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Abstract—Recharging strategies for sensors within wire-
less rechargeable sensor networks (WRSNs) have emerged
as a critical concern in recent years. Prior research has
investigated harnessing energy from the ambient environ-
ment. However, due to environmental volatility, the reliability
of such energy sources cannot be assured. Alternative
approaches have used mobile chargers (MCs) to replenish
energy-deficient sensors, but these methods tend to suf-
fer from diminished efficiency in large-scale networks. This
study proposes a cooperative recharging mechanism involv-
ing multiple chargers, named MC3, which aims to equalize
the workloads across MCs while concurrently minimizing
sensors’ recharging waiting time. The mechanism enables

&y  Mobile charger
l:l Sensors in different subregions

MCs to adjust their recharging groups based on their current positions and allows sensors to select the best MC, thus
fulfilling the dual objectives of equitable workload distribution and minimization of the recharging path. The experimental
study shows that the proposed algorithm outperforms the existing algorithms in terms of the waiting time of sensors,

recharging effectiveness (RE), and workload balance of MCs.

Index Terms— Cooperative recharging mechanisms, mobile chargers (MCs), recharging effectiveness (RE), recharging

strategies, wireless rechargeable sensor networks (WRSNs).

. INTRODUCTION

IRELESS sensor networks (WSNs) have been widely
Wapplied in many applications, including smart city,
medical, environmental monitoring, and industrial control [1],
[2], [3]. Since sensors are battery-powered, the lifetime of
sensor networks is one of the most important issues in
WSNs. It is very costly and difficult to charge the battery
for the energy-exhausted sensors. As a result, the recharging
problem of sensors has attracted the wide attention of many
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scholars. In literature, a large number of energy replenishment
algorithms have been proposed to solve the sensor charging
problem. These algorithms can be classified into two classes:
energy harvesting [4], [5], [6] and wireless transfer recharg-
ing 7], [8], [9], [10], [11], [12], [13].

In the class of energy harvesting, some rechargeable devices
recharge sensors by harvesting the energy from the surround-
ing environment, including wind and solar. However, it is
impossible to provide stable energy for the WSNs due to
the large uncertainty of external environmental resources.
On the other hand, wireless power transfer (WPT) technology
provides an effective way for energy recharging of sensors.
A lot of schemes have been proposed in recent years. In the
wireless transfer recharging class, the mobile charger (MC)
was applied to recharge the sensors. These studies can be
further divided into two categories: single-charger [7], [8], [9]
and multicharger [10], [11], [12], [13].

In the class of single-charger, many studies discussed how
to use the single MC to recharge the sensors by designing
effective paths [7], [8], [9]. In this case, all the requested
sensors were recharged by only one MC. Typically, each
sensor has two energy thresholds: the recharging threshold and
the sleeping threshold. In case the remaining energy reaches
the recharging threshold, the recharging request will be sent
from the sensor. Once the energy drops to the sleep threshold,
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the sensor will switch to the sleep state. Therefore, it is difficult
to recharge all the requested sensors in time in the large-scale
monitoring area using a single MC.

To avoid the drawbacks of the single-charger scheme, the
class of multichargers developed heuristics or approximate
algorithms to determine the recharging schedule and construct
recharging paths accordingly.

The schemes based on multichargers focused on developing
the collaborative recharging algorithm. Most existing schemes
applied the heuristic or the approximate algorithm to solve the
scheduling issue of multiple chargers, aiming to acquire the
approximate optimal solution [10], [11], [12], [13]. Therefore,
the recharging path length and workload of each MC could be
reduced, and the recharging efficiency was improved.

To reduce the recharging waiting time of requested sensors,
recent studies [14], [15] considered partial charging schemes.
In these studies, the full recharging time can be divided into
several time slots. The requested sensor can be recharged
one or more time slots in each recharging cycle. Then the
requested sensor will be fully recharged multiple times. These
schemes have a great advantage in improving the number of
recharged sensors within the given time, aiming to minimize
the number of dead sensors. However, the partial recharging
mechanism increases the path length of MCs, reducing the
energy utilization efficiency of the MCs.

This article proposed a multicharger cooperative recharging
mechanism for maximizing surveillance quality in wireless
rechargeable sensor networks (WRSNs), named MC3. Con-
sidering the large-scale WSNs, the proposed MC? applies
multiple MCs to simultaneously recharge the sensors, aiming
to balance the workload of each mobile and maintain the
perpetual life of the WRSNs. Two main challenges should
be considered during the design of the MC3. First, partition
the monitoring region for each MC to maximize the recharg-
ing efficiency. An efficient partition can reduce the waiting
time of each requested sensor since the recharging workload
can be balanced. This can further reduce the failure ratio
of the sensors. To cope with this challenge, the proposed
MC3 updates the service recharging region of each MC on
demand. Second, the recharging scheduling of each MC is
another challenge. When the MC receives many requests from
sensors, the scheduling for the recharging path and the order
of requested sensors is the other important issue.

The main contributions of the proposed MC> are listed as
follows.

1) Achieving the Perpetual Lifetime of the WSNs. The
proposed MC? schedules multiple MCs to recharge the
sensors, aiming to cooperatively achieve the perpetual
lifetime of the WSNs.

2) Finding the Nearest MC Automatically for All Sen-
sors. Different from existing studies [10], [13], the
proposed mechanism enables each sensor to find the
nearest MC. The proposed MC? dynamically constructs
the shortest recharging path for MCs, instead of recharg-
ing the sensors in a cluster manner. As a result, the
recharging efficiency and energy usage rate of the MC
can be significantly improved.

3) Balancing the Workloads of All MCs. The proposed
algorithm balances the workloads of all the MCs by

considering the number of sensors in the recharging
queue of each charger and dynamically adjusts the
service region of each MC. As a result, the workloads
of MCs can be balanced, which further improves the
surveillance quality of the WSN.

The rest of this article is organized as follows. Section II
presents the related work of recharging in WSNs. Section III
describes the network environment and problem formulation.
Section IV presents the proposed algorithm. Section V gives
the performance evaluation. Finally, the conclusion is drawn
in Section VI

[I. RELATED WORK

In the literature, numbers of approaches apply the MC to
recharge the sensors in WSNs. They can be further divided
into two categories: single-charger category and multicharger
category.

A. Single-Charger Category

Some existing studies fall into the single-charger category.
Tomar et al. [7] proposed an on-demand scheduling algorithm
for recharging sensors based on fuzzy logic. In the algorithm,
the network parameters, such as the residual energy of sen-
sors, the distance between the MC and sensor, and the density
of the critical sensor, were considered as the input variables,
while the scheduling probability (SP) was set to the output of
the fuzzy logic. Finally, the sensor with the highest SP was
considered as the next recharged object.

Guo et al. [8] designed the recharging routing based on lifes-
pan balance. The algorithm was performed round by round.
Each sensor sent the state information to the base station
(BS) in each round. Based on the state information, the BS
updated the multihop routing using the QoS routing algorithm.
To balance the lifespan of all the sensors, the service load of
low lifespan sensors was transferred by dynamically adjusting
the relay range of each sensor, aiming to increase the lifespan
of all the sensors.

Another study [9] proposed an efficient algorithm that
integrated mobile recharging and data collection, named
J-METDC, to improve the energy efficiency of the network.
The spectral clustering algorithm was initially applied to
partition the WSN. Then, the recharging order of the MC could
be determined based on the cat swarm optimization algorithm
which considered the available number of packets and residual
energy. In summary, the above-mentioned studies [7], [8], [9]
aimed to construct an efficient path for the MC. However, they
did not consider the energy efficiency issue in a large-scale
network.

B. Multicharger Category

In this category, multiple MCs were adopted to recharge
the sensors deployed in the WSN. Within a certain period of
time, each MC undertook the recharging task of some sensors.
Therefore, how to schedule the MCs cooperatively recharging
such that the energy usage can be maximized was a key issue
of these approaches.

Xu et al. [10] designed the scheduling scheme for MCs from
the perspective of cooperative recharging economics. This
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study assumed that a set of MCs were located at fixed locations
in the network, and the sensors should move from their initial
locations to the chargers, aiming to obtain the energy. The cost
of any recharged sensor was the sum of charging cost and the
movement cost. To minimize the comprehensive cost of the
network, two intragroup cost-sharing schemes were presented,
aiming to improve the cooperative recharging economics.

Wei et al. [11] developed a multi-MC charging schedule
with time windows. It is assumed that each sensor has a
recharging time window and will be recharged within the time
window. When the average energy of all the sensors is lower
than an upper threshold, the MC starts the recharging task.
Then the multi-MC charging schedule with time windows
based on a genetic algorithm was adopted to schedule the
MCs, aiming to minimize the total charging cost.

Wang et al. [12] recharged the WSN through sleeping and
charging schedules. When the remaining energy is lower than
threshold d, they will send recharging requests to the MCs.
Then a distance and energy-oriented charging scheduling
algorithm was applied to schedule the recharging path for
each MC.

Han et al. [13] assumed that the BS was deployed in
the center of the network. A set of MCs were placed at
the BS initially. The network can be divided into several
uneven clusters. The cluster heads were considered as the
recharging point of each MC. When the partial of sensors
finished the recharging task, they acted the relay to recharge
other sensors far away from the MC. Finally, the BS performed
the collaborative recharging scheduling based on the energy
requirement of each cluster and the distance between clusters
to construct the recharging path for MCs.

Different from the studies discussed above, another
study [14] proposed a partial charging scheme. This approach
assumed that the sensors could be recharged partially. In addi-
tion, the efficient recharging path for each MC was constructed
aiming to maximize the sum of sensor lifetimes. To improve
energy efficiency, Liu et al. [15] developed a multisensor tem-
poral spatial partial-charging algorithm, aiming to minimize
the number of dead sensors.

However, most of the existing studies did not fully consider
the utilization of energy. The MCs performed the recharging
task for sensors within a certain area, leading to a long path
length. Compared with them, the proposed MC> algorithm
further considers the energy usage efficiency and the workload
of each MC. Table I summarizes the comparisons of the
related studies and the proposed MC3.

[1l. NETWORK ENVIRONMENT AND PROBLEM
FORMULATION
This section first introduces the network model and assump-
tions of the considered called WRSNs. Then, the problem
formulation of this article is detailed.

A. Network Model

Assume that the monitoring region is R. This article con-
siders a wireless rechargeable sensor network, which consists
of a set of n sensors S = {s1, 52, ...,s,} randomly deployed in
region R. The sensors perform the sensing and communication

TABLE |
COMPARISON BETWEEN ALGORITHMS

Related Partitioned Dynamic Energy Usage Workload
works Networks  Scheduling efficiency Balance
CCSGA[10] o x x x
MMCS [11] x x x
DECS [12] X o o X
MCCA [13] x o x X
MSL [14] o o X X
MTSPC[15] x x o X
McC? o o o o

Fig. 1. Example of the considered WSNs’ scenario.

tasks. The data of each sensor will be collected by the sink
node using multihop forwarding. Since the amount of forward-
ing data is different for each sensor, the energy consumption
rate is different. The battery capacity of each sensor is limited,
denoted by Es. When the sensor has low remaining energy,
it sends a recharging request to the MC. Upon receiving
the recharging request, the MC moves to and recharges the
sensor according to a recharging schedule. Since the given
WRSNs might be large, one MC might not be enough to
support the recharging service for all the requests sent from the
sensors in the WRSN. Therefore, this article considers multiple
MCs which cooperatively perform the recharging task. Let
M = {My, M,,... .My} denote the p MCs. Each MC is
equipped with a wireless device, LoRa of NB-IoT, for message
transmission between all the MCs. The p MCs cooperatively
move at a constant speed for recharging the sensors that have
sent the recharging requests.

Fig. 1 gives an example where many sensors are deployed
in the monitoring region which has been partitioned into
p = 3 subregions. The three MCs are assigned to different
subregions to recharge the sensors with low energy.

B. Sensing Model

This section describes the sensing model applied in this
article. The probabilistic sensing model (PSM) [16] is used in
this study. The sensing range of the PSM contains two parts,
the certain sensing region and the uncertain sensing region.
In the certain sensing region, the event can be detected with
a probability of 100%. However, when the event occurs in
the uncertain sensing region, the probability of event detec-
tion changes ranging 0%-100%, depending on the distance
between the location of the sensor and the event. The following
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equation shows the sensing probability of sensor s;:
1, d(siven)5r§
p(si,en)= e MdGie n)_rsg)y’

0, d(si,en)>rs

rf <d(sj,en) <rg

(D

where A and y denote the path loss exponents of the sensing
signal strength and could be adjusted with the physical prop-
erties of the sensor, rf and rg represent the radii of the solid
and dotted circles, respectively, and d(s;, en) is the Euclidean
distance of sensor s; and event en.

C. Energy Model

The energy model includes two parts: the energy consump-
tion model and the energy recharging model. The following
first presents the energy consumption model. Then the energy
recharging model is presented. The source of energy con-
sumption of sensors s; depends on the operations that s;
performs. These operations include sensing, data transmitting,
and forwarding. Let notations FEsgensing, Etranmit> Ereceivings
and FEforward Tepresent the energy consumption for sensing,
packet transmitting, packet receiving, and packet forwarding,
respectively, in each time slot. Let E;°™ denote the energy
consumption of sensor s; in each time slot. The following
equation is applied to measure E;°":

cons
El' = Esensing + Etransmit + Ereceiving + Eforward- (2

Let notations Etr;queSt and Egl““ denote the recharging and
sleeping thresholds of each sensor, respectively. Let E;em’t
denote the remaining energy of sensor s; at time slot . When
the E{em’t is smaller than the recharging threshold EtrgqueSt,
sensor s; should send a recharging request to the MC. When
the remaining energy of s; is lower than E[rgqueSt, but the MC
still does not recharge the sensor, the sensor should reserve
minimal energy E;‘h’i“ to guarantee that it can switch between
sleeping and working states. Therefore, when the remaining
energy E;°™' is smaller than the minimal energy ET", the
sensor should switch to the sleeping state.

The following presents the recharging model of this article.
Assume that each MC is aware of the locations of all the
MCs and all the sensors. The network is partitioned into p
subregions. Let R; denote the ith partitioned subregion. The
MC M; is dispatched to recharge the sensors in the subregion
R;. Assume that the MC M; is deployed in the center of the
subarea R; and is responsible for recharging those sensors

in R,‘.

D. Problem Formulation

This article addresses the energy replenishment problem
for battery-powered WSNs. Our objective is to prolong the
lifetime of WSNs by scheduling multiple MCs to recharge
the sensors with low energy. The challenges of this work
are illustrated in what follows. The first challenge is the
cooperation issue among MCs. That is, the sensors that need
to be recharged in each subregion might be different. The
MCs should adaptively change their recharging subregions

Fig. 2. Scene of several adjacent sensors.

such that the requested sensors can reduce their waiting time
and the MCs can balance the recharging workload of each
MC. Second, when the MC receives many recharging requests
from sensors, how to schedule its recharging task such that the
recharged sensors can contribute maximal monitoring quality.
The third challenge is that the location of the MC and size
of each subregion might be changed. Each sensor should
dynamically maintain the responsible MC and the location of
that MC.

This article aims to develop a recharging scheduling
algorithm that can schedule the MCs to cooperatively recharge
the sensors in a distributed manner for a given WSN. Consider
a sensor s;. Let A; represent the coverage range of sensor s;.
In a densely deployed sensor network, the coverage range of
s; usually overlaps with its neighbors, as shown in the pink
circle in Fig. 2. Let N; denote the set of neighbors of sensor
s;. Furthermore, let Nl.overlap denote the set of sensors whose
coverage ranges overlap with the coverage range sensor s;. The
contribution of sensor s; can be measured by the subregion
of A; which is not overlap with the coverage ranges of any
neighbor.

king, ¢ .
Let yl.wor ""&" be a Boolean variable that represents whether
or not the sensor is in working state at time slot ¢
rem,? min
working,r 1, Ei th (3)
i - rem,t min
0, E, < E;3".
Let Af"m“b“‘e denote the coverage contribution of sensor ;.
Agontribuie can be measured by
contribute,t working, ¢
4 =Ai Xy,

king,
\ USkENf)verlap (Ak X )/kwor e t) . (4)

Let T = {z, ..., t;} be the monitoring period. This article
aims to develop a recharging mechanism for multiple MCs
such that the accumulated coverage during 7 is maximized.
The objective of this article is presented in the following:

Ix
i king,t
MHXZ Z Al;ontrlbute,t x inOr ing ) (5)

=t 5;eS

Let 57 denote the state of sensor s;, which has three
possible modes, including strong working, weak working, and
sleeping modes.

Definition 1: Let three Boolean variables and
(SiSL represent the strong working, weak working, and sleeping
states, respectively.

SW WW
8,8,
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rem,?

Strong Working State: When the remaining energy E;
of sensor s; is higher than the recharging threshold Etrgqum,
sensor s; should stay in a strong working state.

Weak Working State: In case that the remaining energy

t . ..
E*™" of sensor s; satisfies the condition

min rem,? request
h < B <Ey
sensor s; should stay in a weak working state.

Sleeping State: Once the remaining energy E;°"' of
sensor s; is lower than the minimal energy E'", sensor s;
should stay in the sleeping state.

The state s of (SZ.SW, Siw W and (SiSL can be expressed as

follows:
sw | 1. if 5™ = Strong Working
8" = . (6)
0, otherwise
SWW _ 1, if 57 = Weak Working o
" 7 ]o0, otherwise
SL 1, if 57 = Sleep
8§ = . ®)
0, otherwise.

Some constraints given below must be satisfied to achieve
the objective of this article. The following state constraint
means that each sensor must stay in one of the three working
states in any time slot. Equation (9) expresses the state
constraint.

State Constraint

SSW 4 sVW 1858 =1, for Vs; € 8. )

Let Boolean variables u; ; represent whether or not sensor
s; is being recharged by a MC M; at slot ¢. That is,

1 if s; is being recharged by M; at slot ¢.
= [ 0 T beine reckureed by (10)

0 otherwise
The sensor recharging constraint presents that any sensor s;

can be recharged by at most one MC at any time slot 7.
Sensor Recharging Constraint

p
Sl <L

i=1

Y

Equation (12) gives the constraint that each MC can only
recharge for at most one sensor in each recharging time
slot 7. The following MC recharging constraint reflects this
requirement.

MC Recharging Constraint

n
Zﬂf] <L
j=1

Let u! denote whether or not an MC M; is charging sensor
s; at time slot ¢. It is obvious that the MC can recharge at
most one sensor at a time. That is,

n
t_ t
Hi = 2 i
j=1

Let 77" denote a recharging cycle which represents the
period time from the time point that the MC leaves from the

12)

BS to the time point it returns to the BS. Let 8"¢ and g™V
represent the energy consumption rates for MC recharging
and moving, respectively. The energy consumption sources of
the MC mainly consist of recharging and moving. Let Ey,
denote the battery capacity of the MC. The sum of the energy
consumed by the MC for recharging sensors and walking must
be less than the battery capacity of the MC in a cycle. The
MC energy constraint guarantees that the energy consumption
of an MC M; in a recharging cycle is smaller than its battery
capacity.
MC Energy Constraint

Tround

> (uf e 574 (1 = l) %™ < By

t=1

13)

Section IV presents the proposed algorithm which aims
to achieve the goal of this article and satisfy the constraints
in (9)—(13).

IV. PROPOSED ALGORITHMS

This section presents the proposed charging algorithm MC3
which aims to maximize the surveillance coverage of the
given monitoring region. The proposed MC> mainly consists
of the network initialization phase, recharging groups adjusting
(RGA) phase, sensor recharging request phase, and recharging
schedule and workload balancing phase. The network initial-
ization phase aims to partition the monitoring region into p
groups and then assign one group to one MC. The RGA
phase aims to adjust the recharging group dynamically to
reduce the recharging path length and shorten the waiting
time. Since the location of each MC is changed with time,
the sensor recharging request phase aims to select the nearest
MC and send the recharging request message to it. Finally,
the recharging schedule and workload balancing phase aim to
construct the recharging path while balancing the workload of
each MC.

A. Network Initialization Phase

In this phase, the network initialization task is performed.
The major task includes the network partitioning and position
initialization of MCs. The following presents the details of
each step.

Step 1: Network Partitioning

This step aims to partition the considered monitoring region
into several subregions according to the location of sensors.
Let Ay n denote the 2-D monitoring area with n deployed
sensors, where M and N represent the length and width of the
region, respectively. Let I = (x], y7) represent the location
of sensor s;. In this step, the k-means clustering algorithm
is applied to partition the sensors in R. The region R will
be partitioned into m subregions. The following presents the
details of the network partitioning task.

1) Selecting m sensors from S. Let S = {S1,8, ..., 8m)
represent the set of selected m sensors. Initially, each
§i € S will form a group G;. Let (xi, y!) denote the
center of gravity of each group G;. The initial value of
(xes ye) 18 (7, y)).
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Fig. 3. Example of MCs moving to the boundary of the groups.

2) Let dy;5; denote the distance between s; and s;. The
value of ds,, s; can be calculated by applying the follow-
ing equation:

ds;.5; = [(xf —xj)z " (yls B y;)z}l/z.

Each sensor s5; ¢ S should calculate its distance to each
sensor §; € S. Let sShorteSt denote the closest sensor §; €

(14)

S to sensor s;. The sSh"‘"eSt can be obtained by applying
the following equatlon

shortest
S_ Jo :X:,'

= argd; (15)

jSi

Then sensor s; will become a member of the group G;.
According to the above-mentioned rule, all the sensors
can be divided into m groups.

3) The center of gravity, denoted by (xé, yé), of each group
G, can be calculated by the following equation:

(_xi’yi) _ ZSjEGi .Xj’ Zsl,‘EG,’ y] ] (16)
oo |Gil |Gil

4) Repeat the operations 1)-3) until the member in each
group is unchanged. The next step aims to initialize the
location of each MC M; to recharge the sensors in each
group G;.

Step 2: Position Initialization of MCs

Each sensor group G; will be assigned with a mobile
charge, M;. At the beginning, each sensor is fully recharged
and performs the sensing and data transmission tasks with
sufficient power. The MC M; initially moves counterclockwise
spiral to the sensor, whose location is closest to the center of
the group G;, to perform the recharging task. Fig. 3 shows an
example of MCs moving to the boundary of the groups.

B. RGA Phase

This phase aims to dynamically adjust the groups G;(1 <
i < m) to enhance the recharging efficiency. The RGA phase
will be performed whenever the MC finishes the recharg-
ing task for one requested sensor. Recall that each MC is
responsible for one group of sensors. It is possible that the
MCs move to the boundary of the group. This might result
in a situation in which some MC is closer to the sensors of
the neighboring group but is far away from most sensors in

their group. This might lead to long recharging path which
consumes the energy of the MC and increases the waiting
time for the sensor to be recharged. To avoid this situation,
this phase dynamically adjusts the recharging group of each
MC to ensure that the requested sensors can send recharging
requests to the closest MC. Fig. 3 shows an example of the
above-mentioned scenario. The requested sensors are marked
with red. As shown in Fig. 3, MC M| moves to the boundary
of G1, which causes the situation that the requested sensors
in G, are closer to M; than M;. Similarly, the requested
sensors in G3 are closer to M, than M3. Obviously, it will
increase the recharging path length if M, and M3 are still
responsible for recharging the requested sensors in G and
G3, respectively. To shorten the path length, the service range
of each MC must be dynamically changed such that M has
opportunities to recharge the sensors in G;. Therefore, this
phase reconstructs the service range for each MC dynamically.
To achieve this, the Voronoi diagram is applied. The following
gives the operations for dynamically changing the service
range of each MC.

1) Let liM = (x[ y Vi My represent the location of MC M;.
Let the Ly, M; represent the line segment from M;
to M;. The segment between the adjacent MC can be
represented as

Lym; = (llM,ljw)

2) Let/; ; denote the mid-perpendicular line of the segment
L p;,m;- For each pair of neighboring MCs, say M; and
M, derive the mid-perpendicular line. The /; ; can be
calculated by applying the following equation:

XM — M
l,‘ﬁj =7 X | X —

it =M

R R R
I
2 2

3) These mid-perpendicular lines will play the role of
Voronoi edges and form a Voronoi diagram. The new
service range of each MC M; will be represented as the
range of Voronoi cell. Let G; denote the new recharging
group of MC M;.

Fig. 4 depicts an example of service range adjustment for
three MCs. Consider MC M. The area of the new recharging
group of M is formed by edges /1> and /31, as shown in
Fig. 4. This phase can achieve at least the following two
advantages.

1) Advantage of RNC: This phase can guarantee that the
sensors will send the recharging request to the nearest MC,
rather than the MC in its group. Therefore, the waiting time
of the requested sensor can be reduced significantly. Fig. 5
shows an example of this advantage. The recharging group of
each MC in the last round is marked with black lines while the
requested sensors are marked with red. As shown in Fig. 5,
when the remaining energy of s; is lower than the recharging
threshold, s1 will send the recharging request to the MC M>,
rather than M. Similarly, the same situation can be found as
shown in sensor sg. Therefore, the requested sensor can be
recharged earlier, improving the coverage ratio.

A7)
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Fig. 4. Example of service range adjustment of three MCs.
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Fig. 5. Recharging distance (RNC). (a) Without applying RGA phase.

(b) Applying RGA phase.
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Fig. 6. Recharging distance (SDD). (a) Without applying RGA phase.
(b) Applying RGA phase.

2) Advantage of SDD: Let d denote the distance between the
MC M; to the farthest recharged sensor in the recharging group
of M;. This group is called the d-distance group. Fig. 6 shows
the difference in applying or not applying the proposed RGA
phase. As shown in Fig. 6(b), the proposed RGA phase can
generally shorten the recharging path length of the requested
Sensors.

C. Sensor Recharging Request Phase

This phase aims to help the sensor that has low energy to
find the nearest MC, aiming to send the recharging requests
to the nearest MC. This phase consists of two tasks: Loca-
tion information broadcasting and recharging request message
transmission. In what follows, the details of the two tasks are
presented.

Task 1: Location Information Broadcasting

Since the MC performs the recharging task along the
recharging path, the location of each MC is changed with
time. This makes it difficult for the sensors to be aware of the
locations of MCs. To ensure that the requested sensors can

Fig. 7. Location broadcast method of M.

obtain the up-to-date location information of MCs, each MC
should broadcast the location information to the surrounding
sensors when the MC reaches a new location. To avoid
message flooding, this task further addresses two problems:
the location broadcast of MCs and the information exchange
between sensors.

1) For the MCs

Recall that the location of MC M; is represented as liM =

(xiM , yiM ). Let r denote the communication radius of the MC.
The quorum system will be adopted to avoid message flooding.
The location information of the MC is transmitted by the MC
M, in the horizontal direction within the diameter of 2r. The
sensor s; that receives the message should check whether its
location satisfies the following horizontal tubule rule.

Horizontal Tubule Rule

Warsyy <y —r (18)

If it is the case, the sensor will maintain the location of
MC M; and then rebroadcast the message to the neighboring
sensors. On the contrary, if it is not the case, the sensor will
simply drop the message without doing any operation. Let
S?,}’ir’itzon denote the set of sensors which maintain the location
information of MC M; at time ¢t. When the MC arrives at a
new location, it will broadcast its new location (xl.M , yl.M ). The
sensors that cooperatively broadcast the message of (x,.M , yiM )
will form a tubule with a radius of r.

Fig. 7 gives an example of the location broadcast of MC
M;. As shown in Fig. 7, MC M; transmits its location
information in the horizontal direction. The sensors within
the pink tubule can receive the location information of M)
and maintain up-to-date location information. Obviously, the
sensors outside the pink tubule will not be able to obtain the
location information of Mj.

2) For the Request Sensors

When the remaining energy of sensor s; reaches the
recharging threshold E:ﬁquegt, it needs to know the location of
the nearest MC. Therefore, sensor s; sends the location inquiry
message to its neighbors. Upon receiving the location inquiry
message, the neighboring sensor should check whether its
location satisfies the following vertical tubule rule.
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Vertical Tubule Rule

N M

xiM—}—rﬁxjfxi —r. (19)

If it is the case, it will broadcast the location inquiry
message to the neighbors. Let Sﬁf}cal denote the set of sensors
that satisfy the vertical tubule rule. The sensors in
will form a vertical tubule with a radius r. Since the vertical
and horizontal tubules must have at least one intersection, the
sensors sy € Sﬁ‘,}’ir!itz"n N SX,ZT}}”I can reply with the location
liM " of MC M; to the requested sensor s; along the vertical
tubule. As shown in Fig. 5, the vertical tubule is marked with
green. When sensor s> sends the location inquiry message to
the sensors in the green tubule, it will receive the location of
M from sensor sg.

Assume that p MCs are deployed in the monitoring area.
Sensor s; sends the location inquiry message in the vertical
direction at time slot ¢. Then s; will receive p locations of
MCs. Finally, the distance between s; and each MC can be
calculated by applying (14), and the MC closest to s; will be
selected to perform the recharging task for the sensor s;.

Task 2: Recharging Request Message Transmission

In the last task, a sensor, say s;, with low energy can apply
the quorum system to obtain the locations of all the MCs and
select one that is closest to the sensor. In this task, the sensor s
which has low remaining energy aims to send the recharging
request to the nearest MC. Once the recharging MC is selected,
the requested sensor s; will send the recharging request to
that MC. The location-aware routing protocol [17] is used to
transmit the recharging request for the sensors. Let N; denote
the set of neighbors of sensor s;. Recall that l; = (xj, yj) and
llM = (xl.M , yiM ) represent the locations of sensor s; and the
closest MC M;. The location-aware route can be constructed
as the descriptions in what follows. The sensor s; will transmit
its recharging request to its neighbor s** which satisfies the
following rule:

vertical
SM it

P = arg min dy, ;.
SkEN

(20)

Upon receiving the recharging request from s;, the sensor
sPest will forward this request to its neighbor which satis-
fies (20). As a result, the recharging request will be forwarded
to MC M; along the shortest path.

Fig. 8 depicts an example where sensor s transmits a
recharging request to the closest MC Mj. Initially, sensor
s1 identifies the best forwarder s3 from its neighbor by

applying (20)

§3 = arg min d, ;.
skEN|

Then, sensor s transmits a recharging request to s3. Upon
receiving this request message, sensor s3 further forwards
this request to its neighbor sg by applying the following
calculation:

sg = arg min d, .
skEN3

The message can be forwarded step by step until it
arrives M.

Fig. 8. Route of a request message from sy to M.

It is possible that the MC finishes its recharging task before
receiving the request message sent from s;. Then the MC might
leave its current location ll.M = (xiM s y,.M ), aiming to go to the
next sensor to execute the recharging task. To guarantee that
the message sent from sensor s; can be successfully delivered
to M;, the MC M, should broadcast the state information to
the neighboring sensors which are located within the tubule.
The state information includes the next stop location of sensor,
say Spext, moving speed v and the expected arrival time #yrive.
Let Sj}fl“? denote the set of sensors that received the state
information from M;. Once the request message of sensor
s; 1s received by sensors in the set S}‘f]‘l‘t‘;‘ the sensor which
has the largest ID in the set S3"¢ will be responsible for
forwarding the message to M;. Continue to the example shown
in Fig. 7, assume that mobile charger M finishes the current
recharging task and moves from /; = (x1,y;) to another
location Iy = (x2, y2) for recharging another sensor. However,
the new location /5 still has not updated to s1. According to the
old location information of M7, sensor s7 will send a message
to M. This message will be forwarded to the sensors near
the location /1 along the red route as shown in Fig. 8. As a
result, the message of s1 cannot be received by M. To cope
with this problem, the surrounding sensors of /1, say sensor
sk € Sy;s, will forward the request message of sy to M along
the green route as shown in Fig. 8, by applying the location-
aware routing algorithm.

D. Recharging Schedule and Workload Balancing Phase

This phase consists of two tasks: recharger scheduling task
and workload balancing task. To improve the recharging effi-
ciency, the MC performs the first task, aiming to schedule the
recharging path according to the request message maintained
in the buffer of each MC. Then the MC performs the second
task, aiming to balance the workload of each MC by adjusting
the number of service sensors.

Task 1: Recharger Scheduling

In this task, the recharging path of MC M; is constructed for
recharging the requested sensors in the group G;. According
to the location and urgency of the requested sensors, the
MC schedules the order of the sensors in the recharging
path according to the request sensors in the queue and the
newly received requests. The MC reschedules the recharging
path for the newly received requests which can contribute to
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more surveillance quality. The recharging path construction
and dynamic adjustment strategy can refer to the algorithm
proposed in the previous study [18].

Task 2: Workload Balancing

This task aims to balance the workload of each MC. Let
ri,j = (s}, t;,loc(s;)) represent the request message sent from
sj to M;, where t; and loc(s;) represent the maximum remain-
ing working time and the location of s;, respectively. Let
R; ={ri1,ri2,...,71i R} represent the recharging requests in
the buffer of MC M;. Each MC measures its own recharging
load in the past p days. The MCs can directly exchange their
locations and workload information through wireless technolo-
gies such as LoRa of NB-IoT. Therefore, the quorum sensors
will receive both the location and workload information of
each MC. For load balancing, the sensor does need not to send
the recharging request to the assigned MC. Consider the sensor
sx which belongs to the group G;. Sensor s; will consider both
the distance d(sx, M;) and the recharging workload of each
MC comprehensively, aiming to balance the workload of all
the MCs. Then the recharging request will be sent to the most
fit MC. The following introduces how sensor s; selects the
MC.

Let MC M be the geographical neighbor of M;. To balance
the workloads of all the MCs, the neighboring MC M; will
cooperate with M; to balance their workload by sharing the
requested sensors and constructing the recharging path. For the
sensor s, when the workload of the nearest MC is too much
in the past day, sx will send the recharging request to the other
MC with a low workload and a longer distance. However, the
distance between s and the new MC must satisfy the shortest
distance rule.

The shortest distance rule aims to balance the workload
among MCs but guarantees that the requested sensor s will
not increase a large overhead in terms of path length.

Shortest Distance Rule

[d (s, Mi) — (56, Mj)] < o

where ¢ is a predefined threshold value.
In case the above-mentioned rule is satisfied, the workload
balancing task can be performed by each requested sensor.

ey

V. PERFORMANCE EVALUATION

This section evaluates the performance of the proposed MC3
against the existing works CAERM [18] and CSGP [19]. The
CAERM algorithm aimed to maximize the surveillance quality
of the given networks by considering the coverage contribution
of each requested sensor. The CSGP [19] algorithm assumed
that the BS could receive the recharging request from each
sensor and could communicate with the MVCs. The BS
determined the schedule path and recharging times of the
halting positions for each MVC by applying the NSGA-II and
AHP-TOPSIS algorithms. In the experimental study, we used
MATLAB 2021 as the simulation tool. The following shows
the simulation model and discusses the simulation results.

A. Simulation Model

Assume that a set of rechargeable sensors have been
deployed over the 500 x 500 m monitoring region and there

TABLE Il
SIMULATION PARAMETERS
Parameter Value
Network Size 500m*x500m
Number of Sensors 500-1000
Density Degree 1-5
Communication Radius 2m
Number of Mobile Chargers 5-10
Speed of M 2-10m/s
Battery capacity 10KJ
Recharging Rate 2]/s
Discharging Rate 0.1-0.4J/s
Sleep threshold 20J-80J
Sensing range 10m-50m
500 PR 0 ov
cB”, ed WL 8% oy e 0
a0 55w o e SR
g % .%o S ° o0 .8 &
3 o o ® Toe ° o % " o8
5“300-“09%:0 :g 20 ° w°l‘§ .
5 ° ®o o0 B o o o 2 :
% R A :} o N e e
%200 e 0811; "o : ’ s
$ e gt L d
£ 200 e T ° Sen
R TR
- % fge 0L foo0 08 %
0L o ®°°° g F hd C| s
100 200 300 400 500

Length of the monitoring area (m)

Fig. 9. Scenario that sensors are deployed environment.

are five MCs in the region, as shown in Fig. 9. The number
of MCs depends on the number of monitoring subareas. That
is, each monitoring subregion R; is assigned with an MC.
When the sensor’s remaining energy is lower than the 720J,
it will send the recharge request to the nearest MC. The
communication distance of each sensor and MC is set at 2 m.
The recharging and discharging rates of the battery are set at
2 and 0.1 J/s, respectively. The MC moves at a speed of 2 m/s.
Table II lists the simulation parameters used in this article.
The values of partial parameters are referred to studies [20]
and [21].

B. Simulation Results

Fig. 10 shows comparison of the proposed MC? and the
existing two algorithms in terms of coverage ratio. The cov-
erage ratio can be defined as the size of the area covered
by active sensors in the monitoring region divided by the
size of the whole monitoring region. As shown in Fig. 10,
the coverage is increased with the sensing range. This occurs
because the larger sensing range leads to a larger coverage
area. Fig. 10 also shows the impact of the sleep threshold
of the sensor. Since a small sleep threshold results in a
long sensing time, the coverage ratio is decreased with the
sleep threshold. In comparison, the proposed MC? outperforms
the other two methods, in terms of the coverage ratio. The
reasons are stated in the following. After the MC moves to
a sensor and finishes the recharging task, it will redefine
its serving region and notify the sensors in this region such
that sensors in the recharging region are closest to the MC.
The new serving region is defined based on the concept of
the Voronoi diagram. This makes sure that each sensor can
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Fig. 10. Performance comparison of the MC3, CAERM, and CSGP
algorithms in terms of coverage ratio.
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Fig. 11. Performance comparison of the proposed MC3, CAERM, and
CSGP algorithms in terms of average waiting time.

send its recharging request to the closest MC. Therefore, the
proposed mechanism reduces the recharging path length. As a
result, each recharging requested sensor can reduce the waiting
time for recharge, increasing the coverage ratio. The CAERM
establishes a recharging path by considering the urgency of the
requested sensor and the impact on the waiting time of other
nodes. However, this policy might lead to a long recharging
path. The CSGP aimed to recharge the requested sensors using
a multinode recharging scheme. However, it is difficult to
satisfy the energy request of each sensor. As a result, MC3
achieves the best performance, compared with the CAERM
and CSGP algorithms.

Fig. 11 shows comparison of the proposed MC? with the
other two algorithms in terms of the average waiting time
for full recharge. The number of sensors varies ranging
from 500 to 1000. Let notation tl.“”iit denote the waiting time
of sensor s;. Let p = {so,s1,...,58i,...,SN} represent the
recharging path of MC M* at the current recharging cycle.
The MC moves starting from sensor sg. Let tl."h denote the
recharging time of sensor s;. Then the waiting time of sensor
s; can be calculated by applying the following equation:

N—1
. N-1 s s
et =S ey (Zd(sf’,sf+l))/u (22)
i=0

where d(sip ,sip +1) denotes the distance between the sensor

s; and s;;1 in path p and v is the moving speed of M*.
Furthermore, the average waiting time for full recharge is

) 1Pl £ wait
aver__wait __ i=0"i

e
M p Pl

(23)

Moving distance of MC

Fig. 12. Performance comparison of MC3, CAERM, and CSGP in terms
of moving distance by varying the energy consumption rate and the
number of requested sensors.

Fig. 11 shows the trend that the average waiting time for
the full recharge is increased with the number of sensors
in the monitoring area. This occurs because the number of
the requested sensor will be increased when a larger number
of sensors are deployed in the monitoring area. In compari-
son, the proposed MC> outperforms the CSGP and CAERM
algorithms. It occurs because MC? adjusts the service range
dynamically. Then the MC constructs the recharging path to
achieve the goal that each sensor can be recharged by the
nearest MC. Finally, the waiting time of sensors is shorter
than those of the other two compared algorithms.

Fig. 12 shows comparison of MC?, CSGP, and CAERM
in terms of the moving distance of MC. The number of
requested sensors varies ranging from 10 to 50 while the
energy consumption rate of sensors varies ranging from 0.1 to
0.4. Tt is observed that the compared three algorithms have a
similar trend in that the recharging path lengths are increased
with the number of requested sensors. This occurs because
the increasing number of requested sensors will increase the
recharging path. On the other hand, a large energy consump-
tion rate can lead to a larger number of energy recharging
requests from sensors. That is, the MC will receive more
recharging requests at a certain time, leading to a longer
recharging path length. In comparison, the proposed MC3
outperforms the CSGP and CAERM algorithms in terms of
the moving distance of MCs. This occurs because the MC
adjusts its severing area dynamically. This makes sure that
sensors in this area are closest to the charger and helps timely
reduce the distance between each sensor and the new MC.
As a result, the recharging path length of the proposed MC3
is shorter than that of CSGP and CAERM.

Fig. 13(a) shows comparison of the three algorithms in
terms of energy usage index by varying the density degree and
the elapsed time. The energy usage index is defined as the total
energy obtained by the requested sensors divided by the total
consumption energy. The density degree represents the den-
sity of the deployed sensors and the degree varies ranging
from 1 to 4.

Let n denote the energy usage index of MCs. Let notations
E;};arge and E}°"° denote the recharging energy and moving
energy consumption of each MC. Then the energy usage index
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Fig. 14. (a) Performance comparisons of MC3, CAERM, and CSGP
Fig. 13. (a) Comparisons of the three algorithms in terms of energy in terms of RE by varying the sleep threshold and the sensing range of

usage index by varying the elapsed time and the density degree.
(b) Comparisons of the three algorithms in terms of energy usage index
by varying the elapsed time and the sleep threshold of sensors.

can be calculated by

Echarge
- (24)

n= char, .
ge move
E + Ey

As shown in Fig. 13(a), the energy usage index of the three
compared algorithms is increased with the density degree.
In case that the density degree of sensors increases, the average
distance between requested sensors will be reduced, leading
to a larger value of energy usage index. On the other hand,
the energy usage index of the three algorithms increases
with the elapsed time. This occurs because more sensors will
be recharged when the elapsed time grows. In general, the
proposed MC> achieves better performance than the other
two compared algorithms. Since the CAERM recharges all
the requested sensors in each subregion with a fixed MC,
the scenario shown in Fig. 3 may occur frequently, leading to
more energy consumed by the MC. The reasons are presented
in what follows. In CSGP, the MC performs the recharging
task when it stops at the halting point, and the recharging time
at each halting point is decided by a partial recharging timer.
However, for the sensors to achieve a full recharge, several
recharging cycles are required, which leads to a low energy
usage index. Consequently, MC> outperforms CSGP in terms
of the energy usage index.

Fig. 13(b) further shows comparison of the energy usage
index of the three algorithms by varying the sleep threshold.
As shown in Fig. 13(b), the compared algorithms have a
similar trend in that their energy usage indices are decreased

sensors. (b) Performance comparisons of MC3, CAERM, and CSGP in
terms of RE by varying the elapsed time and the density degree.

with the sleep threshold. This occurs because the small sleep
threshold means that a sensor can be recharged with more
energy in each recharging task, leading to a higher value of 7.
In comparison, the MC? outperforms the CAERM and CSGP
algorithms. This occurs because the proposed MC? applies
RGA phase which reduces the average path length and hence
saves the energy consumption of the MC. As a result, the
energy usage index of MC? is higher than those of CAERM
and CSGP.

Fig. 14 shows comparison of the proposed MC? with the
existing CSGP and CAERM algorithms in terms of recharg-
ing effectiveness (RE). The RE is defined as the coverage
divided by the energy consumption of MC. Fig. 14(a) shows
comparison of the RE of the three algorithms by varying
the sleep threshold and sensing range of sensors. As shown
in Fig. 14(a), the RE decreases with the sleep threshold of
sensors. A higher sleep threshold will increase the frequency
of recharging requests sent by sensors. Thus, the recharging
workload of MCs is increased accordingly, leading to low RE.
On the other hand, the RE increases with the sensing range
of sensors. It occurs because a larger sensing range increases
the coverage range of each sensor and hence achieves better
coverage. In comparison, the proposed MC> performance is
higher than the CSGP and CAERM algorithms. It occurs
because the proposed MC> applies the RGA phase which
obtains the request to the nearest charger (RNC) and shorter
d-distance (SDD) advantages.

Fig. 14(b) shows comparison of the three algorithms in
terms of RE by varying the density degree and the elapsed
time. The density degree ranges from 1 to 4. The elapsed time
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Fig. 15.  Comparisons of the three algorithms in terms of recharging
workload by varying the number of sensors.

is controlled ranging from O to 200 h. As shown in Fig. 14(b),
the RE increases with the density degree of sensors. A higher
density degree of sensors indicates a smaller distance between
neighboring sensors. This can reduce the energy consumption
of MCs, leading to a higher RE. In addition, the RE of
MC3, CSGP, and CAERM generally increases with the elapsed
time. In comparison, the performance of workload balance for
the MCs is higher than the CSGP and CAERM algorithms.
It occurs because the applied RGA phase dynamically adjusts
the MC’s group, obtaining RNC and SDD advantages.

Fig. 15 illustrates comparison of the three algorithms in
terms of the workload balance of MCs. As shown in Fig. 15,
the recharging workload of each MC increases with the
number of sensors. This is because a large number of sensors
will increase the number of recharging requests, leading to
higher workloads for mobile changers. It is observed that the
recharging workload of CREAM is speedily increasing. This
occurs because the group of MC is fixed, increasing the path
length and workload of MCs. The workload of MC? and CSGP
is slightly increasing. It occurs because they use multiple
MCs to share the recharging task. The recharging workload
of each MC in MC? is more balanced than in the CSGP
algorithm. This occurs because the proposed MC> applies
the workload balancing task. Some sensors might send the
recharging request to the MCs which are not responsible for
the corresponding group but have light workloads.

VI. CONCLUSION

This article considers the energy replenishment problem for
a given WSN and proposes a cooperative charging algorithm,
called MC?, aiming to prolong the lifetime of sensor networks
while improving the recharging schedule of the MCs. The
proposed MC? partitions the network and sets the initial
positions of the MC:s first. Then the responsible group for each
MC is changed dynamically, aiming to reduce the recharging
path length and the recharging waiting time. Furthermore,
each sensor selects an MC and sends a recharging request
by applying the quorum system. Finally, the MC? schedules
the recharge task while balancing the workloads of all the
MCs. The analytical results show that the proposed MC3
outperforms the existing schemes. Future work will explore
sensors with adjustable sensing radius and various types of
sensors in heterogeneous WSNs.
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