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Abstract—With radio frequency (RF), the mobile charger
(MC) can wirelessly transmit energy to the sensor nodes
in the network. The wireless energy transfer enhances the
lifetime of sensor nodes in wireless rechargeable sensor
networks (WRSNs). Most of the studies improved the effi-
ciency of MC or perpetuated the lifetime of WRSNs. At the
same time, none of the studies focused on considering the
spatial and temporal surveillance qualities (STSQs) of each
sensor recharged. Therefore, this article proposed an effi-
cient energy recharge scheduling for MC, aiming to maximize
the STSQ of the given network. Initially, sensor routing load
(RL) is considered to partition the network to distribute the
charging load of the MCs evenly. Second, the busy level of
the MC is considered to send the recharging requests to the
MC. Based on the busy level of MC, the sensors adjust the
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sensing rate frequency to manage their energy. Finally, cooperation between the neighboring MCs is proposed to reduce
the waiting time for recharging requested sensors. The simulation results present that the proposed work yields the
literature in terms of STSQ, traveling distance, average waiting time (AWT), and energy usage efficiency.

Index Terms— Mobile charger (MC), recharging, routing load (RL), spatial and temporal qualities, wireless rechargeable

sensor networks (WRSNs).

. INTRODUCTION

IRELESS sensor networks (WSNs) are comprised of
Wtiny sensors used in many applications, such as smart
homes [1], industries [2], and transportation [3]. However,
sensors bounded battery capacity constraints the development
of WSNs. Therefore, recharging the sensors is one of the
critical issues in WSNs. Many algorithms were proposed to
recharge the sensors in the literature [4], [5], [6], [7]. In the
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literature, these algorithms were prorated into two categories,
including offline and online recharging architectures. In the
offline architecture [8], [9], [10], [11], [12], [13], the mobile
charger (MC) moves to each sensor to recharge them. This type
of architecture did not consider the dynamic recharging sched-
ule for the old requests that have been made. It leads to an
inefficient recharging schedule for the new requests since some
sensors that sent the new requests might be very close to the
recharging path of the old requests. If the recharging path can
be dynamically reconstructed according to the new requests,
some new requests can be satisfied using only a little overhead.

A few researchers proposed online recharging architec-
tures [15], [16], [17], [18], [19], [20], [21], [22] to overcome
the limitations of offline recharging architecture. These archi-
tectures consider the real-time energy consumption (EC) of
sensors and dynamically change the path based on the sensor
requests. The sensors in the online recharging architecture
send a recharging request to the MC based on the threshold
value, that is, the real-time EC of sensors is considered.
In addition, assume that there is a sensor closer to the MC
path, and it sends the recharging request. The MC includes
the newly requested sensor in its path, reducing the MCs
moving length and energy consumed. These online recharg-
ing architectures are suitable for high-demand applications.
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Fig. 1. Example to illustrate the STSQs representation.

Designing the threshold value in this type of architecture is
very important. Our previous works [23], [24], [25], [26]
considered the MCs recharging and moving times to determine
the charging threshold value of sensors. As an extension of our
previous study [26], this article designed the threshold value
based on the queuing theory (QT).

A study [21] investigated the MC schedule based on the
energy needed by each cluster in the network. In addition,
this study also considered multicharger cooperation based on
the distance between the clusters. Study [22] considered the
mean waiting time and charging tours. This study adopted
the fuzzy logic to schedule the MC. The cooperation between
MC:s is considered in this study based on remaining energy,
sensor density, and critical node degree parameters to sched-
ule the MC. However, these studies did not consider the
network’s spatial and temporal surveillance quality (STSQ).
Different from the above-related works [21], [22], [23], [24],
[25], and [26], this article considered the STSQ provided
by each recharging requested sensor. Although the existing
studies [27], [28], [29], and [30] considered the STSQ, the pro-
posed workload-aware recharge scheduling (WLARS) algo-
rithm measured STSQ based on the ant pheromone algorithm,
which is different from the abovementioned studies.

A detailed description of STSQ calculation is presented in
the following. The sensors in wireless rechargeable sensor
networks (WRSNs) sense data according to the schedule and
forward the sensed data to the base station (BS). For example,
any user wants to calculate the “spatial surveillance quality
(SSQ) in location X at 11:00 A.M.” As shown in Fig. 1, there
is no sensor deployed in location X, but the sensors s; and sy
are closer to location X. Compared to the sensor s, we have
d(X,s;) < d(X,si). Therefore, the BS will use the data
collected by the closest sensor s; at 11:00 A.M. for better
SSQ accuracy.

Similarly, the temporal SQ is presented in the following.
For instance, any user wants to know the “temporal SQ
in location Y at time 10:35 A.M.?” As shown in Fig. I,
there is a sensor s; deployed at location Y, but it is not
sensing at 10:35 A.M. Therefore, the closest sensing time
slot, i.e., 10:30 A.M. compared to 10:45 A.M., will represent
location Y’s temporal SQ for better temporal SQ, as shown

in the database table. From the spatial and temporal quality
calculation examples, it should be noted that SQ will be
lower if the spatial and temporal distances are larger, which
is like the concept of ant pheromone algorithm. This article
proposed a WLARS mechanism for improving SQ in WRSNs,
called WLARS. In this study, the network is partitioned based
on the sensor’s routing load (RL).

When the MC receives many recharging requests from
sensors, it calculates the spatial surveillance contribution of
each requested sensor. Then, it recharges the sensors with
higher SSQ, aiming to improve the spatial quality. Then, the
threshold value is determined based on the QT concept, and
the sensor battery is constrained based on the MC busy level.
In addition, this study also considered that MC could choose
adaptive buffers such as offline and online recharging paths
(i.e., hybrid mechanisms). Cooperation between neighboring
MCs is also proposed, aiming to reduce the latency of the
recharging sensors, which can improve both the STSQs.
The contributions of the proposed WLARS are presented as
follows.

A. Designing the Threshold Value Based on the
QT Concept

In our previous work [26], the charging and moving times of
the sensors on the path are considered to estimate the threshold
value. However, it is not suitable for large-scale networks.
Therefore, this study adopted the QT concept to determine
the threshold value of sensors in large-scale networks.

B. Considering the Busy Levels of MC

This study considered the busy levels of MC to send the
recharging request, that is to say, the sensor’s battery is
adjusted according to the busy level of MC by adjusting
its sensing frequency. It will reduce the recharging requests
received by the MC, reducing the network traffic and saving
the EC for packet forwarding.

C. Considering the STSQs of the Network

Unlike the existing studies [21] and [22], this study con-
sidered the network’s STSQ. In this study, the sensors with
higher SSQ will be given higher priority for recharging, and
sensors will adjust their sensing rate frequency to maximize
the temporal SQ.

D. Considering the Adaptive Buffer and Cooperation
(ABC) Between MCs

In this article, the hybrid (online and offline) mechanism,
i.e., adaptive buffer for MC, is designed. The MC can choose
its path according to the application type. The cooperation
between the MCs is considered to reduce the charging latency
of the recharging requested sensors.

The remainder of this article is organized as follows.
Section II reviews the offline and online recharging architec-
tures. The system model and problem statement are detailed in
Section III. Sections IV and V present the proposed WLARS
algorithm and the performance evaluations. Finally, Section VI
presents the conclusion and future work of this study.
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[I. RELATED WORKS

In the literature, the recharging architectures of WRSNs
were divided into two types: offline [8], [9], [10], [11],
[12], [13], [14] and online [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26]. Some of the related works
will be reviewed in the following.

A. Offline Recharging Architectures

In the offline recharging architecture, the MC constructs the
predetermined charging schedule and recharges the sensors
periodically, aiming to extend the lifetime of sensor nodes.
Study [8] considered the MCs tour planning and depot posi-
tioning. In addition, this study aimed to reduce the number
of MCs used. Study [9] proposed periodic charging and path
planning of MC with time slot scheduling. This study aimed to
reduce the unnecessary roaming of the MC based on the fine-
grained node classification scheme. Similar to the study [9],
periodic charging planning for MC considering the limited
traveling energy is proposed in [10]. Another study [11]
adopted a genetic algorithm to propose the charging scheme,
where sensors were partially charged at each round. This study
aimed to reduce the dead nodes and the charging time of the
Sensor.

A study [12] proposed a periodic recharging algorithm to
maximize the recharging benefit. In addition, this study aimed
at reducing the dead nodes and maximizing the energy effi-
ciency of MC based on the distributed scheduling algorithm.
Another study [13] proposed an intelligent charging scheme to
select the appropriate charging node. This study constructed
the path of MC and aimed to optimize the system utility.
A study [14] proposed a recharging scheduling algorithm by
considering the weight of the grid. This study prioritized
the sensors with higher coverage contributions and recharged
them to achieve higher SQ. Although the studies mentioned
above [8], [9], [10], [11], [12], [13], [14] proposed periodic
charging mechanisms, these architectures are unsuitable for
on-demand applications.

B. Online Recharging Architectures

In these architectures, the MC considered the real-time
requests from the sensors. The sensors can send the recharging
request to the MC according to their current energy profiles.
Then, the MC will dynamically change the recharging sched-
ule and construct a new recharging path. A study [15] pro-
posed a hybrid recharging mechanism by adapting the EC of
the sensors in the online mode and optimizing the path of the
MC in the offline mode. This study investigated reducing the
charging duration of the sensors to minimize the charging
latency and waiting time. Another study [16] proposed MC
scheduling by reducing the path cost and the dead nodes
while optimizing the charging time of each node. Study [17]
proposed MC scheduling by prioritizing the sensor’s con-
tribution. In addition, this study also investigated on node
deletion scheme to remove the nodes from the path, which
did not enhance the charging performance. All the studies [15],
[16], [17] designed the single MC scheduling.

12239
TABLE |
COMPARISON OF THE PROPOSED AND RELATED WORKS
lel\?:lssy& The spatial
Related Threshold . and temporal
works No of MCs value adaptive surveillance
buffer of .
MCs qualities
[15] Single Fixed X X
[16] Single Fixed X X
[17] Single Fixed X X
[18] Multiple Fixed X X
[19] Multiple Fixed X X
[20] Multiple Fixed X X
[21] Multiple Fixed X X
[22] Multiple Adaptive X X
[23] Single Adaptive X X
[24] Single Adaptive X X
[25] Multiple Adaptive X X
[26] Single Adaptive X X
[27] Single Fixed X O
P;;ij;%d Multiple Adaptive O O

Few works [18], [19], [20], [21], [22], and [25] proposed
multiple MC scheduling for large-scale WSNs. Study [18]
proposed a multiple MC scheduling algorithm by considering
the preemption in WRSNs to maximize the charging through-
put. Besides, this study determined the threshold value of
sensors by considering the speed of the MC, remaining energy,
and queue length. The network is divided into clusters using
the mean shift algorithm [19]. The clusters were prioritized
by considering the number of nodes and their remaining
energies. In addition, it assumed that the threshold value of
all the sensors was fixed and predetermined. Similar to [19],
study [20] proposed the charging schedule of MC with mean
drift clustering by considering the density of sensor nodes in
the network. Another study [21] investigated two threshold
values: charging and waiting time thresholds. It proposed
a multi-MCs cooperation algorithm for nonuniform network
clustering. Besides, the number of MCs is determined accord-
ing to the number of recharging requests received from the
sensor nodes. Study [22] adopted fuzzy logic and proposed
a charging schedule of MCs by considering the MCs sensor
energy and density and location of MC. It considered the MCs
remaining energy and average traveling time to determine the
charging threshold value.

However, most studies [15], [16], [17], [18], [19], [20], [21]
assumed that the charging threshold value is fixed. In the
proposed WLARS algorithm, the sensor’s STSQs are consid-
ered before MC makes the charging decision. In addition, this
article determines the charging threshold values according to
the QT concept. Furthermore, the busy levels and adaptive
buffers of MCs are also considered in the proposed WLARS
algorithm, while the studies [21] and [22] ignored them.
Table I gives a comparison between the proposed and related
works.

[1l. SYSTEM MODEL AND PROBLEM STATEMENT

This section presents the considered environment and for-
mulates the problem statement of the proposed work.
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Fig. 2. Network environment of the proposed work.

A. Network Environment

Let R represent the circular monitoring region with radius r.
There are n static sensors, S = {s1, s2,...,5,}, which have
been randomly deployed in R. Each sensor is equipped with
a rechargeable battery and is responsible for sensing the
environment and transmitting its readings to the BS based on
the routing path. Each sensor consumes energy for performing
sensing and communication tasks. Therefore, every sensor
needs to be recharged before its energy is entirely exhausted.
There is m (>1) homogeneous MC in the network, aiming
to move to sensors and recharge them. However, the energy
of MC is also limited. One stationary BS in the network
collects the sensor data and recharges the MCs. Each MC
should go to the BS before its energy exhaustion. All the
MCs are initially located at the BS. When the BS receives
the recharging request from the sensors, it will dispatch the
MC:s to provide the requested sensor with the charging service.
To efficiently construct the path for MC to recharge the
sensors, the BS might dispatch the MC after receiving a set
of requests. If any sensor switches to a sleeping state due to
energy exhaustion, the network will lead to coverage loss. This
article aims to develop a workload-aware energy-recharging
schedule for MCs to achieve maximal SQ and maintain a
sustainable lifetime.

B. Recharging Model

Let EG™ denote the maximum battery capacity of each
sensor node. Due to uneven forwarding load, each sen-
sor s; in the network might have different energy discharging
rates e?i“h. In this article, two threshold values are designed
for each sensor, namely, the recharging threshold etrﬁ?i and
sleep threshold e™". When the remaining energy of any
sensor reaches efﬁfli, it will send out the recharging request.
On the other hand, when the remaining energy of any sensor
reaches e™" it will switch to a sleep state. Let ¢ denote the
buffer of the MC for maintaining the requests from all sensors.
The network model of this work is shown in Fig. 2.

Let T denote the total time, which is further divided into
h time slots T = {t1,#,...tj,...t,} where the length of
each time slot #; is denoted by #uni. Let d(l;,l)) denote the
distance between the sensor s; and MC. Let r“'® denote the
charging radius of MC. Let ¢crg denote the Boolean variable
to represent whether or not the MC is located in the charging

range of s; at time slot ¢;. The value of c/)l-c r]g is determined

according to the following:

, crg
¢icrjg: 1 d(lulM)S”cr 1)
’ 0 dd;ly) >re
This article uses the Friis transmission equation [31] as the
wireless charging model. Let E| "¢ denote the total recharged
energy of the sensor s;. Let Ptx denote the transmission power
of MC. Let z¢}, and zgy, denote the transmitter and receiver
antenna gains, respectively. If q&crg 1, the value of ECrg
calculated according to the followmg.

)"crg

E® — p&x
4r (d (i, leurrent)) + ,Bcrg)

i T Terg

X
Zerg x Zerg X Ocrg

1ﬁcrg
)

where Acro represents the wavelength of the radio frequency
(RF) wave and o¢g and V¢ denote the rectifier efficiency
and the polarization loss, respectively. Once the sensor s;
is recharged, it has the energy to be consumed for sensing
and transmission. Let Eg ; denote the EC for performing the
sensing task at the time slot 7;. The value of Eg ; is given in
the following:

ES,j ZES)\,"]' * K (3)

where e; denotes the energy consumed by perceiving unit
bit data (J/bit), A; ; denotes the data perception rate of the
sensor s; at time slot 7;, and « represents the number of bits
in a packet.

Let sender s; and receiver s; be a communication pair.
Assume that s; sends « bits to s; and d; ; is the distance
between s; and s;. Let Er ; represent the EC of s; for
transmitting « bits to s; at ¢;

Erj=«kel + Kdgjez 4)

where €1 and &, denote the EC per bit for the transmitting
and amplifier circuit, respectively, and y denotes the path loss
exponent. Let Eg ; denote the EC of s; for receiving « bits
from s; at t;. Let Elc‘;“ be the total energy consumed by the
sensor s; at time slot ¢;
Ei(}n =Esj+ Er,j+ ER,;. 5)
Let &; ; be the Boolean variable representing the sensor s;
that is sensing at ¢;

1 if sensor s; sensing at time ¢;

§ij= (6)

0 otherwise.

Let E;°" denote the remaining energy of the sensor s; at #;.
The value of E}' rem can be evaluated according to the following:

Elr’e]m Erem | + Ecrg * ¢crg Econ * ";:l i (7)

The problem statement is presented in Section III-C.
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C. Problem Statement

This section presents the definition of SQ. Then, the prob-
lem formulation, goal, and related constraints will be proposed.
As shown in Fig. 3, the SQ can be examined from both space
and time points of view. Let P = {py, ..., px ..., p|p|} be the
set of points in the monitoring region R, where 1 < k < |P|.
Fig. 3 shows an example of calculating the SQ of any point
pr in R. The green and sky-blue dotted lines represent the
sensing range of the sensor s; at ¢ and #; time slots. Let A, ;
be the Boolean variable representing the point py that falls in
the sensing range of the sensor s;. The notation A, ; is given
in the following:

1,
Api = 0.

This article adopts the ant pheromone algorithm to calculate
the STSQs of all points in the network. Initially, the SSQ of
point py is presented. If point py falls in the sensing range of
the sensor s;(A,,,; = 1), the SSQ of p is one. Similarly,
if the point p; does not fall in the sensing range of the
sensor s;, (Ap,,; # 1), the SSQ is calculated based on the
distance between the point p; and sensor s;. Let d(py, s;) be
the spatial distance between point p; and sensor s;. According
to the ant pheromone algorithm, the SSQ of point py, which
does not belong to the sensing range of s;, is (1—pPace)d(Pe-si)
where p®P2® be the loss rate of SSQ per unit distance.

The following presents the temporal surveillance quality
(TSQ) calculation of point pyi. If it is the case (§; = 1),
the TSQ of point py is one. On the other hand, if s; is not
sensing at time #(&; ; # 1), the TSQ is calculated based on the

if py falls in the sensing range of s; @)

otherwise.

most recent sensing of s;. Assume that the most recent sensing
time of s; is t1, (§;, = 1). Then, the TSQ of the point py
is based on the distance between the time slots ¢ and #;. Let
d(t, t1) be the time difference between ¢ and #; in terms of
time slots, that is to say, the TSQ of py is (1 — ptime)d(l’tl),
where p'™ denotes the loss rate of TSQ per unit of time.

Let §p, , be the STSQ of point p; at ¢. The four possible
cases of §,, , are shown in the following (9), as shown at the
bottom of the page.

According to (9), the STSQ of all the points in R can be
derived, that is to say, the total SQ of the network can be
calculated based on the STSQ of all the points in R overall
time instants ¢t € T. Let x be a schedule. Let Q* denote the
total SQ of the network. The value of Q¥ is given in the

following:
o' = z Z(Spk,t-

PkER teT

(10)

Let @ denote the set of all possible schedules. Given a
schedule x € @, the proposed algorithm aims to maximize the
STSQ of all the points p € R overall time instants r € T. Let
QPest be the best schedule with maximal STSQ. The objective
function is given in (11).

1) Objective Function:

best __
0 = max 3 3oy

PkER teT

Y

Expression (11) should be achieved under the following

constraints. Let Qie}l be a Boolean variable to represent the
sensor s; requested a charging request at 7
rem req

oed _ [1’ B < e, (12)
ij — rem req
0, El.)j > ey ;-

Let Qlek be a Boolean variable denoting that the sensor s; is

awake/sleep at 7;. We have

Qwik [1, Elr"jm > elmi“ (working)
ij — y

0, E™M <M (gleeping) (13)
) ij i pmg) .

The first constraint is to ensure that each sensor s; must
send the recharging request to MC. The recharging request
constraint is given in (14).

2) Recharging Request Constraint:

Q! > QF VsieS Vi eT.

(14)

The second constraint is the sensor energy recharging
constraint. This constraint ensures that each sensor battery
is fully recharged when the MC visits. Recall that EJ*
denotes the maximum battery capacity of each sensor node.

Let T; = [til, tl.h] be the time period that MC is located in the

1,
(1 N ptime)d(”’l) i

St = (1— pspace)d([?kysi) ;

(1— pspace)d([?kysi) % (1 —p

if Ay, =16, =1
ifhp, =16, #1
i Ap, # 1,6, =1
i A, # 16 # 1

©))

time)d([’tl)

Authorized licensed use limited to: Tamkang Univ.. Downloaded on June 02,2023 at 09:44:54 UTC from IEEE Xplore. Restrictions apply.



12242

IEEE SENSORS JOURNAL, VOL. 23, NO. 11, 1 JUNE 2023

Base axis

: Original partition Basc axis
A

<) : Adjusted partition

‘: Mobile charger ¥

Clock wise
direction

Fig. 4. (a) Equally partitioned subregions. (b) BS calculates RL of each
subregion. (c) BS compares the neighboring RL values, i.e., ¥; with v
and V. (d) Adjusted partitions based on RL.

charging range of s;. Recall that E; crg denote the total obtained

energy of s; from the MC at t. The sensor energy recharging
constraint guarantees that each sensor can be fully recharged,
given in (15).

3) Sensor Energy Recharging Constraint:
h

[,1

1

Eiﬂgdt > E§™ where 0<i<n. (15)

IV. ALGORITHM DESCRIPTION

A WLARS mechanism is proposed in this article. The pro-
posed three phases are network planning (NP) phase, recharg-
ing request determination (RRD) phase, and ABC phase. The
NP phase partitions the network into many subregions based
on the sensor’s RL, aiming to distribute the charging load of
the MCs evenly. Each sensor determines its threshold value
based on the QT in the RRD phase. In the final phase,
the adaptive buffer of the MC and cooperation between the
neighboring MCs will be presented.

A. Network Planning (NP) Phase

This phase evenly partitions the sensors into fan-shaped
subregions such that the charging load of each MC is balanced.
Assume that the number of MCs in the network is m. In the
network initialization, the BS partitions the region into equal-
sized m subregions according to the base axis. Assuming
that m = 5, the region is partitioned into five equal-sized
subregions, as shown in Fig. 4(a).

In WSN, sensor nodes continuously execute sensing and
data forwarding operations in each round. Sensor nodes may
have different ECs due to their uneven RLs. By applying

any standard routing algorithm, the RL of all sensors in the
network can be known. The density of sensors increases more
data, which should be forwarded. It leads to the sensors with
low remaining energy.

Let W; denote the RL of the ith subregion. After partitioning
the region into m subregions, the RL of each partition is
calculated by BS, as shown in Fig. 4(b). Then, the RL of each
subregion is compared with the RL of neighboring subregions
in a clockwise direction.

Let ¥;, ¥;, and ¥, denote RL values of three neighbors,
as shown in Fig. 4(b). The BS will compare W; with W ;.
If ¥; < W;, the ith subregion will include some sensors
that belong to the jth subregion. Similarly, if W; > W, the
jth subregion will include some sensors that belong to the
ith subregion. The scenario of W; < Wy is shown in Fig. 4(c).
All the above operations are similar when comparing W;
and W,,. The BS repeats the above process for all the remain-
ing subregions (i.e., from W; to W,,). The adjusted partitions
are shown in Fig. 4(d).

B. Recharging Request Determination (RRD) Phase

The discharging rate of each sensor highly depends on its
forwarding load. Therefore, the on-demand charging policy is
developed in this article. The value of ™™ is used for basic
operations, which are predetermined. In this phase, the value
of ereq’ is calculated in detail.

All the requests from the sensors in each subregion are
stored in the queue of the corresponding MC. This concept
is similar to the concept of QT. This article considers the
MCs as servers and the sensors as the clients. In this article,
M/G/1:/N/N QT model is adopted to calculate e, q’ . Let
A and p denote the arrival and service rates of the requested
sensors in the network, respectively. The number of servers
assigned to each subregion is one. The queue length is N,
while the population of the network is N sensors. There-
fore, the Kendall-Lee notation (M/G/1:/N/N) is denoted as
Afu/1:/N/N. Let Ly and Ly denote the average lengths of
the queue and system, respectively. Let W, and W; denote
the average waiting times (AWTs) in queue and system,
respectively. Assume that each MC knows all the parameters
Ly, Ly, Wy, and W,. Let M* denote the kth MC. The
following calculates the threshold value of sensors that belongs
to M.

Let L;’k be the queue size of kth MC at current time ¢.
During the network initialization, each M¥* broadcasts its
schedule LZ’k = {{} to its corresponding region. Let s{‘ be
the sensor s; belonging to M*. Assume that sensor sl{‘ wants
to send the request to M. Let r denote the radius of the whole
network. Let v denote the speed of the MC. Let 7™ denote
the time required for MC to travel from one location to another
in its region. The notation 7™ is calculated in the following:

2
rmax — 2 (16)
v

Let ed‘SCh be the discharging rate of s at time ¢ and
reqt

€.i denote the threshold value of s at time ¢t. The value
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Fig. 5. Example of path construction and scheduling of Mk, (a) Example
path of MK at time ty and t. (b) Timeline schedule of MK,

of etrﬁqi’t is shown in the following:
req,! __min max t.k t.k disch
et —emin 4 (T s« LK 4 W) ) x e 17)

where Wé’k denotes the AWT of the kth MC at current time .
The value of Wé’k will be determined according to (22) of
phase III. Fig. 5 presents an example to illustrate the above-
discussed operation. Fig. 5(a) and (b) shows an example of
the recharging path and the timeline schedule of M*. Fig. 5(b)
shows that during the network initialization, L;’k = {{}. Let
K irene and pl’fpdated denote the current and updated paths of
MF¥, respectively. Assume that M* receives the recharging
requests from the sensors §]2‘3, §]1‘2, §]1‘9, and §]6‘ at time 1. Then,
M* forms the shortest Hamiltonian cycle for §§3, §f2,§’f9,

and §g. Whenever M* moves to each sensor, Ltql’k and Wq”’k
at a corresponding time will be broadcasted using a quorum
system. Assume that M* is charging §k3 at time f, and sensor
512(6 sends the recharging request to M%‘ at 1. M* will update
its path by inserting §§6 to the path. Assume that M* cannot
support its energy for recharging the sensor §§. Thus, §]6‘ will
be the dropped-out sensor. How to recharge the dropped-
out sensor will be shown in phase IIl. After recharging each
sensor, M¥ will check its queue to know whether any new
requests have been received in the local networks, aiming to
utilize the path of M¥*.

According to (17), after a specific system running time,
the value of e:}fi’t will be equal to Epx, i.e., e{ﬁi.’t
This situation makes every sensor send the recharging request,
leading to the bad situation that M is very busy. In this
article, the sensors will utilize their battery according to the
status of M*. Let af‘ denote the ith value of «, which belongs
to M*. In this article, af is used to control the sensor battery.
The busy level of MC is introduced to design the operations
of this phase. The busy level of an MC refers to the level
of demand for MC charging services from the sensor nodes
in the network. It can be defined as the ratio of the time
the MC spends charging the sensor nodes to the total time
it spends within the network. In other words, the busy level of

= Emax.

i

e lrf‘ 1k V(‘lfi"k
@

y = = tk mtk
S{" knows le'Z'k pCqut l'k.le Lk PC qu ,B;

1 t-2 y t-1 1Lt
0 hrs of/2 of
5 hrs 10 hrs
(®)

Fig. 6. (a) Busy levels of M and (b) duration check of s.

the MC indicates how occupied it is with providing charging
services to the sensor nodes.

In QT, the busy level of an MC can be defined as the
utilization rate of the charger. The utilization rate is the fraction
of the time the charger is busy serving requests to charge
sensor nodes. In QT, the utilization rate can be calculated
by dividing the time the charger is busy for charging sensor
nodes by the total time period considered. The busy level or
utilization rate is an important parameter in QT as it impacts
the performance of the system, including the AWT and queue
length.

Let ]B;’k denote the ith busy level of M* at time r. The
higher value of i in B;’k, the busier M* is, which is shown
in Fig. 6(a). All the sensors in the corresponding region of
M* are assumed to know its busy level, and the value of « is
adjusted by them according to B;*k .

Let ¢* denote the queue of M*. M stays in initialization
status (M* with a white flag), as shown in Fig. 6(a). Once
the network is initialized, the status of M* will be changed.
If M* is in status IB%tl’k , this means that MF status is free, and
there are no requested sensors in ¢*. Based on the quorum,
each sensor can know the busy level of M¥ (IB%tl’k) along
with L;"k and W,;"k. Based on the busy level of M* (Btl’k),
the sensor knows the value of (xf. For instance, if M* is in
Btl’k, B;’k, and Bg’k, the values of a]f, alzc, and 0/3‘ are 50,
40, and 30 J, respectively. Then, each sensor sll‘ calculates its
threshold value e:ffi‘t. If e{ﬁ%’t > ozf , according to the current
status of MF, then the sensor will not send the recharging
request. Thus, we restrict the sensor’s battery for sending the
recharging request, aiming to reduce the number of requests
sent to M¥. In the worst case, at some time point, there might
be sensors that send the recharging request to M* when its

et =100 J, where Emax = 100 J. To solve this issue,

we assume that any sensor sll‘ whose e:flql.’t > a’l‘ (50 J) will not
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send out its recharging request. Each sensor will perform the
duration check. The procedure of duration check is detailed in
the following. The duration check is divided into two types:
physical check (PC) and virtual check (VC). The PC uses the
quorum to know the waiting time of M* at the corresponding
time (Wt’k ). Let r’ ** denote the remaining lifetime of s at
time ¢t. The sensor s should VC use 1ts energy to know its
remaining lifetime (rl. ). To know its 7" ;
estimate its EC rate. The value of rt’k depends on its EC rate,
while the EC rate may always vary because the forwarding
load of s¥ changes with time. Let 8™ denote the EC rate
of the sensor s. The calculation of ﬂconk is based on the
prediction formula as shown in (18).

The prediction formula is divided into two parts, including
historical and recent EC rates. Let 2 denote the fixed time

period to calculate S, Recall that E! 7™ denotes the remain-
Erem k

, k the sensor si should

ing energy of the sensor s; at time ¢. Similarly, £ and

Elre[n_lé denote the remaining energy of the sensor s* at time ¢

and ¢ — 2, respectively. Therefore, the recent EC rate during
the time period [7, f — sz] is ((p * (E{"f“s’; — EF™*))/Q). The
historical EC rate of sf is expressed by g™ k[t — Q], where
p is the coefficient to adjust the historical and recent EC rates.
When the value of p is larger, ,BCOH * is more dependent on the

recent EC rate. Let ;" k[¢] denote the EC rate of the sensor
con,k

Si from the initial time 7y to time ¢. The value of B,""[¢] can
be determined by applying as follows:
k rem,k
px (EEm — EXM)
lglcon,k [t] _ (1 B ,0) IBicon,k [t . Q] + it - it
(18)

According to (18), assume that ﬂfon’k[t] is 1 J/h. Assume
that M* stays in IB%'I’k level and efﬁfli’t > al3‘ (ie., 60 J > 50
J), which means 10 J greater than oc’3‘ as denoted by (1) in
Fig. 6(b). Therefore, the energy of the sensor s (10 J) will
support for 10 h since ;™" *[¢] is 1 J/h. Then, the sensor s\
will perform a duration check, denoted by (2) in Fig. 6(b).
Let a)k denote the time duration (10 h), where the energy
of the sensor s will support. The value of a) is known
based on ,Biconk[t]. As shown in Fig. 6(b), @* = 10 h. The
sensor performs PC and VC at a)k /2 and wk h, respectively.
At a)k /2 h, the sensor s will perform PC to know Wt LK and
IB%E Ik and VC its t; ! k. Then, the sensor will check whether
or not IB%E_Z’]‘ = Bf_l’k and Wg_l’k = ri’_l’k, denoted by (3)
in Fig. 6(b). If BI™>* = BI™"* and w,™"* # /7% the
sensor s{‘ will again perform PC to know Wé’k, ]B%ﬁ’k, and VC
its r;’k at wf‘ h. After performing the duration check, three
cases may occur at a)fc h, as shown in the following.

1) Best Case Criterion:

At a) h, if IB%t Lk ]B%t k and Wt k= r , the sensor
s W111 send the recharglng request to M*. k
2) Average Case Criterion: At a) h, if IB%t Lk IB%tk nd

thk<t

frequency.

, the sensor s w1ll increase its sensing rate

3) Worst Case Criterion: At a)f‘ h, if B;fl’k = IB%;’k and
th’k > tl.t’k, the sensor sf will decrease its sensing rate
frequency.

On the other hand, if Bﬁ_z’k # ]B%E_l’k or Bf_l’k # IB%;’k at
a)i.‘ /2 or a)f h, the value of af is adjusted according to IB%;*k at
the corresponding time.

The determination of sens1ng rate frequency and its adjust-
ment are shown. Let Sfreq be the sensing rate frequency
K at time 7. Recall that Eremk
remaining energy of s at time ¢. Recall that ﬂcon * and W
are the EC rate of sl. and waiting time of Mk at time ¢,
respectively

of the sensor s; denotes the

freq,k E;etm’k
Si*t S = con ;k Wt,k' (19)
it q

The following presents an example of decreasing Sfreq’k if
the worst case occurs, i.e., Wé’k k Assume that E rem, k—
20, 0" =1 J/h and W”k — 4h. Since its S;ek =1 J/l h,
regardless of W k is scheduled in the first two time slots,
as shown in the upper part of Fig. 7(a), that is to say, the
sensor s{‘ is scheduled without adjusting its Sl.ff 4% Assume
that EI™ =2, B = 1 J/h, and W,;* = 4 h. Substituting
these parameters in (19), Streqk =11 /2h The lower part

of Fig. 7(a) shows the updated schedule of s
fr eq

. At the current
time ¢, once S; is finished, s will check the busy level
of MK, ie., (IB%’ Lk — Bk, If]B’ LR — B sk will send
the recharging request to M*. Otherwrse, the value of ozf.‘ is
adjusted according to IB%f’k.

The above procedure is similar to increase S;rf 4K if the

. t.k
average case occurs, 1.e., Wt’k < ‘L'
freq k

. Fig. 7(b) presents an

example when s increases its S . Therefore, the sensor sf‘

can increase/decrease its sens1ng frequency according to the
waiting time of M*, aiming to reduce the number of recharging
requests sent to M.

In phase II, the sensors can utilize their battery based on
the busy level of MC. During the execution of phase II, the
sensor state is not static. To clearly illustrate the sensor states,
the sensor state diagram of a sensor sf is shown in Fig. 8. The
MC adaptive buffer and recharging scheduling are discussed
in the following phase.

C. Adaptive Buffer and Cooperation (ABC) Phase

This article uses the recharging path construction proposed
in our previous work [26], named multiple passer-by update
(MPU) strategies for scheduling the MC. In this phase, the
SSQ benefit (SSQB) is considered for executing the recharging
operation. Although the sensor battery is constrained by the
value of oz,’.‘ and the recharging requests are sent according to
IB%ﬁ’k, at a certain time point ¢, there might be many recharging
requests stored in the buffer of MC, considering the scalability
of the network. This situation causes some sensors to exhaust
their energy because of the higher charging latency. This article
assumes that MC has an adaptive buffer to solve this issue.
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Fig. 7.  Sensing rate frequency adjustment of the sensor sf‘. (a)
Reducing and (b) increasing the sensing rate frequency.

The following discusses the adaptive buffer of MX. It is
assumed that M¥ buffer has two priority queues.

Let ;“1 denote the queue for the ofﬂrne recharging
mechanism. Let s denote that sensor s has already sent
the recharging request to M* and has a lower chance
of recharging for a long time; it stays in the starvation
state. Let ®f denote the starvation state of §¥. Let CIQik

denote the first cycle of M* when adopting ng’k. In g“lQ’k,
while inserting the new requests of sensors that have higher
SSQB, if any sensor switches to starvation state (c?)l’?),
M* will close its buffer (e., C glk

requests are stored in the second buffer C 8ék, as shown
in Fig. 9.

Let §2Q’k denote the queue for the online recharging mech-
anism. In this {Q k, although sensor §lk € MK sends the
recharging request very late, if it is closer to the path of M¥,
based on SSQB, it could be inserted to X .. aiming to
optimize f, .- Since each sensor forwarding load dynamic
changes, the charging load of each MC might be different.
The energy of M* might not support recharging all the sensors
in C2 1 Therefore, there is cooperation between neighboring
MCs. An example of the adaptive buffer of M* is shown
in Fig. 9.

Initially, all the sensors are stored in sequence in the input
queue. Based on the SSQB, the sensor requests are rearranged

) and all the new

"7
Red words * state change condition €

. Send
Bluc words : action of statc change

e
4 req.t, k
Jf,ly(_ Cing 10 M

Fig. 8. State diagram of a sensor sf.‘.
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Fig. 9. Adaptive buffer of MK.

in ClQ k and g“zQ as shown in Fig. 9. In the offline path (;‘ )
assume that §§6 switches to the starvation state in CQ k M*
closes its buffer and the new sensor requests, such as s28 and
s16 that are stored in CIQ2 On the other hand in the online
path (;2 ) s26 and § s28 are inserted to C2 1 , while § s19 and § s16

are deleted from CZQ1 by considering the SSQB. Besides, M*
might not support rechargrng a few sensors, which are stored
at the last position of the buffer, although their SSQB is higher.
Let fo‘ denote the ith dropped out the sensor of M*. As shown
in Fig. 9, Q’g is the dropped-out sensor. There is cooperation
between the neighboring MCs to recharge the dropped-out
sensor (Q ).

In the following, the cooperation between the neighboring
MC:s is discussed. The MCs can share the charging load with
neighbors to achieve more charging efficiency. As shown in
Fig. 10, assume that M* can communicate with neighboring
M*=1 and M*¥! to recharge QF. Both M*~! and M*+!
include Qk to their schedule and checks the following two
conditions. Let Wt k=1 denote the waiting time of M*~! for

executing the recharglng of § s ! at time 7. Let t; 7€ denote the
recharging time of the sensor s;. Let q;,;g be the rate at which
the MC recharges. Let #/"°" be the moving time of the sensor
s;. Recall that e?i“h denotes the discharging rate of sensor s;.
The values of #;'° and t™" are calculated in the following
equations:

EMmax _ (Erem o qisch * trnov)
crf S .
zl.g= ! crg’ ! I<i<n (0
dy
di_1;
v = gmov gt L L <j<p 1)
v
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Fig. 10. Collaborative schedule between the neighboring MCs.

where d;_1; denotes the distance between s;—; and s; and
so is BS. The following illustrates the procedure of M*~! to
include Qi‘ to its schedule.

1) Waiting Time Criterion: M*~! checks the waiting time
o Ak,
criterion of £2;, i.e.,

wik= _ JE i=1 22)
b W g 4, 2<i<n,

2) Remaining Energy Criterion: The sensors fo‘ should
satisfy

e efischy il s 0., (23)

i,k q,i

The first condition is to check whether the waiting time of
M*—! satisfies, and the second condition is to check whether
fo is alive until M*~! comes to recharge it. All the above
procedure is similar for M**! to include Qf to its schedule.
According to the above two conditions shown in (22) and (23),
there might be three kinds of outcomes.

The first one is that only M*~! satisfies the above two con-
ditions, and therefore, M*=1 will include fo‘ to its schedule
and recharge it. The second outcome is both M*~! and M*+!
is too busy and does not satisfy the two conditions; then, Qf‘
request will be abandoned. The third outcome is both M*~!
and M*t! that satisfy the above two conditions. In this case,
M*, which has a shorter waiting time to recharge Qf , will
include it in its schedule. Let S?;kSt denote the best schedule

i

for fzf to recharge

shest —
Qi

Mkfl’ if qu,éc-l—l - Wt,k—l
otherwise.

i @4

As shown in Fig. 10, M k is not able to recharge §g. There-
fore, the dropped-out sensor is flg M* communicates with the
neighboring M*~! and M**! to include QF to their schedules
to recharge it. Both M*~1 and M**+! include Qé to its schedule
and check the two conditions shown in (22) and (23). Assume

that W;’IgH > W;"k6_1. Therefore, S?;,ft = M*~! Thus, the
’ ’ 6

TABLE Il
SIMULATION PARAMETERS

Parameters Values
Simulator Matlab R2019b
Network size 600m x 400m
Sensor nodes 300 - 700
Deployment Random
Sensing range 5—20m
Sleep threshold e™™ 0.3-0.7]
Discharging rate /<" 0.05J/s
EMex 3.6kJ
v 1 -8mis
qe? 3-15 J/s

cooperative scheduling increases the probability that a sensor
with the highest SSQB is successfully recharged.

V. PERFORMANCE EVALUATIONS

The WLARS algorithm is compared with the recharge
scheduling algorithm for maximizing spatial and temporal
qualities (RS-STQ) [26], multi-charger cooperation algorithm
(MCCA) [21] and fuzzy logic-based charging schedule deter-
mination (FLCSD) [22] algorithms in terms of the analytic
results. The RS-STQ considered the SSQ and TSQ of the
sensors and constructed the path of the MC. The MCCA
algorithm proposed a charging schedule based on the energy
required by each cluster. The FLCSD algorithm scheduled the
multiple MCs based on fuzzy logic by considering parameters,
such as remaining energy, distance, node density, and EC rate.

A. Simulation Environment

The size of the considered monitoring region is 600 x400 m.
The sensors are randomly deployed in the given area. The
sensors deployed in the region are 300—700. Table II presents
the parameter settings of the simulation.

B. Simulation Results

Fig. 11 evaluates the STSQ for the proposed WLARS
(MPU) and the existing three algorithms. The terms WLARS
(MPU) and RS-STQ (MPU) mean that the simulation is
conducted by adopting the MPU strategy for WLARS (MPU)
and RS-STQ algorithms. In Fig. 11, the STSQ is measured
by changing the deployed sensor nodes and e™™. The value
of ™" varies from 0.3 to 0.7 J. As shown in Fig. 11, the STSQ
increases with sensors. It is because the distance between
the sensors is decreased. Thus, the MC spends most of its
energy recharging the sensors instead of its movement. On the
other hand, the STSQ of four algorithms decreases with emmin,
It occurs because a higher ¢™" makes the sensor send the
recharging request very quickly. Therefore, the charging load
of each MC increases, leading to a lower value of STSQ.
The proposed WLARS (MPU) performance is higher than the
existing algorithms. It occurs because the proposed WLARS
(MPU) is considered the SSQ. Besides, the sensing frequency
of sensors is adjusted according to the busy level of MC,
improving the TSQ. Therefore, the STSQ of the proposed
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Fig. 11. Performance comparison of STSQ for the proposed WLARS

(MPU) and existing RS-STQ (MPU), FLCSD, and MCCA algorithms.
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Fig. 12.  Comparison of AWT for the proposed WLARS (MPU) and

existing RS-STQ (MPU), FLCSD, and MCCA algorithms.

WLARS (MPU) is higher than those of the other three
algorithms.

Fig. 12 compares the AWT of the proposed WLARS (MPU)
with the existing three algorithms by varying the number of
sensor nodes and the value of. Let §§ denote the p number

of recharging requests received by M. Then, the AWT of all
the sensors, which are waiting to recharge by MK at time 1,
denoted by W, Witk js shown in the following:

Wwait,k — Zli‘l W(;:I;
o |1

As shown in Fig. 12, the AWT increases with sensor nodes.

It occurs because the number of recharging requested sensors

increases with the number of deployed sensors, leading to

the increase of AWT. On the other hand, the AWT decreases

with «. It is due to higher o making the sensors send recharge

(25)

1 |~=—WLARS(MPU)
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Charging rate of mobile charger
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Fig. 13.  Performance comparison of STSQ and EUE for the pro-

posed WLARS (MPU) and existing RS-STQ (MPU), FLCSD, and MCCA
algorithms. (a) Charging rate of MC versus STSQ. (b) Elapsed time
versus EUE.

requests to the MC frequently. Thus, MC might receive many
requests, leading to a higher AWT. The AWT of WLARS
(MPU) is very low because it considers the MCs cooperation
based on the charging load.

Fig. 13(a) compares the STSQ by varying the charging rate
of MC. The charging rate ranges from 3 to 15 J/s. As shown
in Fig. 13(a), the STSQ of four algorithms increases with
the charging rate of MC. It occurs because if the charging
rate increases, the MC can recharge more sensors, leading
to a higher STSQ. The proposed WLARS (MPU) considers
the busy levels of MC and adjusts the sensing frequency of
the sensors accordingly, leading to higher performance. This
strategy controls the sensor’s battery to send the recharging
request. Therefore, all the requests of the other sensors will
be recharged timely because of the less charging load.

Fig. 13(b) compares the energy usage effectiveness (EUE)
by varying the elapsed time for the proposed WLARS (MPU),
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Fig. 14.  Comparison of traveling distance of MC for the proposed
WLARS (MPU) algorithm. Traveling distance of MC when the value of
ais (a) 50 J and (b) 20 J.

RS-STQ (MPU), FLCSD, and MCCA algorithms. Let Eé‘rg
and EK ., denote the energies of MX, which are consumed

for charging and moving, respectively. The EUE of all four
algorithms increases with the elapsed time. It occurs because
as the elapsed time increases, the MC can recharge a greater
number of sensors, leading to a higher EUE

k
EUE— ¢ (26)
Eécrg + Ezcnov

The MC recharges the closest sensors with higher STSQ,
and the neighboring MCs will recharge the farthest sensors,
leading to higher WLARS (MPU) performance. The MC will
travel a shorter distance to recharge more sensors as time
passes.

Fig. 14 compares the traveling distance of MC. The requests
vary, ranging from 5 to 30. The value of ™" is set
at 0.3-0.6 J. In Fig. 14(a) and (b), the value of « is set at
50 and 20 J, respectively. As shown in Fig. 14(a) and (b), if the

E=3WLARS(MPU700) E==3RS-STQ(MPU700) E===3FLCSD (700)
=A= WLARS (MPU600) == RS-STQ(MPUG600) =0O- FLCSD(600)
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Fig. 15.  Performance comparison of recharged sensors SSQB and

STSQ by varying the speed of the MC.
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Fig. 16. Performance comparison of STSQ for the proposed WLARS

(MPU) and existing RS-STQ (MPU), FLCSD, and MCCA algorithms.

MC receives more recharging requests, it will travel a long
distance to recharge all the requested sensors. The traveling
distance of MC increases with the value of e™™. It occurs
because a higher value of e™" leads the sensor to send
the recharging request to the MC very quickly. Comparing
Fig. 14(a) and (b), the traveling distance of MC in Fig. 14(b)
is very small. It occurs because the lower value of o means
that the MC might receive fewer recharging requests compared
to Fig. 14(a), leading to a smaller traveling distance.

Fig. 15 compares the SSQB and STSQ. Let €2; be the length
of the working time slot of s;. Let ¢;' denote the SSQB of s;
at time slot t, € T, i.e.,

t Q;
S, (o x T )

SSQB =
Q R

27)

Let WLARS (MPU700) and WLARS (MPU600) denote
different simulation environments that the sensors are deployed
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Fig. 17. Performance comparison of STSQ for the proposed WLARS

(MPU) algorithm. (a) Comparison of STSQ without considering the busy
levels of MC. (b) Comparison of STSQ with considering the busy levels
of MC.

as 700 and 600 for the WLARS (MPU) algorithm, respectively.
The speed of MC is varied, ranging from 1 to 8 m/s.

As shown in Fig. 15, the SSQB of the recharged sensors
increases with the speed of MC for the WLARS (MPU)
algorithm. This is due to the high speed of MC recharges
more sensors, leading to a higher SSQB. The SSQB of the
recharged sensors for the existing RS-STQ (MPU) is slightly
increasing. Besides, the performances of the FLCSD and
MCCA are not very stable. It occurs because they did not
consider the SSQB of the recharged sensors. On the other
hand, the STSQ decreases with the speed of the MC. It is
due to the lower speed of MC reducing the number of sensors
recharged, leading to a lower STSQ.

Fig. 16 compares the STSQ of WLARS. As shown in
Fig. 16, the STSQ increases with the sensor nodes. It is due to
the sensor density, which might lead to many sensors sending
recharging requests to the MC. Thus, recharge many sensors,

leading to a higher STSQ. The STSQ decreases with the
sensing range. It occurs because a higher sensing range will
contribute more to the spatial quality.

Fig. 17(a) evaluates the STSQ without considering the busy
levels of MC, that is to say, the sensor’s battery is not
constrained with «. Similarly, Fig. 17(b) evaluates the STSQ
of the monitoring region with the busy levels of MC, that
is, the sensor battery is constrained with o, where sensors send
the request according to the busy levels of MC. In Fig. 17(b),
the value of « is set at 40 J.

The STSQ in Fig. 17(a) is very unstable compared to
Fig. 17(b). It occurs without considering the busy levels of
MC. This situation made the MC very busy, where some
sensors were not recharged, leading to the unstable STSQ.
On the other hand, when the busy levels are considered, the
STSQ is very stable. It occurs because the sensor’s battery
is constrained by the value of o, and the MC receives very
few recharging requests according to its busy level. Therefore,
the MC can timely recharge all the sensors, leading to a
stable STSQ.

VI. CONCLUSION

This article proposed a WLARS for MC to maximize the
STSQ of the network. The three phases of the proposed
work are NP, RRD, and ABC. The first phase partitioned
the network, aiming to distribute the MCs charging load
evenly. The second phase determines the sensor’s threshold
and considers the busy level of MC. Finally, the third phase
considers the adaptive buffer of the MC and the cooperation
between the neighboring MCs. The analytical results show that
WLARS achieves a higher STSQ than the existing works. The
future work of this study is that the BS dispatches the MCs
based on the prediction of the arrival rate of the recharging
requests of the sensors.
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