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Coverage and Connectivity Aware Energy Charging
Mechanism Using Mobile Charger for WRSNs

Yuanping Kan, Chih-Yung Chang

Abstract—Wireless recharging using a mobile charger has been
widely discussed in recent years. Most of them considered that
all sensors were equally important and aimed to maximize the
number of recharged sensors. The purpose of energy recharging is
to extend the lifetime of sensors whose major work is to maximize
the surveillance quality. In a randomly deployed wireless recharge-
able sensor network, the surveillance quality highly depends on
the contributions of coverage and network connectivity of each
sensor. Instead of considering maximizing the number of recharged
sensors, this article further takes into consideration the contribu-
tions of coverage and network connectivity of each sensor when
making the decision of recharging schedule, aiming to maximize the
surveillance quality and improve the number of data collected from
sensors to the sink node. This article proposes an energy recharging
mechanism, called an energy recharging mechanism for maximiz-
ing the surveillance quality of a given WRSNs (ERSQ), which
partitions the monitoring region into several equal-sized grids and
considers the important factors, including coverage contribution,
network connectivity contribution, the remaining energy as well as
the path length cost of each grid, aiming to maximize surveillance
quality for a given wireless sensor network. Performance studies
reveal that the proposed ERSQ outperforms existing recharging
mechanisms in terms of the coverage, the number of working
sensors as well as the effectiveness index of working sensors.

Index Terms—Connectivity, coverage, mobile

recharging, wireless sensor networks (WSNs).

charger,

1. INTRODUCTION

IRELESS sensor networks (WSNs), which consist of

many small sensors, play an important role in many
monitoring applications, including environmental monitoring,
smart home, precision agriculture structural, health monitoring,
etc. [1], [2]. Since most of the sensors are mainly powered
by the limited capacity of batteries, the lifetime of WSNs is
limited, which obstructs the large-scale deployment of WSNs.
To prolong the lifetime of WSNs, extensive efforts for en-
ergy harvesting have been taken in recent years [3]-[6]. How-
ever, the instability of the energy from the environment such
as solar and wind results in the WSNs becoming unstable.
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Therefore, it is very crucial to find a stable energy source to
recharge the sensors for maintaining the perpetual operations of
WSNs [5], [6].

Wireless energy transferring as a revolutionized energy supply
technology provides an alternative solution to prolong the life-
time of the WSNs [7]-[10]. Unlike sensor energy replenishments
through energy harvesting, the wireless energy transferring tech-
nique is a promising technique to enable wirelessly transfer
power with steady and high recharging rates. The state-of-the-art
methods employ a mobile charger to charge the sensor nodes in
the network when they are within the limited charging ranges of
the mobile charger.

In literature, a lot of studies have been proposed for recharge-
able WSNs. The key idea of the proposed recharge algorithms is
to construct the path and determine the stop points for the mobile
charger to recharge the energy of the sensor nodes. These studies
can be further classified into two classes: the nonpartition class
[11]-[13] and the partitioning class [14]-[16]. Some existing
studies [11]-[13] fallen in the nonpartition class mainly required
a mobile charger to visit the low-energy sensors to perform the
charging task. These algorithms mainly considered the cost of
path length, aiming to recharge as many as possible sensors.
However, one major challenge is that there are infinite numbers
of points where the mobile charger should consider as the
stop points for recharging. To cope with this problem, some
other studies [14]-[16] partitioned the monitoring region of
the WSNs into grids, aiming to simplify the problems of path
construction and stop location decisions. These studies took a
grid as a basic unit and planed the recharging path according to
the number of requested sensors fallen in each grid. However,
most of them considered that all sensors are equally important
[11], [12], [14], [16].

In a dense WSN, the random deployment might result in
a situation in which neighboring sensors might have different
sizes of the overlapped region. Fig. 1(a) gives an example that
the coverage areas of sensors s; and sy have a large overlapped
region. In this case, even the energy of the sensor s is exhausted,
sensor So can still monitor the region and maintain a good
monitoring quality. However, as shown in Fig. 1(b), the coverage
areas of sensors s3 and s4 are not overlapped with each other.
In case that the energy of the sensor s3 was exhausted, the
monitoring quality will be reduced since no sensor can monitor
the covered region of the sensor s3. Therefore, the importance
of sensors s3 and s4 is higher than that of sensors s; and ss in
terms of coverage contribution.

The coverage and connectivity contributions of different
sensors are different. The sensor that has the largest coverage
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Fig. 1. Example of the different importance of sensors in terms of coverage
contribution.

contribution should have the highest priority to be recharged.
In addition to the coverage contribution, the connectivity
contribution is another important parameter that should be
considered when the mobile charger determines the stop points.
This occurs because that the sensors closer to the sink node will
be responsible for forwarding the data from the other sensors,
which are far away from the sink node. In case that these
sensors run out of their energies, the network connectivity will
be broken, which highly impacts the data collection.

This article aims to maximize the surveillance quality by de-
veloping the recharging mechanism, which takes into consider-
ation the coverage and network connectivity contributions. The
proposed recharging mechanism, called an energy recharging
mechanism for maximizing the surveillance quality of a given
WRSNs (ERSQ) algorithm, initially partitions the monitoring
region into several equal-sized grids. Then, it schedules the grids
to be visited and all sensors fallen in the visited grids will be
recharged. To maximize the surveillance quality, the sensors,
which have sent the recharging requests will be evaluated against
their coverage and network connectivity contributions. Each grid
will be assigned a weight according to the evaluation. Based on
the weight of each grid and the cost of path length, the mobile
charger selects some grids to be visited and then constructs a
path passing through these grids.

The main contributions of this article are listed as follows.

1) Connectivity Awareness: Connectivity plays an important

role since the sensing data cannot be forwarded to the sink
node when the network is disconnected, even though a big
coverage area is achieved. To our knowledge, previous
charging algorithms did not take into consideration the
connectivity issue. The proposed ERSQ algorithm further
considers the connectivity contribution of the sensors. The
mobile charger will recharge the sensors with higher con-
nectivity contributions. Compared to the existing studies
[11], [15], the ERSQ algorithm maintains better network
connectivity and allows the sink node to collect more data.
2) Coverage Awareness: Most existing charging algorithms
considered the movement cost and the number of
recharged sensors. However, each sensor has different
importance depending on its contribution in coverage.
Compared with existing studies [11], [15], the proposed
ERSQ algorithm takes into consideration the coverage
contribution. The mobile charger will recharge the sen-
sor with a higher coverage contribution. As a result, the
proposed ERSQ can achieve better coverage, as compared
with related studies [11] and [15].

3) Grid-Based Network Management: A WSN usually con-
tains a large number of sensors. This article partitions the
monitoring region into several regular hexagon grids and
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the coverage and connectivity of each grid are measured.
This can reduce the coverage and connectivity calculations
and simplify the path construction.

The rest of this article is organized as follows. Section II
summarizes related work. Section III formalizes the assumptions
and problem statement. Section I'V presents the proposed ERSQ
algorithm in detail. Section V further reveals the experimental
study and compares the performance of the proposed ERSQ al-
gorithm against the related studies. Finally, Section VI concludes
this article.

II. RELATED WORK

In literature, previous studies that adopted a mobile charger
to develop recharging mechanisms can be mainly divided into
two classes: the nonpartition and partition categories.

A. Nonpartition Model

Some existing studies have fallen into the nonpartition cat-
egory. Yu et al. [11] adopted the mobile charger aiming to
prolong the network lifetime. When the energy is smaller than a
predefined threshold, the sensor sent a recharging request to the
mobile charger. The mobile charger initially constructed a path
passing through all the requested sensors. Then, a path reduction
algorithm was proposed to reduce the path length.

Zhu et al. [12] considered a set of sensors that were required
to be recharged. The mobile charger then selected sensors, one
by one as the candidate to be recharged and calculates the delay
to recharge each sensor. Tu et al. [13] constructed a graph G =
(V, E, w), where V is the set of sensors needed to be recharged,
E is the edge between sensors, w is the weight of each sensor,
which is a function considering both the remaining energy of that
sensor and the distance between sensors. Then, a charging path
is constructed by the mobile charger based on solving the trav-
eling salesman problem. Though the above-mentioned studies
[11]-[13] aimed to reduce the path length of the mobile charger,
they did not consider the coverage and connectivity issues.

B. Partition Model

In the partition category, the monitoring region is divided into
some grids. Then, the recharging demand of sensors in each grid
can be treated as the grid demand. As a result, the mobile charger
established the path based on the demands of the girds.

Liu et al. [14] partitioned the monitoring region into several
square grids. The grid, which contained sensors with low-level
energy, will be included in the recharging candidate set. The
central point of each grid was the charging position for the
recharging candidate set. Then, the mobile charger constructed
the path based on the number of sensors in the grid.

Tian et al. [15] partitioned the monitoring region into some
equal-sized hexagon grids. The grid containing sensors is con-
sidered as the charging candidate set. In each candidate set, each
sensor is labeled with one of three different levels, according to
its remaining energy. The mobile charger calculated the charging
weight for each grid, according to the level labeled on each
sensor in that grid. The grid with the largest charging weight has
the highest priority to be recharged by the mobile charger.
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TABLE I
COMPARISON BETWEEN ALGORITHMS

Partitioned ~ Online Considering ~ Considering
Networks Scheduling Coverage Connectivity
YCC11] x x x x
ZYLL [12] x x x
TXYC[13] x x x x
LNPL [14] o x x x
TILM [15] o x x x
AWA[16] o X x x
Proposed ERSQ o o o o

o = considered, x = not considered.

Alkhalidi ef al. [16] partitioned the monitoring region into
some rings. Each ring was further partitioned into several sec-
tors. The sector with the largest number of recharging requests
will be first recharged.

However, most of the existing studies fallen in the partitioned
model only considered the number of requested sensors in the
grid. Compared with these studies, the proposed ERSQ algo-
rithm further considers the coverage contribution and network
connectivity contribution of each sensor. Table I summarizes the
comparisons of the related studies and the proposed ERSQ.

III. ASSUMPTIONS AND PROBLEM STATEMENT

This section initially introduces the network model and as-
sumptions of wireless rechargeable sensor networks. Then, the
important properties of sensors and the problem formulation of
our study are described.

A. Network Environment

Given a rectangle region R, this article considers a certain
rechargeable WSN, which comprises a set of p static sensors
S = {s1,s2,...,sp} distributed over a given monitoring region
R. A sink node, denoted by BS, is deployed at the location
of the central point of R. The location of BS is also called
home location. Each sensor is battery powered and its battery
is rechargeable by a mobile charger. A mobile charger moves
in R aiming to charge sensors for maintaining the quality of
coverage. This article assumes that the mobile charger has
detection software/hardware to cope with the malfunction of
the mobile charger. Meanwhile, this article assumes that there is
at least one standby mobile charger at the base station. As soon
as the working mobile charger detects the malfunction, it will
send an emergent request to the base station, which will notify
the standby one to take over the recharging task.

A cycle T is the duration in which the mobile charger leaves
B.S, moves and recharges some sensors, and finally goes back
to BS. Herein, it is assumed that the mobile charger has rich
energy for executing the scheduling, moving, and recharging
tasks in one cycle. The recharge scheduling aims to obtain the
best surveillance quality in one cycle 7.

Let rg and r. denote the sensing radius and communication
radius of each sensor, respectively. Assume that each sensor s;
is aware of its location (z;, y; ). Assume that the mobile charger
knows its location and the locations of all sensor nodes. Let d; ;
denote the distance between the sensors s; and s;. Similarly,
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let d; cqr denote the distance between the mobile charger and
sensor s;. The following presents the energy model considered
in this article.

B. Energy Model

Let E denote the initial energy of each sensor and FEi,ip
denotes the energy threshold below, which the sensor should
not work and switch to the sleep state. Assume that each packet
contains k bits. Let F, denote the energy consumption for
sensing in each time unit. Let E'r and E7 denote the energy
consumptions for receiving and transmitting one packet (k bits),
respectively. Consider the communication pair s; and s; ,
which play the roles of the sender and receiver, respectively.
The energy consumption of s; for receiving one packet can be
measured by Er = kxp,, where p,. is the energy consumption
per bit incurred by the receiving circuit. On the other hand, the
energy consumption for the sender s; to transmit one packet is
measured by Ep = kxeq + kx df’lj * €9, Where ¢ is a factor
that represents the energy consumption per bit of transmitting
circuit, €9 is the energy consumption per bit of the amplifier
circuit, and pl is the path-loss exponent, which typically ranges
between 2 and 4, depending on the environment [17].

Assume that the observing time 7 is partitioned into g equal
time slots ¢1,%2,..., t,. Let 7 denote the length of each time
slot. Thatis, 7 = T7/q. Let E7$™ denote the remaining energy of
the sensor s; at time slot ¢.

Let Boolean variable A;; denote whether or not E7§™ of
sensor s; is more than F,,;, at time slot ¢

pia={ ) S F

)

. 1
0 otherwise. M

Let Boolean variable p; ; denote the connectivity between
sensor s; and BSS at time slot ¢. That is

1 s; and BS is connected
Hit = { @)

0 otherwise.

The coverage of WSNs at time ¢ can be measured by applying
Clo = Us’ies Ni# i % g, 3)

where (), is the coverage of any sensor s.

Let £, denote the recharged energy obtained by the sensor
s; at time slot 7. Let E; Efj, and E} ; denote the energy
consumptions for sensor s; performing operations of sensing,
receiving, and transmitting in the jth slot, respectively. Let
Boolean variable p;; denote whether or not s; is charged at

time slot ¢. That is

1 s; is charged in slot ¢
Pt = { . @

0 otherwise.

Assume that the network starts running at the time point £¢ay+.
At time slot ¢, the remaining energy of the sensor s; can be
calculated by [17]

t

>

t;= tstart

E[" = E— (Ef; + Bl + ET; — piy, * Ef,) -

(&)
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Based on the above-mentioned energy model, the objective
of this article is presented below.

C. Objective

The major goal of this article is to maximize the surveillance
quality of the monitoring region. This can be achieved by
maximizing the accumulated coverage at any given time. The
following presents the objective of this article.

Objective: In period T', the WSN network cumulative maxi-
mum coverage is

T+tstart

Y. Chetl- ©)

t = tstart

Max

D. Constraints

When achieving the above-mentioned objectives, some con-
straints should be satisfied.

Let Boolean variable gaf,’grk denote the state of the sensor s;.
Since each sensor stays in either work or sleep state, we have

@)

work _ 1 s; stays in the work state at time slot ¢
bt 0 otherwise.

Similarly, let ¢}t denote whether or not the sensor s; stays

in the sleep state. That is

sleep _ { 1 s; stays in the sleep state at time slot ¢ ®)

(4 0 otherwise.

Each sensor should satisfy the sensor state constraint. That
is, each sensor can stay in either the work state or the sleep
state. In other words, no sensor can stay in work and sleep states
simultaneously.

1) Sensor State Constraint: At time slot ¢, each sensor should
satisfy the constraint

work +

Pit peer = 1. ©)

it

In addition to the sensor state constraint, the following
presents the minimal remaining energy constraint, which asks
each sensor to reserve minimal energy for basic operation and
state switching. Recall that A;; denotes whether or not the
remaining energy E[ ¢™ of sensor s; is more than El;, at time
slot £.

2) Minimal Energy Constraint: Each sensor can stay in the

work state if its remaining energy is not smaller than E\;,

)\.i7t + @?}?ep = 1. (10)

Another constraint specifies the upper bound of the recharged
energy of each sensor. Let P, and P, denote the transmitted
and received power of the mobile charger and sensor s;, respec-
tively. According to the energy charging model proposed in [11],
[18], and [19], (11) presents the recharged energy of the sensor
Sq
PoarGrGer?, 5 47/ fhih,.

(imdyar?f Tiscar < 07
PoorGGi(hih,)?
(di,car) d

(11)
i,car > w
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Cyclel Cycle2 ~ seeeen

Scheduling Moving Charging | Scheduling Moving Chargingl
I 1

Choose one grid as the next target J

Recharging request list

Fig. 2. Cycle T consists of several rounds, each of which consists of three
tasks. In the scheduling task, the proposed ERSQ algorithm is applied.

where GG; denotes the gain of transmitting antenna of the mobile
charger, GG, denotes the gain of receiving antenna of the sensor
54, T4 denotes the carrier wavelength, f refers to the system loss
factor, d; .4, denotes the propagation distance between antennas,
hy and h, denote the height of the transmitting and receiving
antenna above ground, respectively. Let 7.4, denote the radius
of the charging range of the mobile charger. To obtain the energy
from the mobile charger, sensor s; should fall in the recharge
range of the mobile charger. That is, d; .., must be smaller than
Tcar. Hence, the lower bound of the P, is,

PcarGrGt (hthr)2
(rcar)4 ’

The recharge energy of the sensor s; also has an upper bound,
which should be smaller than the transmitted power of the mo-
bile charger. The following recharged energy constraint reflects
the lower and upper bounds of the recharged energy of each
Sensor s;.

3) Recharged Energy Constraint:

PcarGrGt(hthT)2

(Tcar>4

12)

< Py, < Pear. (13)

IV. PROPOSED ERSQ ALGORITHM

The observed cycle T consists of several rounds, as shown
in Fig. 2. In each round, three tasks are performed, including
scheduling, moving, and recharging. In the first task, the mobile
charger schedules the recharging path based on the proposed
ERSQ algorithm, which consists of two phases. Then, the mobile
charger performs the moving task, aiming to move from the
current location to the next recharging grid. After that, the mobile
charger performs the recharging task, aiming to recharge all the
sensors in the target grid. The three tasks will be performed
round by round during the observed period 7.

The proposed ERSQ algorithm aims to maximize the surveil-
lance quality of the given monitoring region R. It mainly consists
of two phases. First, the initial phase aims to partition the
monitoring region into some regular hexagon grids and establish
the coordinate system for the grids. Then, the coverage-based
benefit evaluation (CBBE) phase aims to calculate the benefit
of each hexagon grid based on its coverage improvement. After
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Fig. 3. Partition of the monitoring region R.

that, the CBBE phase further selects a target hexagon grid which
obtains the maximal benefit. This also reflects the goal given in
(6). The following presents the details of each phase.

A. Initial Phase

This phase aims to partition the monitoring region into some
regular hexagon grids. The motivation for region partition is
illustrated below. The key idea of the proposed ERSQ algorithm
is to construct the path and determine the stop points for the mo-
bile charger to recharge the static sensors such that the coverage
quality provided by the sensors can be maximized. However, one
major challenge is that there are infinite numbers of points where
the mobile charger should consider as the stop points. To cope
with this problem, the monitoring region R will be partitioned
into some equal-sized regular hexagon grids. The size of each
grid can impact the charging performance of a given WSN. In
case that the grid size is big, each grid will contain many sensors.
An additional algorithm should be developed to determine the
locations for a mobile charger to perform the charging task.
On the contrary, a small grid might increase the computational
complexity when developing the charging algorithm. In this
article, it is assumed that the radius of the mobile charger is the
length of the regular hexagon edge. That is, the charging range
of the mobile charger can cover the whole regular hexagon. As a
result, the mobile charger only needs to determine some center
points of the hexagon grids as the candidates of the stop points.
In the performance study, the grid size will be a parameter whose
value will be varied to investigate its impact on performance.

Let N4 denote the number of hexagon grids in region R.
As shown in Fig. 3, the most top-left grid in R is labeled with
coordinates (1,1). The =z coordinate and y coordinate are
increased by one if the location of a grid shifts one position
toward the right and down directions, respectively. Let H,, ,
denote the grid with coordinates (m, n).Let (€, ¥ ) and Sp,
denote the center location of H,, , and the set of sensors in
H,,, , respectively. Let (Zcenters Ycenter) denote the cen-
ter point of R. Let Hgenter denote the center hexagon grid,
which contains the center point (Zcenter, Ycenter)- Let BS de-
note the static sink node which is deployed at the location

(:L'center 5 Ycenter ) .
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All the sensors s; € Sy, ,, can form a cluster in each hexagon
grid H,, ,,. Initially, the sensor s; € S, ,, closest to the center
location (z,,,,y,) will play the role of anchor, called a,, , of
the grid H,, ,,. The anchor a,,, ,, is responsible for receiving the
sensing data from s; € Sy, ,, and then forwarding them along
the path from the current hexagon grid to BS. To balance the
energy consumptions of sensors in one hexagon grid, all sensors
in the same hexagon grid will act as the anchor in turn.

B. CBBE Phase

This phase aims to calculate the benefit of each hexagon grid
based on the coverage of working sensors in that grid. The
motivation for calculating the hexagon grid benefit is illustrated
below. The recharging operation of the mobile charger is exe-
cuted grid by grid. That is, the mobile charger will select the grid,
which can contribute the largest benefit in terms of coverage as
the target grid for performing the recharging task. Therefore,
evaluating the coverage benefit of each grid is important.

The coverage contribution of each grid is the overall coverage
contributed by the sensors in that grid. The coverage ranges
of several sensors in the same grid might be overlapped. This
indicates that the coverage of one certain area might be con-
tributed by more than one sensor. To accurately measure the
coverage benefit of each hexagon grid, the following defines
independent coverage contribution of each hexagon grid H,, .,
denoted by B¢, which represents the area of hexagon grid
H,, ,, covered by working sensors s; € S, .

Let Q denote a set of sensors. Let Q2o denote the overall
coverage area contributed by sensors s; € ). Let A,, ,, denote
the area of hexagon grid H,,,. The independent coverage
contribution B8 of S, ,, can be calculated by applying

Bcovcragc — QS

m,n

N Am,n- (14)

m,n

That is, the independent coverage contribution of hexagon
grid Hy, , only counts for those areas, which are the overall
coverage area of s; € Sy, ,, in area A, .

When the mobile charger calculates the benefit of a hexagon
grid, it considers many parameters. In addition to the coverage
benefit, the connectivity contribution of one hexagon grid is
another important parameter that should be taken into consid-
eration. The data in each hexagon grid H,, , is transmitted
along a path, say P, ,,, from anchor a,, , to B.S, as shown in
Fig. 3. Let H; ; is one hexagon grid passed through by path
Py, n. Since H; ; is closer to the BS than H,, ,, the failure
of s, € S; ; might block the transmission of path P, ,,. This
implies that the hexagon grid H; ; is more important than H,, ,,
in terms of connectivity. Therefore, the hexagon grid H; ; closer
to the B.S should have a larger benefit than the other hexagon
grids. To prevent WSNs from disconnection, the mobile charger
should charge the sensors in the hexagon grid closer to the BS.
To distinguish the benefits of closer grids and farther grids, the
following introduces the concept of level, which helps calculate
the connectivity benefit of each hexagon grid.

Fig. 3 shows a partitioned region R. The central hexagon grid
will be treated as level 0 and is marked with white color. The
hexagon grids, which neighbor the central hexagon grid have
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formed a ring of six hexagon grids. These hexagon grids will be
considered as level I and are marked with green color. Similarly,
the hexagon grids which are neighbors to the hexagon grids
of level 1 will form another ring and be considered as level 2.
All'hexagon grids will be labeled with alevel number and marked
with different colors, depending on its the level number is even
or odd, respectively.

Let ®F denote the set of hexagon grids labeled with level k
and |®* | denotes the number of elements in ®*. Let &y, denote
the maximum value of k. The following further defines the con-
nectivity index of a hexagon grid H,, ,, € ®*, which indicates
the average number of hexagon grids whose transmission path
passing through H,, ,. Let ngf;fect denote the connectivity
benefit of hexagon grid H,,,, which can be calculated by
applying

Zz m]:jrl ’q)l‘ (15)
I

Let B, denote the charging benefit of H,,,, at some
time ¢. It can be calculated by applying

Bpn = « (BCOVerage) + (1 _ a) peonnect

m,n m,n

Bconnect
m,n

(16)

where o € [0, 1] determines the weights of BpV*#¢ and
quff;lne“. Since it takes time to go to I1,,, ,, and charge the sensors
in f,,, ,,, all the sensors outside the hexagon grid H,, ,, will con-
sume their energy. As a result, some sensors may exhaust their
energies during the execution of the charging task performed for
the hexagon grid H,,, ,, leading to the problems of connectivity
and coverage losses.

Let H.y, denote the hexagon grid in which the mobile
charger falls at the time ¢. Let t22%¢!,  and t50275° denote
the times required to move to H,, , and the time required for
charging the sensors in H,, ,,, respectively. Let T},, ,, denote the
total time required for the execution of the charging process for

H,, ,,. We have

T _ ttra.vel
m,n — Ycurr—m,n

+ toharee, (17)

The following presents the total loss of benefits when the
mobile changer moves from the current grid to grid H,, ,,
which consists of connectivity loss and coverage loss. First, the
connectivity loss will be discussed. Let Boolean variable 1; ;
denote whether or not the hexagon grid H; ; is connected to the
BS in the time interval [t, t + T}, ,,]. We have

1 H; ;isconnectedin [t,t + T,
Yij = { Y [ ol (18)

0 otherwise.

In particular, v; ; = 0 indicates that the connectivity benefit
of H; j will be lost in the time interval [¢, ¢ + T, ,,]. Let L5
denote the connectivity loss during [t, ¢ + T}, ,,]. Equation (19)
calculates the value of Lghmect

Fmax
t t
et =20 20 Q=) BT A9)
k=1 \H,; jcdk

In addition to the connectivity loss, the following further con-
siders the coverage loss. Herein, it is noticed that the coverage
loss might be raised due to two reasons. One is the working
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sensor unable to deliver its sensing information to the BS and
the other is the sensor sleeping. First, the sensor unable to
deliver its sensing information will be considered. Let Boolean
variable ¢; ; denote the state of the sensor s; in the time interval
[t, t + T}, »]. Since each sensor stays in either work or sleep
states, we have

Pif = (20)

1 s; in the work state for £ € [t, ¢ + Tinn)
0 otherwise.

Let S}*o™% denote the set of working sensors in H; ; in the
time interval [t, t + Tp.n), we have

ng-r)k = {Sk‘sk S S(i,j) and Vi = 1,£ € [t, t—|—Tm7n]} .
(2D
In case that some sensors are in a disconnected hexagon
grid, their sensing information cannot reach the BS. As a result,
they do not contribute any coverage. This type of coverage loss
is called type 1 coverage loss and is denoted by Lf,‘fj;‘jrag"*l.

Equation (22) calculates the value of L;?;;szage’l

kmax

=2 >

k=1 Hmecbk

Lcoverage 1 _ (22)

QZ}Z,] QSZ‘:?‘rk ﬂ Al,] )

Let Lfﬁ’fjmgeg denote the type 2 coverage loss, which occurs
due to the sleeping sensors in the connected hexagon grids. The
value of L:gf;fage,? can be calculated by applying

kmax

=D, D tuld

k=1 H; ;edk

[ coverage, 2 _
m,n

(Qsm?rk N Ai’j )]

(23)

Let L,, , denote the total coverage loss, which consists of

the connectivity loss and type 1 and type 2 coverage losses. The
value of L,, , can be measured by applying

ﬂ Lconncct

m n m,n

+ ,chovcragc 1

m,n

(1= § =) Liguerose?
(24
where f3, v € [0, 1] are the weights of the three types of loss.
Let W, ,, denote the benefit of the H,, ,, to the coverage of
WSNs, which is recharged at time ¢. Equation (25) measures the
value of W,,, ,,

Wm,n = Bm,n - Lm,n~ (25)

The recharging policy is to select one grid that needs to be
recharged and obtains the maximal benefit. That is, the mobile
charger will move to the hexagon grid HP"°st if it satisfies

HY** = grg Max Wi -

m,n

(26)

The following summarizes the ERSQ algorithm, as shown in
Fig 4.

The proposed ERSQ algorithm can be summarized as follows.

1) The monitoring region is partitioned into some regular
hexagon grids to simplify the calculation.

2) The grids are grouped into different levels according to
the distance from the sink to calculate the connectivity of
the grids.
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END
Partition the monitoring region
into regular hexagon grids
k2

False

t >>
Select the grid that obtains theﬁ

maximal benefit to be recharged

Calculate the independent
coverage contribution of each grid

T
Calculate the connectivity
benefit of each grid

Calculate the charging Calculate the coverage
benefit of each grid benefit of each grid

Calculate the total coverage

loss of each grid The mobile

charger moves
to the grid to
recharge it

Calculate the connectivity
loss of each grid
1]

Calculate the type 1 Calculate the type 2
coverage loss of each grid coverage loss of each grid

(@

Algorithm: ERSQ.
Inputs: The location of each sensor s;, the size of the monitoring region
and length of hexagon edge.
Output: The recharging path of the mobile charger.
/* Initialization Phase */

1 Partition the monitoring region into N, regular hexagon grids H,, ,,,
2 Let S,,, denote the set of sensors in H,,,
3 Repeat

/* Calculation of the charging benefit of each grid*/
4 BT =o na,,
5 Bcunnect ic";cuflltp |

[@¥]

6 Bypn = (x(Bw”emge) + (1 — a)Bgopneet

/* The total coverage loss of each grid*/

kmax

7 Ls::glnect - Z ( Z (1 _ lpi,j)Bic,j')nnECt)

k=1 H;jedk

kmax
8 coveragel z Z (1 —wlj)(gsworknA”)
=1 H;jedk
kmax
9 L;‘[’;erage,z _ z Z YilA; — (-Qslwork nA; )]
k=1 Hjjedk 7

10 L — ﬁLconnect + choverage 1+(1 _ ﬁ _ y)Lcoverage,Z
mn mn
/* Calculate the coverage benefit of each grid */
11 Wm,n = Bm,n - Lm,n
/* Select the best grid which obtains the maximal benefit to be
recharged */

12 Hbst = arg Max W,
13 The mobile charger moves to H?®¢ and recharge it

14 Add H"®st to the path of the mobile charger
15  Until(t>T7)

(b)

Fig.4. ERSQ algorithm. (a) Workflow of the proposed ERSQ. (b) Pseudocode
of the proposed ERSQ.

3) Foreach grid that needs to be recharged at time ¢, its benefit
to the surveillance quality of the monitoring region is
calculated based on its coverage and network connectivity.

4) The mobile charger selects a grid that obtains the maximal
benefit to recharge at time 7.

According to the ERSQ algorithm, the monitoring region can
maintain the maximum surveillance quality at any time . It also
reflects the goal given in (3). The following presents the simula-
tion to verify the performance of the ERSQ algorithm compared
with [11] and [15] in terms of the accumulated coverage.

3999
TABLE IT
SIMULATION PARAMETERS

Parameters Values
Monitoring region 80m*100m
Number of sensors 50-90
Node deployment Randomly
Length of the hexagon edge 5m-20m
The sensing range: 7 Sm-20m

Mobile charger speed: v Sm/s

The energy consumption for moving of the mobile charger: E,; ;e 30 J/m
The energy consumption for sensing: Eg 0.05J
The energy consumption for receiving and transmitting: Ey, Ex 0.02]
The transmitted power of the mobile charger: P, 5J)/s
The initial energy of each sensor: E 1000 J

The computational complexity of the proposed algorithm
is discussed as follows. Fig. 4 depicts the proposed ERSQ
algorithm. In steps 1 and 2, the partition of the whole region
into grids requires O(N A) In the worst case, the complexity of

the steps 4—6 are O(( ]\f )3, O((NA) ) and O(1), respectively.
Therefore, the total complex1ty of the charging benefit of a grid
is O((NL;)Q) + O((NA)%) + O(1). In general, the number of
sensors is much larger than that of grids, so the complexity of the
charging benefit of a grid is simplified as O((NL;)Q). Therefore,
the total complexity of the calculation of the charging benefit
of each grid is O(& ) The complexity of steps 7-10 are
O(Na) O(Na), O(N 4)and O(1), respectively. The complexity
of the total coverage loss of a grid is 30(N4) + O(1), which
can be simplified as O(N 4). Therefore, the total complexity of
the total coverage loss of each grid is O(N3). In step 11, the
calculation of the coverage benefit of a grid takes constant time
leading to the complexity of O(1), so the total complexity of
the calculation of the coverage benefit of each grid is O(N4).
In steps 12-14, each step takes constant time leading to the
complexity of O(1). Therefore, the complexity of a loop is
O(NLAQ) + O(N%) + O(N4) + 30(1), which can be simpli-
fied as O(NLQ). The observing time 7T is partitioned into ¢
equal time slots, so the number of the loops is most to be q.
Finally, the total complexity of the proposed ERSQ algorithm
isO(N4) + O(Z%—ZQ), which can be simplified as O(Z%—ZQ). The
total complexity of the [11], [13], and [15] is O(p?) under the
same conditions.

V. SIMULATION

This section investigates the performance of the proposed
ERSQ algorithm by comparing it with existing studies, including
YCC [11], ZYLS [12], and TJLM [15] algorithms. The param-
eters used in the experiments of the four algorithms are given in
Table II [6], [13].

As shown in Fig. 5, the given region is initially covered by
32 hexagon grids. All sensor nodes are deployed randomly and
they can communicate with sensors in the same and the neighbor
hexagon grids. Fig. 5 depicts a deployment snapshot of 90 sensor
nodes in the region.

The elapsed time is set at 5 units. The length of the hexagon
edge is set at 10 m while the sensing range of each sensor is set at
5 m. Fig. 6(a) compares the coverage of the monitoring region by
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monitor region.

varying the values of a in the ERSQ algorithm. And the values of
B and~y inthe ERSQ algorithm are set at 0.4 and 0.2, respectively.
As the value of « increases, the coverage of the monitoring
region increases to the maximum value and then decreases
gradually. This experiment shows that the optimal value of «
is 0.5, so the value of « in the following experiments is set at
0.5. Fig. 6(b) compares the coverage of the monitoring region by
varying the values of § and y in the ERSQ algorithm. According
to the experiment, when the coverage of the monitoring region
reaches the maximum value, the corresponding values of 5 and
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~ are 0.3 and 0.5, respectively. Therefore, the values of « , 3,
and +y are set at 0.5, 0.3, and 0.5 in the following simulation.

Fig. 7 compares the three algorithms in terms of the number
of working sensors by varying the number of sensors ranging
from 50 to 90 and the elapsed time ranging from 5 to 25 time
units. The length of the hexagon edge is set at 10 m. Herein, a
sensor is considered as the working sensor if it works on sensing
and its sensing data can be successfully transmitted to the BS.
In some cases, the sensor will not be considered as a working
sensor though it is working. This occurs because that its data
cannot be delivered to the BS due to the network connectivity
problem. A similar trend can be found that the number of work-
ing sensors is increased with the number of deployed sensors
but is decreased with the elapsed time. This occurs because that
a larger number of deployed sensors can support better network
connectivity. However, the remaining energy will be reduced
with the elapsed time. As a result, the network connectivity
will be reduced, especially for those regions closer to the BS.
In comparison, the proposed ERSQ algorithm outperforms the
other two algorithms in terms of the number of working sensors
in all cases. This occurs because that the existing YCC and
TJLM algorithms only considered the remaining energy and
the distance. However, the proposed ERSQ further considers the
connectivity issue and precharges the sensors, which might raise
the network disconnection problem. As a result, the sensors,
which are working on sensing can have more opportunities to
deliver their sensing data to the BS.

Fig. 8 investigates both the coverage efficiency and sensor
efficiency. The coverage and sensor efficiencies are defined by
the increased coverage and increased number of sensors per unit
path length of the mobile charger, respectively. The simulation
environment is the same, as shown in Fig. 7. A common trend
of the three algorithms is that both the coverage and sensor
efficiencies are increased with the number of deployed sensors.
The main reason is that the density of sensors is increased
with the number of deployed sensors, increasing the number
of recharged sensors per unit path length. In comparison, the
performance of the proposed ERSQ algorithm is better than
the other algorithms in all cases. This occurs because that the
proposed ERSQ algorithm will select the hexagon grid, which
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can have a maximal improvement in terms of coverage and
connectivity by considering the movement cost.

Fig. 9 compares the three algorithms in terms of coverage
by varying the length of the hexagon edge and the sensing
range of sensors. The number of sensors is set at 50 while
the elapsed time is set at 50 time units. A common trend of
the three algorithms is that their coverages are increased with
both the sensing range and the length of the hexagon. When the
sensing range of each sensor is increased, its covered area is also
increased, which helps increase the coverage contribution. As a
result, the coverages of the three algorithms are increased with
the sensing range. In addition, the sensor data are forwarded to
the BS with a fewer number of hops. This occurs because that the
number of forwarding layers is decreased if the hexagon edge
is increased. As a result, the forwarding cost can be reduced. In
comparison, the performance of the proposed ERSQ algorithmis
better than those of the other algorithms. This occurs because the
proposed ERSQ algorithm takes into consideration the coverage
and prior to recharge the one with larger coverage improvement.

Fig. 10 compares the three algorithms in terms of the number
of working sensors in a similar environment, as shown in Fig. 9.
A common trend of the three algorithms is that the numbers
of working sensors are decreased with the sensing range. This
occurs because that the energy consumption of the sensor is
increased with the sensing range. In comparison, the proposed
ERSQ algorithm outperforms the other two algorithms. This
occurs because that the proposed ERSQ algorithm considers the
connectivity of the sensors. The sensors, which are disconnected
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Fig. 11.  Comparison of three algorithms in terms of the coverage efficiency.

from the BS will not be considered as the working sensors. As
a result, the mobile charger will precharge the hexagon grid,
which has a high impact on the connectivity, aiming to increase
the number of working sensors.

Fig. 11 further compares the three algorithms in terms of the
coverage efficiency, which is measured by the increased cover-
age divided by the move length of the mobile charger. A common
trend of the three algorithms is that the coverage efficiency is
increased with the sensing range. This occurs because that the
recharged sensors have larger contributions to the coverage when
the sensing range is increased. On the other hand, the increase
of the length of the hexagon edge can enlarge the hexagon size
and, hence, include more sensors. Since the mobile charger can
recharge all the sensors in the hexagon at the same time, more
sensors will be recharged, increasing the coverage efficiency. In
comparison, the proposed ERSQ algorithm can recharge more
sensors with a smaller movement distance, leading to a larger
coverage efficiency, as compared with the other two related
studies.

Fig. 12 compares the three algorithms in terms of the recharg-
ing efficiency, which is measured by the average number of
recharged sensors divided by the move length of the mobile
charger. The number of sensors varies ranging from 50 to 80
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while the length of the hexagon edge varies ranging from 5 to
20 m. The elapsed time is set at 50 time units and the sensing
range of each sensor is set at 10 m. A common trend of the three
algorithms is that the recharging efficiency is increased with
the number of sensors deployed in the monitoring region. This
occurs because that a larger number of deployed sensors can
increase the number of sensors in each hexagon grid. This leads
to the situation that the number of sensors to be simultaneously
recharged is increased. In comparison, the proposed ERSQ
algorithm outperforms the other two algorithms. This occurs
because that the proposed ERSQ algorithm further considers the
movement cost, coverage contribution as well as connectivity
contribution.

Fig. 13 further compares the four algorithms in terms of the
effectiveness index of working sensors. The effectiveness index
of working sensors is defined as the ratio of the number of
effective working sensors, which are working and connecting
to the BS to the number of working sensors. The number of
sensors is set at 50 while the length of the hexagon edge is set at
10 m. The elapsed time varies ranging from 5 to 25 time units.
A common trend of the four algorithms is that the effectiveness
index of working sensors is decreased with the elapsed time. This
occurs because that the number of sleeping sensors is increased
with the elapsed time due to energy consumptions, which leads
to some working sensors being unable to connect to BS. As a
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result, the contributions of the disconnected working sensors
cannot be counted. In comparison, the proposed ERSQ algo-
rithm outperforms the other algorithms. This occurs because that
the proposed ERSQ algorithm further considers the coverage
contribution as well as the connectivity contribution.

Fig. 14 further compares the four algorithms in terms of the
effectiveness index of working sensors. The number of sensors is
ranging from 50 to 90. The sensing range of each sensor is set at
10 m. The elapsed time is set at 50 time units. A common trend of
the four algorithms is that their effectiveness indices of working
sensors are increased with the number of sensors. This occurs
because that each hexagon grid can include more sensors, which
reduces the sleeping probability of each hexagon grid. This helps
enlarge the number of working sensors connecting to the BS.
In comparison, the proposed ERSQ algorithm outperforms the
other algorithms. This occurs because that the proposed ERSQ
algorithm further considers the connectivity contribution of the
sensors in each hexagon grid.

Fig. 15 further compares the four algorithms in terms of the
coverage connectivity index, which is defined as the ratio of
the total coverage of the working and connected sensors to the
total coverage of the working sensors. The number of sensors
is set at 50 while the observation time is set at 50 time units.
The length of the hexagon edge varies ranging from 5 to 25 m.
A common trend of the four algorithms is that their coverage
connectivity indices are increased with the length of the hexagon
edge. This occurs because that the number of sensors included
in each hexagon grid is increased. The increase of the edge
length of the hexagon can enlarge the number of sensors to be
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monitoring region.

included initand finally increase the number of working sensors.
Furthermore, it enlarges the number of sensors connecting to the
BS, leading to a larger contribution. In comparison, the proposed
ERSQ algorithm outperforms the other algorithms. This occurs
because that the proposed ERSQ algorithm further considers the
coverage contribution as well as the connectivity contribution.

Fig. 16 compares the proposed algorithms in terms of cover-
age by varying the length of the monitoring region ranging from
50 to 200 m and the position offset of the BS ranging from O to 1.
The position offset of the BS is defined as the ratio of the distance
between the position of the BS and the center of the monitoring
region to the distance from the center of the monitoring region to
the edge. The length of the hexagon edge is set at 20 m while the
sensing range of each sensor is set at 5 m. The number of sensors
is set at 90 and the elapsed time is set at 5 units. A common
trend of the algorithms is that the coverages are decreased with
the length of the monitoring region and the position offset of the
BS. This occurs because that when the length of the monitoring
region increases, the monitoring region has a lower probability
to be covered by the sensing range leading to a decrease in the
coverage ratio. In addition, the moving cost of the mobile charger
increases leading to an increase of sleeping sensors’ number due
to the exhaustion of their energies, resulting in coverage loss.
As BS moves from the center of the monitoring region to the
edge, the importance of the connectivity increases leading to
the more uneven energy consumption of the sensors. On the
other hand, the mobile charger starts from the BS to charge
the sensor that needs to be charged, so the position offset of
the BS will increase the moving cost of the mobile charger and
reduce the probability of the sensor being charged. As a result,
the number of sleeping sensors due to the exhaustion of their
energies increases, resulting in a decrease in the coverage of the
monitoring region.

Fig. 17 compares the three algorithms in terms of coverage
by varying the length of the hexagon edge and the sensing range
of sensors. The number of sensors is set at 25 while the elapsed
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Fig. 17. Comparison of three algorithms in terms of the coverage of the
monitoring region in the same situations.

time is set at 50 time units. The three algorithms are in the same
situation, i.e., the mobile charger will charge all the sensors
in each grid at the same time. The proposed ERSQ algorithm
removes the contribution of network connectivity. A common
trend of the three algorithms is that their coverages are increased
with both the sensing range and the length of the hexagon. When
the sensing range of each sensor is increased, its covered area is
also increased, which helps increase the coverage contribution.
As a result, the coverages of the three algorithms are increased
with the sensing range. In addition, the moving cost of the mobile
charger decreases with the increase of the hexagon edge. As
a result, the probability of the sensors in each hexagon grid
being recharged is increased. In comparison, the performance
of the proposed ERSQ algorithm is better than those of the other
algorithms. This occurs because the proposed ERSQ algorithm
takes into consideration the coverage contribution in (14) and
gives priority to recharging the one with improved coverage.

VI. CONCLUSION

Energy recharging using a mobile charger is an important
issue that has received much attention in recent years. However,
most existing studies considered the distance between and re-
quested sensors and the mobile charger and the emergencies of
the requested sensors. This article proposes an ERSQ algorithm
aiming to maximize the surveillance quality using a mobile
chargerin WSNs. Compared with the existing studies, this article
additionally considers the coverage and connectivity benefits
since the main purpose of energy recharging is to provide the
highest surveillance quality. The proposed ERSQ algorithm
mainly consists of two phases. The initial phase partitions
the monitoring region into several regular hexagon grids and
establishes the coordinate system for the grids. Then the CBBE
phase further calculates the benefit of each hexagon grid based
on its coverage and connectivity contributions. Performance
study shows that the proposed ERSQ outperforms the existing
studies in all cases in terms of surveillance quality and recharging
efficiency. Future work will further develop distributed recharg-
ing algorithm and consider the cooperation of multiple mobile
chargers.

Authorized licensed use limited to: Tamkang Univ.. Downloaded on August 27,2022 at 00:51:58 UTC from IEEE Xplore. Restrictions apply.



4004

(1]

(2]

[3]

[4]

[3]

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

REFERENCES

C. Chang, C. Lin, C. Shang, I. Chang, and D. Roy, “DBDC: A dis-
tributed bus-based data collection mechanism for maximizing throughput
and lifetime in WSNs,” IEEE Access, vol. 7, pp. 160506160522, Oct.
2019.

P. Xu, J. Wu, C. Shang, and C. Chang, “GSMS: A barrier coverage
algorithm for joint surveillance quality and network lifetime in WSNs,”
IEEE Access, vol. 7, pp. 159608159621, Oct. 2019.

X.Ren, W. Liang, and W. Xu, “Data collection maximization in renewable
sensor networks via time-slot scheduling,” IEEE Trans. Comput., vol. 64,
no. 7, pp. 1870-1883, Jul. 2015.

A. Kansal, J. Hsu, S. Zahedi, and M. Srivastava, “Power management
in energy harvesting sensor networks,” ACM Trans. Embedded Comput.
Syst., vol. 6, no. 4, pp. 32-69, Sep. 2007.

W. Xu, W. Liang, X. Jia, Z. Xu, Z. Li, and Y. Liu, “Maximizing sensor life-
time with the minimal service cost of a mobile charger in wireless sensor
networks,” IEEE Trans. Mobile Comput., vol. 17, no. 11, pp. 2564-2577,
Nov. 2018.

C. Wang, J. Li, Y. Yang, and F. Ye, “A hybrid framework combining solar
energy harvesting and wireless charging for wireless sensor networks,”
in Proc. IEEE INFOCOM 35th Annu. IEEE Int. Conf. Comput. Commun.,
2016, pp. 1-9.

A. Kurs, A. Karalis, R. Moffatt, J. Joannopoulos, P. Fisher, and
M. Soljaci¢, “Wireless power transfer via strongly coupled magnetic
resonances,” Science, vol. 317, no. 5834, pp. 83-84, Jul 2007.

G. Chen et al., “A greedy constructing tree algorithm for shortest path in
perpetual wireless recharging wireless sensor network,” J. Supercomput.,
vol. 75, no. 9, pp. 5930-5945, Jun. 2019.

A. Kurs, R. Moffatt, and M. Soljaci¢, “Simultaneous mid-range
power transfer to multiple devices,” Appl. Phys. Lett., vol. 96, no. 4,
pp. 44102-44104, Jan. 2010.

A. Mohamed, “Optimizing the performance of wireless rechargeable sen-
sor networks,” IOSR J. Comput. Eng., vol. 19, no. 4, pp. 61-69, Sep. 2017.
H. Yu, G. Chen, S. Zhao, C. Chang, and Y. Chin, “An efficient wireless
recharging mechanism for achieving perpetual lifetime of wireless sensor
networks,” Sensors, vol. 17, no. 1, pp. 13-34, Dec. 2016.

J.Zhu, H. Yu, Z. Lin, N. Liu, H. Sun, and M. Liu, “Efficient actuator failure
avoidance mobile charging for wireless sensor and actuator networks,”
IEEE Access, vol. 7, pp. 104197-104209, Jul. 2019.

W. Tu, X. Xu, T. Ye, and Z. Cheng, “A study on wireless charging for
prolonging the lifetime of wireless sensor networks,” Sensors, vol. 17,
no. 7, pp. 1560-1573, Jul. 2017.

B. Liu, N. Nguyen, V. Pham, and Y. Lin, “Novel methods for energy
charging and data collection in wireless rechargeable sensor networks,”
Int. J. Commun. Syst., vol. 30, no. 5, pp. 3050-3059, Sep. 2015.

M. Tian, W. Jiao, J. Liu, and S. Ma, “A charging algorithm for the wireless
rechargeable sensor network with imperfect charging channel and finite
energy storage,” Sensors, vol. 19, no. 18, pp. 3887-3905, Sep. 2019.

S. Alkhalidi, D. Wang, and Z. Al-Marhabi, “Sector-based charging sched-
ule in rechargeable wireless sensor networks,” KSII Trans. Internet Inf.
Syst., vol. 11, no. 9, pp. 4301-4319, Sep. 2017.

W Wen, C. Chang, S Zhao, and C. Shang, “Cooperative data collection
mechanism using multiple mobile sinks in wireless sensor networks,”
Sensors, vol. 18, no. 8, pp. 2627-2646, Aug. 2018.

K. Rabkh, S. Ismail, M. Al-Shurman, I. Jafar, E. Alkhader, and
M. Al-Mistarihi, “Performance evaluation of selective and adaptive heads
clustering algorithms over wireless sensor networks,” J. Netw. Comput.
Appl., vol. 35, no. 6, pp. 20682080, Nov. 2012.

K. Darabkh, J. Zomot, and Z. Al-Qudah, “EDB-CHS-BOF: Energy and
distance based cluster head selection with balanced objective function
protocol,” IET Commun., vol. 13, no. 19, pp. 3168-3180, Aug. 2019.

IEEE SYSTEMS JOURNAL, VOL. 16, NO. 3, SEPTEMBER 2022

artificial intelligence.

4

Yuanping Kan received the M.S. degree in sci-
ence from Wuhan University of Technology Wuhan,
China, in 2006. He is currently working toward a
Ph.D. degree in computer science and information
engineering at Tamkang University, New Taipei, Tai-
wan.

He is currently a Full Lecturer with the School
of Big Data and Artificial Intelligence, Fujian Poly-
technic Normal University, Fuging, China. His cur-
rent research interests include information security,
Internet of Things, wireless sensor networks, and

Chih-Yung Chang (Member, IEEE) received the
Ph.D. degree in computer science and information
engineering from the National Central University,
Taoyuan City, Taiwan, in 1995.

He is currently a Distinguish Professor with the
Department of Computer Science and Information
Engineering, Tamkang University, New Taipei, Tai-
wan. His current research interests include Artificial
Intelligence, Internet of Things, wireless sensor net-
works, and smart healthcare.

Prof. Chang was an Associate Guest Editor for

several SCl-indexed journals, including International Journal of Ad Hoc and
Ubiquitous Computing from 2011 to 2021, International Journal of Distributed
Sensor Networks from 2012 to 2014, IET Communications in 2011, Telecommu-
nication Systems (TS) in 2010, Journal of Information Science and Engineering
in 2008, and Journal of Internet Technology from 2004 to 2008.

— ——
A T
P
- o

d - h

Chin-Hwa Kuo received the B.S. degree in
mechanical engineering from Chung-Yuan Univer-
sity, Taoyuan City, Taiwan, in 1980, the M.S. degree
in electrical engineering from Marquette University,
Milwaukee, WI, USA, in 1989, and the Ph.D. degree
in electrical engineering from the University of Notre
Dame, South Bend, IN, USA, in 1994.

He is currently a Full Professor with the Depart-
ment of Computer Science and Information Engi-
neering, and Chief of Information Officer, both with
Tamkang University, Taipei, Taiwan. His research

interests include multimedia processing and applications, learning analytics,
and large-scale deployment of information communications technology in
education.

Diptendu Sinha Roy received the Ph.D. degree in en-
gineering from Birla Institute of Technology, Mesra,
India, in 2010.

In 2016, he was with the Department of Com-
puter Science and Engineering, National Institute of
Technology (NIT) Meghalaya, Shillong, India as an
Associate Professor, where he has been the Chair
of the Department of Computer Science and Engi-
neering since January 2017. Prior to his stint with
National Institute of Technology, Meghalaya, he had
served with the Department of Computer science

and Engineering, National Institute of Science and Technology, Berhampur,
India. His current research interests include software reliability, Distributed and
Cloud Computing, and Internet of Things, specifically applications of artificial
intelligence/Machine Learning for smart integrated systems.

Dr. Sinha Roy is a member of the IEEE Computer Society.

Authorized licensed use limited to: Tamkang Univ.. Downloaded on August 27,2022 at 00:51:58 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


