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Engineering, National sensing area for the purpose of collecting the sensing data. Mobile sinks increase the
Formosa University, Hu-Wei, flexibility and convenience of data gathering in such systems. Taking the energy con-
Yun-Lin, Taiwan sumption of the mobile sink into account, the moving distance of the mobile sink must

be reduced efficiently. Hence, it is important and necessary to develop an efficient
path planning scheme for mobile sinks in large-scale wireless sensor network systems.
According to several greedy-based algorithms, we adopt an angle bisector concept

to create the moving path for the mobile sink. In this paper, a novel and efficient data
collection path planning scheme is proposed to reduce the moving distances and to
prolong the lifetimes of mobile sinks in wireless sensor networks. Considering the com-
munication range limitations of sensor nodes and the obstacles within sensing areas,
we design an inner center path planning algorithm to reduce the moving distance for
the mobile sink. A back-routing avoidance method is included to address the mov-
ing path backpropagation problem. We account for the obstacles in sensing area. The
reference point of obstacle avoidance is employed to address the obstacle problem.
The proposed scheme makes an adaptive decision for creating the moving path of the
mobile sink. A suitable moving path planning scheme can be achieved, and the mov-
ing distance of the mobile sink can be reduced. The proposed scheme is promising in
large-scale wireless sensor networks. When the number of sensor nodes in the sensing
area is increased by 50, the proposed scheme yields an average moving distance that
is 1.1 km shorter than that of the heuristic tour-planning algorithm, where the sensing
area is 5 km x 5 km. Simulation results demonstrate that the proposed data collection
path planning scheme outperforms the previously developed greedy-based scheme
in terms of the moving paths and moving distances of mobile sinks in wireless sensor
networks.

Keywords: Data collection, Mobile sink, Moving distance, Moving path, Sensor node,
Wireless sensor networks

1 Introduction

Wireless sensor networks (WSNs) with mobile sinks have been widely considered
a promising solution to replace people for discovering and collecting sensing data
within a highly dangerous region [1-5]. The mobile sink can be an intelligent moving
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robot or unmanned aircraft that enters the sensing area for the purpose of collect-
ing the sensing data. Figure 1 shows the environment of WSNs with mobile sinks.
In large-scale WSNs, many sensor nodes are deployed in the sensing area. All of
the sensor nodes have sensing, computing and wireless communication capabilities.
Each sensor node plays the role of an event detector to monitor specific targets and
sends the data to a sink or a base station (BS) by using wireless transmission tech-
niques. It is intuitive that the sensor nodes need more transmission power to send
data when a sink or a BS is fixed and located far from the sensor nodes than when
it is close to the nodes. The energy efficiency of the sensor nodes is one of the most
important features for extending the lifespans of WSNs. A mobile sink is employed to
increase the flexibility of the network for collecting the sensing information in large-
scale monitoring environments. Because a sink can randomly move within the sens-
ing area to gather the detection data, the data transmission distances of the sensor
nodes can be reduced. The mobility of the sink enables convenient data collection and
reduces the energy consumption by the sensor nodes [6—10]. WSNs with mobile sinks
are expected to be used to collect sensing data in highly dangerous regions, includ-
ing battlefields, disaster areas and environmental pollution areas. In most application
scenarios, the main power supply of a mobile sink is its battery. Taking the energy
consumption of the mobile sink into account, the moving distance of the mobile sink
must be reduced efficiently. Hence, saving energy becomes one of the most impor-
tant factors for a mobile sink to extend its lifetime. To reduce the moving distances
and to prolong the lifetimes of mobile sinks, a new and efficient data gathering path
planning scheme must be developed for large-scale WSN systems. Hence, the perfor-
mance parameters of interest in this paper are the moving path and moving distance
of a mobile sink.
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Fig. 1 Environment of a WSN with a mobile sink. The mobile sink can be an intelligent moving robot or
unmanned aircraft that enters the sensing area for the purpose of collecting the sensing data
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The remainder of this paper is organized as follows. In Sect. 2, we review related stud-
ies from the literature. In Sect. 3, we describe the system model of a WSN with mobile
sinks and illustrate the approach of the data gathering path planning scheme with an
inner center in detail. In Sect. 4, a performance analysis is presented. We evaluate the
performance of our proposed scheme by using a simulation model. Finally, conclusions
are given in Sect. 5.

2 Related works

Several studies on mobile sink issues have been conducted for WSNs. With regard to
the energy saving schemes used for the sensor nodes, analytical models have been pro-
posed in [3—8]. The main ideas of these schemes are dependent on the path taken by the
mobile sink to reduce the energy consumption of sensor nodes. In [3], the authors deter-
mined the best location for a mobile sink according to the most efficient energy con-
sumption by cluster heads (CHs) for data delivery after clustering the sensor nodes and
selecting the CHs. In [4], an energy-aware sink relocation strategy for mobile sinks in
WSNs was proposed to avoid consuming too much energy for a specific group of sensor
nodes. To extend the lifetime of the WSN, this strategy uses information related to the
residual energy of sensor nodes to adaptively adjust the transmission range of the sensor
nodes and the relocation scheme for the sink. In [5], the authors proposed a weighted
rendezvous planning scheme to form a hybrid moving pattern in which a mobile sink
only visits rendezvous points, as opposed to all sensor nodes. Sensor nodes that are not
rendezvous points transmit their sensing data to the nearest rendezvous point by using
a multihop approach. In [6], the authors proposed a ring routing protocol for wireless
sensor networks with mobile sinks to provide load-balanced data delivery and achieve
uniform energy consumption across the network. The protocol is suitable for time-sen-
sitive applications, which aim to minimize overhead in terms of energy consumption
and packet delays. In [7], the authors proposed a mobile sink-based adaptive immune
energy-efficient clustering protocol to find the optimal number of CHs and to improve
the lifetime and stability period of the network. The protocol also guides the mobile sink
with the objective of minimizing the total dissipated energy during communication and
the amount of overhead control packets. In [8], a tree-based power saving scheme was
proposed to reduce the energy consumption in wireless sensor networks with mobile
sinks. The main goal of this scheme is to reduce the data transmission distances of the
sensor nodes by employing a dynamic sorting algorithm to achieve tree-cluster routing
using multihop concepts. In [9], the authors proposed an energy-efficient routing pro-
tocol based on particle swarm optimization and a genetic algorithm to prevent energy
dissipation between sensor nodes; by calculating the load-balanced table of clusters,
the optimal set of data gathering points and an optimal path for the mobile sink can be
obtained. In [10], an energy-efficient intracluster routing algorithm was proposed to bal-
ance the energy consumption among member nodes by optimizing the sojourn locations
of the mobile sink in each cluster.

With regard to the data collection methods for mobile sinks, analytical models have
been proposed in [11-20]. In [11], an energy-aware path construction algorithm was
proposed to prolong the lifetimes of WSNs with mobile sinks by selecting an appropriate
set of data collection points, constructing a data collection path and collecting data from
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the points burdened with too much data. In [12], a mobile data gathering algorithm with
multihop transmission was proposed to reduce the delay time of data gathering in WSNs
by visiting the convergence area of sensors’ communication ranges. In [13], the authors
studied the compressive data gathering problem in terms of Bayesian theory for WSNs
with mobile sinks. The main goal of this scheme is to reduce the latency of the network
by manually selecting the schedule of gathering nodes. In [14], the authors investigated
the problem of data collection with multiple sinks. To find the optimal sink location, they
designed a suboptimal online algorithm via a primal-dual approach with little a priori
knowledge. In [15], the authors presented analytical approaches to determine the energy
consumption of nodes for large-scale wireless sensor networks by using mobile data col-
lection schemes and providing models for determining the optimal number of clusters
for minimizing the energy consumption. In [16], a hybrid routing scheme was proposed
to reduce the energy consumption of the network. The authors determined the optimal
movement trajectory for the mobile sink by using the Hilbert space-filling curve based
on the change in the amounts of data generated in different network regions. In [17],
the authors formulated the data gathering problem as a network utility maximization
problem for rechargeable sensor networks; their aim was to maximize the total amount
of data collected by the mobile sink while maintaining the fairness of the network. In
[18], the authors proposed a comprehensive data gathering scheme based on a graphing
technique to optimize the energy consumption of all sensor nodes in WSNs with mobile
sinks. In [19], the authors proposed a three-phase, energy-balanced heuristic scheme to
prolong the lifetime of the network. The network region is divided into grid cells that
are assigned to clusters by using the k-dimensional tree algorithm. The main goal of this
approach is to ensure that the multiple mobile sinks have similar energy consumption
levels for both data gathering and sink movement. In [20], the authors proposed a vir-
tual grid-based dynamic route adjustment scheme to minimize the route reconstruction
costs of the sensor nodes for mobile sink-based WSNs. While moving around the sensor
field, a mobile sink continues to change its location and interacts with the CH node clos-
est to the borderline for data collection.

Several studies on obstacle avoidance issues have been proposed in [21-28], and these
studies have been validated to some extent through simulations. In [21], the authors
presented an energy-efficient routing mechanism based on the clustering method for
mobile sinks in WSNs with obstacles. A heuristic tour-planning algorithm (HTPA) was
proposed to find the shortest route for the mobile sink while avoiding obstacles. In [22],
the authors presented a dynamic movement approach that offers path planning with
obstacle avoidance to minimize the localization error while maximizing the number
of successful localized nodes. In [23], the authors presented a simultaneous trajectory
planning and tracking controller for use under cruise conditions based on a predictive
control model to address obstacle avoidance for an intelligent vehicle. In [24], a com-
putationally efficient online local motion planning algorithm was proposed for mobile
robots in unknown, cluttered dynamic environments. In [25], the authors presented an
obstacle avoidance and path planning algorithm for a multi-joint manipulator in a space
robot. The end effector of the manipulator is used to capture some special target in a
space environment with obstacles. In [26], the authors focused on the dynamic obstacle

avoidance and path planning problem of unmanned surface vehicles and attempted to



Chang et al. J Wireless Com Network ~ (2020) 2020:257 Page 5 of 23

solve it by constructing an automatic obstacle avoidance method based on the ant colony
algorithm and the clustering algorithm. In [27], the authors proposed a hybrid algorithm
that effectively combines global and local path planning. Global path planning involves
generating a global path for an unmanned surface vehicle to enable it to reach the target
point. Local path planning involves avoiding dynamic obstacles and tracking the global
path by following the local target point, which is the intersection of the target points
indicated by global and local path planning. In [28], the authors proposed an obstacle
avoidance method based on the law of conservation of energy to adjust the motion states
of robot manipulators in real time.

Several protocols for energy management have been implemented on WSNs. In [29],
the authors proposed a variant of the low-energy adaptive clustering hierarchy (LEACH)
algorithm called the partitioned-based energy-efficient LEACH (PE-LEACH) protocol,
which tends toward the energy-based fault-tolerant technique. LEACH is a cluster-
based routing protocol that uses a clustering approach [30]. In the sensing area, a large
number of sensor nodes are divided into several clusters. For each cluster, a sensor node
is selected as a CH based on a predetermined probability. Other non-CH nodes choose
the nearest clusters to join by receiving the strength of the advertisement message from
the CH nodes. Other cluster-based energy saving schemes for WSNs derived from the
LEACH protocol have been proposed in [31-33], and they have been validated to some
extent through simulations. The main difference between these schemes is the process
for selecting a CH node. However, the critical problem is that the random selection of a
CH node could result in a poor clustering setup.

With regard to the previously developed schemes described above, only a few research
papers have studied the problem of the energy consumption of mobile sinks in WSNs.
Additionally, the assumption of the communication range of sensor nodes must be prac-
tical and reasonable. Due to terrain constraints, it is clear that obstacles should be con-
sidered in the real environments of WSNs with mobile sinks. Motivated by the above
discussion, we propose a novel energy-efficient data collection path planning scheme
with an inner center to reduce the moving distances and to prolong the lifetimes of
mobile sinks in wireless sensor networks. The main principles and contributions of our
proposed scheme are summarized as follows:

+ Considering the communication range limitations of sensor nodes and the obstacles
within sensing areas, the proposed scheme makes an adaptive decision for creating
the moving path of the mobile sink. A beneficial moving distance for the mobile sink
is obtained. This implies that the energy consumption of the mobile sink is reduced
and that the task of data collection for the mobile sink can be accelerated.

+ Our proposed scheme has the ability to offer mobile devices an efficient data collec-
tion path planning method for WSNs with mobile sinks. In addition, our simulation
system accounts for environments that are encountered in practice. Different num-
bers of sensor nodes and sensing areas with obstacles are simulated and discussed in
this paper. This discussion is important for evaluating the performance of the moving
path, moving distance and lifetime of a mobile sink.

+ Because of the constraints with regard to simulating the communication range limi-
tations of sensor nodes and the obstacles, the performance analysis is conducted via
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Fig. 2 Communication ranges of sensors in a sensing area with obstacles (1000 m x 1000 m). The sensing
area is 1000 m x 1000 m, the number of sensor nodes is equal to 10, and the number of obstacles is equal
to 5. In this figure, a circle represents the communication range of a sensor node, and a square represents an
obstacle

a connection-level simulation. This approach allows us to use a realistic model. In
this paper, we design a visual interface simulator to discuss and analyze the moving
path and moving distance of a mobile sink.

+ The important feature of our proposed framework is that it addresses the moving
path backpropagation problem faced by the greedy-based path planning algorithm.
A reasonable moving path can be utilized, and a suitable moving distance for the
mobile sink can be obtained in a WSN. The main benefit of our proposed scheme is
that it shortens the moving distances of mobile sinks in WSNs.

3 Methods

3.1 System model and problem description

The system infrastructure is composed of a mobile sink and some fixed sensor nodes.
The mobile sink can be an intelligent moving robot or unmanned aircraft that randomly
moves within the sensing area for collecting the sensing data in an outdoor environ-
ment. The main power supply of a mobile sink is its battery, and the battery cannot be
recharged. Hence, the mobile sink in the sensing area is energy-constrained. We assume
that the energy of a sensor node can be recharged and that the transmission power of
the sensor node is fixed. This implies that a stable communication range can be used for
each sensor node. In this paper, we assume that the locations of the sensor nodes and
obstacles are known and that the communication range of each sensor node is fixed.
Figure 2 shows an example of the communication ranges of sensors in a sensing area
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Fig. 3 Example of a moving path for the CCPPA (1000 m x 1000 m). Example of a moving path for a certain

case in the simulation by using the greedy-based center of circle path planning algorithm (CCPPA), where the

top left corner is the starting position and there are no obstacles. The mobile sink travels through all of the
sensor nodes and then moves back to the starting position

with obstacles, where the sensing area is 1000 m x 1000 m, the number of sensor nodes
is equal to 10, and the number of obstacles is equal to 5. A circle represents the commu-
nication range of a sensor node, and a square represents an obstacle

The greedy-based path planning algorithm is a shortest path prioritizing method, and
it is illustrated step by step as follows

Input: M(x, y) (the location of mobile sink), S(x, y) (the location of sensor node)
(the number of sensor nodes)

Output: The moving path of the mobile sink

Initialization: M(x, y) =M (0, 0) (The initial location of the mobile sink), k=1 (Th
number of sensor node locations selected), and the temporary result =null.
Step 1: The mobile sink calculates the distances between all S(x, y) and M(x, y)
Step 2: The minimal distance between S(x, y) and M(x, y) is selected
Step 3: Let M(x, y) =S («, y) and remove S (x, y).
Step 4: Let k=k+ 1. If k>N, go to Step 5. Otherwise, go to Step 1

Step 5: The temporary result is the final moving path of the mobile sink, and the mov-
ing distance of the mobile sink can be calculated

We design a visual interface simulator by using MATLAB and C# to discuss and ana-
lyze the moving path and moving distance of the mobile sink. Figure 3 shows an example

of a moving path for a certain case in the simulation by using the greedy-based center of
circle path planning algorithm (CCPPA), where the top left corner is the starting posi-
tion and there are no obstacles. The mobile sink travels through all of the sensor nodes

and then moves back to the starting position. The greedy-based path planning algorithm
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Fig. 4 Example of the moving path backpropagation problem faced by the CCPPA (1000 m x 1000 m). The
CCPPA may result in the moving path backpropagation problem. Hence, the mobile sink must move a long
distance because there is no nearest neighbor sensor node for it to visit

may result in the moving path backpropagation problem. Hence, the mobile sink must
travel an increased distance because there is no nearest neighbor sensor node for it to
visit. Figure 4 shows an example of the moving path backpropagation problem for a cer-
tain case in the simulation by using the CCPPA.

The design of the moving path is an important issue in WSNs with mobile sinks. It
is obvious that the moving distance is responsible for most of the energy consumption
by the mobile sink. Additionally, the moving path backpropagation problem leads to
increased energy consumption by the mobile sink. Accounting for the energy consump-
tion of the mobile sink, the moving distance must be reduced. Hence, the moving path
backpropagation problem should be solved, and an efficient path planning scheme for
mobile sinks in sensing areas with obstacles should be developed.

3.2 Proposed moving path scheme

Considering the communication range limitations of sensor nodes and the obstacles
within sensing areas, we design an inner center path planning algorithm (ICPPA) to
reduce the moving distance of the mobile sink. A back-routing avoidance method is
included to address the moving path backpropagation problem. Based on the greedy
path planning algorithm, Fig. 5 shows the flowchart of the back-routing avoidance
method, where M(x, y) is the location of the mobile sink, M(0, 0) is the starting position
of the mobile sink, L(x, y) are the locations of the sensor nodes, and N is the number of

sensor nodes.



Chang et al. J Wireless Com Network ~ (2020) 2020:257 Page 9 of 23

Initialization
M(x,y)=M(0,0), k=1, and
the temporary result = null.

v

The mobile sink calculates the
distances between all L(x, y)

and M(x, y).

v

The minimal distance between
L(x, y) and M(x, y) is selected.

Does the path between L(x, y) and
M(x, y) intersect with other paths?

\ 4
This L(x, y) is stored in
Yes the Temporary result.
{ I
The previous L(x, y) in the Let M(x, y) =L (x, y) and
temporary result is re-considered remove this L (x, y).
and the next minimal distance ¥
between this L(x, y) and M(x, y) is
selected. Letk=k+1.

Is k greater than N?

Yes
\ 4

The temporary result is the final
moving path of the Mobile sink,
and the moving distance of the

mobile sink can be calculated.
|

Fig. 5 Flowchart of the back-routing avoidance method. We design a back-routing avoidance method to
address the moving path backpropagation problem for the greedy-based path planning algorithm

The inner center can be constructed as the intersection of angle bisectors. It is also the
interior point for which the distances to the sides of the triangle are equal, and the angle
bisectors meet at the inner center [34—36]. Hence, we adopt an angle bisector concept to
create the moving path for the mobile sink. Figure 6 shows an example of a moving path
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Fig. 6 Example of the moving path calculation for the ICPPA. L, is the location of sensor node k, and ris the
radius of the communication range for of sensor node. Let I (/er /ky> be the inner center of sensor node k

calculation for the ICPPA, where L, is the location of sensor node k and r is the radius of the
communication range of the sensor node. Let I (Ikx:]ky) be the inner center for sensor

node k. According to the distances among Ly ;, L; and Ly, Ix, and Iy are calculated by

[34-36]
5 — ax Ly, +bxLi +cxLiy, )
ke = a+b+c ’
ax Ly 1, +bxL, +cXLig
I, = : 2 z, (2)

a+b+c

where a is the distance between L; and L ,, b is the distance between L, ; and L, ,,
and c is the distance between L, ; and L;. According to the circle center at Ly ( Li,, L,

and the radius r, the equation of the circle can be calculated by
@ — L) + O — L) =1 (3)

According to the path from I to L, the equation of the line can be calculated by
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By using Eqgs. (3) and (4), we calculate the intersection point S (Skx, Sky) to obtain the

new location L}, (L}(x, L;(y) for the moving path of the mobile sink. L; can be calculated by

’ ka + Skx

L, =t ®)
Ly, + Sk
;g, = > 2 y’ (6)

We account for the obstacles in the sensing area. The reference point (RP) of obstacle
avoidance is employed to address the obstacle problem. A function named Obstacle_
Avoidance (i, v) is executed to obtain the RP if there is an obstacle between sensor node
u and sensor node v. Let Ax + By + C = 0 be the equation of the line between u(xl,yl)
and v (xg, yz). A, B, and C can be calculated according to the calculation of the line equa-
tion as follows:

2—N
y—n-= H(x—xl), (7)
where A =y —y1, B=x1 —xy, and C = x3y; — x1y2. Let CP(xo,yo) be the center
point of the obstacle and P(Px, Py) be the projection point from CP to the moving path
between u(xl,yl) andy (xg,yz). According toAx + By + C = 0, Py and Py are calculated

by
Axo + By + C
Px:xO_AXAZ—_‘_sz’ (8)
Axo+ Byo + C
Py:yo—BXW, (9)

For each obstacle, there are four RPs (R1, R2, R3 and R4) near the corner point of the
obstacle. The distance between an RP and an obstacle can be determined according
to the size of the mobile device. Based on P(Px,Py), the RP closest to P(Px,Py) can be
selected. When the minimal distances from P(Px, Py) to two RPs are the same, these two
RPs are selected to avoid the obstacle. Figures 7 and 8 show two examples of moving
paths with obstacles, where CP is the center point of the obstacle and P is the projection
point from CP to the moving path between L; and L, ;. According to P, R4 is selected to
avoid the obstacle in Fig. 7. Figure 8 shows that R2 and R3 are selected to avoid the obsta-
cle in this case. In the proposed scheme, we design a back-routing avoidance method to
address the moving path backpropagation problem faced by the CCPPA. Based on the
CCPPA, the proposed scheme includes the back-routing avoidance method and a func-
tion for obstacle avoidance. Figure 9 shows the flowchart of the inner center path plan-
ning algorithm, where the temporary result of the initialization process is obtained from
the back-routing avoidance method, N is the number of sensor nodes, S; (x, y) is the
intersection point, and L) (x, y) is the new location of the mobile sink.
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Fig. 7 Example of a moving path with an obstacle (one RP). CP is the center point of the obstacle, and P is
the projection point from CP to the moving path between L, and L, , ;. According to P, R4 is selected to avoid
the obstacle in Fig. 7

R4 R3

C
R1 R2

e _|_d__
~

Fig. 8 Example of a moving path with an obstacle (two RPs). CP is the center point of the obstacle, and Pis
the projection point from CP to the moving path between L, and L, ;. According to P, R2 and R3 are selected
to avoid the obstacle in this case
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Fig. 9 Flowchart of the inner center path planning algorithm. We design a back-routing avoidance method
to address the moving path backpropagation problem faced by the CCPPA. Based on the CCPPA, the
proposed scheme includes the back-routing avoidance method and a function for obstacle avoidance
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4 Results and discussion

In this section, we evaluate the performance of our proposed scheme by using a simu-
lation model. We describe our simulation environment and illustrate the simulation
results, and we compare our scheme with several other schemes. To prove that our pro-
posed scheme is promising, we design a visual interface simulator by using MATLAB
and C# and implement several other schemes for fair comparison. The assumptions for
our simulation environment and the specifications of our data collection process are as
follows:

+ The simulation environment is composed of a mobile sink, some fixed sensor nodes
and several obstacles.

+ The radius of the communication range of each sensor node is 50 m, each obstacle in
the sensing area is a large square building, and the length of a side of each obstacle is
50 m.

+ The sink can randomly move within the sensing area to collect the sensing data.

+ The location of each sensor node is randomly distributed in the sensing area.

+ Each of the sensor nodes can send data to the mobile sink within its communication
range.

+ All of the sensor nodes in the network are homogeneous, and the energy of each sen-
sor node can be replenished.

«+ All of the sensor nodes are stationary, and the initial energy is the same for each sen-
sor node.

+ The sensor nodes can continually sense and transfer data.

To prove that our proposed scheme is well designed, the moving paths for the differ-
ent schemes are analyzed in detail by using the visual interface simulator. We illustrate
a snapshot of the moving path for a certain iteration of the simulation by evaluating the
CCPPA and our proposed ICPPA, where the sensing area is 1000 m x 1000 m and the
top left corner is the starting position for the mobile sink to travel through all of the sen-
sor nodes. The mobile sink must travel through all of the sensor nodes and then move
back to the starting position.

We use the same proposed function for back-routing avoidance with the CCPPA. Fig-
ure 10 shows an example of a moving path obtained by using the CCPPA, where the
number of sensor nodes is equal to 10 and there are no obstacles. The moving distance
of the mobile sink is 3028 m. Figure 11 shows an example of a moving path obtained by
using the ICPPA, where the moving distance of the mobile sink is 2829 m. In Fig. 4, the
moving distance of the mobile sink is 3413 m, where the CCPPA results in the mov-
ing path backpropagation problem. Simulation results show that our proposed function
for back-routing avoidance can efficiently address the moving path backpropagation
problem.

We also use the same proposed function for obstacle avoidance with the CCPPA. Fig-
ure 12 shows an example of a moving path obtained by using the CCPPA when obsta-
cles are present, where the number of sensor nodes is equal to 10 and the number of
obstacles is equal to 5. The moving distance of the mobile sink is 3038 m. Figure 13
shows an example of a moving path obtained by using the ICPPA when obstacles are
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Fig. 10 Moving path for the CCPPA (1000 m x 1000 m). We use the same proposed function for back-routing
avoidance with the CCPPA. This figure shows an example of a moving path obtained by using the CCPPA,
where the number of sensor nodes is equal to 10 and there are no obstacles. The moving distance of the
mobile sink is 3028 m
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Fig. 11 Moving path for the ICPPA (1000 m x 1000 m). This figure shows an example of a moving path
obtained by using the ICPPA, where the number of sensor nodes is equal to 10 and there are no obstacles.
The moving distance of the mobile sink is 2829 m
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Fig. 12 Moving path for the CCPPA when obstacles are present (1000 m x 1000 m). This figure shows an
example of a moving path obtained by using the CCPPA when obstacles are present, where the number of
sensor nodes is equal to 10 and the number of obstacles is equal to 5. The moving distance of the mobile
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Fig. 13 Moving path for the ICPPA when obstacles are present (1000 m x 1000 m). This figure shows an

example of a moving path obtained by using the ICPPA when obstacles are present, where the number of
sensor nodes is equal to 10 and the number of obstacles is equal to 5. The moving distance of the mobile
sink is 2862 m
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shows an example of a moving path obtained by using the CCPPA when continuous obstacles are present,

where the moving distance of the mobile sink is 3502 m
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Chang et al. J Wireless Com Network ~ (2020) 2020:257 Page 18 of 23

Table 1 Comparison of five schemes in terms of their moving distances (sensing area:
1000 m x 1000 m)

Scheme Node=10 Node=20 Node=30 Node =40 Node =50
CCPPA_B 3338.775 4263916 5036.789 5690.48 6269.015
ICPPA_B 3111.391 3839.629 4431.876 4922.581 5346.46
CCPPA_A 3427487 4462973 5325.835 5988.507 6617.562
ICPPA_A 3194.238 4036.936 4722342 5228.729 5715.285
HTPA 3257.01 4145.382 4869.18 5411.259 5924.781

Table 2 Comparison of five schemes in terms of their moving distances (sensing area:

2000 m x 2000 m)

Scheme Node=10 Node=20 Node=30 Node=40 Node=50
CCPPA_B 6930.978 9044.038 10,663.25 12,023.8 13,201.87
ICPPA_B 6684.225 8576.513 9981.743 11,142.05 12,123.07
CCPPA_A 7124.837 9451.558 11,198.09 12,626.94 13,905.48
ICPPA_A 6873.285 8981423 10,521.83 11,755.29 12,848.36
HTPA 6948.583 9120.269 10,718.83 12,004.62 13,147.07

present, where the moving distance of the mobile sink is 2862 m. To prove that our pro-
posed function for obstacle avoidance is well designed, we account for an environment
with continuous obstacles. Figure 14 shows an example of a moving path obtained by
using the CCPPA when continuous obstacles are present, where the moving distance of
the mobile sink is 3502 m. Figure 15 shows an example of a moving path obtained by
using the ICPPA when continuous obstacles are present, where the moving distance of
the mobile sink is 3296 m. From the simulation results, it is evident that the CCPPA
results in a longer moving distance of the mobile sink than that yielded by the ICPPA.
In accordance with Figs. 10, 11, 12, 13, 14 and 15, the moving paths illustrate that the
proposed scheme leads to a shorter moving distance of the mobile sink in the sensing
area with different locations of sensor nodes and obstacles. The proposed scheme makes
an adaptive decision for creating the moving path of the mobile sink. The moving dis-
tance of the mobile sink is shortened by using the function for back-routing avoidance
and the function for obstacle avoidance. Hence, reasonable moving path planning can be
achieved, and the moving distance of the mobile sink can be reduced.

The performance measures obtained on the basis of one hundred simulation runs are
plotted as a function of the moving distance. For each simulation run, different loca-
tions of the sensor nodes are created based on the same number of sensor nodes. To
prove that our proposed scheme is well designed, we evaluate the performance of the
CCPPA_A, ICPPA_A, CCPPA_B, ICPPA_B and HTPA [21]. The back-routing avoidance
method is not included in the CCPPA_A and ICPPA_A. In contrast, the CCPPA_B and
ICPPA_B execute the function for back-routing avoidance. Tables 1 and 2 show the com-
parison of five schemes in terms of their moving distances when the sensing areas are
1000 m x 1000 m and 2000 m x 2000 m, where the numbers of sensor nodes are 10, 20,
30, 40 and 50. Table 3 shows the comparison of five schemes in terms of their moving
distances when the sensing area is 5000 m x 5000 m and the numbers of sensor nodes
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Table 3 Comparison of five schemes in terms of their moving distances (sensing area:

5000 m x 5000 m)
Scheme Node=50 Node=100 Node=150 Node =200 Node =250
CCPPA_B 6930.978 9044.038 10,663.25 12,0238 13,201.87
ICPPA_B 6684.225 8576.513 9981.743 11,142.05 12,123.07
CCPPA_A 7124.837 9451.558 11,198.09 12,626.94 13,905.48
ICPPA_A 6873.285 8981.423 10,521.83 11,755.29 12,848.36
HTPA 6948.583 9120.269 10,718.83 12,004.62 13,147.07
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Fig. 16 Moving distances (1000 m x 1000 m). This figure shows the moving distances yielded when the
sensing area is 1000 m x 1000 m, where the numbers of sensor nodes are 10, 20, 30, 40 and 50. We evaluate

the performances of five schemes. The back-routing avoidance method is not included in the CCPPA_A and
ICPPA_A. In contrast, the CCPPA_B and ICPPA_B execute the function for back-routing avoidance

are 50, 100, 150, 200 and 250. According to the three tables, it is clear that the ICPPA_B
results in a shorter moving distance for the mobile sink than the other algorithm/func-
tion combinations. In Table 1, we can observe the difference between the ICPPA_B and
the HTPA. When the number of sensor nodes in the sensing area is increased by 10,
the ICPPA_B yields an average moving distance that is 108 m shorter than that of the
HTPA. In Table 2, when the number of sensor nodes in the sensing area is increased by
10, the ICPPA_B yields an average moving distance that is 190 m shorter than that of the
HTPA. In Table 3, when the number of sensor nodes in the sensing area is increased by
50, the ICPPA_B yields an average moving distance that is 1.1 km shorter than that of
the HTPA.

Figures 16 and 17 show the moving distances obtained by the algorithms when the
sensing areas are 1000 m x 1000 m and 2000 m x 2000 m, where the numbers of sen-
sor nodes are 10, 20, 30, 40 and 50, respectively. The moving distances of the five
schemes exhibit similar trends when the number of sensor nodes varies from 10 to
50. Clearly, the moving distance of the CCPPA_A is longer than that of the CCPPA_B,
and the moving distance of the ICPPA_A is longer than that of the ICPPA_B. For
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Fig. 17 Moving distances (2000 m x 2000 m). This figure shows the moving distances yielded when the
sensing area is 2000 m x 2000 m, where the numbers of sensor nodes are 10, 20, 30, 40 and 50. We evaluate
the performances of five schemes. The back-routing avoidance method is not included in the CCPPA_A and
ICPPA_A. In contrast, the CCPPA_B and ICPPA_B execute the function for back-routing avoidance

example, when the number of sensor nodes is 50 in Fig. 16, the ICPPA_B easily
achieves a reduction in the moving distance of the mobile sink from 6617 to 5346 m
when compared with that of the CCPPA_A. Furthermore, in this case, the ICPPA_B
achieves a moving distance of the mobile sink that is approximately 923 m shorter
than that of the CCPPA_B. Because the sensing area is extended, the mobile sink
must move a long distance when employing the CCPPA, and this results in significant
energy consumption by the mobile sink. The HTPA belongs to the class of shortest
path prioritizing methods. The moving distance for the mobile sink is close to that of
the CCPPA_B. The proposed ICPPA_A and ICPPA_B result in shorter moving dis-
tances when the number of sensor nodes increases. The reason for this behavior is
that we account for the communication range limitations of sensor nodes and make
an efficient decision for creating the moving path of the mobile sink. The moving
path is dynamically adaptive based on the positions of the sensor nodes. Hence, the
ICPPA_A and ICPPA_B result in an improved moving path for the mobile sink and
reduce the moving distances of the mobile sink. This implies that the energy con-
sumption of the mobile sink can be reduced in WSNs. Moreover, to prove that our
proposed scheme is promising in large-scale WSNs, we extend the sensing area in
the simulation environment. Figure 18 shows the moving distances when the sensing
area is 5000 m x 5000 m and the numbers of sensor nodes are 50, 100, 150, 200 and
250. The CCPPA_A and ICPPA_A do not perform the function of back-routing avoid-
ance, which causes the moving path backpropagation problem. Hence, the moving
distances increase noticeably when the number of sensor nodes increases.

In accordance with Figs. 16, 17 and 18, the curves illustrate that the proposed scheme
leads to shorter moving distances in different sensing areas. The proposed scheme pro-
vides a suitable moving path of the mobile sink. This finding occurs because we adopt an
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Fig. 18 Moving distances (5000 m x 5000 m). This figure shows the moving distances when the sensing
area is 5000 m x 5000 m and the numbers of sensor nodes are 50, 100, 150, 200 and 250. We evaluate the
performances of five schemes. The back-routing avoidance method is not included in the CCPPA_A and
ICPPA_A. In contrast, the CCPPA_B and ICPPA_B execute the function for back-routing avoidance

angle bisector concept to create the moving path for the mobile sink. Efficient moving
path planning for a mobile sink can be achieved.

In view of Figs. 10, 11, 12, 13, 14, 15, 16, 17 and 18, it is clear that a suitable moving
distance for the mobile sink is an important feature in the issues of energy consumption.
Our proposed scheme shortens the moving distance of the mobile sink. Because of the
better moving path planning in the proposed scheme, it is intuitive that the proposed
scheme results in a shorter distance than that of the other schemes in a large-scale sens-
ing area. This implies that the lifetime of the mobile sink can be extended to perform
more data collection tasks.

5 Conclusion

The development of a path planning scheme is a challenging issue in wireless sensor
networks with mobile sinks. In this paper, an efficient path planning scheme employing
the back-routing avoidance method and a function for obstacle avoidance is proposed to
reduce the moving distance so that a significant improvement in the energy savings and
lifetimes of mobile sinks can be achieved in wireless sensor networks. In the proposed
scheme, we make an adaptive decision for creating the moving path of the mobile sink.
The moving path backpropagation problem and obstacle avoidance challenge are solved.
The proposed scheme is promising in large-scale wireless sensor networks. When the
number of sensor nodes in the sensing area is increased by 50, the proposed scheme
yields an average moving distance that is 1.1 km shorter than that of the heuristic tour-
planning algorithm, where the sensing area is 5 km x 5 km. Simulation results indicate
that our proposed algorithm achieves suitable moving path planning scheme and a short
moving distance for the mobile sink in a wireless sensor network.
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