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Abstract

against the related work in network lifetime.

Wireless rechargeable sensor networks are becoming crucial and important in recent years for the advancement of
wireless energy transmission technology. The previous research showed that not all of sensors can be recharged due
to the limitation of energy capacity that mobile chargers can carry. If a sensor playing a critical role in a sensing task
cannot function as usual due to exhausted energy, then the sensing task will be interrupted. Therefore, this paper
proposes a novel recharging mechanism taking the coverage of sensors into consideration such that mobile chargers
can recharge the sensor with a high coverage degree and the network lifetime can be efficiently sustained. The
coverage degree of each sensor depends on its contribution to the sensing task, including the coverage and
connectivity capabilities. Based on the coverage degree, the sensor with a higher coverage degree will be properly
recharged to extend the network lifetime. Simulation results show that the proposed mechanism performs better
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1 Introduction

Wireless sensor networks (WSNs) have been widely
deployed in numerous fields, such as military surveil-
lance and health care monitoring [1-4]. However, the
network lifetime of a WSN is often limited by sensors’
energy. As a result, how to extend the network lifetime
is becoming the most important issue in WSNs. In addi-
tion to power control or power-saving approaches, which
are two common approaches to extend network life-
time, in previous research, one of the extending network
lifetime schemes is to plan an effective wake-up/sleep
schedule for sensors to achieve the purpose of extend-
ing the network lifetime [5-8]. In this kind of researches,
sensors will automatically judge whether they are redun-
dant [5, 8]. If the sensor enters in a sleep mode, it can
avoid unnecessary power consumption. In [6, 7], the
goal of this kind of researches is to find a set of sen-
sors to cover the entire area with the minimum num-
ber of sensors. However, no matter how to save the
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energy, the overall network lifetime is still limited by
sensors’ power.

Recently, wireless energy transmission technology has
attracted a lot of attention. The paper [9] uses two identi-
cal resonance frequency of magnetic resonance objects to
effectively exchange energy. By this way, more sensors can
achieve omnidirectional energy transmission. Moreover,
this paper also shows a 60-W light bulb at 2 m far away
for wireless lighting and can achieve 40% energy conver-
sion efficiency. Wireless energy transmission can provide
a new way of power supply for WSNs.

The networks in which the sensors can be wireless
recharged are called wireless rechargeable sensor net-
works (WRSNs). There are two most common charging
modes used in WRSNs. One is called energy harvest-
ing [10-15], which is to utilize the surrounding envi-
ronment of energy conversion into electricity to charge
sensor nodes, such as wind, water, and solar. Although
this way can get energy directly from the surrounding
environment, the charging efficiency much depends on
the current environment and the locations of the sensors.
Therefore, it has a certain degree of difficulty in the real-
ity, because in reality, the change of environment is not
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predictable, and if the sensor is in a poor place, the sensor
cannot get the energy easily.

Therefore, in order to get a more stable way of charging,
using mobile chargers equip with wireless energy transfer
is the most promising way to provide sustainable energy
and has high charging efficiency than energy harvesting.
There are many researches in this field [16-26]. In this
paper, the sensors are classified into three levels by their
contributions in coverage and connectivity to the sens-
ing field. According to the levels, an effective and efficient
charging scheme for mobile chargers to recharge sensors
is proposed in this paper such that the sensors with high
contribution to coverage and connectivity can be charged
than those with low contribution in order to prolong the
network lifetime.

The remainder of the paper is organized as follows.
The literature is reviewed in Section 2. Section 3 intro-
duces some assumptions and background knowledge to
help understand the approach of this paper. The pro-
posed scheme and its enhanced version are described
in Sections 4 and 5, respectively. Section 6 shows the
simulation results, and Section 7 concludes the paper.

2 Related work

Using mobile chargers for the sensor nodes to provide
electricity is popular in the related literature in WRSNs.
The research on planning an effective path for mobile
chargers to wireless transfer electricity for sensors accord-
ing to the remaining energy of sensors is discussed first.
In [23], it mainly explored the problem about the energy
consumption of mobile charger in moving cost along the
path and the replenishment of sensors. The authors want
to maximize the profit in sensors’ energy replenishment
against the moving cost. In addition, the authors also
considered the sensor’s survival time to avoid the sensor
death before the mobile charger can recharge the sen-
sor. In [24], the authors utilized the concept of Named
Data Networking (NDN) to effectively get real-time infor-
mation of the network and the method can also be used
in a variety of different network environments. Since the
energy information of sensors can be collected effectively,
the mobile charger can recharge the sensors in a right
time such that the network lifetime can be effectively
sustained.

In [18], by considering the time and the location of
the sensor issued the recharging request, the problem is
formulated as a DMC (on-demand mobile charging) prob-
lem. The authors took advantage of the NJNP (Nearest-
Job-Next with Preemption) discipline for mobile charger
to select an appropriate sensor to recharge it. In [20], the
authors defined the charging throughput maximization
problem in heterogeneous networks and transformed it
to an orienteering problem in order to plan an efficient
charging path for mobile charger. Based on the random
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energy replenishment, [22] proposed an analytical model
to analyze and find an effective way to recharge sen-
sors, where the mobile charger is randomly moved and
can find a sensor who is in the sleep mode due to its
low energy to recharge. In [21], the authors assumed that
the mobile charger has enough energy to recharge sen-
sors. Based on the assumption, the authors studied an
optimization problem with the objective of maximizing
the ratio of the vacation time of mobile charger over the
renewable energy cycle time. Different from the above-
mentioned studies, [17] explored the recharging problem
for the sensors capable to move, not stationary. Therefore,
in addition to traditional recharging problem to find an
appropriate path for charging, the paper also discussed the
rendezvous problem between mobile charger and mobile
sensors in order not to miss the recharging of the sen-
sor. However, there are still some literatures that explored
how to select appropriate points for the mobile charger, in
the charging range, and chose the number of low-energy
sensors to charge [19, 25].

Although there have been a lot of researches using
mobile charger to help sensors get more energy, in
these researches, they generally considered the remaining
energy of sensors. Figure 1 illustrates an example, where
the energies of s1, s2, s3, 54, and s5 are below the energy
threshold and need to be recharged. If the energy replen-
ishment strategy only considered the remaining energy of
sensors, the recharging sequence or path is s — s —
s3 — s5 — sa. This kind of strategies did not take into
account the importance of sensors in the task. However,
the most important things in wireless sensor networks
are the coverage of the sensing field and the connection
among sensor nodes.

Therefore, not only to consider the remaining energy of
sensors but also to consider the coverage issue to ensure
the quality of surveillance of the entire sensing field play
an important role in wireless sensor networks. The sen-
sors needed to be recharged are the ones which play an
important role in the wireless sensor networks. Take Fig. 2
as an example, where the remaining energies of sy, s2, 53,
and s4 are below a threshold and need to be recharged.
Moreover, the sensors with the sensing ranges of the
same color, either blue- or green-colored circles, means
that these sensors can fully cover the sensing range of
the red-colored sensor, whose remaining energy is below
the threshold. The sensors with the same colored sensing
range are grouped into a cover set of the corresponding
red-colored sensor. The detailed definition of cover set
will be defined later [27]. For example, sy only has one
cover set, which is blue colored, and s; has two cover
sets, which are blue and green colored. If only the remain-
ing energy is considered, since sy and s4 have the same
remaining energy, the charging sequence is either s; —
§3 — Sy —> S4 Or s — S3 — S4 —> Sy. However, if the
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Fig. 1 lllustration of the problem only considering remaining energy of sensors

coverage issue is considered, the priority to recharge sy is
higher than that to recharge s4. It is because if s4 is out of
energy, the sets of sensors marked by either blue color or
green color can help cover the sensing range of s4. How-
ever, if sy is out of energy, only one set of sensors marked
by blue color can help cover the sensing range of sp. Con-
sequently, s, should have a higher priority to be recharged
than s4 in order not to result in a hole.

As a result, it is important to consider the remaining
energy of sensors in conjunction with the importance in
coverage and connectivity issues of sensors such that the
sensors who really need to be recharged can be recharged.
Since the energy carried by the mobile charger is limited,
it is not possible to recharge all sensors. When some sen-
sors are inevitable to be sacrificed, the priority of sensors
to be recharged turns to be much important.

3 Preliminaries

This paper utilizes mobile chargers to recharge sensors
with low remaining energy. Not only the remaining energy
of a sensor is considered but also the contributions in
terms of coverage and connectivity of the sensor are also
taken into account while recharging such that the network
lifetime can really be extended.

3.1 Network model and assumptions

It is assumed that the goal of the sensor network is to
make sure the sensing field is area covered, which means
that every point in the sensing field should be covered by
at least one sensor. It is also known as one covered [28].
The entire network is illustrated in Fig. 3, where sensors
are randomly deployed in the sensing field and the sensing
field is assumed to be at least one covered. Let S denote

Fig. 2 lllustration of the problem considering coverage and remaining energy of sensors
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the set of sensors. That is, S = {s;,i = 1,2,---}. Sensors
are assumed to be stationary and homogeneous. Sensors
have the same capabilities, such as the same sensing range
and the same communication range. The sensing range
and the communication range of a sensor are denoted
rs and re, respectively. The sensing area and the com-
munication area of a sensor are circles centered at the
sensor. Any point within the sensing range of a sensor can
be detected by the sensor. In the meanwhile, any sensor
within the communication range of another sensor can
communicate with each other. The sensing area covered
by s; is denoted as C(s;). On the other hand, let N(s;) be
the set of neighbors of s;, which is defined as N(s;) =
{s; € S|dist(sj,s;) < rc}, where dist(x,y) is the Euclidean
distance between x and y.

To simplify the discussion, we also assume that r, > 2r.
The assumption can ensure the connectivity of sensors
when full sensing coverage is preserved. On the other
hand, we also assume that a sensor is location-aware. The
location of a sensor can be obtained either by GPS or
by many existing localization schemes [29, 30]. In addi-
tion, the base station has the location information of the
Sensors.

In addition, in this paper, time is divided into rounds,
and each round will be divided into an initial phase and

a working phase, as illustrated in Fig. 4. During the ini-
tial phase, each sensor sends back the sensed data and its
remaining energy to the base station in a multi-hop fash-
ion. The base station starts to plan a charging tour for
the mobile charger while receiving the information from
the sensors. During the working phase, the mobile charger
will recharge the sensors according to the charging tour
planed by the base station in the initial phase. The dura-
tion that a mobile charger moves from the base station
and returns back to the base station is termed a cycle. It
is worth mentioning that a working phase may contain
more than one cycle, depending on the time spends in a
charging tour.

Regarding the mobile charger, it is required that a charg-
ing tour in a cycle should start and end at the base station,
which is to ensure the mobile charger can carry enough
energy at the base station to continuously recharge sen-
sors. The moving speed of the mobile charger is fixed,
and the maximum energy a mobile charger can carry
is also fixed.

3.2 Coverage and energy critical node

In this paper, the energy critical sensor is termed an
e-node. When an e-node appeared, the mobile charger
will be used to recharge this e-node. However, only

Fig. 4 The operation model in terms of timeline
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considering this condition is not enough. The contribu-
tion of sensors to the sensing field needs to be considered
as well. The paper assumes that the transmission range
is larger than two times of the sensing range. As a result,
as long as the network is fully covered without a hole,
the network is connected. Thus, the only thing to be con-
sidered is the coverage issue in the network. Therefore,
the sensor which may lead to a coverage hole is called
a coverage-critical node and is denoted c-node. In this
paper, the concept of cover set of a sensor is used to rep-
resent the contribution level of the sensor. The concept
of cover set was first proposed in [7, 27]. As a result, the
number of cover sets of a sensor can be used to decide
whether the sensor is potential to be a c-node or not.

The formal definition of a cover set is given as fol-
lows. A cover set of a sensor, say s;, is the set of sensors
whose sensing areas can completely cover C(s;). A cover
set of s; is denoted as CV(s;) and is formally defined in
Definition 1.

Definition 1 (Cover set (CV)) CV(s;) is a set of sensors
satisfying the following requirements.

® Ugecvis)C(sy) 2 Clsi),
e foranys; € CV(s;), C(sj)) € Ugecvis) kC (k)

O

By Definition 1, we can easily derive the following
lemma.

Lemma 1 Ifs; € CV(s;), sj € N(s;).

Proof Since s; belongs to CV(s;), C(sp) N C(s;) # 9. It
implies that dist(s;,s;)) < 2r;. Moreover, since r. > 2rg,
dist(s;, s;) < rc. Therefore, s; € N(s;). O

The concept of the cover set of s; is illustrated in Fig. 5,
in which four cover sets, respectively denoted by blue, yel-
low, purple, and green colors, can be found. Therefore, if
the number of cover sets of a sensor is few, the sensor has
a high potential to lead to a coverage hole. As a result, the
sensor is possible to be a c-node.

4 Priority-based Energy Replenishment Scheme
(PERS)

This paper presents two different schemes to recharge
sensors. The first scheme, named PERS (Priority-based
Energy Replenishment Scheme), calculates the weight of
each sensor. The remaining energy and number of cover
sets of a sensor are taken into account while designing
the weight. According to the weight, we divide sensors
into three kinds of priorities to recharge the sensors.
The higher the priority of a sensor is, the sooner the
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Fig. 5 lllustration of cover sets of s;

sensor is charged by the mobile charger. Only when
the mobile charger has more energy the sensors with
the next priority are considered to be recharged. PERS
can recharge the coverage and energy critical sensors
with high priority and effectively alleviate the possi-
bility to cause a coverage hole. However, this scheme
may result in a long charging tour and consume much
power of mobile charger while walking along the path.
To avoid this problem, we propose another scheme,
named e-PERS (Enhanced Priority-based Energy Replen-
ishment Scheme), where we use a k-means clustering
algorithm to divide the sensors into k clusters in which
the sensors belonging to a cluster are closer than to the
other clusters.

PERS mainly consists of the following three steps. First,
we design the weight of a sensor. By the weight, sen-
sors are divided into three different priorities, red, yellow,
and green priorities. Based on the different priorities, the
charging tour for recharging is scheduled.

4.1 Weight value design
The remaining energy of a sensor is considered to be a
very important factor in wireless rechargeable sensor net-
works. However, only considering the remaining energy
of a sensor is not enough because it is easy to lead to a
coverage hole and the sensing task is going to be termi-
nated. Therefore, this paper also takes the coverage critical
sensors into account to postpone the occurrence of a
coverage hole.

Consequently, a weight is designed for a sensor by com-
bining the remaining energy and coverage importance of
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the sensor. Let w; denote the weight of s; and be calculated
by Eq. (1).

1 B—B* i
w; = X ’
A 4 B
where ALCV is the total number of cover sets of s;, B is

the maximum battery capacity of a sensor, and B;** is the
remaining energy of s;. AiCV means that when s; is going
to exhaust its energy, its sensing range can be covered by
AiCV sets of sensors. The smaller Al.CV is, the sparser s; is
covered. Therefore, smaller AiCV is prone to have a cover-
age hole at s;. On the contrary, the smaller B;® is, the more
possibility s; is going to exhaust its energy soon. The nota-
tions and their corresponding definitions are summarized
in Table 1.

By Eq. (1), ﬁﬂ can differentiate among sensors prone
to result in a coverage hole and Biglyes can find out the
sensors that exhaust most energy. Consequently, a sensor
with a larger weight implies that the sensor should have
a higher priority to be recharged. As a result, Eq. (1) can
differentiate sensors which are prone to have a coverage
hole and their remaining energies are also prone to be
exhausted. Figure 6 shows an example, and the weights
of sensors are respectively shown in Fig. 7, where B is
assumed to be 100 J.

4.2 Classification of sensors

According to the weights of sensors, sensors are classified
into red, yellow, and green groups with different priori-
ties. The red group of sensors has the highest priority and
should be recharged first. The sensors in the red group
mean that these sensors are going to exhaust their energy
in this round and these sensors are also prone to have cov-
erage holes if they run out of energy. The yellow group of
sensors has the second priority and can be recharged after
the red group of sensors. The sensors in the yellow group
mean that these sensors can live more than one round and
are also not quite prone to have coverage holes than those
in the red group. The least priority is given to the sen-
sors in the green group. Similarly, the sensors in the green
group mean that these sensors can live more than two

Table 1 Notations

Notation Definition

A Total number of cover sets of s;

B The maximum battery capacity of a sensor

Bj* The remaining energy of s;

AVGey  The average number of cover sets of all sensors

0 The amount of energy a sensor consumed in a round

B,RE The amount energy of a mobile charger replenished to s;

CE,UJ’; The energy consumed by a mobile charger moving from s; to s;
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rounds and are least prone to have coverage holes than
those in the other two groups. Equations (2), (3), and (4)
are used to classify the sensors into red, green, and yellow
groups, respectively.

1 B—-6

w; > x )
[AVGev] +1 B
1 B—20
w; < X 3)
[AVGcey] +1 B
1 B—20 1 B—-0
X <w;< X
[AVGcey] +1 B [AVGcy] +1 B
(4)

Equations (2), (3), and (4) are derived from Eq. (1). We
use an average number of cover sets of all sensors to
replace AiCV in Eq. (1), which means that, if the number
of cover sets of a sensor is smaller than the average, the
neighbors of the sensor is few and the sensor is deemed to
be prone to have a coverage hole. On the other hand, let
0 be the amount of energy a sensor consumed in a round.
As mentioned above, the sensors in the red group is going
to exhaust their energy in one round. Therefore, B;*® in
Eq. (1) is replaced by 6 in Eq. (2). Similarly, regarding the
threshold for the green group, B}*® in Eq. (1) is replaced by
260 in Eq. (3).

The result of classification for the example shown in
Fig. 6 is illustrated in Fig. 8, where 6 is assumed to be 30 J.
The two thresholds are 0.35 and 0.133. That is, the sensors
whose weights are larger than or equal to 0.35 are clas-
sified into the red group. The sensors whose weights are
smaller than or equal to 0.133 are classified into the green
group. Otherwise, the sensors are classified into the yellow
group.

4.3 Charging tour planning
The last stage of PERS is the charging tour planning stage.
The charging tour planning is based on the different prior-
ities and the weights of sensors. The strategy in planning
the charging tour for the sensors in the red group is dif-
ferent from those for the sensors in the yellow and green
groups. In designing the charging tour for the sensors in
the red group, we consider the sensors one by one from
the highest weight to a lower one. We use a Hamiltonian
cycle algorithm to plan the charging tour. The Hamilto-
nian cycle algorithm has been well studied in the fields
of algorithm or graph theory [31] and is not the focus of
the paper. Regarding a sensor, if the energy of the mobile
charger is not enough to recharge the sensor, the sensor is
ignored in this cycle and the charging tour is finished. The
sensor will be considered in the next cycle.

The strategy used in the yellow group is a slightly differ-
ent from the one used in the red group. Since the sensors
in the yellow group are not so urgent to be recharged
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in this round, we can choose a sensor to be ignored in
this cycle such that the resultant charging tour is short or
the mobile charger can recharge more sensors. Therefore,
when the mobile charger can not recharge a sensor, we will
use Eq. (5) to select a sensor to ignore in this cycle, where
C(rl”‘/r)1 is the energy consumption of the mobile charger in

moving from s; to s; and B?E is the amount of energy the
mobile charger uses to recharge s;. This idea is similar
to a greedy rule that wants to find a short charging tour
in the yellow group but the sensors with higher weights
can also have a high priority to be included in the charg-
ing tour. Figure 9 is an illustration of the charging tour
planning of the sensors in the yellow group. Suppose the
order of the weights of the sensors in the yellow group
iswg > w9 > wy > w3 > wg > wy > wy. Firstly,
we consider sg and then sg. Suppose the mobile charger
can recharge the two sensors and return to the base sta-
tion. We then consider the next sensor, s7. Suppose the
mobile charger has no enough energy to recharge s;. We
use Eq. (5) to select a sensor to ignore in this cycle. By
Eq. (5), s9 is ignored in this cycle. After sg is removed, we
can get a better charge efficiency (s3 — sg — s7). If we do
not take sy out, we can only charge two sensors (sg and sg).

The strategy in planning the charging tour for the sensors
in the green group is the same with that for the sensors in
the yellow group.

Since it is inevitable that the mobile charger needs to
consume energy while moving along the charging tour,
the energy a mobile charger used to recharge sensors
is counted after the energy consumed in moving along
the charging tour is deducted. If the mobile charger has
enough energy to recharge the sensors, the mobile charger
will charge the sensors to their maximum capacity. Other-
wise, the mobile charger will charge the sensors scheduled
in the same cycle to at least 26 to ensure these sensors
can live at least two rounds and will not fall into the red
group soon. After that, if the mobile charger still has more
energy, the energy will evenly recharge to these sensors.

5 Enhanced Priority-based Energy
Replenishment Scheme (e-PERS)
PERS may cause the mobile charger to move ineffi-
ciently and redundantly and result in a long charging tour.
Therefore, an enhanced version, named enhanced PERS
(e-PERS), is also investigated in this paper. e-PERS con-
sists of five steps. The first two steps in e-PERS are the
same with the first two steps in PERS. Afterwards, we use
the k-means clustering algorithm to cluster sensors. The

RE
B (5) sensors located within the same cluster are in the vicinity
Cijy of each other.
W, Wsg Wy W, W; Ws W, W, W;s
0.7 0.45 03 0.225 0.183 0.167 0.163 0.16 0.133

Fig. 7 The weights of sensors in the example showed in Fig. 6
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Fig. 8 The result of classification for the example showed in Fig. 6

S v, v, w

0.225 0.183 0.167 0.163

We Wy W, Ws
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After clustering, it is possible that the numbers of sen-
sors in different clusters are imbalanced. The numbers of
sensors in different groups in a cluster are also unevenly
distributed. Take Fig. 10 as an example, where k = 2.
There are six sensors in the blue-colored cluster and three
sensors in the yellow-colored cluster. To be fair, let the
cluster with the minimum number of sensors be a base
cluster. All the other clusters with more sensors can only
take the same number of sensors with the number of sen-
sors in the base cluster into account. In this example, the
yellow-colored cluster is the base cluster and the num-
ber of sensors within it is 3. Therefore, we take the three
sensors with the highest weights into account for other
clusters.

As a result, the second step is to determine which clus-
ter should be considered to recharge sensors first. The
easiest way is to select the cluster with the maximum sum-
mation of the weights of sensors within the cluster. In
the example, the summations of weights of sensors in the
blue-colored and the yellow-colored clusters are 1.133 and
0.858, respectively. Hence, we choose the yellow-colored
cluster to recharge first. Finally, the last step in e-PERS is
the same as the last step in PERS, that is, to plan a charging
tour in the cluster determined in the last step.

It is worth mentioning that k can be determined based
on the number of cycles in a round or the number of
mobile chargers.

6 Simulation results

This section shows the simulation results of the compar-
isons of PERS and e-PERS with GA proposed in [23] in
terms of network lifetime and the remaining energy of
sensors. The network lifetime is defined as the duration
from the start of the simulation until the time the first cov-
erage hole occurs. The sensing field is 300 m x 300 m.
There are 80 sensors randomly deployed in the sensing
field. Every sensor is equipped with a maximum power of
500 J. There was a mobile charger in the sensing field, and
the velocity of the mobile charger is 5 m/s. The energy
consumed in movement by the mobile charger is 10 | per
second. The recharging rate to a sensor is 5 ] per second.
The base station is located in the center of the sensing
field. The simulation parameters are shown in Table 2.

In Fig. 11, the method, GA proposed in [23], results
in a hole at the 15436th second because the GA method
only considers the remaining energy of sensors. The cov-
erage issue is ignored by this method, which leads to the
sensors which are prone to have coverage holes running

Fig. 9 The charging tour planning of the sensors in the yellow group
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Fig. 10 The result after k-means clustering, where k = 2

y‘( Clustering 1

Wl wo  w,  w,

0.225 0.183 0.167 0.163

A Clustering 2

We W, W, Ws

0.16 0.133

out of energy and coverage holes occurs. On the contrary,
PERS and e-PERS proposed in the paper do not result in
a coverage hole until the end of the simulation. It reveals
that the proposed schemes, PERS and e-PERS, can effec-
tively avoid the occurrence of coverage hole and sustain
the network lifetime.

Figure 12 illustrates the remaining energy of sen-
sors at the end of the simulation, where the blue
lines stand for the PERS and the red ones for the
e-PERS. Obviously, no sensor depletes its energy at
the end of the simulation, no matter the replenish-
ment scheme is PERS or e-PERS. Moreover, we can
see that e-PERS maintains the effectiveness of power
better than PERS, because e-PERS clusters sensors and
the mobile charger can have an efficient charging tour
than that of PERS. This can effectively reduce the
energy consumption.

Table 2 Simulation setting

Parameters Values

Area size 300m x 300 m
Number of sensors 80

Capacity of battery (B) 500J

Capacity of mobile charger (C) 2000

cn 100 J/s

Speed of mobile charger 5m/s

Charging rate 5J/s

7 Conclusions

In the past research, the authors considered the remain-
ing energy of sensors as the only clue to recharge sensors.
However, it is obvious that only consider the remaining
energy of sensors is not enough to avoid the occurrences
of coverage holes. As a result, this paper not only con-
siders the remaining energy of sensors but also takes the
coverage degree of sensors in terms of cover sets into con-
sideration. We proposed PERS and e-PERS, two efficient
recharging schemes, in the paper. The two schemes can
make the energy replenishment of sensors more efficiently
and avoid charging the sensors with a lower coverage
degree to maintain the coverage of the network. In the
future, multiple mobile chargers will be considered and
can cooperate and coordinate to enhance the efficiency of
the recharging of sensors.

—e-PERS  — GA — PERS
50000
~40000 @ — —
=
%,30000 e,
S 20000
= 10000
0
O N AN O OWAW0OST O N N N
S OoOWMdddLOLXXAWMON O
MO DT OANT OO 0 o
mMOOONOSTNOTFTNOF ©
NN ANOONN
Time(s)
Fig. 11 Performance comparison in terms of network lifetime
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