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Abstract
Wireless sensor networks (WSNs) is a research area which has been used in various applications and has continuously

developed up to now. WSNs are used in many applications, especially in military and civilian applications, with the aim of

monitoring the environment and tracking objects. For this purpose, increasing the coverage rate of WSNs is one of the

important criteria that determine the effective monitoring of the network. Since the sensors that make up the WSNs have a

limited capacity in terms of energy, process and memory, various algorithmic solutions have been developed to optimize

this criterion. The effective dynamic deployment of sensor nodes, which is the primary goal of these solutions, has a critical

role in determining the performance of the network. A new orbit-based dynamic deployment approach based on meta-

heuristic Whale Optimization Algorithm has been proposed in this study. The goal is to optimize the convergence speed of

the nodes, the coverage rate of the network, the total displacement (movement) distances of sensors and the degree of k-

coverage of each target (Grid) point in the area by effectively performing the dynamic deployments of sensors after their

random distribution. This approach is compared with MADA-WOA and MADA-EM in the literature. Simulation results

indicated that the approach developed in rapidly converging sensors to each other, increasing the network’s coverage rate,

and in minimizing the total movement distances of the sensors in the area and the degrees of k-coverage of Grid points

covered by the sensors could be proposed.

Keywords Wireless sensor networks � Sensor deployment � Area coverage problem � Whale optimization algorithm �
Binary detection model � Degree of k-coverage

1 Introduction

Recently, WSNs have attracted a lot of attention to them-

selves both in the field of application and in the field of

academic research. With respect to the field of application,

they are used in military and civilian applications requiring

security such as environmental surveillance and monitoring

of environments, in health practices and the detection of

disasters. Along with the development of the WSNs, sen-

sors have had the features such as the ability to make

simpler calculations with lower cost and less energy

consumption, and performing better detection in the area

where they are distributed [1].

WSNs consist of sensor nodes that have the features of

detecting, communicating, and moving. Mobile nodes can

change their location in the network due to their moving

features and can be placed in the optimum position by

constantly updating their location with dynamic deploy-

ment. The distribution strategies developed [2] to ensure

the optimum location of mobile nodes in the Area of

Interest (AoI) aim to optimize the Quality of Service (QoS)

[3] of the WSNs by providing the efficient deployment of

the nodes in the AoI. The dynamic deployment of sensors

in the area is one of the QoS criteria that determine the

WSNs’ performance. Therefore, one of the problems that

affect the performance of the WSNs is the movement

strategies of nodes in the area. The optimization techniques

developed [4] contribute to the solution of this problem.

The biological [5–7] or social [8, 9] based heuristic
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optimization techniques that are inspired by nature are now

effective alternative methods for traditional analytical

techniques. The effective dynamic distribution of sensors is

performed by heuristic techniques [10–12], and effective

results are achieved to increase the QoS of the network.

The placement of sensors in the AoI can be made

deterministically or statistically (randomly). It is not pos-

sible to perform sensor distribution deterministically in the

environments such as remote areas, natural disaster areas or

urban areas. In the case that distribution is performed

through airway using the random distribution method in

such environments, the expected landing positions of sen-

sors cannot be controlled due to the physical or natural

obstacles in the environment. Therefore, the coverage

requirement targeted in deployments made using the ran-

dom distribution method cannot be met [13]. However, if

the nodes are distributed deterministically, the desired

targets can be covered. In applications where it is necessary

to monitor critical environments, war or disaster environ-

ments, the initial deployment of nodes may only be pos-

sible with random distribution, and then it can be ensured

that the sensors are located in the area in a balanced

manner by performing a deterministic distribution [2].

The coverage problems of WSNs are classified as Area

Coverage, Target Coverage and Barrier Coverage (Fig. 1)

[14]. Area Coverage [15] is the problem that all targets in

the AoI are covered by at least one sensor node. Target

Coverage is the problem that each target point is covered

by the specified number of node (at least k [16]) to meet the

coverage requirement of the targets defined in the area.

Barrier Coverage [17] is the coverage problem that can

detect the intruder by at least one node of the sensors

distributed in the area in order to prevent intrusion into the

area.

In the determination of the coverage rates of WSNs,

calculation is usually made based on Binary Detection

Model (BDM) [18] or Probabilistic Detection Model

(PDM) [2]. In the BDM, which is also called unit-disk

model, the target points are 100% covered as long as they

are within the detection radius distance of the nodes,

otherwise they are not covered. Furthermore, it is based on

the assumption that there is not any physical or environ-

mental barrier. In the PDM, which is called non-unit-disk,

the coverage rate of the network is calculated inversely

proportional to the distance between the target and the

sensor, assuming that there are physical or environmental

barriers.

In the literature, there are many studies carried out with

both BDM and PDM. The studies that are mainly carried

out to optimize the coverage rate of WSNs using the

heuristic algorithms are aimed at increasing the perfor-

mance of the WSNs. For this purpose, sensor distributions

were made using biology-based evolutionary algorithms

such as Genetic Algorithm [12, 19], Particle Swarm Opti-

mization [20, 21], Ant Colony Optimization [22] and

Artificial Bee Colony (ABC) [18]. An approach called FNF

(forgetting and neighbor factor) has been proposed based

on the ABC algorithm [10] to achieve a better coverage

rate and faster convergence of nodes with the aim of

increasing the QoS of WSNs. The approach that optimizes

the coverage rate of WSNs and the movement cost of the

nodes has been proposed based on the Electromagnetism-

Like Algorithm [2, 23], which models the dislocation

movements of particles according to the pushing and

pulling force between electromagnetic particles. The dis-

tributions of the nodes were made based on the HPSO (H-

Best Particle Swarm Optimization) and BBO (Biogeogra-

phy Based Optimization) algorithms [24] in order to min-

imize the location error of the nodes after random

distribution, and optimum results were achieved in terms of

the number of nodes located.

There are dozens of meta-heuristic based algorithms

studied in the literature for the positioning problem of

sensors in WSNs. However, when we examine these

algorithms, we see that most authors implement to the

positioning problem of sensors as a core algorithm without

Fig. 1 a Target coverage, b Area coverage, c Barrier coverage
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developing the meta-heuristic algorithms they have

proposed.

In this study, we primarily worked on a new meta-

heuristic algorithm. Because Whale Optimisation Algo-

rithm (WOA) algorithm we work with provides a faster

convergence in the solution space compared to other meta-

heuristic algorithms, enabling the particles to reach the

target. Also in this study, we aim to perform an effective

dynamic deployment of the sensors, which consisted of

only mobile nodes and randomly distributed at the begin-

ning, based on the Area Coverage Problem and BDM on a

Grid-based distribution area. For this purpose, we devel-

oped to Orbit-based Maximum Area Detection Algorithm

based on Whale Optimisation Algorithm (OMADA-

WOA). The metrics to be used in this study to perform the

optimization of the WSNs are the convergence speed of the

nodes to the optimum location, coverage rates of the nodes

in the area, total movement distances of the nodes in the

area, and degree of k-coverage of the targets covered by

nodes.

Previously we developed the MADA-EM and MADA-

WOA based on both Electromagnetism-Like and Whale

Optimization algorithms for the dynamic deployment

problem of sensor nodes in wireless networks. With these

algorithms, the coverage rate reached in the AoI, mean

iteration numbers, mean sensor numbers placed at optimum

location (optimum nodes), k-coverage degrees of Grid

points and target numbers covered by sensors for k = 2,

k = 3 and k = 4 were noted and we stated the MADA-

WOA had superior performance to the MADA-EM in the

literature [16, 25]. In this study, in addition to these per-

formance criteria, the total movement distances between

completed iteration intervals defined by mobile sensors are

calculated. Additionally, the new meta-heuristic approach

of OMADA-WOA based on the trajectory of WOA is

developed and identified to have better performance than

MADA-WOA and MADA-EM according to all the men-

tioned criteria for dynamic deployment of sensors with

simulations. As a result, while MADA-WOA and MADA-

EM provide optimum placement of sensors in the AoI in

order of Grid points and randomly with a local search, the

developed OMADA-WOA provides more optimum out-

comes by performing the local search based on trajectory, a

new search method, in the defined area. Additionally, in

our literature search, to date this is the first time a trajec-

tory-based local search is used and this method is observed

to cause performance changes in the meta-heuristic based

dynamic deployment algorithms we developed in the

literature.

The problem definition in this study is presented in

Sect. 2, and the metaheuristic Whale Optimization Algo-

rithm and its mathematical model are presented in Sect. 3.

The Grid-Based Strategy and BDM used as methods are

presented in detail in Sect. 4 and, the algorithmic structure

of OMADA-WOA developed as a new dynamic deploy-

ment algorithm is presented. The experimental findings in

Monte Carlo simulations made in the MATLAB� envi-

ronment are compared and discussed in Sect. 5. In Sect. 6,

the real environment is implemented and the final results

are presented in Sect. 7.

2 Problem definition

Based on two different problems in WSNs, the optimiza-

tion of the WSNs will be performed by the algorithm

developed in this study. The Area Coverage Problem in

which the coverage status of all Grid points in the AoI are

detected by the nodes distributed using the Grid-Based

Strategy, and the degree of coverage problem in which the

number of nodes covering each Grid point is determined by

the nodes deployed will be described in this Section.

Definition 1 Area Coverage Problem

The problem of the coverage of the whole AoI specified

in WSNs by sensors is expressed as Area Coverage. In the

Disk Coverage Model [15], Area Coverage indicates that

each Grid point, which is the intersection of the Grids in

the AoI, is within the sensing disk of at least one sensor

(Fig. 2 [4]).

For S1; S2; S3; S4; S5 2 S, where S is the set of sensors, r

is the sensing radius of sensors, P is the Grid point, and the

coordinates of S1 and P are (x1,y1) and (x2,y2), respectively,

the Grid point P is covered by S1 node if the requirement in

Eqs. (1) and (2) is met according to the Euclidean distance

between S1 and P calculated by Eq. (1).

d S1;Pð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x1 � x2ð Þ2þ y1 � y2ð Þ2
q

ð1Þ

r\d S1;Pð Þ ð2Þ

Fig. 2 Grid points covered with Disk Coverage Model in the Grid-

Based Strategy
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Definition 2 Degree of Coverage Problem

In the deployment made based on Grid-Based Strategy,

the number of sensors covering the Grid points in the AoI

is defined as the degree of k-coverage of these points. The

intersection of the coverage areas of the sensors that cover

at least one Grid point according to the deployment in the

area determines the degree of k-coverage of the Grid

points. For S1; S2; S3 2 S, where S is the set of nodes, r1 and

r2 are the sensing radius of the nodes, respectively, A is the

distribution area of nodes, the degree of k-coverage of each

Grid point in the coverage areas of these nodes is presented

in Fig. 3 [16].

For the coordinates of the S1 node (x1,y1) and the

coordinates of the S2 node (x2,y2), the Euclidean distance

between the nodes is first calculated according to Eq. (3) in

determining the intersection areas of the coverage areas of

these nodes. When it is r1 ¼ r2, and the requirement in

Eq. (4) is met, it is k ¼ 2 for each of the Grid points in the

intersection area (2-covered) of the coverage areas of these

two nodes. It is k ¼ 3 for each of the Grid points in the

intersection area (3-covered) of the coverage areas of the

S1, S2 and S3 nodes.

d S1; S2ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x1 � x2ð Þ2þ y1 � y2ð Þ2
q

ð3Þ

r1 þ r2\d S1; S2ð Þ ð4Þ

3 Whale optimization algorithm

The Whale Optimization Algorithm, a new nature-inspired

metaheuristic optimization algorithm, is an optimization

method which imitates the hunting behaviors of humpback

whales and has been developed by being inspired by the

bubble-net hunting strategy [26]. The WOA, which was

developed by Mirjalili and Lewis [27] and tested with 29

mathematical optimization problems, is more competitive

than other metaheuristic algorithms.

One of the most remarkable features of humpback

whales is their own hunting methods. They approach their

prey with distinctive bubbles by drawing a circular or ‘‘9-

shaped’’ path (Fig. 4). They swim to the surface and hunt

by beginning to create spiral-shaped bubbles around the

prey. Therefore, the feature that makes WOA unique is the

ability to use the random or best agent in the search field

for tracking the prey [27].

Three phases based on humpback whales’ behaviors of

encircling prey (encircling phase), bubble-net hunting

(exploitation phase) and searching for prey (exploration

phase) are used in the modeling of WOA [27].

3.1 Encircling prey method

Since humpback whales can encircle preys and distinguish

their location, the WOA starts from this phase with a good

search agent (Leader) and updates the locations of other

search agents to the best agent. The WOA assumes that the

current solution is the best and that this solution is in the

location of the prey or is very close to prey. The mathe-

matical model of this phase is presented in Eqs. (5) and (6)

[27].

D~ ¼ C~ � X��!
tð Þ � X~ tð Þ

�

�

�

�

�

�
ð5Þ

X~ t þ 1ð Þ ¼ X��!
tð Þ � A~:D~

�

�

�

�

�

�
ð6Þ

In the equations given, t indicates the current iteration, A~

and C~ indicate coefficient vectors, X��!
indicates the posi-

tion vector of the best solution achieved so far, X~ indi-

catesthe position vector. A~ and C~ vectors are calculated by

Eqs. (7) and (8) [27].

A~¼ 2a~:r~� a~ ð7Þ

C~ ¼ 2r~ ð8Þ

In the equations given, a~ indicates the vector linearly

decreasing from 2 to 0 during iterations, r~ indicates a

random vector that takes a value in the 0; 1½ � range.

Fig. 3 Degrees of coverage

Fig. 4 Representation of bubble-net hunting behavior of humpback

whales
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3.2 Bubble-net attacking method (exploitation
phase)

The mathematical modeling of the bubble-net attacking

behaviors of humpback whales was designed with the

following two approaches.

3.2.1 Shrinking encircling mechanism

This approach was designed by decreasing the value of a~ in

Eq. (7). A~ vector takes a random value in the �a; a½ � range.

The new location of the search agent can be determined

with the random values taken by A~ in the �1; 1½ � range. The

possible locations which can be reached in the 0; 1½ � range

from X; Yð Þ towards X�; Y�ð Þ in the 2D space are presented

in Fig. 5a [27].

3.2.2 Spiral updating position

In this approach, the distance between the prey positioned

in X�; Y�ð Þ and the prey positioned in X; Yð Þ is primarily

calculated (Fig. 5b [27]). Then, the following spiral equa-

tions between the locations of the whale and prey are

defined for the imitation of the spiral-shaped movements of

humpback whales.

X~ t þ 1ð Þ ¼ D0!
� ebl � cos 2plð Þ þ X��!

tð Þ ð9Þ

D0!
¼ X��!

tð Þ � X~ tð Þ ð10Þ

In the equations given [27], the distance of the whale to

its prey is calculated by Eqs. (9) and (10). If b is a constant

that determines the spiral shape, l is a random number in

the �1; 1½ � range.

The next position of the whale is updated according to

the following equation [27] by choosing these two

approaches with 50% probability.

X~ t þ 1ð Þ ¼ X��!
tð Þ � A~:D~ ifp\0:5

D0!
� ebl � cos 2plð Þ þ X��!

tð Þ ifp[ 0:5

(

ð11Þ

where p is selected according to the random value gener-

ated between 0; 1½ �.

3.3 Exploration phase method

In this method, prey is searched based on the variance of A~

and WOA reaches global optimization. The whales ran-

domly search for their prey according to their positions. A~,

is used with random values greater than 1 or less than - 1,

forcing the search agent to move away from a reference

whale. Therefore, the locations of the search agents are

updated in this phase based on the randomly selected

search agent instead of the best search agent up to now.

The mathematical model of this method is presented in

Eqs. (12) and (13).

D~ ¼ C~:Xrand
��!� X~ ð12Þ

X~ t þ 1ð Þ ¼ Xrand
��!� A~:D~ ð13Þ

In the equations given [26], Xrand
��!

represents a random

position selected from the current population. If it is A~[ 1,

possible locations that provide the specific solution are

presented in Fig. 6 [27].

In conclusion; WOA is run by being defined with a

series of random solutions, and the search agent updates its

location in each iteration according to the randomly

Fig. 5 Bubble-net attacking methods implemented by WAO: a shrinking encircling mechanism, b spiral updating position
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selected search agent or the best solution reached. The

random search agent is selected when it is A~[ 1 while the

best solution is selected when it is A~\1 to update the

location of the search agent. Furthermore, depending on the

random value taken by p, WOA allows the agents to move

circularly or spirally. The variation of A~ vector allows

WOA to switch between exploration and exploitation.

Therefore, WOA only allows two parameters (A and C) to

be set.

4 Method

In this study, a new dynamic distribution method is

developed to perform the optimization of WSNs according

to the criteria defined by making the dynamic deployments

of the nodes on the 2D plane with the Grid-Based Strategy

and BDM used.

4.1 Grid-based strategy

In this study, the distribution area of sensors is represented

by the division of the AoI into Grids. All of the Grid points

(Fig. 7 [23]) formed by the intersection of the Grids in the

area form the sensor area. In this strategy, each Grid point

is covered by the distributed sensors, thus the coverage

status of the AoI is determined. Optimum coverage of the

AoI is possible by the fact that the maximum number of

Grid points can be covered. By defining each Grid point on

the coordinate plane in the 2D space, for instance, P Grid

point is represented by (xP; yP).

4.2 Binary detection model

BDM is one of the distribution models used in WSNs for

the determination of the coverage status of Grid points in

the area by sensors. In this model, it is assumed that all

sensors distributed in the AoI have the same characteristic

features. The sensing radius of each sensor node is repre-

sented as r, and it is assumed that the communication

radius of sensors is twice of the sensing radius (2r) to

guarantee communication between the nodes [23]. Where it

is S ¼ s1; s2; . . .; snf g; j ¼ 1; 2; . . .; n, the location of each

node in WSNs which consist of S sensor set and in which

all of these nodes are assumed to be mobile is represented

as (xj; yj) on the 2D coordinate plane. The Euclidean dis-

tance between the nodes deployed on the Grid area and

each P Grid point is calculated by Eq. (14), and the cov-

erage status (cs) of each Grid point is mathematically

modeled by Eq. (15).

d sj;P
� �

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xj � xP
� �2þ yj � yP

� �2
q

ð14Þ

cs sj;P
� �

¼ 1; ifd si;Pð Þ� rj
0; otherwise

�

ð15Þ

According to this model, if each P Grid point in the AoI

is detected within the rj radius distance of the sj node

distributed, it is defined that the point P is covered and cs is

1, otherwise the point P is not covered and cs is 0 [18].

4.3 A new dynamic deployment approach based
on orbit

In this study, the OMADA-WOA is developed to optimize

the WSNs by effectively performing the dynamic deploy-

ment of mobile nodes, the initial distribution of which was

performed randomly, according to metric values to be

measured. It is aimed that each node, the location of which

is updated based on WOA, would be placed in the optimum

position in the AoI. In order to achieve this aim, the fitness

function (fx) of each of the nodes calculated by OMADA-

Fig. 6 Exploration mechanism in WOA

Fig. 7 Representation Grid points on a two-dimensional coordinate

plane
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WOA after location update is optimized, so the sensors is

ensured to cover maximum number of Grid points in the

AoI.

In this approach developed, it is intended to determine

the optimum locations (Grid points) of the nodes within the

circular area created between the orbits defined in the AoI

and to distribute correct nodes to these Grid points. The

orbits are defined based on the multiples of the sensing

radius r of the nodes according to the boundary distances

and the center coordinate of the area defined by WSNs. The

circular areas are created by determining the upper and

lower limits of the orbits so that each upper orbit defined

would cover the previous sub-orbit. These circular areas,

which are formed in each orbit, determine the detection

area of that orbit (Fig. 8).

With OMADA-WOA, dynamic distributions of the

nodes are performed in two phases. In phase one, Grid

points providing the maximum f xð Þ value within the cir-

cular area created for each orbit are identified as the Leader

Target point. In this process, all of the Grid points in the

circular area of the interest orbit are defined as the candi-

date Leader Target. The goal is to determine the Grid point

that will reach maximum f xð Þ value by directing nodes

towards these candidate Leader Target points by perform-

ing WOA-based distribution, in the case that the calculated

f xð Þ values of the nodes to be positioned at the selected

candidate Leader Target points are within the tolerance

range defined. Therefore, the Leader Target represents the

Grid point where the node covering maximum Grid points

in the circular area is located after the node deployment

performed by WOA. In phase two, the node placed in the

optimum position is determined by the deployment of the

nodes towards the determined Leader Target point per-

formed by WOA. In this process, if the calculated f xð Þ
values of the mobile nodes, the locations of which were

changed after deployment, reach maximum in the tolerance

range defined, this node is defined as optimum, and it is

statically placed in the AoI and is ensured not to lose its

optimum location in the next deployments.

The determination of Leader Target points in the orbits

continues along the orbits that are defined up to the

boundary distance of the AoI, starting from the orbit with a

radius r, and the orbit radius of which increases in the r

range. Where it is k 2 Zþ, the f xð Þ value range defined for

the determination of optimum node after the detection

performed in the latest orbit with a radius of k � r in the

AoI is ensured to be expanded by increasing as much as the

tolerance value and by updating it, and the detection is

resumed starting from the orbit with a radius of r. This

process continues until the node with minimum f xð Þ value

is determined and is ensured to be placed in the optimum

position, and eventually, all nodes are ensured to be placed

in the optimum position. Therefore, the metric values to be

measured can be optimized by ensuring that the Grid points

in the intersection areas of the nodes are minimally

detected by the Algorithm 1. Furthermore, the coverage of

maximum number of Grid points in the circular area cre-

ated for each orbit, the radius of which was defined as

r; 2r; . . .; k � rf g in this study, and the static placement of

mobile nodes placed in the optimum position have an

important role in the optimization of metric values to be

measured. In conclusion, it is obvious that the nodes will

converge to the optimum faster if dynamic deployment is

performed by the detection of only circular areas in the

defined orbits by the developed OMADA-WOA, instead of

the detection of all Grid points by MADA-WOA [25].

Fig. 8 Structure of the orbit-based node deployment system
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5 Experimental results and discussion

The simulation studies of OMADA-WOA developed in

this study, MADA-WOA [25] and MADA-EM [16, 25, 28]

in the literature were carried out using the MATLAB

program, and the results obtained were compared. Com-

mon parameters used for the algorithms compared are

presented in Table 1. Five Monte Carlo simulation studies

were carried out to determine whether the effective

deployment of mobile nodes ranging from 20 to 100 with a

sensing radius of 7 meters was performed deterministically

after their random distribution in an area of 10,000 m2.

When the distance between each Grid point is taken as

1 m, a total of 10,201 (101 � 101) Grid points are detected

in the AoI. The comparison of algorithms was made for the

metrics to be measured by running the iterations with 25

intervals until all nodes distributed in the simulations

would be placed in the optimum position. The metric

values to be measured at the end of every iteration interval

of 25 are the number of nodes placed in the optimum

position, the coverage rates of these nodes in the area, the

total displacement distances in terms of energy consump-

tion of the nodes, and degrees of k-coverage of Grid points.

5.1 Numbers of optimum sensors

The number of nodes placed in the optimum position at the

end of every 25 iterations between 25 and 175 defined

according to the number of sensors deployed by the algo-

rithms between 20 and 100 is calculated, and the averages

in the simulations are presented in Table 2. Furthermore,

the numbers of iterations that were run until all deployed

nodes would be placed in the optimum position were also

calculated, and their averages in the simulations are pre-

sented in Table 3. The graphical analysis of numerical

calculations presented in Tables 2 and 3 is shown in Fig. 9.

According to graphics in Fig. 9, in the 18th and 23rd

iteration deployment of 20 sensor nodes in the 0–25 iter-

ation interval, while all nodes were placed in the optimum

position by OMADA-WOA and MADA-WOA, respec-

tively, all nodes were placed in the optimum position in the

49th iteration in the 25–50 iteration interval by MADA-

EM. In the 42nd and 46th iteration deployment of 40 sensor

nodes in the 25–50 iteration interval, while all nodes were

placed in the optimum position by OMADA-WOA and

MADA-WOA, respectively, all nodes were placed in the

optimum position in the 86th iteration in the 75–100 iter-

ation interval by MADA-EM. In the 60th and 66th iteration

deployment of 60 sensor nodes in the 50–75 iteration

interval, while all nodes were placed in the optimum

position by OMADA-WOA and MADA-WOA, respec-

tively, all nodes were placed in the optimum position in the

135th iteration in the 125–150 iteration interval by MADA-

EM. In the 77th and 81st iteration deployment of 80 sensor

nodes in the 75–100 iteration interval, while all nodes were

Table 1 Common parameters of the compared algorithms

Parameter Defined value or range

Area size 100 � 100 meter (10,000 m2)

Number of Grid points in the area 10,201

Distance between Grid points 1 m

Number of mobile sensors 20–100

Sensor sensing radius 7 m

Number of Monte Carlo simulation 5

Table 2 The average numbers of optimum sensors calculated at the

end of every iteration interval of 25 in the simulations according to

the numbers of mobile sensors deployed by OMADA-WOA(1),

MADA-WOA(2) and MADA-EM(3)

Number

of Sensors

Iteration Ranges

25 50 75 100 125 150 175

20 20(1)

20(2)

17(3)

20(1)

20(2)

20(3)

20(1)

20(2)

20(3)

20(1)

20(2)

20(3)

20(1)

20(2)

20(3)

20(1)

20(2)

20(3)

20(1)

20(2)

20(3)

40 33(1)

25(2)

21(3)

40(1)

40(2)

32(3)

40(1)

40(2)

38(3)

40(1)

40(2)

40(3)

40(1)

40(2)

40(3)

40(1)

40(2)

40(3)

40(1)

40(2)

40(3)

60 38(1)

25(2)

23(3)

55(1)

49(2)

34(3)

60(1)

60(2)

42(3)

60(1)

60(2)

51(3)

60(1)

60(2)

57(3)

60(1)

60(2)

60(3)

60(1)

60(2)

60(3)

80 41(1)

25(2)

23(3)

61(1)

50(2)

37(3)

78(1)

75(2)

47(3)

80(1)

80(2)

57(3)

80(1)

80(2)

69(3)

80(1)

80(2)

78(3)

80(1)

80(2)

80(3)

100 43(1)

25(2)

24(3)

66(1)

50(2)

37(3)

90(1)

75(2)

48(3)

100(1)

100(2)

60(3)

100(1)

100(2)

71(3)

100(1)

100(2)

83(3)

100(1)

100(2)

100(3)

Table 3 The average numbers of iterations run for all nodes in sim-

ulations to be placed in the optimum position according to the

numbers of mobile sensors deployed by OMADA-WOA, MADA-

WOA and MADA-EM

Number of sensors OMADA-WOA MADA-WOA MADA-EM

Number of Iterations

20 18 23 49

40 42 46 86

60 60 66 135

80 77 81 152

100 86 100 173
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placed in the optimum position by OMADA-WOA and

MADA-WOA, respectively, all nodes were placed in the

optimum position in the 152nd iteration in the 150–175

iteration interval by MADA-EM. In the 86th and 100th

iteration deployment of 100 sensor nodes in the 75–100

iteration interval, while all nodes were placed in the opti-

mum position by OMADA-WOA and MADA-WOA,

respectively, all nodes were placed in the optimum position

(c) (d)

(e)

(a) (b)

Fig. 9 The average numbers of optimum sensors calculated every 25

iterations of a 20, b 40, c 60, d 80, e 100 mobile sensors deployed by

OMADA-WOA, MADA-WOA and MADA-EM, and the average

number of iterations that should be run until all of the sensors are

placed in the optimum position
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in the 173rd iteration in the 150–175 iteration interval by

MADA-EM.

According to these results, for the sensors deployed in

the 40–100 range, it is determined that the average number

of optimum sensors (Table 2) calculated by OMADA-

WOA at the end of every iteration interval of 25 run until

all nodes are placed in the optimum position is always

higher compared to other algorithms. Furthermore, it is

determined that the average number of iterations (Table 3)

needed to be run by OMADA-WOA for all of the sensors

deployed in the 20–100 range to be optimum is always less

compared to other algorithms. Therefore, based on the

number of sensors placed in the optimum position after

every 25 iterations and the number of iterations that should

be run for all sensors to be placed in the optimum position

according to the number of mobile sensors initially dis-

tributed randomly, it is determined that the nodes were

converged to the optimum faster by OMADA-WOA, as it

is shown in Fig. 9.

5.2 Coverage rate of the area

In this study, another criterion compared in WSNs is the

coverage rates of the sensors deployed by algorithms, in the

AoI. The coverage rates of only the nodes placed in the

optimum position from the mobile sensors deployed at the

end of every iteration interval of 25 between 25 and 175, in

the AoI were calculated, and they are presented in Table 4.

If the coverage rates of all nodes are calculated before all

nodes are placed in the optimum position, stable coverage

rates cannot be calculated due to the continuous change of

position of non-optimal nodes in the area. For this reason,

only the nodes placed in the optimum position are taken as

basis while calculating the coverage rates of the AoI.

Therefore, reliability will be ensured in calculating the

coverage rates of the area since all of the sensors deployed

by algorithms in the simulations made will be placed in the

optimum position.

According to the results in Table 4, at which iteration

interval all the nodes deployed for each compared algo-

rithm are placed in the optimum position, the calculated

coverage rates do not change in the next iteration intervals

and reach maximum. Therefore, it is determined that the

coverage rates calculated by OMADA-WOA are always

more optimum compared to other algorithms, when the

average of the coverage rates generated only by the sensors

placed in the optimum position at the end of every iteration

interval of 25 in the simulations is taken as basis. Fur-

thermore, when the average of the coverage rates calcu-

lated after all of the nodes deployed according to the sensor

numbers are placed in the optimum position in the simu-

lations is taken as basis, it is determined that more opti-

mum coverage rates are always reached by OMADA-

WOA.

The average coverage rates calculated at the end of

every iteration interval of 25 (Table 4) and the average

coverage rates of the area where all of the deployed sensors

were placed in the optimum position in the average number

of iterations were calculated by algorithms, and they are

presented in graphics in Fig. 10. According to these

graphics, since the numbers of nodes placed in the opti-

mum position at the end of every iteration interval of 25

run by the algorithms increased (Table 2), the coverage

rates of the AoI also increased deterministically in a direct

Table 4 The average of the

coverage rates formed by the

mobile sensors deployed by

OMADA-WOA(1), MADA-

WOA(2) and MADA-

EM(3) between 20 and 100 at

the end of every iteration

interval of 25 in the simulations

Number of sensors Iteration ranges

25 50 75 100 125 150 175

20 29.22(1)

29.07(2)

25.05(3)

29.22(1)

29.07(2)

28.14(3)

29.22(1)

29.07(2)

28.14(3)

29.22(1)

29.07(2)

28.14(3)

29.22(1)

29.07(2)

28.14(3)

29.22(1)

29.07(2)

28.14(3)

29.22(1)

29.07(2)

28.14(3)

40 48.40(1)

36.43(2)

31.84(3)

57.89(1)

55.83(2)

46.38(3)

57.89(1)

55.83(2)

53.21(3)

57.89(1)

55.83(2)

53.99(3)

57.89(1)

55.83(2)

53.99(3)

57.89(1)

55.83(2)

53.99(3)

57.89(1)

55.83(2)

53.99(3)

60 55.62(1)

36.50(2)

34.48(3)

75.36(1)

66.80(2)

49.70(3)

79.07(1)

75.92(2)

59.69(3)

79.07(1)

75.92(2)

67.69(3)

79.07(1)

75.92(2)

71.94(3)

79.07(1)

75.92(2)

72.66(3)

79.07(1)

75.92(2)

72.66(3)

80 59.15(1)

36.51(2)

34.89(3)

79.89(1)

67.59(2)

53.33(3)

90.14(1)

86.23(2)

65.45(3)

90.65(1)

88.47(2)

74.78(3)

90.65(1)

88.47(2)

82.12(3)

90.65(1)

88.47(2)

85.79(3)

90.65(1)

88.47(2)

85.88(3)

100 61.35(1)

36.52(2)

35.64(3)

84.28(1)

68.39(2)

53.98(3)

94.62(1)

86.88(2)

66.53(3)

96.63(1)

95.15(2)

77.70(3)

96.63(1)

95.15(2)

84.60(3)

96.63(1)

95.15(2)

89.73(3)

96.63(1)

95.15(2)

92.80(3)
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proportion. Furthermore, the average numbers of iterations

at which all of the nodes were placed in the optimum

position were determined, and the average coverage rates

achieved were calculated. Therefore, it is determined that

both the average coverage rates of the sensors deployed by

OMADA-WOA, compared to other algorithms, calculated

at the end of every iteration interval of 25, and the average

coverage rates calculated at the iterations where all of the

sensors were placed in the optimum position were

optimum.

In this study, the maximum and minimum coverage

rates in the simulations were calculated after all of the

nodes were placed in the optimum position during the

deployment made by algorithms between 20 and 100 using

(a) (b)

(c) (d)

(e)

Fig. 10 The average of the calculated coverage rates of the AoI at the

end of every iteration interval of 25 of a 20, b 40, c 60, d 80, e 100

mobile sensors deployed by OMADA-WOA, MADA-WOA and

MADA-EM in the simulations, and in the iterations where all of the

nodes were placed in the optimum position
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sensors, and they are presented in Fig. 11. The reliability of

the average coverage rates in Fig. 10 is demonstrated by

showing the calculated maximum and minimum value

ranges in this graphic. Therefore, it is determined that more

optimum maximum and minimum coverage rates were

achieved when the coverage rates of the nodes in the range

of 20–100 in the AoI during the deployment made by

OMADA-WOA were compared with other algorithms.

The standard deviation of the maximum and minimum

coverage rates in the simulations was calculated, and it is

presented in the graphic in Fig. 12. In this graphic, it is

determined that standard deviation was 0 when 20 sensors

were deployed by OMADA-WOA, and that more mini-

mum standard deviation was calculated compared to other

algorithms when 40–100 sensors were deployed. It is found

that standard deviation gradually increased in the sensor

deployment made in the range of 20–60 by OMADA-WOA

and MADA-WOA, and that standard deviation gradually

decreased in the node deployment made in the range of

60–100. The reason is that a gradual decrease is observed

in standard deviation since the size of the area did not

change as the number of sensors increased when deploy-

ment was made more than 60 nodes in the AoI. Therefore,

the fact that standard deviation is lower in the deployments

made by OMADA-WOA compared to other algorithms

shows that the coverage rates are calculated more

deterministically.

5.3 Movement distances of sensors

In this study, the other criterion compared by the algo-

rithms is the total movement distances of the deployed

sensors in the AoI in the determination of the lifetime of

WSNs. Firstly, the initial positions of mobile nodes, the

initial distribution of which is made randomly, are

detected. Then, displacement distances are calculated by

determining the final positions of the nodes trying to be

placed in the optimum position with a change in their

positions according to the previous iteration interval at the

end of every 25 iteration in the range of 25 and 175. Fur-

thermore, the cumulative displacement distances are cal-

culated by taking the sums of the displacement distances of

the nodes at the end of every 25 iteration interval in the

deployments made by the algorithms. This process is

continued until the number of iterations at which all of the

nodes are placed in the optimum position, and the total

displacement distances of all nodes are calculated. There-

fore, total displacement distances of the nodes are mea-

sured in the deployments made by algorithms, so their

effect on the network lifetime can be determined.

In this study, it is aimed to optimize the lifetime of

WSNs by minimizing the total movement distances of the

sensors both in every iteration interval of 25 and in the

iterations where all nodes are optimum, in the deployments

made with the OMADA-WOA developed. The sums of

displacement distances of the sensors deployed at the end

of every iteration interval of 25 are calculated, and they are

presented in Table 5.

Based on the results shown in Table 5, it is determined

that the average total displacement distances of the sensors

deployed in the range of 20–100 by OMADA-WOA in

every iteration interval of 25 in simulations are minimum

compared to other algorithms. Furthermore, the fact that

displacement distances are calculated as 0 indicates that no

node is displaced since all nodes in the defined iteration

intervals are placed in the optimum position. The average

total displacement distances in the iterations where all

nodes are placed in the optimum position are calculated by

taking the cumulative sums of displacement distances

calculated by algorithms in every iteration interval of 25,

and they are graphically shown in Fig. 13. In these

Fig. 11 Change graphic of maximum and minimum coverage rates of

the sensors deployed in the range of 20–100 by OMADA-WOA,

MADA-WOA and MADA-EM in the AoI

Fig. 12 Change graphic of the standard deviation of the coverage

rates of sensors deployed in the range of 20–100 by OMADA-WOA,

MADA-WOA and MADA-EM in the AoI
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graphics, according to the total displacement distances in

the iterations where all the nodes are placed in the optimum

position, it is determined that the nodes are displaced less

often in the deployments made by the OMADA-WOA

developed and thus sensors could increase the network

lifetime by reducing energy consumption.

5.4 Degree of k-coverage of grid points

In this study, the last criterion compared by algorithms is

the minimization of the degree of k-coverage of each Gird

point in the area while deploying the nodes. For this pur-

pose, it is aimed that each Grid point in the area would be

covered by at most one sensor (k\2) in node deployments

made by algorithms. However, to achieve this aim may not

be possible in theory and practice. Because in case of the

intersection of the nodes’ coverage areas in the deploy-

ments made, any Grid point in this intersection area can be

covered by more than one node (k[ 1). Thus, each Grid

point should be covered by a minimum number of sensors

in the deployments to be made in order to reach the target

aimed at the optimum level. The numbers of Grid points

covered for degrees of coverage in the range of 2� k� 4

during the deployments made by algorithms are calculated,

and they are presented in Table 6.

According to these results, based on the total number of

Grid points covered in the intersection areas of two nodes

(k ¼ 2), three nodes (k ¼ 3) and four nodes (k ¼ 4) in the

deployments of the sensors made by algorithms in the

range of 10–100, it is determined from the graphics in

Fig. 14 that fewer Grid points are covered by the developed

OMADA-WOA. Furthermore, it is determined that no Grid

point is covered in the AoI for k ¼ 4 in the deployments of

the sensors made by OMADA-WOA in the range of

10–100. Therefore, due to the fact that the number of Grid

points in the intersection area of the nodes is optimized to

minimum in the deployments made by OMADA-WOA, it

is ensured that the energy consumption of sensors is min-

imized without covering more than necessary Grid point.

The ratios of total Grid points covered by the nodes

deployed by algorithms in the area for k = 2, k = 3 and

k = 4 to all Grid points in the AoI are calculated, and they

are presented in Fig. 15. In conclusion, the fact that the

total number of Grid points calculated each degree of k-

coverage is minimum in the node deployments made by

OMADA-WOA in the graphics in Fig. 14 guarantees that

the total ratio of Grid points covered for all degrees of k-

coverage shown in Fig. 15 is also minimum.

In this study, maximum degrees of k-coverage reached

by the nodes deployed by algorithms in the range of

10–100 at the Grid points covered by them are calculated,

and they are presented in Fig. 16. According to this gra-

phic, it is determined that all Grid points in the area are

covered by a maximum of one node (k B 1) in the node

deployment made by OMADA-WOA in the range of

10–30, that all Grid points are covered by maximum two

nodes (k B 2) in the deployment made in the range of

40–60, and that all Grid points are covered by maximum

three nodes (k B 3) in the deployment made in the range of

70–100. Therefore, in the node deployments made by

OMADA-WOA, degrees of k-coverage calculated for all

Grid points in the area are optimized to minimum and they

Table 5 Total displacement

distances at the end of every

iteration interval of 25 of the

sensors deployed in the range of

20–100 by OMADA-WOA(1),

MADA-WOA(2) and MADA-

EM(3)

Number of sensors Iteration ranges

25 50 75 100 125 150 175

20 825.12(1)

1001.4(2)

1030.9(3)

0(1)

0(2)

154.3(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

40 1974.8(1)

2079.3(2)

2180.0(3)

350.81(1)

715.24(2)

904.79(3)

0(1)

0(2)

381.0(3)

0(1)

0(2)

22.6(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

60 3129.4(1)

3226.7(2)

3634.5(3)

1093.7(1)

1972.5(2)

1801.5(3)

285.1(1)

668.22(2)

1218.1(3)

0(1)

0(2)

827.1(3)

0(1)

0(2)

426.3(3)

0(1)

0(2)

67.2(3)

0(1)

0(2)

0(3)

80 4265.3(1)

4318.7(2)

4575.8(3)

2358.1(1)

2951.7(2)

2839.3(3)

935.53(1)

1728.4(2)

2084.2(3)

54.84(1)

313.16(2)

1499.1(3)

0(1)

0(2)

1108.0(3)

0(1)

0(2)

507.6(3)

0(1)

0(2)

311.0(3)

100 5404.5(1)

5550.3(2)

5782.6(3)

3655.5(1)

4245.8(2)

4091.4(3)

1932.4(1)

2946.1(2)

3021.5(3)

521.01(1)

1437.9(2)

2446.7(3)

0(1)

0(2)

1999.6(3)

0(1)

0(2)

1465.6(3)

0(1)

0(2)

858.1(3)
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are determined to be maximum k = 3. Furthermore, the

reliability of the graphics is also proven in Fig. 14 in which

it is determined that no Grid point is covered by OMADA-

WOA for k = 4 in determining the maximum degrees of k-

coverage.

6 Sample implementation in real
environment

With the aim of applying the OMADA-WOA developed in

this paper in a real-world environment, we chosen the

central campus of Yuzuncu Yil University in Van province

in Turkey. Optimum coverage of a 770 hectare area of the

campus defined by randomly distributed sensor nodes is

targeted. In this sample implementation, Access Point (AP)

(a) (b)

(c) (d)

(e)

Fig. 13 Change graphic of average total displacement distances calculated at the end of every iteration interval of 25 of a 20, b 40, c 60, d 80,

e 100 mobile sensors deployed by OMADA-WOA, MADA-WOA and MADA-EM in the simulations
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devices providing wireless internet access and suited to the

outdoor environment are used to represent the sensor

nodes. As a result, in this implementation, dynamic

deployment of randomly distributed APs with the

OMADA-WOA will provide optimum coverage for the

defined campus area and thus a Wireless Fidelity (Wi-Fi)

area will be created for both academics and students

making continuous internet access possible.

The campus area defined in this sample study is 1100

meters length by 700 meters width comprising a total of

770,000 m2 and represents only a partial section of the

central campus area. Each AP device equivalent to a

50-meter detection radius will be deployed in numbers

from 20 to 100 with increase steps of 20 devices. The AP

devices have 100-meter coverage diameter theoretically in

the outdoor environment and are assumed to broadcast

Radio Frequency (RF) on horizontal axis and 360 degrees

for this appropriate simulation study in the real-world

environment. The campus area shown in Fig. 17 with the

Google Earth Pro program is divided into squares with 11

horizontal planes and 7 vertical planes to create 100 x 100

Grids. As a result, the distance between each Grid point on

this campus area shown in a 2-D plane is defined as 2

meters, with a total of 193,401 Grid points calculated for

the AoI. Additionally, in the simulations, in iterations

where none of the deployed nodes intersected with any

other nodes, the maximum number of Grid points covered

by each node in the AoI is identified as 1961.

Initial distribution is random, then dynamic deployment

by the OMADA-WOA is performed and in this sample

study as the outdoor AP devices representing sensor nodes

would be placed outside buildings, the coverage area

affected the outdoors and partially covered areas within the

building. As a result, in this implementation in the real-

world environment with these AP devices with outdoor

environment features, dynamic deployment will be effec-

tive only in the open areas of the campus. If the deploy-

ment of AP devices is made within a building, the AP

device will be placed on the roof of the building, while if

deployment is within any open area, the device will be

placed on any pole that can be placed in the area.

Using the MATLAB program, dynamic deployment of

20–100 sensor nodes in a real-world environment is per-

formed and the optimum locations are shown on the maps

given in the figures below.

6.1 Dynamic deployment of 20 AP devices

In this sample implementation, as shown in Fig. 18, every

blue circle have dynamic deployment by OMADA-WOA

and 20 sensor nodes (APs) with 50-meter detection radius

are shown. The green points shown in the center of these

blue circles shows the site of AP location, while the area

within the circle shows the coverage area of the APs. Red

arrows indicate buildings that are outside the coverage area

for the APs.

With this deployment, each of the 20 sensor nodes is

covered maximum numbers of Grid points with a total of

39,220 (20x1961) Grid points covered and the coverage

rate for the AoI is calculated as 20.27%. As shown in

Fig. 18, none of the sensor nodes dynamically deployed

according to OMADA-WOA intersect with other nodes,

ensuring maximum coverage of the AoI. However, as 20

AP devices can only cover 20% of the campus area, it is

concluded that for higher rates of coverage, more AP

devices need to be used.

Table 6 Total numbers of Grid points covered by the sensors

deployed in the range of 10–100 by OMADA-WOA(1), MADA-

WOA(2) and MADA-EM(3) in the AoI for k = 2, k = 3 and k = 4

Number of sensors Total Number of Grid Points that covered

k ¼ 2 k ¼ 3 k ¼ 4

10 0(1)

0(2)

4(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

20 0(1)

7(2)

10(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

30 0(1)

46(2)

49(3)

0(1)

0(2)

0(3)

0(1)

0(2)

0(3)

40 22(1)

199(2)

345(3)

0(1)

0(2)

1(3)

0(1)

0(2)

0(3)

50 220(1)

408(2)

538(3)

0(1)

0(2)

3(3)

0(1)

0(2)

0(3)

60 653(1)

876(2)

960(3)

0(1)

4(2)

44(3)

0(1)

0(2)

0(3)

70 1215(1)

1328(2)

1538(3)

8(1)

15(2)

52(3)

0(1)

0(2)

0(3)

80 1958(1)

2065(2)

2288(3)

22(1)

100(2)

148(3)

0(1)

0(2)

5(3)

90 2845(1)

2831(2)

2865(3)

97(1)

158(2)

288(3)

0(1)

3(2)

6(3)

100 3431(1)

3539(2)

3557(3)

299(1)

358(2)

417(3)

0(1)

12(2)

32(3)
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6.2 Dynamic deployment of 40 AP devices

In this sample implementation, 40 sensor nodes is per-

formed dynamic deployment. Figure 19 is shown that

coverage areas of the APs and numbers of the sites on the

campus not covered.

In this deployment, each of the 40 sensor nodes is

provided maximum coverage of Grid points for a total of

78,440 (40x1961) Grid points covered and the coverage

(a) (b)

(c)

Fig. 14 Change graphic of total numbers of Grid points covered by the sensors deployed in the range of 10-100 by OMADA-WOA, MADA-

WOA and MADA-EM in the area for a k ¼ 2, b k ¼ 3, c k ¼ 4

Fig. 15 Ratios of the total numbers of Grid points covered by the

sensors deployed in the range of 10–100 for k = 2, k = 3 and k = 4 to

the total number of Grid points of the AoI

Fig. 16 Graph of change of the maximum k-coverage degrees

reached at Grid points covered by sensors distributed in the range

of 10–100 according to algorithms
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rate for the AoI is calculated as 40.55%. As shown in

Fig. 19, none of the sensor nodes with dynamic deploy-

ment by OMADA-WOA is intersected with any other node

ensuring maximum coverage of the area. However, 40 AP

devices can only provide coverage for 40% of the campus

area, so it is concluded that for higher rates of coverage,

more AP devices need to be used.

6.3 Dynamic deployment of 60 AP devices

In this sample implementation, 60 sensor nodes are

dynamic deployment with the AP coverage area and sites

not covered within the campus is shown in Fig. 20.

In this deployment, the majority of the 60 sensor nodes

are covered maximum numbers of Grid points, with a total

of 116,154 Grid points covered and coverage of 60.05% of

the AoI calculated. As shown in Fig. 20, very few of the

sensors with dynamic deployment by OMADA-WOA are

intersected with other nodes ensuring optimum rates of

coverage in the area. However, as 60 AP devices can only

cover 60% of the campus, it is concluded that more AP

devices are required to obtain higher rates of coverage.

6.4 Dynamic deployment of 80 AP devices

In the sample implementation, 80 sensor nodes are

dynamically deployed, and the AP coverage areas and sites

not covered in the campus are numbered and shown on

Fig. 21.

Fig. 17 Rectangular section with 1100x700 dimensions divided into

100 9 100 Grid on the central campus of Yuzuncu Yil University in

Van province, Turkey

Fig. 18 Placement after dynamic deployment of 20 AP devices and

locations not covered by APS: (1) Sports complex, (2–3) Private Male

and Female dormitories, (4) Faculty of Education, (5) Faculty of Fine

Arts, (6) Enclosed sports hall, (7) Part of prefabricated classrooms-1,

(8) Faculty of Dentistry, (9) Rectorate, (10) Institutes and Faculty of

Architecture, (11) Bank, (12) Market and café, (13) Open air theatre,

(14) Faculty of Agriculture, (15) Part of the Faculty of Veterinary

Medicine, (16) café, (17) Mosque, (18) Conference hall

Fig. 19 Placement after dynamic deployment of 40 AP devices and

locations not covered by APS: (1) Private Male dormitory, (2) Faculty

of Education and part of the Faculty of Fine Arts, (3) part of

prefabricated classrooms-1, (4) part of the Library, (5) Rectorate, (6)

part of prefabricated classrooms-2, (7) Bank, (8) Market and café, (9)

Open air theatre, (10) part of the Faculty of Architecture, (11)

Mosque, (12) Part of the Faculty of Veterinary Medicine, (13) Faculty

of Literature and café, (14) Part of the Faculty of Engineering

Fig. 20 Placement after dynamic deployment of 60 AP devices and

locations not covered by APS: (1) Private Male dormitory, (2) part of

the Faculty of Education, (3) Part of the Faculty of Dentisty, (4)

Computer Science building, (5) Part of prefabricated classrooms-2,

(6) Part of the Central Canteen, (7) Open air theatre, (8) Part of the

Faculty of Agriculture, (9) Part of the Faculty of Economics, (10)

Faculty of Literature

302 Wireless Networks (2021) 27:285–305

123



In this deployment, some of the 80 sensor nodes are

covered maximum numbers of Grid points, for a total of

145,534 Grid points covered and 75.24% coverage rate is

calculated for the AoI. As shown on Fig. 21, though the

majority of sensor nodes dynamically deployed by

OMADA-WOA are intersected with other nodes, still

optimum rates of coverage are provided. However, as 80

AP devices can only cover 75% of the campus, it is con-

cluded that more AP devices are required to obtain higher

rates of coverage.

6.5 Dynamic deployment of 100 AP devices

Finally, in this sample implementation, 100 sensor nodes

are performed dynamic deployment, with the coverage area

for the APs and sites not covered within the campus are

shown in Fig. 22.

In this deployment, intersecting node numbers are

higher compared to the deployment of 80 sensor nodes.

Though the majority of sensor nodes intersected with other

nodes, still optimum rates of coverage are provided. A total

of 166,550 Grid points are covered and the coverage rate

for the AoI is calculated as 86.11%.

6.6 Conclusions after sample implementation

As the number of sensors deployed increases, the coverage

rate in the AoI will increase; however, in situations with

node numbers increased above 100, the intersecting node

numbers will increase causing some Grid points to be

covered by more than one node. As a result, if there is

deployment of more nodes than necessary in the area, both

sensor energy consumption will increase and the lifetime of

the network will reduce. When this situation is considered

in terms of APs, the use of more APs will increase the cost

of the network. As a result, it is identified that deployment

of more than 100 sensor nodes in the campus area defined

for these sample implementations will be a disadvantage.

When 20 to 40 nodes are deployed, the sensors defi-

nitely do not overlap and maximum rates of coverage are

provided for the area, while with 60 to 100 nodes deployed,

naturally there will be increasing rates of overlap, though

optimum coverage of the area is identified.

In conclusion, in this implementation if 20 to 100 sensor

nodes are deployed by OMADA-WOA, 18, 14, 10, 4 and 1

locations in reducing order, respectively, remained outside

the AP coverage area and most of the sites are identified to

be partially not covered.

7 Conclusions

In this study, multiple optimization of WSNs is performed

based on the metric values measured. The comparison of

OMADA-WOA, which is developed based on meta-

heuristic WOA, in independent simulations according to

metric values measured by MADA-WOA and MADA-EM

in the literature is made. In the first of the measured metric

values, the average number of nodes placed in the optimum

position after every 25 iterations of 25–175 iteration

intervals of mobile nodes deployed by all three algorithms

in the range of 20–100 is determined. In the second one, the

average coverage rates of only optimum nodes at the end of

every 25 iterations are calculated. In the third one, the

average of total movement distances of the nodes trying to

be placed in the optimum position at the end of every 25

iterations in the AoI is calculated. Furthermore, total

average movement distances of the sensors are also cal-

culated by taking the cumulative totals of movement dis-

tances up to the number of iterations at which all nodes

were optimum. In the fourth, last metric value, the degrees

of k-coverage of Grid points covered by the nodes

Fig. 21 Placement after dynamic deployment of 80 AP devices and

locations not covered by the APs: (1) part of the Sports Complex, (2)

part of the Rectorate, (3) Scientific Application and Research Center,

(4) part of the Faculty of Veterinary Medicine

Fig. 22 Placement after dynamic deployment of 100 AP devices and

locations not covered by the APs: (1) part of the Prefabricated

Classrooms-1
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deployed in the range of 10–100 are calculated. Further-

more, total number of Grid points covered by the nodes for

each degree of coverage in the range of 2� k� 4 and their

ratios to total number of Grid points in the AoI are cal-

culated. In the comparisons made for each of these four

metric values measured, optimum results are always cal-

culated by OMADA-WOA. Therefore, it is concluded that,

in the deployment made by OMADA-WOA, the nodes

provided a faster convergence and maximum number of

nodes are placed in the optimum position, that the nodes

reached optimum degrees of coverage in the AoI, that the

energy consumption of the nodes can be optimized by

minimizing their total movement distances and thus the

lifetime of the network can be increased, and that maxi-

mum degree of coverage is calculated for k ¼ 3 and thus

the energy consumption of the nodes can be optimized

without covering more than necessary Grid points in the

AoI where the nodes are intersected. According to these

metric values measured, it is determined that an effective

dynamic deployment of nodes can be performed by the

developed OMADA-WOA and that it could be proposed as

a new metaheuristic algorithmic approach in the literature.

Additionally, dynamic deployment of 20–100 APs rep-

resenting sensor nodes in the real-world environment

defined by a 770 hectare area of the Van Yuzuncu Yil

University central campus is performed with optimum

locations shown on a map. In this sample implementation,

when 20 to 40 nodes are deployed according to OMADA-

WOA, none of the APs in the environment intersected with

each other and maximum coverage is provided in the AoI.

When 60–100 nodes are deployed, though the coverage

area of APs intersected, the coverage rates for the AoI are

identified to be optimum.

In the next studies, the effect of OMADA-WOA on the

dynamic deployment of mobile nodes in the area consisting

of both mobile and static nodes will be examined based on

the PDM.
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