covered by a minimum number of
nodes.
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. INTRODUCTION

WSNs are distributed systems consisting of sensor nodes with
a small size, low cost and limited battery working together in
the fulfillment of certain and specific tasks such as
environment monitoring and object tracking [1]. Sensors
should be efficiently deployed in the area to perform critical
tasks such as surveillance and monitoring in military and
civilian applications.

The coverage and energy efficiency for WSNs are the most
important problems encountered in the distribution of sensors.
Coverage is a criterion of the ability of sensors to monitor the
area where they are distributed better, and energy efficiency is
a criterion of the ability of these nodes to perform perceiving
longer in the area of interest. The optimum dynamic
deployment of sensors in WSNs will ensure that smaller
numbers of nodes are used in the area of interest by preventing
the excessive distribution of nodes. In this case, the energy
consumption of the nodes will be reduced and the lifetime of
the network will increase [2]. Therefore, the optimization of
the number of nodes distributed provided that the coverage
requirement of the whole area of interest or certain target
points is met is an important criterion in ensuring the
continuity of the network. The continuity of the network
enables the longer surveillance and monitoring of the objects
in the area by sensors.

Coverage problem in WSNs is classified as area coverage,
target coverage and barrier coverage. Area coverage [3] aims
to cover the entire area, target coverage [4] aims to cover
specific target points (target set) in the area, and barrier
coverage [5] aims to minimize the possibility of penetration
that cannot be detected along the barrier in the area. According
to the coverage problems, the distribution of nodes in the area
of interest is performed using the random or deterministic
approach. It is not possible to manually perform the
distribution of sensors within the area in war or disaster
environments. For this reason, the initial distributions of the
sensors can be performed randomly from the aircraft through
airway. In this case, sensor distribution should be performed
with a deterministic approach in order to ensure the Quality of
Service (QoS) of the network [6]. When the initial
distributions of the sensors are performed randomly, the target
points in the area are ensured to be covered in a balanced
manner by performing the efficient dynamic deployment of the
nodes deterministically.

In the literature, geometric approaches such as Art Gallery
Problem and Circle Covering Problem have been developed
and formulated for coverage problem. Art Gallery Problem [7-
8] determines the number of observers required to cover the
art gallery so that each target point in the art gallery can be
monitored by at least one observer. It also assumes that an
observer can monitor all the target points within a field of



view. Another approach used in computational geometry is the
Circle Covering Problem, which allows the arrangement of
identical circles on the plane to completely cover a plane [9].
However, the approaches developed for the solution of these
problems are not directly compatible for the application of
WSNSs. Because they have a limited sensing radii and battery
power due to the structure of the sensors. However, in Art
Gallery Problem, the visibility of observers is infinite as long
as no barrier is encountered [10].

Wang et al. [11] studied the coverage problem by
considering the k-coverage requirement for a quality
observation. In this study, the coverage level of all intersection
points was determined by the coverage level of the area. They
proposed a heuristic to create the subset of sensors that can
provide k-coverage. Zhou et al. [12] proposed a greedy
heuristic for k-coverage problem, and the main idea of their
study was to choose a candidate path. These two studies in the
literature [11-12] aim to create coverage set instead of
distributing sensors into subset in a way to ensure k-coverage
for each subset created.

Huang et al. [13] formulated the coverage problem as a
decision problem to determine the coverage status of each
target point by at least k sensors.

Many studies based on heuristic algorithms and developed
to optimize the k-coverage problem have been conducted.
Wang et al. [14] proposed a new approach consisting of the
combination of Particle Swarm Optimization (PSO) and
Simulated Annealing (SA) algorithms to ensure an energy-
efficient coverage in WSNs. Mini et al. [15] used the
Artificial Bee Colony (ABC) algorithm to find the optimum
positions of the nodes distributed in a 3-dimensional plane.
Wang et al. [16] optimized k-coverage problem with
Biogeography Based Optimization (BBO) algorithm. Maleki
et al. [17] optimized the k-coverage problem by combining the
PSO with the Differential Evolution (DE) algorithm
(PSO+DE) and concluded that the PSO+DE algorithm
increased the lifetime of the network.

In this study, it was aimed to perform the efficient dynamic
deployments of mobile nodes distributed randomly in the area
of interest based on the area coverage problem. For this
purpose, it was targeted that all the Grid (target) points in the
area would be covered by a minimum number of nodes. The k-
coverage problem of WSNs was optimized using the
Maximum Area Detection Algorithm based on Whale
Optimization Algorithm (MADA-WOA) [18] studied in the
literature. Furthermore, it was compared with Maximum Area
Detection Algorithm based on Electromagnetism-Like
Algorithm (MADA-EM) [19] studied in the literature to show
the effectiveness of the nodes deployed by MADA-WOA in
optimum energy consumption by covering the minimum
number of target points.

In this study, k-coverage problem of the network is
described in Section 2. The developed algorithmic structure of
MADA-WOA and MADA-EM for the optimization of the k-
coverage problem is explained in Section 3. The experimental

studies performed and the findings obtained are presented in
Section 4, and final results are explained in Section 5.

Il. PROBLEM DEFINITION

In this study, the optimum deployments of the sensors
distributed in a 2-dimensional square area will be ensured
based on the Circle Covering Problem to cover the whole area,
and k-coverage degrees of all target points in the area will be
optimized.

A. Circle Covering Problem

It is used in the applied simulation of sensor nodes in
accordance with the Geometric calculation problem and the
nature of the coverage problems of WSNs. For the optimum
coverage of the square [20] or square [21] area (Figure 1)
defined by the nodes distributed in WSNs, the placements of
these nodes can be calculated based on the Circle Covering
Problem.

Figure 1: According to the Circle Covering Problem, node
placement for optimum coverage of a square area.

B. Degree of Coverage of the Targets

The degree of coverage is defined as the number of sensors
covering each target point within the coverage area of the
nodes. When it is assumed that an area A is covered by the Sy,
Sy, and Ss3 sensors, the degrees of coverage of the target points
covered by these nodes within the r sensing radius are
presented in Figure 2 [10].
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Figure 2: Degrees of Coverage.



C. Intersection and Overlap Conditions of Sensors

Sensor intersection refers to the intersection of the areas
perceived by the nodes at a radius distance with each other.
When it is assumed that more than one node is distributed
within the area A, whether the sensors have formed
intersection is determined according to the Euclidean distance
between the nodes. If the sensing radius of S; node in the area
of interest is r1 and the sensing radius of S, node is r.. Where,
the S; node is in the (x1,y1) coordinate of the area of interest
and the S; node is in the (x2,y2) coordinate, the Euclidean
distance between these nodes is calculated by the Equation (1).

d(Sl,Sz):\/(xl—x2)2+(y1—y2)2 )

Condition 1 (sensor intersection): Where, itis r, =r,, and if
itis r,+r,<d(S,,S,), each target point within the intersection

area is covered by two nodes since the coverage areas of these
nodes are intersecting (so, it is 2-covered) and k=2 (Figure 2).

Condition 2 (sensor overlap): Where, itis r, =r,, and if it is
(-1, >d(S,,S,))A(r, >1,), the nodes are overlapped since

the S1 node completely covers the S, node. In this case, it is
k=2 for all target points covered by the S, node.

1. METHOD

In this study, the Maximum Area Detection Algorithm
approach developed for the solution of the area coverage
problem based on both the Whale Optimization Algorithm and
the Electromagnetism-Like Algorithm in the literature will be
briefly explained in this section.

A. Whale Optimization Algorithm

The Whale Optimization Algorithm developed as a meta-
heuristic optimization algorithm [22] was designed by being
inspired by the bubble-net strategy used by humpback whales
while moving towards their prey or hunting. It was developed
based on a swarm-based approach such as Firefly Algorithm,
Ant Colony Algorithm and Cricket Algorithm [23]. Since
humpback whales have their own special hunting strategy, they
gather their prey together by creating bubble clouds under
water and keep their prey in this cloud until they get to the
surface of the water. 3 strategies have been used in the
modeling of the hunting method with the Whale Optimization
Algorithm. These are Surrounding the prey, Moving towards
the prey and Seeking for the prey [22].

B. Electromagnetism-Like Algorithm

It is a meta-heuristic and population-based global
optimization algorithm developed based on the pushing and
pulling mechanism between charged particles in the
Electromagnetic field [24]. The load values of the particles are
firstly determined by calculating the fitness function for each
particle studied on set of sample points in the solution space.

The load value of each particle determines the magnitude of
the pushing and pulling forces applied to the other particles.
The resultant force is calculated by taking the sum of the
forces applied to each particle by the others, and the direction
of movement of the particle is determined in the direction of
this force. Thus, the positions of the particles in the solution
space are updated so that they are ensured to converge towards
the optimum solution.

C. Maximum Area Detection Algorithm

For the solution of coverage problem in WSNs, MADA-
WOA and MADA-EM in the literature aim to optimize the
coverage rate of the sensors in the area of interest. The
minimization of the number of grid points covered by more
than one node at the intersection that occurs when nodes are
deployed for this purpose constitutes the objectives of these
studies [18-19]. Therefore, with this algorithmic approach
developed to ensure that all Grid points in the area are covered
by a minimum number of nodes, the k-coverage level of all the
target points is optimized and the solution of the area k-
coverage problem is solved.

In designing this algorithm, the coverage statuses of the
Grid points in the area are calculated according to the
locations where the nodes that are dynamically deployed are
placed, and the fitness function (fx) values of each node are
determined. At this stage, the Euclidean distance between the
nodes located in the area and each P Grid point is first
calculated by Equation (2). If the P Grid point is within the
sensing radius distance of the s' node, the CS value of the P
Grid point is equalized to the binary value of 1, otherwise it is
determined that this Grid point is not covered by equalizing to
0 (Equation 3 [25]). Then, fy values of the sensors are
calculated according to the coverage status of all Grid points
in the area by more than one node.

d(s',P)=/(x —x*F +(y' —y*) 2
sy = {L 960" e ®
0,otherwise

In the calculation of fy, updating is performed for each Grid
point covered by taking into account the following cases [19].

Case 1: If the Grid point is covered by only one node, only
fx updating of that node is performed.

Case 2: If the Grid point is covered by more than one node
and is within the intersection area of the nodes, depending on
the fact that the nodes that cover this Grid point are optimum
Sensors;

Case 2.1: If any of the nodes that cover this Grid point is
the optimum sensor, fy updating of none of these nodes is not
performed.

Case 2.2: If all of the nodes that cover this Grid point are
not the optimum sensor, f, updating of all of these nodes is
performed.



IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this study, simulation studies were carried out in the
MATLAB® environment. The dynamic deployments of mobile
nodes distributed randomly in the area were performed by
MADA-WOA and MADA-EM, and both the calculated k-
coverage level of each Grid point in the entire area and the
number of Grid points covered in the intersection area for each
k detected were compared. As it was required by the area
coverage problem, common parameters were used in the
simulation of both algorithms to ensure that all Grid points in
the area can be covered under equal conditions and a reliable
comparison could be performed (Table 1).

Table 1. Common parameters of the compared algorithms

Parameters Defined Value or Range
Area size (A) 100 x 100 meter (10000 m?)
Number of targets in the area 10201
Distance between targets 1 meter
Number of mobile sensors (m) 10-100
Node sensing radius (r) 7 meter
fx update interval 25 units
Monte Carlo simulation number 5

Provided that the number of nodes distributed randomly is
between 10 and 100, the mobile nodes with a detection radius
of 7 meters were deployed by both algorithms and placed in
the area. There are a total of 10201 Grid points in a 2-
dimensional area consisting of 100 x 100 meters. The fx value
of each node was determined by calculating the number of
Grid points that the nodes covered with respect to their
position after their dynamic deployments. Furthermore, the
number of nodes covering the Grid points was also calculated
and the k-coverage degree of each Grid point was determined.
The maximum k-coverage degrees determined by the number
of mobile nodes deployed by the algorithms compared in this
study are presented in Figure 3.
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Figure 3: Maximum k-coverage degrees calculated by the number
of sensors

While the maximum k-coverage degree was 4 when mobile
nodes were distributed by MADA-EM between 70 and 100,
the maximum k-coverage degree was 3 when nodes were
distributed by MADA-WOA between 60 and 100. Therefore,
the maximum k-coverage degree reached by MADA-WOA
due to the intersection of fewer nodes compared to MADA-
EM in the node deployments performed was minimized. In
conclusion, the energy consumptions of the nodes are
optimized by preventing the Grid points in the area from being
covered by excessive nodes (Figure 3).

The numbers of Grid points covered in the intersecting area
for k=2, k=3 and k=4 determined in the algorithms compared
were calculated and analyzed separately between Figures 4 and
6.

For k=2 (Figure 4), while the number of Grid points covered
was 0 since there was no sensor intersection when MADA-
WOA deployed 10 and 20 nodes, the number of Grid points
covered was 0 when only 10 nodes were deployed by MADA-
EM. In the algorithms compared, the number of Grid points
covered in the intersecting area when node deployment was
performed between 30 and 100 was calculated to be less by
7% and 91% when 100 nodes and 30 nodes were deployed,
respectively, by MADA-WOA.
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Figure 4: Change graphic of the number of targets covered by the
algorithms compared for k=2 by the number of sensors.
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For k=3 (Figure 5), while the number of Grid points covered
was 0 when node deployment was performed by MADA-WOA
between 10 and 50, the number of Grid points covered was 0
when node deployment was performed by MADA-EM
between 10 and 40. In the algorithms compared, the number of
Grid points covered in the intersecting area when node
deployment was performed between 60 and 100 was calculated
to be less by 31% and 94% when 100 nodes and 60 nodes
were deployed, respectively, by MADA-WOA.

For k=4 (Figure 6), while the number of Grid points covered
was always 0 when node deployment was performed by
MADA-WOA between 10 and 100, the number of Grid points
covered was 0 when node deployment was performed by
MADA-EM only between 10 and 60. Therefore, no
intersecting node was detected in the deployment performed
by MADA-WOA.

33 T T T T T T

=0 k=4, MADA-WOA
=0—k=4, MADA-EM

18

Number of targets covered

6 /
2
10 20 30 40 50 60 70 80 90 100

Number of sensor
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algorithms compared for k=4 by the number of sensors.

In the algorithms compared for k=2, k=3 and k=4 (Figure 7),
the Grid points covered by more than one node by MADA-
WOA were calculated to be always at a lower rate compared to
the total number of Grid points in the area (10201) when the
sum of the number of Grid points covered in the intersecting
area formed in the area of interest was taken.
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V. CONCLUSION

The fact that all Grid points in the area were ensured to be
covered by a minimum number of nodes by applying MADA-
EM and MADA-WOA approaches in the literature to the k-
coverage problem, and the minimization of the number of Grid
points in the resulting intersecting area constituted the focal
point of this study. The Maximum Area Detection Algorithm
approach developed for the solution of the coverage problem
was also applied to the k-coverage problem, and the
simulations made with MADA-EM and MADA-WOA were
compared. According to simulation results, optimum results
were achieved in calculating the maximum k-coverage degree
with MADA-WOA. While all Grid points in the area were
covered by maximum 4 nodes in the deployment performed
with MADA-EM, it was determined that they were covered by
maximum 3 nodes in the deployment performed with MADA-
WOA. In the analyses performed for k=2, k=3 and k=4, it was
determined that the number of Grid points within the
intersecting area formed by the nodes after the deployment
performed with MADA-WOA was always lower compared to
MADA-EM. Furthermore, when total Grid points in the
intersecting areas were analyzed, it was determined that Grid
points were always covered by a lower rate with MADA-WOA
compared to total area. Therefore, it was concluded that
MADA-WOA was a more effective approach in reaching the
minimum k-coverage degree and minimizing the number of
Grid points covered in the intersecting areas.

In the next study, it is considered to study k-coverage with
MADA-WOA for the target coverage problem.
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