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Abstract—In wireless sensor networks (WSNs), area cov-
erage is an important issue that aims to schedule a minimal
number of sensors to cover the given monitoring area without
any hole. Many of the existing strategies investigated that
sensors are battery powered and considered Boolean Sens-
ing Model (BSM). However, BSM affects the actual sensing
quality since it did not consider the physical characteristics
of the sensor. This study proposed an area coverage algorithm
called MSQAC, which considers the rechargeable sensors and
utilizes solar-powered energy. The proposed mechanism aims
to maximize the surveillance quality for a given monitoring
area by applying the Probabilistic Sensing Model (PSM). Two
issues have been investigated while designing the UISQAC
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algorithm. The first one is the energy discharging rate of each sensor is larger than the energy recharging rate. Thus,
how to better utilize the recharged energy by scheduling the right sensor in the right working time is a big challenge.
The second challenge is the contribution of each sensor with or without cooperation is different by considering the PSM.
If the neighboring sensors are scheduled at work in the same time slot, they can be treated as the combination set of
neighboring sensors. It is another big challenge to find the best combination set of sensors for each space point at each
time slot such that the minimal monitoring quality can be maximized. Through extensive simulations, it is shown that
MSQAC yields the best performance in terms of monitoring quality ( QoM), coverage ratio and fairness index.

Index Terms— Area coverage, probabilistic sensing model,

solar-powered sensors, wireless sensor network.

I. INTRODUCTION

IRELESS sensor network (WSN) is very important
Wsince it has number of applications such as health
care [1], [2], smart home [3], [4] as well as monitoring and
tracking [5]-[7]. Based on the application requirements, the
network coverage can be categorized into barrier coverage, tar-
get coverage and area coverage. The barrier coverage [8] aims
to surveil the boundary curve and detect the invalid crossing
of intruders. The target coverage usually aims to monitor a
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set of specific objects, such as some important exhibition in
museums and warehouses, which stores food and weapons [9].
Different from them, the area coverage aims to schedule a
minimal number of sensors to cover the monitoring region
without any hole. There were many algorithms proposed in
the literature [10]-[12] that aimed to solve the area coverage
issue. These studies considered the static sensors, which were
densely deployed in the monitoring region. Most of them
scheduled the sensors aiming to maximize the coverage and
prolong the network lifetime. However, they did not consider
the perpetual lifetime. Besides, most of them considered the
Boolean Sensing Model (BSM), which considered the sensing
area of each sensor as a perfect disk. However, the BSM
was not practical because that it cannot reflect the physical
characteristics of the actual sensing quality. Some other studies
considered the Probabilistic Sensing Model (PSM), which
evaluated the sensing ability based on the detection probability
of each sensor. In the PSM, the detection probability of
a certain point, which is monitored by a group of sensors
is larger than that which is monitored by only one sensor.
That is to say, a good schedule in PSM should consider the
cooperation of sensors.

In addition to the sensing model, another important para-
meter that highly impacts the monitoring quality (QoM) is
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the lifetime of each sensor. Sensors are battery-constrained
devices since they have limited energy. If a sensor runs
out of the battery, it will die without performing any other
operation in the network. Therefore, efficiently scheduling
the sensors has become one of the major bottleneck issues
to enhance the lifetime of a given WSN. To overcome the
limited lifetime constraint, studies [13]-[18] considered bat-
tery recharging technologies, aiming to achieve the perpetual
network lifetime. In literature, the battery recharging technolo-
gies [13]-[18] were further divided into two types: energy
transferring [13]-[15] and environmental energy harvesting
technologies [16]-[18]. The energy transferring technologies
transferred the power from the transmitter device to the
receiver device wirelessly. In general, the transmitter devices
were mobile chargers which were periodically visited all
the sensor nodes and recharged them, aiming to achieve a
perpetual lifetime. However, the traveling path of the mobile
chargers was very long, leading to the sensors buffer overflow
or the mobile charger energy depletion.

The environmental energy harvesting technologies [16]-[18]
were the potential way to solve the limited lifetime issue.
Therefore, this paper utilizes environmental energy harvesting
technology. Among the environmental resources, solar power
is one of the best energy resources since the scale of sunlight
is boundless [19]. Although solar power is a natural resource,
its utilization leads to different difficulties. Since the battery
capacity is limited and the energy discharging rate is usually
larger than the energy recharging rate, the recharged energy
of each sensor cannot support continuous working. Therefore,
how to better utilize the recharged energy that scheduling
the right sensor in the right working time is a key issue.
Second, in the PSM, the contributions of each sensor with
or without cooperation are quite different. The neighboring
sensors scheduled to work at the same time slot can be treated
as the combination set of neighboring sensors. According
to the PSM, the monitoring quality of a fixed combination
set of sensors can be determined. However, there are many
combination sets of sensors for a given space point in the
region at any time slot. It is another issue to find the best
combination set of sensors for each space point at each
time slot such that the minimal monitoring quality can be
maximized.

According to the above-mentioned discussion, this study
investigates the area coverage issue aiming to maximize
the monitoring quality by adopting the PSM and utilizing
the environmental energy harvesting technology. This paper
proposes an algorithm called Maximizing the Surveillance
Quality of Area Coverage or MSQAC, which mainly consists
of three phases. In the Space-Time Partitioning Phase, the
monitoring region is partitioned into several equal-sized grids
and the timeline is divided into equal-length time slots. In the
Computation Phase, the length of one cycle is calculated
based on the recharging and discharging rates of one sensor.
Then the detection probability of each sensor to each grid is
calculated because the contribution of each sensor plays an
important role in scheduling the sensors. In the Scheduling
Phase, the MSQAC algorithm considers the cooperative work-
ing between the sensors and they are scheduled to maximize

the surveillance quality aiming to achieve the perpetual life of
the given network.

Most of the related works aimed to maximize the total
area coverage quality. However, this policy might lead to the
imbalanced monitoring quality of each point at any given
time. This occurs because a point with minimal quality
remains with the lowest monitoring quality while the other
points with the higher quality obtain the monitoring quality
improvements. Therefore, the proposed MSQAC finds the
space-time point with the weakest monitoring quality and
then schedules the sensor, which has the maximum detection
probability to help improve the minimal monitoring quality
of any point in the given area. Two main issues have been
investigated while designing the MSQAC algorithm. The first
one is scheduling the sensors by considering the cooperative
working to maximize the minimal quality. To investigate
this issue, the proposed MSQAC finds the space-time point
with the weakest monitoring quality named “bottleneck space-
time point” and then schedules the sensor, which has the
maximum detection probability to maximize the monitoring
quality of that bottleneck point. The second issue is to maintain
the perpetual lifetime constraint of WSNs. That is to say,
sensors are endlessly recharged to satisfy the constraint that
the recharged energy can support energy consumption in each
cycle. The proposed MSQAC calculates the cycle length based
on the recharging and discharging rates of a sensor. Therefore,
the energy management in the proposed MSQAC ensures that
the sensor energy can always support the energy consumption
for sensor working. The following gives the key contributions
of this paper.

1) Developing the contribution-based strategy for coop-
erative sensing. Since the proposed MSQAC algorithm
considered the PSM, the contribution of each sensor
with or without cooperation is different. If the neigh-
boring sensors are scheduled at work at the same
time slot, they are treated as the combination set of
these neighboring sensors. To find the best combina-
tion set of sensors for each space point at each time
slot, the proposed algorithm calculates the cooperative
detection probability of each sensor. Then the sensor
with the largest contribution is scheduled to monitor
it, aiming to improve the minimal quality of the given
area.

2) Improving the minimal QoM based on the space-time
transformed strategy. Different from the existing stud-
ies [17] and [18], the proposed algorithm adopts the
space-time transformed strategy to maximize the min-
imal QoM. That is to say, the surveillance contribution
of one space-time point is transformed to the other point.
This strategy helps to improve the monitoring quality of
bottleneck points in the given area.

3) The physical characteristics of the actual sensing
quality are considered. Most of the existing works [16]
and [18] adopted BSM to evaluate their sensing model.
Since the sensing ability of BSM is perfect disk-shaped,
it results in lower surveillance quality. The proposed
MSQAC adopts the PSM, which can accurately measure
the coverage impact from the physical characteristics of
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sensors and explore the cooperative sensing opportuni-
ties among neighboring sensors.

4) Guaranteeing the perpetual network lifetime.
Unlike [17] and [18], the proposed MSQAC calculates
the cycle length based on the recharging and discharging
rates of the sensor. Besides, the proposed scheme can
guarantee that the recharged energy of each sensor is
greater than the energy required for the sensor working
in each cycle. Thus, the perpetual network lifetime can
be achieved.

The remaining parts of this paper are organized as follows.
Section II reviews the related works while section III presents
the network environment and problem statement of this study.
Section IV details the process of the proposed algorithm.
Section V further evaluates the performance results of the
proposed algorithm and section VI gives the conclusion of
this paper.

II. RELATED WORK
This section reviews the literature on area coverage issues in
WSNs and compares the proposed MSQAC algorithm against
the existing works. This literature is partitioned into three
categories: area coverage issues [10]-[12], energy transferring
technologies [13]-[15] and environmental energy harvesting
technologies [16]-[18].

A. Area Coverage Issues

Study [10] assumed that static sensors could not cover all
the space points in the given area, leading to the coverage
holes. Thus, the mobile sensor nodes were deployed to visit
the coverage holes. A mixed-integer linear programming for-
mulation was proposed to determine the path taken by mobile
sensor nodes aiming to maximize the area coverage. Another
study [11] assumed that static sensor nodes could assist the
mobile nodes in the task using a bidding protocol. This
study proposed a distributed path planning and coordination
technique for mobile sensor nodes. Chakraborty et al. [12]
proposed an area coverage approach by considering the Euclid-
ean distance between the sensors and the transmission range
aiming to maximize the network reliability. Although the stud-
ies [10]-[12] prolonged the network lifetime by maximizing
the coverage, all of them assumed that mobile sensor nodes
could cover the coverage holes. However, the mobile sensor
nodes always changed their position based on the requirement,
which might lead to imbalanced monitoring quality in the
network. Besides, they considered the BSM and cooperation
between the sensors is not considered. In addition, their battery
capacity is limited without considering the recharging of
sensors. Therefore the network lifetime is limited, which is
not perpetual.

B. Energy Transferring Technologies

In this category, the energy sources were mobile chargers,
which were periodically visited all the sensor nodes and
recharged them. Fu et. al [13] proposed a charging algorithm
that aimed to consider the location for a charger to stop
and decrease its cost of charging time. However, the mobile

charger stopped at the sensor location before recharging it,
which leads to a longer path length. Study [14] aimed to
improve the usage of energy and coverage. This study pro-
posed a collaborative algorithm, which allowed the mobile
chargers to transfer energy between themselves. Another
study [15] improved the charging utility by introducing the
charging-oriented sensor placement. They jointly considered
the optimized sensor positions and charger allocations, where
a mobile charger visited the sensors to transfer the energy.
This study utilized the area partition and charging energy
discretization methods to formulate the utility maximization
problem. All the above-mentioned algorithms highlight the
improvement of energy unbalanced issues in wireless trans-
ferring technologies. For a huge static sensor network, stud-
ies [13]-[15] will result in higher hardware costs and visiting
each sensor is not so practical because of the obstacle and
the environmental problems. Additionally, the energy sources
need a lot of time and consume vast energy for visiting each
sensor individually.

C. Environmental Energy Harvesting Technologies

In the large-scale sensor network, visiting each sensor
individually becomes impractical. Therefore, studies [16]-[18]
perpetuated the network lifetime by adopting environmental
energy harvesting technology. These studies allow each sensor
to be rechargeable by an environmental energy source to avert
energy depletion. In general, the scheduling mechanism of
rechargeable WSNs scheduled the sensors to switch between
active and sleep states to perpetuate the lifetime of WSNs by
satisfying the desired area coverage requirement. Study [16]
proposed an energy harvesting algorithm, called MSQ. This
study applies the PSM and improves the sensing quality of
the boundary line or curve. This mechanism firstly identified
the bottleneck location and time of the sensor barriers, which
have the lowest sensing quality. Then it scheduled the sensor
to increase the quality of the bottleneck. The MSQ mechanism
also monitored the barriers even at night by reserving some
energy for the night. Although the aforementioned schedul-
ing schemes investigated the environmental energy harvesting
issue and developed for barrier coverage, they cannot be
applied to area coverage.

Study [17] investigated the full area coverage issue by using
the PSM in sensor networks. They investigated the mathemati-
cal relation between the two adjacent points in the given area.
According to this assumption, the desired area coverage is
transformed into a point coverage. Thereby, they designed the
area coverage algorithm by dynamically selecting a group of
sensors. Another study [18] adopted the reinforcement learning
concept to schedule the sensors for area coverage (RLSSC)
in rechargeable WSNs. This study adopted a two-stage sleep
scheduling algorithm, which combines the precedence operator
and Q learning. According to reinforcement learning, the
RLSSC switches the sensors between active and sleep states
to achieve full area coverage.

Studies [17] and [18] achieved the desired coverage by
perpetuating the lifetime, but they did not ensure that the
bottleneck point with the weakest monitoring quality will
be maximized. Furthermore, cooperative sensing among the
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TABLE |
COMPARISONS OF THE MSQAC WITH EXISTING WORKS

Sensing Maximizing
and Probabilisti  the minimal
R;];:id ]l:lzc;l:trtg;; Plei:;g?:;:l r_echarging ¢ sensing survei_llance
simultaneo model quality of
usly point
[13] O x X x X
[14] O x X X X
[15] O X O X x
[16] O O @] O X
[17] O X X O X
[18] O O O X X
The
proposed O O O O O
MSQAC

neighboring sensors was not considered. This paper proposed
an algorithm called Maximizing the Surveillance Quality of
Area Coverage in Rechargeable WSNs, named the MSQAC
algorithm. The MSQAC considers the PSM and assumes that
each sensor is solar-powered. Two issues have been investi-
gated while designing the MSQAC algorithm. The first issue
is to maximize the minimal quality of point by considering
the cooperative working of all the sensors. To cope with this
issue, the proposed MSQAC algorithm firstly considers the
“bottleneck space-time point” and schedules the sensor, which
has the maximum detection probability. The second issue
is energy management for achieving the perpetual lifetime
constraint. That is to say, sensors are endlessly recharged to
satisfy the constraint that the recharged energy can support
energy consumption in each cycle. Consequently, a point
that has the weakest monitoring quality in the total area
will be improved aiming to perpetuate the lifetime. Table I
summarizes the comparisons between the MSQAC and the
literature.

I1l. PRELIMINARY AND SYSTEM MODEL
The considered network model for the rechargeable WSNs
and the problem statement of this paper are discussed in this
section.

A. Network Environment

The considered monitoring region is denoted by R where
the length and width are L and W, respectively. This paper
assumes the set of n static sensors S ={s1, $2, ...,5,}, dis-
tributed randomly over the given region R. The sensing and
communication radiuses are denoted by r, and r,, respectively,
where r. > 2r,. This study assumes that a mobile sink travels
inside the network R for data collection. It also assumes that
the mobile sink knows its location and the locations of all
sensors in the network. A round is the time period required for
the mobile sink starting from its original location, collecting
data from all the sensors and returning to its original location.
It is assumed that each sensor in each round generates that one
data packet. This paper develops a scheduling algorithm that
schedules sensors to work, recharge and sleep such that the
maximum quality can be achieved while the network lifetime
can be perpetual.

1 e sAsutee (s v)= 100%

A Auncer: p(S,U): 0% ~ 100%
v

Fig. 1. The logical view of the PSM.

B. Sensing Model

The proposed MSQAC applies PSM to evaluate the detection
probability of each sensor. Fig. 1. illustrates the logical view
of the PSM. The sensing range of sensor s comprises of two
zones: guaranteed zone A$"'°¢ and uncertain zone A",
which are shown in light orange and light blue colors, respec-
tively. Let r§ denote the radius of the region A£%/¢¢_If the red
point v falls in A$“’¢¢, the detection probability of sensor s
to the point v is 100%.

Let rg denote the radius of the region A4“"“". In case that
the red point » falls in A*"““", the detection probability of
sensor s to this red point v is reduced based on the distance
between them, ranging from 100% to 0%.

Let p (s, v) represent the detection probability of sensor s
to the point v. Let d (s,v) be the distance of sensor s and
point v. The detection probability p (s, v) of sensor s to the
point v is shown in Exp. (1). The parameters A and y are the
path-loss exponents.

1’ ifd(s,z))frf
p(s,0) = e 2= | ir p8 < d(s,0) <1y (1)
0’ ifd(s9v)zrs

In Exp. (1), the distance d (s, v) can be obtained by applying
the below expression, where the ( x,, y,) are the coordinates
of point v.

d(5,0) = v/ (x — 1) + (5 — )"

C. Recharging and Discharging Model

There are three possible states for each sensor in the
daytime: recharging-only, sensing & recharging, and sleeping
state. Meanwhile, there are two possible states for each sensor
in the nighttime: sensing-only and sleeping state. Sensors
staying in the sensing & recharging state will participate in
the sensing and recharging operations at the same time. Once
a sensor almost exhausts its energy, it will switch to the
recharging-only or sensing & recharging states for energy
recharge. When a sensor staying in a sensing-only state or
sensing & recharging state, it will consume energy. The
sensors will not perform any operations in the sleeping state,
including recharging and sensing until it changes state.

Let 7 represent the length of a mini slot. Let recharging
and discharging rates are defined by the recharged energy and
consumed energy of each sensor in each mini slot, respectively.
Let E™%* 4*" and u"*“ denote the maximum battery capacity,
sensing discharging rate and recharging rate, respectively. The
factors u**"* and u"®“ highly impact the remaining energy of
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Fig. 2. An example of daytime and nighttime cycle.

each sensor. Let E™" denote the reserved energy for solar-
panel activation and fixed energy value for transmission. That
is, E™" is the energy threshold below which the sensor cannot
work and should switch to recharging-only or sleeping states.
The energy required for data transmission to the mobile sink
is considered a fixed value. This is because there are many
papers in the literature, which discussed the issue of data
collection. Let 1"*¢ denote the recharging time period which is
the maximal time length required to fully recharge one sensor.
Similarly, let #*¢"* denote the discharging time period which is
the maximal time length that the sensor performs sensing task
until its remaining energy is equal to E”". The value of 1"¢¢
and t*¢" can be calculated by applying Exp. (2).

Emax _ Emin Emax _ Emin
¢ =———"—and¢r"=—— )
urec usen
Let ¢ denote the ratio of sensing discharging rate u**" to
the recharging rate u”*“. The value of J is shown in Exp. (3).

usen trec

52”,4}'66‘—‘ = ’71»56}’1—‘ (3)
The value of J is assumed to be an integer under the
condition of 6 > 1. The time axis is divided into many cycles
where each cycle is represented by 7. Each cycle T is divided
into ¢ mini slots and ¢ = J+ 1. Fig. 2 presents the daytime
and nighttime cycles. Let I denote the length of the whole
day. As shown in Fig. 2, one day is partitioned into two
intervals: daytime L% and nighttime "8’ That is to say,
L = L44 4 LL"ght Since the considered sensors are solar-
powered, they cannot be recharged at nighttime. Therefore,
the recharged energy in the daytime should be able to support
the energy consumption of daytime and nighttime cycles. Let

¢ denote the ratio of daytime to a whole day. We have,

[ L
= | Lday

In the daytime, a sensor needs to be recharged for time-period
ot to support the working of one mini slot 7. That is,

T=¢t" =6t

For instance, Y% = [L"¢h" then ¢ = 2. That is to say, each
sensor needs to be recharged for 27 in one cycle of daytime,
one J7 is for sensing work in the daytime and the other Jz is
reserved for supporting the nighttime working.
Let represents the k-th mini slot. Let Boolean variables
f‘j{”, "jf and l represent the sensing, recharging and
sleeplng states of the sensor s; at mini slot #. That is,

p—

sen _ |1 if s;i performs sensing operation in ty
ik 0, otherwise

rec _ 1,
ik O,

l , If si sleepsin ti
Lk = - ©)
0, otherwise

For instance, if a sensor s; is in the sensing & recharging
state at a certain mini slot f;. That is, /1”” =1, /1’“ =1

and /ISIP

The followmg details the energy consumption model. Let
E denote the energy cost for executing one sensing operation
(generating k bits). Let n}*" denote the number of packets
generated by each s; in one cycle. The nj*" can be obtained
by applying Exp. (7).

sen __ sen
i B ZIkET ii’k (7)
Let E; denote the consumed energy of the sensor s;, which is
evaluated as shown in Exp. (8).

“)

if si performs recharging operation in ty
otherwise

(5)

p—

E; =n}" x E )

D. Problem Statement

The proposed MSQAC schedules the sensors by considering
the cooperative working, aiming to maximize the minimal
monitoring quality of any point in the given area. To cope with
this problem, the proposed MSQAC algorithm firstly identifies
the bottleneck space-time point and allocates the best sensor
by calculating the cooperative detection probability of each
sensor in each run. The other problem is energy management
for achieving the perpetual lifetime constraint. That is to say,
sensors are continuously recharged to satisfy the constraint
that the recharged energy can support the energy consumption
in each cycle. Consequently, a point that has the weakest
monitoring quality in the total area will be improved.

Let x denote a feasible schedule. The set of feasible
schedules are denoted by @. The following will discuss the
calculation of monitoring quality under some schedule x at
a given time . Firstly, the monitoring quality of any given
point v will be discussed. Let a Boolean variable p; , represent
whether or not the sensor s; can cover point v. That is,

1, if s; can cover point v
Pip = . ©)
0, otherwise

Let S  represent the set of sensors scheduled at 7; to monitor
the pomt v. We have

Uk—{sz|PleAlk— } (10)
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Recall that p (s;j,v) denote the detection probability of TABLE Il
sensor s; to the point . Consider a space-time point (v, k) SUMMARY OF COMMON NOTATIONS
where v € R and k € T. The probability of all sensors
Symbol Description
s;i € S§F «» Which cooperatively monitor the space-time point - — -
by p(s,v) The detection probability of sensor s to point v
(v, k) but is unable to detect an occurred event is . .
E™ax Maximum battery capacity
H (1= p(si,v)). Emin Reserved energy for solar panel activation
Si€S8, Sok Set of sensors scheduling at t; and cover point v
Let g, x denote the detection probability of point » at mini Qo Detection probability of point v at ¢,
slot ;. The value of g, x can be obtained from Exp. (11). oew Grid with coordinates (x, )
Gok=1— Hs-eS‘ (1= p@si,0)) (11) E]om Reserved energy of sensor s; for nighttime
i v,k
) . ) ) Q) The QoM value of the element M %M [(x, y), j]
Let g, denote the detection probability of point ». This paper eak The bottleneck noint with coordinates (qweak  (weak
treats g, as the lowest monitoring quality (QoM) of point v Py ¢ bottleneck point with coordinates (gzyy’, ™)
in all the mini slots, as shown in Exp. (12). STweek The set of all bottleneck points
. G, The set of grids covered by the sensor s,
Go = MinyeTqo k (12)
B(b,f;g j The maximum benefit to the bottleneck point
Definition: The QoM of the monitoring region is based on best A sensor with the highest probability to monitor grid
schedule x. S Gy At L
Based on the schedule x, let g5 denote the lowest QoM of Cixxy) Surveillance contribution of sensor s; to grid g,y
any point in region R overall time instants ¢. The value of qﬁ gseh Set of scheduled sensors
can be evaluated by applying Exp. (13).
Y 4pPLyIng EXP sun.sch Set of unscheduled sensors
x .
= min , Vt (13)
Ik xe®d,veR v
Howlever, the pumber of points in R is 1nﬁn1te. .Th1s paper 3) Perpetual Lifetime Constraint:
applies the grid-based approach to cope with this problem.
The detail of this approach is presented in section IV. The ZtkeT A X Er = Z (BUXEGVsi €S (17)

proposed MSQAC maximizes the minimal QoM of the points

in the given area under the constraint of the perpetual lifetime.
Objective function:

min qy,Vt)

ed,ve

Max(qy = (14)
X

Exp. (14) should be achieved while satisfying the following
constraints. The first constraint, which is shown in Exp. (15)
ensures that each solar-powered sensor should stay either in
the sensing state or recharging state or sleeping state at any
given time.

1) State Constraint:

( sen+/1rec) > 1&( sen+/1sll7) —1&

( rec M’) =1,Vi, Vk (15)

As shown in Exp. (16), another constraint is the working
constraint, ensuring that each sensor should participate in the
sensing operation at least for one mini slot. This can guarantee
that each sensor can contribute its coverage for achieving
maximal surveillance quality.

2) Working Constraint:

[%-‘ sen
Zk:l (B =1)VsieS (16)

Let E, denote the energy supplement of a sensor in the
recharging-only state. The perpetual lifetime constraint, which
is shown in Exp. (17) ensures that the recharged energy of
each sensor can support its consumption required for working
in each cycle.

Since the sensors are solar-powered and each sensor needs
to reserve the required energy for supporting the sensing oper-
ation executed in the nighttime. Let #4% and 58" denote the
numbers of cycles in the daytime and nighttime, respectively.
Recall that the notation E; denote the consumed energy of
the sensor s; in each cycle. Let Emg ! represent the reserved
energy, which supports sensor s; in the nighttime. Therefore,
E™M&" should be greater than the consumption of s; in the
nighttime as shown in Exp. (18).

4) Reserved Energy Constraint:

;,lnight x E; < E;zight (18)

Table II summarizes the common notations used in this
paper. Section IV presents the details of the proposed MSQAC
algorithm, which efficiently schedules the sensors to achieve
the objective function (14) while satisfying the constraints
given in (15), (16), (17) and (18).

IV. THE ALGORITHM DESCRIPTION

This paper proposed an algorithm called Maximizing the
Surveillance Quality of Area Coverage (MSQAC), which aims
to maximize the minimal QoM of the points in the given area.
The proposed MSQAC aims to efficiently schedule the working
slots of each sensor such that cooperative monitoring helps the
proposed mechanism to maximize the minimal QoM. The term
surveillance quality means how well the sensors can improve
the minimal quality of each point in the given monitoring area.
That is to say, the surveillance quality of each point depends

Authorized licensed use limited to: Tamkang Univ.. Downloaded on December 03,2025 at 10:09:13 UTC from IEEE Xplore. Restrictions apply.



6156

IEEE SENSORS JOURNAL, VOL. 22, NO. 6, MARCH 15, 2022

. . The partitioned monitoring region Mp
The Cooperative .

detecting grid 4.3 lLgZead 4 - s
peoor( ‘51 ,52,53}9(13)) \2~ = g 4
=1 -1 = p(si. 9am)] 5 — 0
4 i“ 2 - Pe=—
Vi3 i

P(5219(4,3)) = P(Sz' V(‘ﬂ))

10

Fig. 3. A scenario where three sensors are cooperatively monitoring the
grid ga,3)-

on the scheduling of sensors and their cooperative detection
probability.

The proposed MSQAC is mainly partitioned into three
phases, including the Space-Time Partitioning Phase, Com-
putation Phase and Scheduling Phase. The first phase initially
partitions the monitoring region R into several equal-sized
grids and the time axis into equal mini-slots. The Compu-
tation Phase further calculates the cycle length and detection
probability of each sensor to each grid. The Scheduling Phase
firstly finds the bottleneck point and schedule the best sensor
for monitoring it, aiming to maximize the minimal QoM of a
given area while maintaining the perpetual lifetime constraint.

A. Space-Time Partitioning Phase

This phase aims to find the bottleneck points of all possible
points and maximize the detection probability of bottleneck
points in each cycle. However, the possible points in the mon-
itoring area are infinite. To reduce computation complexity, the
grid-based approach is adopted in this study. The region R is
partitioned to m equal-sized grids. The detection probability
of one sensor to all the points in one grid is considered to
be identical. A grid with coordinates (x, y) is represented by
&(x,y)- Initially, the top grid which is on the left column is
named (1,1). The value of x will be added by one if the grid is
shifted to the right position from g(y,y). A similar rule will be
applied in the y-coordinate. As depicted in Fig. 3, the region
R is portioned into 15 x 10 grids. The sensors s1, s and s3
are the three active sensors which are cooperatively detecting
the grid gw,3).

B. Computation Phase

One of the major works in this phase is to calculate one
cycle length according to the recharging and discharging rates
of one sensor. Then the detection probability of each sensor
to each grid is evaluated.

Task I. Cycle Length Calculation: Since the solar-powered
sensors cannot recharge at night, each sensor should recharge
its battery for daytime working and reserve energy for night-
time working. In the proposed MSQAC algorithm, the schedul-
ing of each sensor is cycle-based. That is, each sensor has
an identical schedule in all the cycles. Thereby, the proposed
MSQAC further scrutinizes the issue of scheduling all the
sensors in one cycle of daytime and nighttime. Initially, each

sensor deployed in the monitoring region will report its ID
and location to the base station. Then the base station will
apply the proposed algorithm to calculate the schedule of one
cycle. The schedule of this cycle will be applied to every
cycle. That is to say, every sensor has similar working, sleep
and recharging behaviours. In one cycle, if all the time slots
are scheduled for every space-time point, then the scheduling
result is broadcasted to all sensors. Then all the sensors
work in every cycle by following the schedule of the base
station. If a node fails right after starting a cycle, the proposed
algorithm schedules the other sensor nodes based on their
detection probability instead of the failed nodes.

Recall, #%% and 58"

daytime %% and nighttime "¢ We have,

d ight
;,lday — ]L—ay and ;,lnight — L™s )
T T

Recall E?lght denote the reserved energy, which supports
the working of the sensor s; in the nighttime. The sensor
s; cannot use all the energy E™ in the daytime because
it should reserve El" i8ht for nighttime working. However,
the reserved energy constraint given in Exp. (18) should be
satisfied. Besides, the required energy for solar panel activation
E™™" should also be reserved. Thereby, the energy utilized by
the sensor s; in the daytime can be evaluated by applying
Exp. (19).

represent the number of cycles in

night
Ei

”day(Emax _ Emin) _ (19)

Let goiday”me—sen represent the number of mini slots that the
sensor s; performs the sensing operation in the daytime. The

value of p9®"™e=5¢" \will be obtained by applying Exp. (20).

1

) i ight
¢4aytime_sen _ \‘nda) (Emax _ Emzn) _ E:llg J (20)

1 ES

Recall that E, denote the recharged energy of a sensor.
The energy of a sensor that can be used in each mini slot is

(E, — E™™). Let ¢;1ay 1mereC is the number of mini slots that

the sensor s; recharges its battery in the daytime. That is,

day Emax _ pmin) _ E"”'ghl

daytime_rec
i

(Er _ Emin)

Let yl.day "¢ denote the ratio of recharging and discharging

daytime
i

daytime_rec
daytime __ o;
Vi - daytime_sen
Q.

1

rate of the sensor s;. The value of y is shown in

Exp. (22).
(22)

Therefore, the value of T can be calculated as shown in
Exp. (23).

daytime
i

T=y +1 (23)

ightti . .
Let yimg mesSen Jenote the number of mini slots where

the sensor s; performs sensing operation in the nighttime.
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The y‘nighttime_sen

; is evaluated according to Exp. (24).

night
y nighttime_sen __ Ei
i E,

To ensure the reserved energy that supports sensing oper-
ations in the nighttime, each sensor executes the sensing
operation in one of the mini slots while satisfying the con-
straint given in Exp. (16) and remains in the sleeping state for
the rest of the mini slots.

Task Il. Detection Probability Calculation: The detection prob-
ability of each sensor to each covered grid is calculated in the
following. Assume that grid g(y,y) is covered by the sensor
s;. The detection probability is determined by the size of the
covered area of the grid g(y y). If a grid g(x,y) is partially
covered by s;, the detection probability of sensor s; to grid
&(x,y) is 0. On the contrary, if a grid g(,y) is fully covered
by s;, the detection probability is determined by the distance
between s; and the center point of the grid g« ).

Let p (si, 8(x,y)) denote the detection probability of s; to
grid g(x,y). Let vfﬁf’y) represent the center point in the grid
&(x,y)» Which is given below.

(24)

vé"  =arg min d(v,s;
(xjy) g Ueg(x,y) ( l)

(25)

The point vf}f”y) is selected as the representative point of the

grid g(x,y). According to Exp. (1), the value p (s,-, U(C;”y)) is
calculated for approximating the value of p (si, g(x,y)). That

is,

P (sis 8en) = P (51 0(5%)) (26)

Let & represent a Boolean variable denoting whether or not
the sensor s; is active. The value of & is calculated by applying
Exp. (27).

&= 1 if s;is active
"7 10 otherwise
Let C; denote the coverage range of sensor s;. Let 9;

represent a Boolean variable denoting whether or not the grid
8(x,y) falls in C;. The value of 9; is shown in Exp. (28).

. [1 if 8y € Ci

"7 1o otherwise

27)

(28)

Let O, y) = {s{, s§, ..., s} represent the set of active
sensors that fully covers the grid g(y,y). The sensor s; will be
included in @, y) only if it satisfies the condition &; x ¢; = 1.
Let pcoopr ((I)(xjy), g(xjy)) represent the cooperative detection
probability of all sensors in ®(, ) to grid g(,y), which is
calculated by applying Exp. (29).

f
PP (O ger) =T [, [1 = (58 )]
(29)

Let c¢; (x,y) represent the sensing contribution of sensor s; to
grid g(x,y). The value of ¢; () can be calculated as shown in
Exp. (30).

Ciey) = (P (Q(ey)» &ry))

= (P (Pp\sih ge))  B0)

The next phase schedules the sensors based on their detec-
tion probabilities to the bottleneck points.

C. Scheduling Phase

This phase schedules a set of active sensors working in
different time slots for monitoring the given area while the
lifetime of each sensor can be perpetuated. The key concept
is to schedule a sensor that has the maximum contribution.
To achieve this, the scheduling phase consists of two tasks.
The first one finds the bottleneck point based on the current
schedule. The second task further schedules the most appro-
priate sensor to monitor the bottleneck point. However, all
the constraints in Exps. (15), (16), (17) and (18) should be
satisfied. The two tasks of this phase are repeatedly executed.

Task I. Finding the “Bottleneck Space-Time Point”: First, the
concept of space-time point will be presented. Recall that
the monitoring region is divided into several equal-size grids,
time line is partitioned into several cycles and each cycle
consists of several mini slots. The proposed MSQAC aims
to schedule some sensors for each grid at each mini slot,
say grid g(y,y) and time slot ;. The scheduled sensors will
cooperatively work to provide the surveillance quality for
grid g(r,y) and t;. To ease the presentation, the following
treat grid g(y,y) and ¢; as one space-time point. That is, the
proposed MSQAC should aim to schedule sensors to g,y)

at time slot #;. Two matrices including Mf,fﬁn and M,%ff;[
are adapted to maintain the current scheduling results and
the corresponding QoM values. The space-time scheduling
matrix is denoted by Mf,ffi”, where the size m represents the
number of sensors and # represents the length of the cycle.
The elements M*[(x, y), j] in M*" represents the set of
sensors scheduled to cover the grid g(,,y) at mini slot #; €T.
The scheduling results of each bottleneck point of the grid
&(x,y) at mini slot #; € T is presented in the scheduling matrix.

According to the scheduling matrix M*" each space-
time point of the grid g(y,y) holds QoM value at mini slot
tj € T. The QoM matrix is denoted by M,%i’,‘f where the
size m represents the number of sensors and # represents the
length of the cycle. The elements M2°M[(x, y), j]in M2M
represents the QoM values of grid g(x,y) at mini slot ¢; €T
The QoM value of each space-time point of the grid g(y,y) at
mini slot t; € T is presented in the QoM matrix.

The QoM value of the element M2°M[(x,y), j] is repre-

sented by g(x,y),j as shown in the following Exp. (31).

Cl(x,y),j = 1 - HSkEMSCh[(x,y),j] (1 - P (Sk, g(xay))) (31)

Let q(lff‘;;‘ ; denote the minimal value in M2°M [(x, y), ],

which can be calculated by applying Exp. (32).

weak .
gl . = min
oM ) MM [(x, ). )1

q(x,y),j (32)
Let (g(x,y),tj) represent the space-time point of M QoM
corresponding the grid g(r,,) at mini slot #;. Let pé‘)’f%‘ i

represent the weakest space-time point with the coordi-

gates (gé‘)’f‘;’)‘ , t;.“e“k) corresponding to q(“;f;’;‘ i which is shown
in Exp. (33).

k k k
wea weak jwea )’

_ weak weak
Pey). =8yl Vi, € ST (33)
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Let STk represent the set of weakest space-time points.
That is,

STweak — {p&f‘;;ileQOM [()C; y),j] = q(u;:%ij} (34)

Finally, the S Tweak can be identified in this task.

Task Il. Scheduling the Best Sensor for the “Bottleneck”:
The cooperative detection probability of bottleneck points
pé‘)’f%‘ j € ST™ ek will be improved in this task. As shown
in Exp. (35), the set of scheduled sensors is denoted by S°¢".

T
st = MM,y <j<|=| (35)
1=8(x,yy=m T

Similarly, the set of unscheduled sensors is denoted by §*"-5¢h
as shown in Exp. (36).

Sun_sch — S\S_Ych (36)

Consider each unscheduled sensor s, € S*~*"_If sensor s, is
scheduled, the contribution to the M2°M is evaluated in the
following.

Let b(x,y),j,. denote the benefit of sensor s; monitoring the
grid g(x,y) at mini slot #; € T, which is shown in the Exp. (37).

b i 1 ppenioyy 1o 077 66 8@ )65
(37)

Let {(x,y),; represent a Boolean variable denoting whether
or not a space-time point (g, y), ¢;) is in the STweak,

1 if(g(x.y) tj)€ STk

X (38)
0 otherwise

Let G represent the set of grids covered by the sensor s;.
Let Bgf;*;‘ ;.. represent the overall benefit of sensor s, to the
bottleneck points which belongs to the ST™¢“* is shown in
Exp. (39).

B weak

@)z = Zg(x <G, bx,y).jz X Cx,y).j (39)

Similar to Exp. (39), let B?XO ';;“}e?k denote the overall benefit

of sensor s, to the non-bottleneck points which do not belongs

weak non_weak
to ST . The value of B(x,y),j,z

k
B s :Zg(x €G- biyyjz X (L= Cuy.y)  (40)

Let G denote the whole grids in the given monitoring area.
The overall benefit of sensor s; to QoM of g(x,y) € G is shown
in Exp. (41).

is shown in Exp. (40).

B(x,y),j,z = w (Bweak

eak Z) + (1 B C()) Bnon_weak

(x,¥),j,z 4D

where @ denotes the weight controlling the importance of
weak non_weak
By and Bz

Let B(bx”)’,) j is the maximum benefit to the bottleneck point
weak

(8(x y),tljf’e“k) achieved by taking all possible s, € S*"-5¢h
into account. That is,

BYSL = max B(xy)jz 42)

(X’y)’j B s, esun_sch

best
Let s(c ).

‘We have,

represent the best sensor that achieves Exp. (42).

best

S(xy).j (43)

=arg max By j:
s; esun,sch

best
The SCeoy),j

tleneck point g

weak
One ©(x.y).Jj

maximum benefit from s
best

is the best sensor to maximize the specific bot-
weak

(x,),J
in ST the bottleneck point that acquires

best j should be identified. The best

(x,),
, which will be scheduled is shown in

€ STk There may be more than

sensor, denoted by s
Exp. (44).

best

best
§ (x,¥),j

max B (44)
weak 4€ST“")ak

P,y j

=arg

The maximum benefit acquired from all schedules to the

bottleneck point in ST ¢“* is represented by B(bfsf) .
£,9).J
best best
o = max B/ (45)
(*,9),] go(lit’?%c’jesTweak (),
The best bottleneck point that acquires the maximum benefit
from %" is denoted by 50(“1‘“1;‘ . which is shown in the
£,9).J
Exp. (46).
Pk =arg  max Bf’xesy',) i (46)
(£,9),J W&i)%{’jESTka (B

According to @E‘ﬂ“f;‘ ., the 57 is selected from S*"-*°" to
£,9),J
monitor the best bottleneck point.

weak

P57

weak tweak

= (g @91 )
After finding the s%¢* and goé‘)’;;’;‘ i the base station will
schedule s¢%* to monitor the pé"e“;‘ . which can improve the

x’y ’.]
cooperative detection probability. Finally, s?¢5* will be added

in the scheduling matrix according to Exp. (47).
M9, 7] = M 5. U ")

Thereby, the QoM matrix will update according to the
Exp. (48).

M QoM [()?, }A]) , JA]

=Gy =1 HSkeMseh[(f,y),;] (1 -r (sk’ g(w))
(48)

(47)

Then, the s%¢5! should be removed from S*'—5¢" as shown in
Exp. (49).

Sun_sch — Sun_sch\{sbest} (49)
Finally, the sensor s”* should be added in S*°".
SSCh — SSCh U {sbest} (50)

will be repeatedly identified from S7 ¢k,
best

The new goé‘)’f%‘ j

Fig. 4 depicts an example to illustrate the selection of s

to monitor p ¢ .. We only consider the partial set of sensor
£,9),J .

§ = {s1,52,53,54} that can cover the grids g(1,1), g2,1

and g,1) in partitioned monitoring region. By applying the
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The selection of sPest as s; to monitor the pWeak =

Fig. 4.
9 i)

Cl !

Exp. (42), the detection probability of each sensor to the grids
g(1,1)> &@,1) and g 1) are calculated. As shown in Fig. 4,
the sensors s> and s3 are active and they are scheduled for
monitoring the grids g(2,1) and g(3,1). The sensor s> monitor
the grids g(2,1) and g(3,1) at #; and the sensor s3 monitor grid
g@3,1) at 1. Since the sensor s1 has very large contributions
to the grids g(1,1) and g(2,1), it is scheduled to monitor the
pé‘)’f;‘;‘] = (g(“f?)k,tg’e“k). The sensor s4 has a very small
coverage contribution to the grids g(;,1) and g(2,1) as compared
with the sensor sj. Therefore, the sensor s; is selected as
sbest and it is scheduled to monitor pée‘;;‘j. The values in
Msch [g.1), 3] and M5! (82.1), 3] are updated accordingly.
Fig. 5 summarizes the process of the MSQAC algorithm.
The computational complexity of the proposed algorithm is
discussed in the following. The proposed MSQAC mainly
consists of three phases. The space-time partitioning phase is
summarized in steps 1 and 2 while the computation phase is
summarized in steps 3 and 4. Finally, steps 5 and 6 summarize
the scheduling phase. In the first phase, the partition of space
and time takes constant time. Therefore, the complexity of
steps 1 and 2 is O(1). The goal of the second phase is to
calculate the cycle length and the detection probability of
each sensor to each grid. In step 3, the calculation of cycle
length takes constant time leading to the complexity of O(1).
In step 4 the complexity of Exps. 26 and 29 are O(n % m)
and O(n), respectively. Therefore, the total complexity of the
second phase is O(n x m)+ O(n). In step 5, the complexities
of Exps. (31) and (32) are O(m) and O(m *|T|). In step 6, the
complexities of Exps. (37), (46) and (48) are O(m*|T|). In the
worst case, the complexity of Exp. (42) is O(n). Therefore,
the complexity of for loop in step 6 is O(n). Consequently,
the complexity of the third phase is O(m)+ O(m * |T|)+
O(n). In general, the number of sensors is much larger than
the number of grids. Finally, the total complexity of all three
phases of the proposed MSQAC is simplified as O(n * m).

V. PERFORMANCE EVALUATIONS
The proposed MSQAC is compared with the existing
area coverage algorithms FCO and RLSSC. The FCO [17]

The MSQAC algorithm

Inputs:
1. Set of solar-powered sensors S={s;,S,, ...,Sp}.
2. The solar power features: E™3*, E™in ysen yrec [,3aY apd gkt
Outputs:
1. §5¢* the set of scheduled sensors
2. q(x),j the QoM value of an element in M 2°M[(x, y), j].
Step 1. /* Space Partitioning */
Partition the R into m equal-sized grids;
Step 2. /* Time Partitioning */

Emax_Emin and tTeC _
usen urec ?
Step 3. /* Cycle length Calculation */
day _ ﬂ night _ Lnight .
n [ T ]’ n [ T ]’

tsen — .

pmax_pmin [usen] [trec]

T |urec tsen |’

daytime __

Y

Step 4. /* Detection Probability Calculation */
If (grid g(x,y) is fully covered by the sensor s;)
Calculates p(si, g(x‘y)) according to Exp. (26);
else if (grid gy, is covered by a set of sensors @y )
Calculates p°°°P (D), (x5 ) as shown in Exp. (29);
Repeat {
Step 5. /* Finding the “Weakest Space Time Point” */
For (each element in M 2°M[(x, y),j] ){
Calculate q(y.,) ; as Exp. (31);

(pdaytime,rec dayti
i . aytime .
[¢daytime_sen > szi + 1’

i

weak

Calculate g, according to Exp. (32);

)i
STetk = {10 0 .1 = agssyss
}
Step 6. /* Scheduling the Best Sensor for the “Bottleneck” */
Repeat {

For (each sensor s, € S¥-51) {
Calculate by ) j ; as shown in Exp. (37);
Calculate B(”,ff,g ; according to Exp. (42);

If (s, satisfies Exp. (42) ) { sfes5; = s(ess; U {sz}}

If (|sges5 1 = 1) {7 = s,}
Else If (|s{55 ;| > 1)
Randomly select one sensor in sg¢35 ; as the s25¢;

Calculates 50‘(‘,’{}‘,‘)"]
Calculates q(z5),; according to Exp. (48);
Sun_sch — Sun_sch \ {Sbest} if Sbestes .

’ 73
§sch — gsch y {Sbest} l-fsbestesz. }

}

according to Exp. (46);

}
Until $5¢* is unchanged;

Fig. 5. The process of the MSQAC algorithm.

investigated the desired area coverage under PSM aiming at
achieving a perpetual lifetime. The RLSSC algorithm [18] pro-
posed an area coverage algorithm where the sensors operated
in duty cycle mode for solar-powered sensor networks.

A. Simulation Environment

In the experimental study, the MATLAB R2019b is used as
the simulation tool. The size of the considered area is 400m x
400m. To evaluate the experiments of this study, 300 to 700
sensors are deployed randomly. The value of ry is considered
from 5m to 25m where the r. is twice of it. The size of the
grid is adjusted between 2m and 10m. The values of E™%*
and E™" are set at 1210J and 10J while #"¢¢ and u*¢" are set
at 20 and 60 Joules /hour, respectively. Table III presents the
simulation settings [18] of this study.
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TABLE Il
SIMULATION SETTINGS

Parameters Values
Simulation tool MATLAB R2019b
Monitoring region 400 m><400 m
Deployed sensors 300 - 700
Ts Sm—25m
T, 27,
Deployment Random
Grid size 2m-10m
E™max 1210 Joule
Emin 10 Joule
uree 20 Joules/hour
usen 60 Joules/hour

Fig. 6. Comparison of monitoring quality for MSQAC, RLSSC and FCO
by varying the number of sensors and sensing radius.

B. Simulation Results

Fig. 6 presents the comparison of MSQAC, RLSSC and FCO
in terms of monitoring quality (QoM). In this experiment, the
number of sensors considered is 300 to 700 while the sensing
radius of the sensors is set from 5Sm to 25m. As depicted in
Fig. 6, a common trend shows that QoM increases with the
deployed sensors. A larger number of deployed sensors will
increase the number of active sensors in each mini slot, which
leads to higher monitoring quality. On the other hand, the QoM
also increases with the sensing radius. Generally, a sensor
with a larger sensing radius can cover a larger area, which
increases the monitoring quality. The MSQAC firstly finds the
bottleneck point and schedules an unscheduled sensor with
the maximum contribution aiming to maximize the minimal
QoM. Consequently, the MSQAC yields the best performance
compared to the RLSSC and FCO algorithms.

Fig. 7 investigates the impact of grid size on monitoring
quality. When conducting this experiment, the number of
sensors deployed is 300 to 700 and the size of the grid is
adjusted between 2m and 10m.

The performance results of Fig.7 show that monitoring qual-
ity increases with the number of sensors and decreases with
the grid size. This occurs because more sensors are required
to cover a grid with a large size and hence leads to lower
monitoring quality when the grid size grows. In comparison,

4 [EEIMsac]
[ IRLSSC

" 600
/ <
< 500 *59“90‘5
e 40({\ Uﬁ«,a‘f’

300

Fig. 7. Comparison of monitoring quality for MSQAC, RLSSC and FCO
under the settings of different sensors and grid size.

— MSQAC
—e RLSSC
— FCO
- Deployed Sensors

Sl S )
O NWrRUON®O

QOM of observed locations

Monitoring region 400400, Number of deployed sensors = 2000

Fig. 8. Comparison of QoM for three algorithms by randomly selecting
the locations.

the proposed MSQAC yields the best performance in terms
of QoM, as compared to the RLSSC and FCO. This occurs
because the proposed MSQAC calculates the probability of all
sensors to the covered grid and schedules the sensor, which
has the maximum detection probability aiming to improve the
cooperative detection probability of each grid.

In Fig. 8, the experiment randomly selects nine locations
from the monitoring region, aiming to have a closer observa-
tion on the performance of MSQAC in terms of the QoM. The
size of the monitoring area considered in this experiment is
400m = 400m and the number of deployed sensors is 2000. The
sensing range of solar-powered sensors is fixed at 20m. Fig. 8
compares the monitoring qualities of the MSQAC, RLSSC and
FCO. The QoM of the proposed MSQAC is almost similar in
all the observed locations, which is approximating to 1. That is
to say, there is no much difference in the QoM of the proposed
MSQAC even though the observed locations are different. This
occurs because the proposed MSQAC finds the bottleneck
point and aims to maximize the minimal monitoring quality
of that point rather than improving the total area coverage
quality. This strategy increases the QoM of each bottleneck
point, leading to a higher QoM.
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Fig. 9. Performance comparison of the stability of the QoM.

Fig. 9 further investigates the stability of the QoM of nine
randomly selected locations in the monitoring region. The
observed locations in Fig. 9 are similar to the nine locations
observed in Fig. 8. The QoM stability is measured for o
locations. Let g, y represent the QoM of the y-th location at
the x-th mini slot. Let ¢, denote the x-th slot stability for o
locations, which is defined as shown in Exp. (51).

2
(Z§=1 4x,y)

Sx = ~—~ov 7
v Z;:l q)%,y

As shown in Fig. 9, the value of stability is approximating to
1, which indicates that the QoM of the nine randomly selected
space-time points in four mini slots have good QoM stability.
The stability of nine observed locations for four mini slots
is depicted in Fig. 9. A common trend, which can be seen
in Fig. 9 is that the MSQAC yields the best performance in
terms of QoM stability as compared with RLSSC and FCO.
It is because the MSQAC takes into account the bottleneck
points and schedule sensor which maximizes the cooperative
detection probability of that point. Unlike MSQAC, the RLSSC
and FCO improve the total area coverage quality rather than
the minimal quality of the bottleneck point.

Fig. 10 depicts the comparison of MSQAC, RLSSC and
FCO in terms of fairness index. The sensors deployed are 300
to 700 and the grid size is adjusted between 2m to10m. The
fairness index ¢ f4irness of QoM is defined in Exp. (52). Let
n represent the number of sensor nodes and p; represent
the monitoring quality of the sensor s;. Fig. 10 illustrates a
common trend where the fairness index increases with sensors.
A large number of sensors will increase the number of active
sensors in each mini slot, leading to a higher fairness index.
Contrarily, the fairness indices of the three algorithms decrease
with grid size. This occurs because more sensors are required
to cover a large size grid. Therefore, the fixed number of
sensors and the growth of the grid size decrease the fairness.

(Z?:l Qi)z
nyig Qi2

Fig. 11 compares the coverage ratio of three algorithms
under the setting of number of sensors and sensing radius.

(51

(52)
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Fig. 10. Comparison of MSQAC, RLSSC and FCO in terms of fairness
index.

Fig. 11. Performance comparison of MSQAC, RLSSC and FCO in terms
of coverage ratio under different sensors and sensing radius.

The number of sensors deployed is 300 to 700 and the sensing
radius is adjusted between 5m and 25m. Fig. 11 depicts that,
the coverage ratio grows with both the deployed sensors
and radius. A large sensing radius can cover a larger area.
Therefore, the monitoring quality of each point is increased,
leading to a higher coverage ratio. Besides, when the deployed
sensors are more, there are many sensors to work cooperatively
in one mini slot, increasing the coverage ratio. Finally, the
MSQAC outperforms RLSSC and FCO in terms of coverage
ratio, as illustrated in Fig. 11. The proposed MSQAC firstly
finds the bottleneck point and schedules an unscheduled sensor
that has maximum contribution to the bottleneck point, aiming
to maximize the minimal QoM. Consequently, the monitoring
quality of the bottleneck point is significantly improved.
Therefore, the proposed MSQAC significantly outperforms the
RLSSC and FCO in terms of coverage ratio. Meanwhile,
the coverage of the proposed MSQAC is relatively stable,
as compared with the RLSSC and FCO.

Fig. 12 depicts the comparison of MSQAC, RLSSC and
FCO in terms of QoM by applying centralized, random and
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Fig. 12. Performance comparison of QoM in terms of number of sensors
and deployment policies for MSQAC, RLSSC and FCO.

uniform deployment policies. The sensors deployed are 300
to 700. As illustrated in Fig. 12, the uniform deployment
policy yields the best performance in all cases, as compared
to the other two policies. This occurs because the uniform
deployment of sensors can evenly monitor any point in the
given monitoring area. However, compared with the random
policy, the uniform policy is costly and is not practical in a
real application. In comparison, the MSQAC outperforms the
RLSSC and FCO, notably for random deployment policy. This
occurs because the proposed MSQAC considers the bottleneck
points and prior allocates a sensor to increase its cooperative
detection probability.

VI. CONCLUSION

In this paper, an area coverage algorithm called MSQAC
is proposed for rechargeable WSNs. The proposed MSQAC
algorithm aims to maximize the minimal quality of any point
in the given monitoring area. Two main issues have been
investigated while designing the MSQAC algorithm. The first
one is to maximize the minimal quality of point by considering
the cooperative working of all the sensors. To investigate this
issue, the MSQAC algorithm finds the “bottleneck space-time
point” and schedules the sensor, which has the maximum
detection probability. The second issue is to ensure that sensors
are endlessly recharged to guarantee energy consumption in
each cycle, aiming to achieve a perpetual lifetime. Experimen-
tal results present that the MSQAC yields the best performance
compared to the RLSSC and FCO in all the cases. Future
work is to develop the MSQAC by considering heterogeneous
WSNs, which consist of different types of sensors. In addition,
we will relax the constraints of this study while the sensing
range of each sensor is adjustable.
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