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Abstract—Wireless energy charging has emerged as a very promising technology for prolonging sensor lifetime inwireless rechargeable

sensor networks (WRSNs). Existing studies focusedmainly on the one-to-one charging scheme that a single sensor can be charged by a

mobile charger at each time, this charging scheme however suffers from poor charging scalability and inefficiency. Recently, another

charging scheme, themulti-node charging scheme that allowsmultiple sensors to be charged simultaneously by amobile charger, becomes

dominant, which canmitigate charging scalability and improve charging efficiency. However, most previous studies on thismulti-node energy

charging scheme focused on the use of a singlemobile charger to chargemultiple sensors simultaneously. For large scaleWRSNs, it is

insufficient to deploy only a singlemobile charger to chargemany lifetime-critical sensors, and consequently sensor expiration durationswill

increase dramatically. To chargemany lifetime-critical sensors in large scaleWRSNs as early as possible, it is inevitable to adoptmultiple

mobile chargers for sensor charging that can not only speed up sensor charging but also reduce expiration times of sensors. This however

poses great challenges to fairly schedule themultiplemobile chargers such that the longest charging delay among sensors isminimized.

One important constraint is that no sensor can be charged bymore than onemobile charger at any time due to the fact that the sensor

cannot receive any energy from either of the chargers or the overchargingwill damage the recharging battery of the sensor. Thus, finding a

closed charge tour for each of themultiple chargers such that the longest charging delay isminimized is crucial. In this paper we address the

challenge by formulating a novel longest charging delayminimization problem.We first show that the problem isNP-hard.We then devise

the very first approximation algorithmwith a provable approximation ratio for the problem.We finally evaluate the performance of the

proposed algorithms through experimental simulations. Experimental results demonstrate that the proposed algorithm is promising, and

outperforms existing algorithms in various settings.

Index Terms—Wireless rechargeable sensor networks, multi-node energy charging, multiple mobile chargers, multiple charging tour

scheduling, charging delay minimization, approximation algorithms, maximal independent sets, wireless energy transfer

Ç

1 INTRODUCTION

WIRELESS Sensor Networks (WSNs) have been widely
applied in various industries, from environmental

monitoring, smart grid network monitoring, disaster fore-
casting to cutting-edge Smart Homes, Smart Cities, and
the Internet of Things (IoTs) [11], [23], [44]. They all rely
on ubiquitous sensors to capture multi-dimensional data

from surrounding objects for various purposes. However,
a sensor is usually powered by an on-board battery with
limited energy capacity, sensor lifetime prolongation
remains a critical issue [20], [21]. Although renewable
energy harvesting technologies [13], [33] have been pro-
posed to accumulate energy from ambience, such as solar
and wind energy, these methods are sensitive to sur-
rounding environments, thus they cannot provide stable
energy to sensors.

Wireless energy charging was proposed to address stable
energy provisioning issues in WSNs [15], [24], [32], [40], [42].
It can be achieved by charging a nearby sensor with a Mobile
Charging Vehicle (MCV). This technology possesses many
advantages as it does not require direct contact between the
mobile charger and the sensor, or even it does not require
line-of-sight (LOS) as long as the charging device is within the
wireless energy transmission range of the charger. Also, com-
pared to renewable energy harvesting, wireless energy trans-
fer can provide stable energy to sensors. This charging
process can be applied in an on-demand manner when devi-
ces request to be charged. The powerfulness of wireless
energy charging technology brings about broad commercial
applications [3], [27], [35], [43].
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Despite wireless energy transfer is a promising technique
to prolong sensor lifetime, its energy charging efficiency and
scalability has been explored in the past. For example, Kurs
et al. [16] proposed amulti-node energy charging scheme, where
multiple sensors can be charged simultaneously by properly
tuning operation frequencies of both the sender and the
receiver coils, enabling high energy transfer efficiency and
longer energy transmission range.

Most existing studies on the multi-node energy charging
scheme focused on the use of a singlemobile charger to charge
multiple sensors simultaneously [14], [25], [28], [38]. How-
ever, for a large scaleWRSN, it is insufficient to deploy only a
single mobile charger to charge many lifetime-critical sensors,
as it takes a long time (e.g., 30-90 minutes) to fully charge a
sensor, and consequently sensor expiration durations will
increase dramatically [34], [42]. Instead, to charge many life-
time-critical sensors as early as possible, the use of multiple
mobile chargers can speed up sensor charging and reduce
their expiration durations, thereby improving the monitoring
quality of the sensor network.

The adoption of multiple mobile chargers with each
charging multiple sensors simultaneously in WRSNs poses
great challenges. There are several fundamental questions
to be addressed including:

(i) How to schedule the charging tours ofmultiplemobile
chargers to ensure that all lifetime-critical sensors can
be charged as soon as possible?

(ii) Since a sensor may be in the charging coverage ranges
of multiple chargers at different charging locations,
how to ensure that the sensor will not be charged by
more than one charger at any time? For example, Fig. 1
shows that sensor u will be charged by two chargers
simultaneously if they stay at locations v1 and v2,
respectively. However, sensor u cannot be charged by
the two mobile chargers at the same time due to the
facts that (1) the sensor cannot receive any energy from

either of the two chargers. Naderi et al. [26] showed
that radio interference occurs when multiple chargers
charge one sensor simultaneously and such interfer-
ence may result in a lower energy transfer efficiency
than that with a single charger; and (2) the aggregated
electromagnetic radiation from the two chargers is too
high, and thus threatens humanhealth [6].

(iii) What is the charging duration of each charger at each its
charging location to ensure that all sensors in its charg-
ing coverage range will be fully charged? As a sensor
could be in the charging coverage ranges of multiple
chargers at different charging locations, some sensors
have already been charged when a charger moves to a
location in which the sensor is in its charging coverage
range. In this paper,wewill address the aforementioned
challenges by developing efficient solutions for them.

The novelty of this paper is that we study the efficient
scheduling of multiple mobile chargers to charge lifetime-
critical sensors, where each charger is able to replenish multi-
ple sensors simultaneously in its charging range. To the best of
our knowledge, we are the first to formulate a novel schedul-
ing problem - the longest charging delay minimization prob-
lem, we aim to charge multiple sensors simultaneously, by
deploying K � 1 mobile chargers and finding a closed charg-
ing tour for each of theK mobile chargers while no sensor can
be charged by more than one mobile charger at any time. We
develop the very first approximation algorithm for the prob-
lem through exploring the combinatorial property of the prob-
lem. The design and analysis techniques in the development
of the approximation algorithm may have independent inter-
est in other approximation algorithms developments.

Themain contributions of this paper are as follows.We first
formulate a novel longest charging delay minimization prob-
lem by adoptingK � 1mobile chargers with each enabling to
charge multiple sensors simultaneously while no sensor can
be charged by more than one charger at any time. We aim to
minimize the longest charging delay among the K chargers,
by finding a charging tour for each of the K mobile chargers,
where the total delay of a charger per tour is the sum of the
charging duration at each location and the travel delay in its
charging tour. We then devise an approximation algorithm
with a constant approximation ratio for the problem. We
finally evaluate the performance of the proposed algorithm
through experimental simulations. Simulation results show
that the proposed algorithm is promising. Especially, the lon-
gest charging delay among the K chargers delivered by the
proposed algorithm is around 50 percent shorter than those
by existing algorithms.

The rest of the paper is organized as follows. Section 2
reviews related work. Section 3 introduces notions, notations,
and the problem definition. The NP-hardness of the problem
is also shown in this section. Section 4 deals with the longest
charging delay minimization problem. Section 5 analyzes the
proposed algorithm. Section 6 evaluates the performance of
the proposed approximation algorithm empirically, and
Section 7 concludes the paper.

2 RELATED WORK

Wireless energy transfer technology based on strongly mag-
netic resonances [15] has been regarded as a breakthrough

Fig. 1. An example of multi-node energy charging with two mobile charg-
ers, where sensor u will be charged by the two chargers simultaneously
if they stay at locations v1 and v2, respectively, at the same time.
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technology for lifetime prolongation of sensors in wireless
rechargeable sensor networks (WRSNs) [2], [25], [32], [37].
Several studies on wireless energy charging have been con-
ducted, by applying a mobile charger to charge sensors in
WRSNs [12], [22], [25], [34]. For example, Shi et al. [32] theo-
retically studied applying this technique to charge sensors
in WSNs by dispatching a mobile charging vehicle periodi-
cally such that the network can operate perpetually. Liang
and Luo [19] studied multiple mobile chargers for sensor
charging under the one-to-one charging scheme, for which
they proposed a heuristic by a reduction to a series of mini-
mum weight maximum matching problems. Their algo-
rithm however cannot be extended for the problem under
the multi-node charging scheme, as the constraint that a
sensor cannot be charged by more than one MCV at any
time does not exist in the one-to-one charging scheme. Fur-
thermore, there is not any guarantee of their solution from
the optimal one. Wu et al. [36] formulated a cooperative
charging problem, by using multiple mobile chargers to
charge sensors such that none of sensors will run out of
energy. They aimed to minimize the energy consumption of
mobile chargers by adopting genetic algorithms. Xu
et al. [41] considered sensor charging by employing multiple
mobile chargers. They proposed an approximation algo-
rithm for finding a charging tour for each of the mobile
chargers such that all sensors are charged and the total expi-
ration duration of all sensors is minimized, assuming that
different sensors have different energy depletion rates.
Liang et al. [20], [21] considered a problem of minimizing
the number of mobile chargers to charge a set of sensors,
assuming that the energy capacity of each mobile charger is
capacitated. They developed an approximation algorithm
for the problem. Also, Liang et al. [22] studied the charging
utility maximization problem by deploying one mobile
charger, for which they proposed efficient approximation
algorithms under both full charging and partial charging
models, respectively.

All the aforementioned studies so far are under the one-
to-one charging scheme, i.e., each mobile charger can charge
one sensor only. However, this charging scheme is neither
energy-efficient nor scalable for large scale sensor networks.
Fortunately, there is another charging scheme, which is ref-
ereed to as the multi-node charge scheme, or the one-to-many
charge scheme, where a single mobile charger can charge all
sensors within its energy charging range simultaneously.
Under this scheme, Xie et al. [38] were the first to study
multi-node wireless energy charging in WRSNs with the
aim to minimize energy consumption of the mobile charger,
by periodically dispatching a mobile charger for sensor
charging and minimizing the sojourn time at each charging
location. They [39] later considered the use of a mobile char-
ger for both sensor charging and data collection with the
aim of minimizing the energy consumption of the whole
network under the constraints that none of the sensors will
run out of energy and all collected data must be relayed to
the base station. For both mentioned studies, they assumed
that the traveling path of the mobile charger is given in
advance. However, planning a charging path and choosing
sojourn locations in the path for the mobile charger are non-
trivial in multi-node charging scenarios. Ma et al. [25]
recently considered the multi-node charging scheme for a

single mobile charger, by proposing a framework to mea-
sure the charging utility gain of each charged sensor. They
proposed heuristic and approximation algorithms for maxi-
mizing the accumulative charging utility gain, subject to the
energy capacity of the mobile charger. Khelladi et al. [14]
investigated an on-demand multi-node charging problem.
They aimed at minimizing the number of stopping points
and energy consumption of a mobile charger in its charging
tour by adopting a threshold-based charging strategy and
grouping requested sensors through clique partitioning.
Their heuristic however is unscalable. In reality, the number
of sensors deployed in a WRSN usually is quite large, it is
not realistic that all sensors can be charged by a mobile char-
ger within a single tour. To shorten sensor expiration times
and to explore the charging scalability, multiple mobile
chargers should be employed for large-scale WRSNs, and
novel approximation algorithms for the longest charging
delay minimization problem of multi-node charging with
multiple mobile chargers are desperately needed.

There are several related studies in sensory data collec-
tion with data mules [4], [10], [17]. For example, Levin
et al. [17] considered the use of a single data mule to collect
data from sensors, while taking into account the data redun-
dancy of nearby sensors. They studied the problem of find-
ing a tour for the data mule such that both the traveling
distance of the data mule and the information uncertainty
of the data collected from nearby sensors are minimized.
Crowcroft et al. [4] studied the problem of efficient data
recovery with data mules, by dispatching them to collect
data from the sensors that are disconnected from the base
station. They devised approximation algorithms for mini-
mizing the sum of tour lengths of the data mules. On the
other hand, Hermelin et al. [10] investigated the problem of
scheduling data mules to replace failed sensors, such that
both the downtime durations of sensors and the traveling
distances of the data mules are minimized.

It is also noticed that the problem considered in this
paper is related to the TSP problem with neighborhoods
(TSPN) too that is to find a shortest closed tour to visit at
least a point in each of n given regions in the euclidean
plane [5], [29]. Dumitrescu et al. [5] proposed a constant
approximation algorithm for the TSPN. However, their pro-
posed algorithm for TSPNs is not applicable to the problem
in this paper, as we consider minimizing the longest charg-
ing tour duration among the charging tours of multiple
mobile chargers, rather than a single charging tour for a sin-
gle mobile charger only. Moreover, there is an important
constraint on our problem, that is, no sensor can be charged
by more than one mobile charger simultaneously at any
time.

3 PRELIMINARIES

In this section, we first introduce the system model, notions
and notations. We then define the problem precisely.

3.1 Network Model

We consider a Wireless Rechargeable Sensor Network
Gs ¼ ðV;EÞ consisting of a set V of stationary sensors dis-
tributed over a two-dimensional space, E is the set of edges,
and there is an edge between two sensors if they are within
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the transmission range of each other. There is a fixed base
station, which is the sink node for sensor data collection.
Assume that there is a routing protocol for data collection
that relays sensing data generated from sensors to the base
station through multi-hop relays. For example, each sensor
sends its sensing data to the base station via the path with
the minimum energy consumption [30].

Each sensor v 2 V is powered by an on-board recharge-
able battery with an energy capacity Bv, sensors consume
energy on sensing, data processing, and data transmission.
Denote by REv the residual energy of sensor v when it
requests for charging. Without loss of generality, we assume
that there is a sufficient energy supply to the base station, it
thus has no energy constraint.

We assume that there is a depot v0 for Mobile Charging
Vehicles (MCVs), which may or may not be co-located with
the base station, and there are K (� 1) MCVs located at the
depot initially. Each MCV travels at a constant speed s for
sensor charging.

Each sensor sends a charging request to the base station
via its routing path in the network Gs when its residual
energy falls below a given threshold. The base station then
identifies a set Vs � V of lifetime-critical sensors for energy
charging [42], and schedules the MCVs to charge these life-
time-critical sensors.

3.2 Multi-Node Wireless Energy Charging, Mobile
Chargers and Their Charging Tours

The technique of wireless energy transfer to multiple sensors
simultaneously was invented by Kurs et al. [16]. They
showed that the overall energy efficiency can be significantly
improved by proper tuning of the coupled resonators when
multiple receivers instead of a single receiver are charged
simultaneously. This multi-node wireless energy charging
technique is a promising technique that can address both
charging efficiency and scalability for large-scale wireless
rechargeable sensor networks. Especially, with the wide
applications of the Internet of Things (IoTs), smart cities, and
smart homes in the near future, it is expected that large-scale
sensor networks with thousands of sensors will become a
norm in most real WSN deployments. For example, there are
over 1,000 sensors in the each of the two real sensor networks
GreenOrbs and CitySee for forest surveillance and urban CO2

monitoring, respectively [9]. The multi-node energy charg-
ing technique can significantly improve charging efficiency
even for a sensor network containing only a few hundreds of
sensors, due to the following two reasons: (i) Multiple sen-
sors usually are deployed to monitor a critical Point of Inter-
est (PoI) in a sensor network in case one of the sensors fails.
These sensors may be co-located or located close to each
other [31]; (ii) To save the human cost of sensor deployment,
different types of sensors (e.g., a temperature sensor and a
humility sensor) can be deployed at the same location, while
the cost of each of them (smart dust) is inexpensive. Then, it
doesmake sense to charge these sensors simultaneously.

In this paper, we will adopt this multi-node energy charg-
ing scheme, where multiple sensors can be charged simulta-
neously if they are within the energy transmission range of
a mobile charger.

To maintain long-term operations of WRSNs and to mini-
mize the expiration durations of sensors, multiple MCVs

usually are employed to charge the sensors in Vs, where
each MCV is equipped with a wireless charger that can
charge multiple sensors simultaneously. We assume that all
MCVs are located at depot v0 initially. The MCVs are dis-
patched from depot v0 by the base station for sensor charg-
ing through travelling along the scheduled closed tours for
them. Ideally, an MCV can stop at any location in the moni-
toring area for sensor charging, and each stop location is
referred to as a sojourn location of the mobile charger. How-
ever, this introduces infinite numbers of potential sojourn
locations for MCVs. For the sake of problem tractability, we
assume that MCVs can only stop at the locations co-located
with sensors. Such an assumption has been adopted by the
work in [14], [25], too.

As we consider multi-node energy charging simulta-
neously, once anMCV stops at a location, it can charge all sen-
sors within its energy charging range. However, one very
critical constraint in the scheduling of MCVs for their charg-
ing tours is that if there is a sensor within the charging ranges
of more than one MCV, the sensor cannot be charged by any
of these MCVs at the same time. Fig. 1 is an illustrative exam-
ple of multi-node energy charging by two mobile chargers. It
can be seen that sensor u will be charged by the two MCVs
simultaneously, if the two MCVs replenish sensor energy at
v1 and v2 at the same time. This constraint makes the charging
tour scheduling ofmultipleMCVs very difficult.

When an MCV stops at a sensor node v 2 Vs, sensor v and
its neighbors inNcðvÞwithin its energy charging range g can
be simultaneously charged, where NcðvÞ ¼ fu j dðu; vÞ � g;
u 2 Vs; u 6¼ vg, dðu; vÞ is the euclidean distance between
sensor nodes u and v, and g is the charging radius of the
MCV, e.g., g ¼ 2:7 m [15]. Denote by Nþc ðvÞ ¼ fvg [NcðvÞ,
only all sensors in Nþc ðvÞ have been fully charged, the MCV
can move to the next sojourn location for its sensor
charging.

Denote by P the charging output power of each MCV.
Assume that the charger stops at a sensor v. Following the
seminal work of Kurs et al. [15], the energy transfer efficiency
muv for charging a sensor u in Nþc ðvÞ decreases with the
increase of the distance dðu; vÞ, where dðu; vÞ is the euclidean
distance between u and v. Xie et al. [38] showed that

muv ¼ �0:0958 � d2ðu; vÞ � 0:0377 � dðu; vÞ þ 1; (1)

where 0 � dðu; vÞ � g ¼ 2:7 m. It can be seen that muv ¼ 0:2
if dðu; vÞ ¼ g ¼ 2:7 m. Then, 0:2 � muv � 1. Let mmin ¼ 0:2
and mmax ¼ 1. By taking into account the loss of energy to
heat, the charging rate Puv for sensor u from the MCV at v
can be calculated as

Puv ¼ muv � h � P; (2)

where h is the battery efficiency, e.g., h ¼ 90% for Li-ion
batteries [1].

We construct a charging graph Gc ¼ ðVs; EÞ, where Vs is
the set of to-be-charged sensors, and there is an edge in E
between two sensors if their distance is no greater than the
charging range g. For the sake of convenience, we assume
that energy leaking of sensors during this multi-node
energy charging process is negligible, as their energy con-
sumption rates are much lower than the charging rate of an
MCV and there are multiple MCVs [6], [12], [18], [41], [42].
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We also assume that an MCV has sufficient energy for trav-
eling and sensor charging per charging tour as we employ
sufficient numbers of MCVs for sensor charging as needed.
The base station serves as not only the data collector of the
network but also the scheduler of MCVs. When an MCV fin-
ishes its charging tour, it returns to depot v0 to recharge
itself for its next charging tour. Each charging tour Ck of
MCV k is a closed tour including the depot.

3.3 Problem Definition

In this paper, we formulate the following multiple mobile
chargers tour scheduling problem, by leveraging the multi-
node energy charging technique. Given a set Vs of on-
demand charging sensors, each sensor u 2 Vs has an energy
capacity Bu and its current residual energy REu, let tu be
the charging duration for charging sensor u to its full capac-
ity by an MCV at location v. Then, tu is defined as

tu ¼ Bu �REu

Puv
; (3)

where Puv is the charging rate to sensor u, see Eq. (2).
Recall that an MCV located at v can charge all sensors

within its charging range. To ensure that all sensors in the
range will be fully charged, the longest charging duration of
the MCV at v is upper bounded by

tðvÞ ¼ max
u2Nþc ðvÞ

ftug: (4)

We assume that there are K MCVs located at depot v0
initially. Each MCV at its sojourn location can charge multi-
ple sensors simultaneously as long as the sensors are within
its charging radius g.

Let V ðCkÞ ¼ fvk;ij j 1 � j � kg be the set of sojourn loca-
tions in the closed tour Ck of MCV k with 1 � k � K. Then,
[Kk¼1V ðCkÞ � Vs, [Kk¼1 [v2V ðCkÞ N

þ
c ðvÞ ¼ Vs and V ðCiÞ\

V ðCjÞ ¼ fvk;i0g if i 6¼ j, where v1;i0 ¼ v2;i0 ¼ � � � ¼ vK;i0 is the
depot of theK MCVs.

Let tour Ck ¼ hvk;i0 ; vk;i1 ; vk;i2 ; . . . ; vk;ink ; vk;i0i, where nk is
the number of sojourn locations in tour Ck. Also, let N 0cðvk;ilÞ
be the set of sensors that have not been charged by any
MCV and the sensors are within the charging range of
sojourn location vk;il , when MCV k arrives at vk;il , where
1 � l � nk. It can be seen that N 0cðvk;ilÞ � Nþc ðvk;ilÞ, where
Nþc ðvk;ilÞ is the set of sensors within the charging range of
vk;il . Denote by t0ðvk;ilÞ the actual charging time of MCV k at
sojourn location vk;il in Ck. Then

t0ðvk;ilÞ ¼ max
u2N 0cðvk;il Þ

ftug: (5)

It can be seen that t0ðvk;ilÞ � tðvk;ilÞ, as some sensors in the
charging range of MCV k at its sojourn location vk;il may have
already been charged by the mobile charger itself or other
mobile chargers prior to its arrival at the current sojourn loca-
tion vk;il . The charge delay ofMCV k alongCk thus is

T 0ðkÞ ¼
Xik�1
l¼0
ðt0ðvk;lÞ þ dðvk;l; vk;lþ1Þ=sÞ þ dðvk;ik ; vk;0Þ=s;

(6)

Let T ðkÞ be the upper bound on the delay T 0ðkÞ of MCV k
on its charging tourCk ¼ hvk;i0 ; vk;i1 ; vk;i2 ; . . . ; vk;ink ; vk;i0i. Then

T ðkÞ ¼
Xik�1
l¼0
ðtðvk;ilÞ þ dðvk;il ; vk;ilþ1Þ=sÞ þ dðvk;ik ; vk;0Þ=s;

(7)

where dðvk;l; vk;ilþ1Þ=s is the travel time of MCV k from its
current sojourn location vk;il to its next sojourn location
vk;ilþ1 with a constant speed s. Clearly, T 0ðkÞ � T ðkÞ.

The longest charging delayminimization problem then is to find
K node-disjoint closed tours for theK MCVs (all sojourn loca-
tions form the set of nodes for k-node-disjoint closed tours) to
cover all sensor nodes v 2 Vs such that the longest charging
delay max1�k�KfT 0ðkÞg among the K closed tours is mini-
mized, subject to that no sensor can be charged by more than
one MCV at the same time. In other words, let u and v be the
sojourn locations of two MCVs currently, assuming that they
arrive at their sojourn locations u and v at time points su and
sv, then their charging finish times are fu ¼ su þ t0ðuÞ and
fv ¼ sv þ t0ðvÞ, respectively. We say that these two MCVs are
overlapping with each other at u and v if there is a sensor
w 2 Nþc ðuÞ \Nþc ðvÞ in their charging overlapping area and
their charging time intervals ½su; fu� and ½sv; fv� overlap with
each other, i.e., ½su; fu� \ ½sv; fv� 6¼ ;, or sensor s will be
charged by both of them at any time point in ½su; fu� \ ½sv; fv�.
This implies that it is prohibited that twoMCVs at u and v can
charge sensors at thementioned time intervals.

Definition 1. Given a set of sensors Vs to be chargedwith each sen-
sor v 2 Vs having its residual energy REv, there are K mobile
chargers (MCVs) to charge the sensors, the longest charging
delay minimization problem in the wireless sensor network
G ¼ ðVs;EsÞ is to find a closed charging tour Ck ¼ hvk;i0 ; vk;i1 ;
vk;i2 ; . . . ; vk;ink ; vk;i0i including depot vk;i0 for eachmobile charger
k such that the longest charging delay among the K MCVs is
minimized, subject to that no sensor can be charged by more than
one MCV at any time and no common node in each closed charg-
ing tour except the depot, assuming that vk;i0 is depot v0 with
1 � k � K.

The rationale behind the problem definition is that we
aim to make each requested sensor to be charged as soon as
possible to reduce its potential expiration time.

Theorem 1. The longest charging delay minimization problem is
NP-hard.

Proof. We consider a very special case of the problem where
K ¼ 1 and the energy charging range is g ¼ 0. It can be
seen that this special case of the problem is equivalent to
the well-known Traveling Salesman Problem, which is NP-
hard. Therefore, the longest charging delay minimization
problem isNP-hard too. tu

4 APPROXIMATION ALGORITHM FOR THE LONGEST

CHARGING DELAY MINIMIZATION PROBLEM

In this sectionwe assume thatK MCVs are employed, andwe
aim to devise an approximation algorithm for the longest
charging delayminimization problem.We start with the over-
view of the proposed algorithm. We then consider a special
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case of the problemwhere to-be-charged sensors can be parti-
tioned into multiple groups, and there is no overlapping of
charging ranges of the MCVs for sensors in different groups.
For this special case, we devise an approximation algorithm,
and we then extend this approximate solution for the original
problem where the charging ranges of the K MCVs are
allowed to be overlapping with each other, by modifying the
solution to include extra sojourn locations to cover uncovered
sensors. We finally show the correctness of the solution and
analyze the approximation ratio and time complexity of the
proposed approximation algorithm.

4.1 Overview of the Proposed Algorithm

The basic idea behind the proposed algorithm is as follows.
We first choose a subset of sensors in Vs such that the sen-
sors in the subset can be partitioned into multiple disjoint
groups and the sensors in different groups can be charged
simultaneously by different MCVs at their sojourn locations.
We then find an approximate solution to the problem of
concern in this subset. It can be seen that this approximate
solution is part of the solution to the original problem, we
then extend this approximate solution by including the
other sojourn locations of the MCVs that cover the sensors
that are not in the subset, and modify the approximate solu-
tion through expanding its K closed tours to include the
identified sojourn locations. We finally show that the modi-
fied solution is an approximate solution to the longest
charging delay minimization problem in set Vs.

4.2 An Approximate Solution Without Overlapping
of Charging Ranges of MCVs

As mentioned, we here identify a subset of Vs such that the
sensors in the subset can be partitioned into multiple groups
and each group can be charged by an MCV at one of its sen-
sor locations.

To this end, we first construct a charging graph
Gc ¼ ðVs; EÞ, where Vs is the set of to-be-charged sensors,
and there is an edge in E between two sensors if their dis-
tance is no greater than the charging range g. We find a
maximal independent set (MIS) SI in the charging graph
Gc, SI � Vs. Then, the distance between any nodes u and v
in SI is strictly larger than the charging range g. Also, each
node in SI is a sojourn location of one MCV among the K
MCVs for charging. In other words, if the K MCVs are
located only at locations in SI , all sensors in Vs will be
charged by the MCVs. For example, Fig. 2a illustrates the
sensors in set SI in a sensor network, where each dotted cir-
cle centered at a sensor represents the charging area of an
MCV, such that the MCV can charge the sensor at any loca-
tion in the area.

We then construct another graphH ¼ ðSI;EHÞ, whereSI is
the set of nodes in the MIS of Gc, and there is an edge
ðu; vÞ 2 EH between two nodes u and v if there are some sen-
sors in their overlapping coverage area, i.e., Nþc ðuÞ \
Nþc ðvÞ 6¼ ;. Thus, each edge in EH indicates that the distance
between its two endpoints is strictly larger than g but less
than 2g. Let V 0H be a maximal independent set of graph H,
thenwe observe that for any two nodes in V 0H , there will be no
overlapping between any MCVs at these two locations at any
time. For example, Fig. 2b shows the sensors in set V 0H , where
each non-dotted circle centered at a sensor in V 0H represents

the charging area of an MCV for the sensor. Also, it can be
seen that only sensors u1 and u2 are not in V 0H , i.e., both u1 and
u2 are in SI n V 0H .

We finally find K node-disjoint closed tours that contain
nodes only in set V 0H such that the longest charging delay
among the K closed tours is minimized. However, even for
this special case of the problem where there is only a subset
V 0s ¼ [v2V 0HN

þ
c ðvÞ (V 0s 	 Vs of sensors, the problem is still

NP-hard. We instead find an approximate solution to this
special problem.

An auxiliary complete metric graph GH ¼ ðV 0H [ fv0g;
EH ; wH : EH 7! R�0Þ is constructed, where v0 is the depot,
and there is an edge ðu; vÞ in EH between any two nodes u
and v in V 0H [ fv0g. The weight wHðu; vÞ of edge ðu; vÞ is
defined as

wHðu; vÞ ¼ dðu; vÞ
s
þ tðuÞ þ tðvÞ

2
; (8)

recall that dðu; vÞ is the euclidean distance between u and v,
s is the traveling speed of an MCV, and tðuÞ and tðvÞ are the
charging durations for sensors in Nþc ðuÞ and Nþc ðvÞ, respec-
tively, see Eq. (4). Particularly, tðv0Þ ¼ 0. Notice that
Nþc ðuÞ \Nþc ðvÞ ¼ ;. Zhang et al. [45] showed that, for any
closed tour C in GH , the weighted sum of the edges in C is
equal to the charging duration T ðCÞ of C, where T ðCÞ is
defined in Eq. (6).

Following the work of Frederickson et al. [8], a 2.5-
approximate solution can be delivered for the problem of
finding K v0-rooted closed tours that contain nodes only in
set V 0H [ fv0g such that the longest charging duration among
theK closed tours isminimized. Denote byC1; C2; . . . ; CK the
K closed tours, where Ck ¼ hvk;i0 ; vk;i1 ; vk;i2 ; . . . ; vk;ink ; vk;i0i
and [kk¼1V ðCkÞ ¼ V 0H . For instance, Fig. 2b shows K (¼ 2)
node-disjoint charging toursC1 andC2 that contain sensors in
set V 0H only.

Now, given the current setting fC1; C2; . . . ; CKg, the
charging finish time fðvk;ilÞ of each node vk;il in a closed tour
Ck is defined as

fðvk;ilÞ ¼
Xl�1
j¼0
ðdðvk;ij ; vk;ijþ1Þ=sþ t0ðvk;ijÞÞ þ t0ðvk;ilÞ; (9)

where s is the travel speed of any MCV kwith 1 � k � K.

4.3 An Approximate Solution to the Problem With
Overlapping of Charging Ranges of MCVs

The rest is to modify the approximate solution, by including
some potential sojourn locations in SI n V 0H to the found K
closed tours. That is, we need to determine where each node
u 2 SI n V 0H should be inserted into one of the K closed tours
in order to charge all sensors in Vs. We claim that at least one
sensor in the neighborhood Nþc ðuÞ of u has not been covered
by the nodes in [Kk¼1 [v2V ðCkÞ N

þ
c ðvÞ. Especially, node u (in

Nþc ðuÞ) itself has not been covered yet. Otherwise (u has been
covered already), the distance between u and some sojourn
location in the K closed tours is no more than the charging
range g. It is noted that node u and these sojourn locations are
in set SI , which implies that the distance between u and any
of the sojourn locations is strictly longer than g. Then, the loca-
tion of node u has not been covered, and node u must be
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inserted into one of the K closed tours. However, inserting a
node to one of the closed tours is challenging as the following
two issuesmust be addressed.

One is that node u cannot be arbitrarily inserted to one
closed tour; otherwise, assuming that u is inserted to a
closed tour in a position between two neighboring nodes v1
and v2 of the closed tour, then the traveling distance
between v1 and u and the traveling distance between u and
v2 may become very large, implying that it will take a long
time for an MCV traveling from v1 to v2 through node u.
Instead, u should be inserted to one of its neighbors vi in H,
and the distance between u and vi is strictly less than 2g by
the construction of graphH.

The other is that the insertion of u into a closed tour
should still maintain the sensor charging property for all
charging tours, ensuring that the charging scheduling is fea-
sible. That is, no sensor will be charged by more than one

MCV at any time. Otherwise, this important constraint
might be violated.

In the following, we deal with the insertion of node
u 2 SI n V 0H into a closed tour while maintaining the solution
obtained is feasible.

For a node u 2 SI n V 0H , the neighboring set of node u in
graphH can be expressed as follows:

NHðuÞ ¼ N 0HðuÞ [N 00HðuÞ; (10)

where N 0HðuÞ and N 00HðuÞ are the sets of neighbor nodes of u
in graph H that have already been assigned and unassigned
to any of the K closed tours, respectively, i.e., N 0HðuÞ �
[Kk¼1V ðCkÞ, and N 00HðuÞ \ ð[Kk¼1V ðCkÞÞ ¼ ;.

We claim that N 0HðuÞ 6¼ ;; otherwise, node u should have
been included in V 0H already. Thus, without loss of general-
ity, in the rest of our discussion, we assume that N 0HðuÞ 6¼ ;.

Fig. 2. The execution illustrations of Algorithm 1, where there areK ¼ 2MCVs.
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For each sensor u 2 SI n V 0H , we consider the latest charg-
ing finish time fNðuÞ of its neighbors inN 0HðuÞ, i.e.,

fNðuÞ ¼ max
vk;j2N 0H ðuÞ

ffðvk;jÞg; (11)

where sensor vk;j is charged in the closed tour Ck and fðvk;jÞ
is its charging finish time.

We sort the nodes in SI n V 0H in increasing order by their
latest neighbor charging finish times. Assume that the sorted
sequence is u1; u2; . . . ; unI , then fNðu1Þ � fNðu2Þ � � � � �
fNðunI Þ, where nI ¼ jSI n V 0H j.

We deal with the insertions of nodes u1; u2; . . . ; unI into the
K closed tours one by one. Assume that u is the next to-be
inserted node.We distinguish our discussion into two cases.

Case (i). 9k such that N 0HðuÞ � V ðCkÞ with 1 � k � K, i.e.,
all the neighbors of u in graphH are in a single closed tourCk.

Case (ii). The nodes in N 0HðuÞ are in at least two or more
closed tours among theK closed tours.

We consider Case (i) first. Recall that each node vk;ij in
closed tour Ck has its charging finish time fðvk;ilÞ with
1 � k � K and 0 � j � k. Assume that N 0HðuÞ � V ðCk0Þ,
where

k0; j0 ¼ argmax
k;j
ffðvk;ijÞ j vk;ij 2 N 0HðuÞg: (12)

We insert node u just after node (location) vk0;ij0 in closed
tour Ck0 , and calculate the charging duration of MCV k0 at
location u as follows:

t0ðuÞ ¼ max
v2Nþc ðuÞn[v02[K

k¼1V ðCkÞN
þ
c ðv0Þ

Bv �REv

Pvu

� �
; (13)

where [v02[K
k¼1V ðCkÞN

þ
c ðv0Þ is the set of sensors that have been

covered by the charging locations in the K tours before the
insertion of u, and Pvu is the charging rate for sensor v if the
MCV stops at location u. For example, Fig. 2b shows that
the neighbor set N 0Hðu1Þ of node u1 contains only a single
node v1 in tour C1, and u1 then is added to tour C1 after
node v1, see Fig. 2c.

We recalculate the charging finish time of all nodes in
Ck0 , i.e., the charging finish time of each node in Ck0 will be
updated, due to the insertion of node u. In other words, we
only update the charging finish time of each node after
node vk0;ij0 in tour Ck0 . That is, the charging finish time of
the newly inserted node u in Ck0 is

fðuÞ ¼ fðvk0;ij0 Þ þ dðvk0;ij0 ; uÞ=sþ t0ðuÞ: (14)

For every other node vk0;il in Ck0 with j0 < l � k, we
have

fðvk0;ilÞ ¼ fðvk0;ilÞ þ dðvk0;ij0 ; uÞ=sþ dðu; vk0;ij0þ1Þ=s
� dðvk0;ij0 ; vk0;ij0þ1Þ=sþ t0ðuÞ: (15)

The rationale behind the handling of Case (i) is that MCV
k0 at location u is only overlapping with itself at the other
location v0 2 N 0HðuÞ in closed tour Ck0 , and some sensors in
Nþc ðuÞ have already been charged by MCV k0 or other
MCVs prior to MCV k0 moving to location u, and the

charging duration of MCV k0 at location u is t0ðuÞ. Notice
that location u in Ck0 has the largest charging finish time,
compared with the charging finish time of any other neigh-
bor v0 2 N 0HðuÞ of u in Ck0 . Thus, no sensor will be charged
by more than one MCV at any time.

We then deal with Case (ii). Consider a being considered
node u in Case (ii).

Let

k0; j0 ¼ argmax
k;j
ffðvk;ijÞ j vk;ij 2 N 0HðuÞg: (16)

We first insert node u to closed tourCk0 just after node (the
location) vk0;ij0 in closed tour Ck0 . The charging duration of
MCV k0 at location u is t0ðuÞ can be calculated by Eq. (14). We
then recalculate the charging finish time of all nodes in closed
tourCk0 by Eq. (15), which is almost identical to Case (i), omit-
ted. For example, Fig. 2c shows that the neighbor set of node
u2 in graph H is N 0Hðu2Þ ¼ fv2; v3g, where v2 and v3 are con-
tained in toursC1 andC2, respectively. Node u2 then is added
to tour C2 after node v3, since the charging finish time of v3 is
later than that of v2, see Fig. 2d.

The rationale behind the node insertion in Eq. (16) is that
if node u is inserted after a neighbor location in H such that
its charging finish time is not the maximum one among the
neighbors N 0HðuÞ of u, then it is very likely that there will be
overlapping between MCV k0 at location vk0;ij0 and another
MCV located at its neighbor in H in another closed tour. In
other words, the charging intervals of these two MCVs will
be overlapping, and if a sensor is within their overlapping
area, it will be charged by both of them at the same time.

Notice that after a node u is inserted to a closed tour Ck0

after node vk0;ij0 , we update not only the charging finish
time of each of the nodes after node vk0;ij0 in tour Ck0 , but
also the latest neighbor charging finish time of the nodes in
SI n V 0H that have not been inserted.

The proposed algorithm is given in Algorithm 1.

5 ALGORITHM ANALYSIS

In the following, we first show the correctness of the pro-
posed algorithm, Algorithm 1. We then analyze the
approximation ratio of the proposed algorithm.

5.1 Correctness of the Algorithm

We show that the mobile charger scheduling of theK closed
tours is feasible, i.e., no sensors are charged simultaneously
by two MCVs at the same time.

Lemma 1. The charge scheduling of K MCVs delivered by
Algorithm 1 is feasible for the longest charging delay mini-
mization problem.

Proof. We show that (1) all sensors in Vs will be charged;
and (2) the solution is feasible, i.e., no sensor will be
charged by more than one MCV at any time.

For any sensor v 2 Vs, it must be covered by a location
u 2 SI as SI is a maximal independent set of charging
coverage. Then sensor v will be charged in the end as
node u in SI will be contained in [Kk¼1V ðCkÞ. Note that
we also use Ck to represent the final closed tour after
each node in SI has been either inserted to one of the K
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closed tours or its coverage area has been covered by
others and thus will not be considered any more.

The rest is to show that the MCV scheduling delivered
by the proposed approximation algorithm is feasible.

We assume that sensors u1; u2; . . . ; unI in setU (¼ SI n V 0H)
are inserted one by one in the solution delivered by
Algorithm 1. Then, the latest neighbor charging finish
times of sensors in U meet the property that fNðu1Þ �
fNðu2Þ � � � � � fNðunI Þ by the proposed algorithm.

We show that no sensor will be charged by more than
one MCV at any time after the insertion of each node ui

with 1 � i � nI as follows.
We prove that no sensors are charged simultaneously

in the initially K closed tours built upon the locations in
V 0H . We claim that for each node in V 0H , no matter where
it is located and in which closed tour it is contained, an
MCV at the location of this node for charging does not
overlap with any other MCV at other node in V 0H at any
time. Clearly, this is true as their charging ranges do not
overlap with each other. Thus, the sensor charging in the
initial K closed tours are feasible, i.e., no sensor will be
charged by multiple MCVs at the same time.

We assume that no sensors are charged by twoMCVs at
the same time after the first ði� 1Þ nodes u1; u2; . . . ; ui�1
have been inserted. We now consider the case after the ith
node ui is inserted.

Suppose that after the insertion of node ui, there is a
sensor w such that it is charged by two MCVs simulta-
neously at a location v1 in a closed tour Ck and another
location v2 in a closed tour Cl at time t, i.e., dðw; v1Þ � g,
dðw; v2Þ � g, and the charging intervals of nodes v1 and
v2 are overlapping with each other.

FollowingAlgorithm 1, node ui is inserted after a node
vk0;ij0 in a tour Ck0 such that k0; j0 ¼ argmaxk;jffðvk;ijÞ j
vk;ij 2 N 0HðuÞg. On one hand, no sensors are charged

simultaneously before the insertion of node ui, but sensor

w is charged by two MCVs at locations v1 and v2 at the

same time after the insertion of ui. On the other hand, it can

be seen that after the insertion of ui, only the charging inter-

vals of the sensors after vk0;ij0 in closed tour Ck0 change,
while the charging intervals of the sensors before vk0;ij0 in

closed tour Ck0 and the sensors in other charging tours do

not change. Then, one of the two locations v1 and v2 must

be one of the nodes after vk0;ij0 in closed tourCk0 , while the

other location is contained in another closed tour. Without

loss of generality, we assume that location v1 is one of the

nodes after vk0;ij0 in closed tourCk0 . Also, it can be seen that

sensor w must be charged by the two MCVs simulta-
neously at time t after the latest neighbor charging finish

time fNðuiÞ ¼ maxvk;j2N 0H ðuiÞffðvk;jÞg of ui, i.e., t � fNðuiÞ.
On the other hand, we claim that both nodes v1 and v2

are contained in the maximal independent set V 0H . Follow-
ing the insertion order of nodes in U , we know that the
nodes uiþ1; uiþ2; . . . ; unI with fNðunI Þ � � � � � fNðuniþ2Þ �
fNðuniþ1Þ � fNðuiÞ have not been inserted after the inser-
tion of ui. Then, each node in one of the k closed tours that
is charged after time fNðuiÞmust be in set V 0H [ fuig. How-
ever, it can be seen that location v1 cannot be the inserted
node ui, as ui is inserted after node vk0;ij0 such that

Algorithm 1. Algorithm Appro

Input: A set of sensors Vs to be charged, a depot v0, K mobile
charging vehicles with each having an energy charging
range g and a traveling speed s.

Output: K closed charging tours C1; C2; . . . ; CK with each
including the depot v0 such that the longest charging delay
closed tour among theK closed tours is minimized.

1: Construct a charging graph Gc ¼ ðVs;EÞ, where there is an
edge between two vertices in E if their distance is no greater
than the charging radius g;

2: Find a Maximal Independent Set SI in Gc. Thus, if there is an
MCV at each vertex v 2 SI to charge all sensors in Nþc ðvÞ ¼
fu j u 2 V;& dðu; vÞ � gg for a duration t0ðvÞwhich is defined
in Eq. (5);

3: Construct another auxiliary graph H ¼ ðSI;EHÞ where SI is
an MIS of Gc, and there is an edge ðu; vÞ 2 EH if there
Nþc ðvÞ \Nþc ðuÞ 6¼ ;, i.e., if there are two MCVs located at u
and v, they are overlapping with each other when they
charge at the same time;

4: Find an MIS V 0H of graphH;
5: Construct a graph GH ¼ ðV 0H [ fv0g; EH ; wH : EH 7! R�0Þ

from V 0H , where there is an edge ðu; vÞ in EH between any
two nodes u and v in V 0H [ fv0g, and the weight of edge

ðu; vÞ is wHðu; vÞ ¼ dðu;vÞ
s þ tðuÞþtðvÞ

2 ;

6: FindK node-disjoint closed tours inGH with each tour con-
taining the depot v0 of MCVs and the union of the nodes in
these tours is V 0H . Let C1; C2; . . . ; CK be the K node-disjoint
closed tours delivered by a 2.5-approximation algorithm
for the K-optimal closed tour problem due to Frederickson
et al. [8];

7: Calculate the charging duration at each node v in Ck; i.e.,
t0ðvÞ  tðvÞ; and its charging finish time fðvÞ by formu-
las (14) or (15);

8: U  SI n V 0H ; /* the set of residual sojourn locations of the
K mobile chargers */

9: for U 6¼ ; do
10: Pick a node u 2 U with the smallest latest neighbor charg-

ing finish time,
11: if all neighbors of u inH are in a singleCk0 for some k0 with

1 � k0 � K then
12: /* Case (i) */
13: Identify the insertion location of u in tour Ck0 by Eq. (12),

calculate the charging duration t0ðuÞ of MCV k0 at u and
insert u after node vk0;ij0 in Ck0 ;

14: else
15: /* Case (ii): the neighbors of u in H are in at least two

closed tours */
16: Identify the insertion tour Ck0 and location vk0;ij0 of u by

Eq. (16), calculate the charging duration t0ðuÞ of MCV
k0 at location u, and insert node u just after node vk0 ;ij0
in Ck0 ;

17: Recalculate the charging finish time of each node in Ck0 ,
and the latest neighbor charging finishing time of nodes
in U n fug;

18: end if
19: Recalculate the charging finish time of all the nodes after

node vk0;ij0 in Ck0 , and the latest neighbor charging finish-
ing time of nodes in U n fug;

20: Let U  U n fug;
21: end for
22: returnTheK charging tours C1; C2; . . . ; CK .

1854 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 20, NO. 5, MAY 2021

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on July 29,2021 at 08:02:44 UTC from IEEE Xplore.  Restrictions apply. 



k0; j0 ¼ argmaxk;jffðvk;ijÞ j vk;ij 2 N 0HðuÞg. We then con-
clude that both nodes v1 and v2 are in V 0H .

From the construction of V 0H , we know that for each
node in V 0H , no matter where it is located and in which
closed tour it is contained, an MCV at its location for
charging does not overlap with any other MCV at other
node in V 0H at any time. Therefore, the charging areas of
locations v1 and v2 do not overlap with each other. It thus
is impossible that sensor w is charged by the two MCVs
at locations v1 and v2 respectively at the same time, and
the assumption is incorrect. We thus conclude that no
sensors are charged by two MCVs simultaneously after
the insertion of node ui.

By combining the aforementioned discussions, the K
charging tours delivered by Algorithm 1 is feasible. tu

5.2 Analysis of the Approximation Ratio

In this subsection, we analyze the approximation ratio of the
proposed algorithm, Algorithm 1. We first estimate an
important lower bound on the value of an optimal solution
to the longest charging delay minimization problem. We
then show that the ratio of the longest charging tour dura-
tion among the closed tours delivered by the proposed algo-
rithm to the lower bound on the optimal solution can be
upper bounded by a constant.

We now estimate a lower bound as follows. We observe
that the value of an optimal solution to the longest charging
delay minimization problem in any subset V 0 � Vs of sen-
sors is no greater than the value of the optimal solution of
the longest charging delay minimization problem in a set
Vs. We thus make use of the optimal solution of the problem
in a special subset V 0s ([u2V 0HN

þ
c ðuÞ) of Vs as the approximate

estimation on the optimal solution of the problem in set Vs,
and then derive the approximation ratio of the proposed
approximation algorithm for the longest charging delay
minimization problem in Vs as follows.

Recall that V 0H is a maximal independent set of graph H.
Each node v in V 0H thus covers a set of sensors, and the cov-
erage areas of any two nodes in V 0H are not overlapping
with each other. We define the following optimization
problem.

Definition 2. Given a set V 0H of nodes and a depot v0 in a 2-D
metric space, each node v 2 V 0H has a charging duration tðvÞ,
assume that there areK MCVs at the depot initially, the travel-
ling time of a mobile charger between two nodes u and v with
constant traveling speed s is dðu; vÞ=s, i.e., each edge ðu; vÞ has
a travel delay weight dðu; vÞ=s, the K-optimal closed tour
problem is to find K (� 1) node-disjoint closed tours except
that the depot will be contained by all K closed tours such that
the longest charging delay among the K closed tours is mini-
mized, subject to that the union of nodes in the K closed tour is
V 0H , where the total delay of a closed tour is the weighted sum of
nodes and edges in the tour.

Notice that the k-optimal closed tour problem is NP-
hard, and there is a 2.5-approximation algorithm for the
K-optimal closed tour problem due to Frederickson
et al. [8]. The exact (optimal) solution to the K-optimal
closed tour problem is exactly an optimal solution to the
longest charging delay minimization problem in a set V 0

(¼ [u2V 0
H
Nþc ðuÞ) of sensors, and for any two nodes u and v

in V 0H , N
þ
c ðuÞ \Nþc ðvÞ ¼ ; and dðu; vÞ � 2g, i.e., there is no

overlapping between any two MCVs located at any two
nodes in V 0H at any time.

Denote by L0OPT and LOPT the optimal solutions of the
longest charging delay minimization problem in sets
[u2V 0

H
Nþc ðuÞ and Vs, respectively. It can be seen that L0OPT �

LOPT .
Let L be the solution delivered by an approximation

algorithm for the K-optimal closed tour problem in V 0H .
Then

L � 2:5 � L0OPT � 2:5 � LOPT : (17)

Denote by DH the maximum degree of graph H ¼
ðSI; E

0Þ. Let Ck be any charging closed tour obtained after
considering the nodes in V 0H initially by applying the
approximation algorithm due to Frederickson et al. [8]. We
then add nodes u 2 SI n V 0H in cases (i) and (ii) to the K
closed tours. We finally estimate the length (delay) of each
closed tour in the end by showing that the length (delay) of
each Ck is no greater than constant times of the initial delay
of Ck as follows.

Consider a node v in the initial closed tour of Ck, then
the cardinality of its neighborhood in H is jNHðvÞj � DH

and the distance of each its neighbor from v is strictly
less than 2g; otherwise, there will be no overlapping
between their coverage areas, following the definition of
graph H.

The analysis on the length of the final tour Ck, compared
with its initial length L0

k is given by the following lemma.

Lemma 2. The length of each final tour Ck is upper bounded by
ð2DH þ 1Þ � L0

k, where DH is the maximum degree of graph H,
and L0

K is the initial length of Ck before the insertion of any
nodes in SI n V 0H .

Proof. As the initial length L0
k of Ck is no less than

2g � jV ðCkÞj, the traveling time of MCV k on Ck is no less
than 2g � jV ðCkÞj=s. The traveling length of MCV k on the
final closed tour Ck after inserting nodes in cases (i) and
(ii) to the closed tour thus is upper bounded by

L0
k þ

X
v2V ðCkÞ

4g � jNHðvÞj (18)

� L0
k þ jV ðCkÞj � 4g � DH; as jNHðvÞj � DH

� L0
k þ 2DHL

0
k; as L0

k � 2g � jV ðCkÞj
¼ ð1þ 2DHÞ � L0

k;

(19)

where Eq. (18) holds since the insertion of each node will
increase the travel length no more than 2 � 2g ¼ 4g, see
Fig. 2c. Then, the traveling time of MCV k along its tour
Ck is ð1þ 2DHÞ times the traveling time on the initial
closed tour Ck. tu
We then analyze the total charging time in Ck. The initial

total charging time of MCV k in Ck is TC0
k ¼

P
v2V ðCkÞ tðvÞ,

as the coverage area by each node in Ck are not overlapping
with each other.

The total charging time of MCV k after inserting nodes of
cases (i) and (ii) in the closed tour Ck is no more than
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X
v2V ðCkÞ

tðvÞ þ
X

v2V ðCkÞ

X
u2NH ðvÞ

t0ðuÞ

�
X

v2V ðCkÞ
tðvÞ þ jV ðCkÞj � DH � tmax

� TC0
k þ TC0

k � DH � tmax

tmin
; since TC0

k � jV ðCkÞj � tmin

� TC0
k � 1þ DH � tmax

tmin

� �
;

(20)

where tmax ¼ maxv2VsftðvÞg and tmin ¼ minv2VsftðvÞg are
the longest and shortest charging durations of any MCV at
any sojourn locations.

By combining Ineqs. (19) and (20), the total charging
delay of MCV k along the closed tour Ck after the inserting
nodes in SI n V 0H thus is

1þ DH � tmax

tmin

� �
TC0

k þ ð1þ 2DHÞ � L0
k=s: (21)

Let D0
k be the longest charging delay in the initial K

closed tour Ck. Then

TC0
k þ L0

k=s � D0
k; (22)

where TC0
k is the total charging time of the initial tour, L0

k is
the tour length, and s is the traveling speed of each MCV.

Recall that L0OPT and LOPT are the optimal solutions to the
longest charging delay minimization problem in sets Vs and

[u2V 0
H
Nþc ðuÞ, respectively. Then, D0

k � 2:5 � L0OPT by the

approximation algorithm for the K-optimal closed tour
problem [8]. We also know that L0OPT � LOPT . Thus

D0
k � 2:5 � L0OPT � 2:5 � LOPT : (23)

The rest is to show that DH is a constant. Thus, the
approximation ratio r of the proposed approximation algo-
rithm is constant, by the following lemma.

Lemma 3. DH � 18.

Proof. Following the construction of graph H, the distance
between any neighbor v 2 NHðuÞ of node u 2 SI in H and
node u is no less than ð1þ �Þg but less than 2g, where � is
a value no less than zero. On the other hand, it can be
seen that the distance between any two nodes vi and vj in
NHðuÞ is no less than g, as they are all in set SI .

Following the work in [7], we know that it is impossi-
ble to have 20 points in a circle of radius 2g such that one
of the points is at the center and the distance between
any two of the points is at least g, i.e., jNHðuÞj þ 1 < 20.
Then, jNHðuÞj þ 1 � 19, as jNHðuÞj is a nonnegative inte-
ger. Therefore, jNHðuÞj � 18.

Notice that the number jNHðvÞj of neighbors of a sen-
sor v in graph H usually is much smaller than the maxi-
mum number of neighbors DH and DH � 18. For
example, consider a sensor network with 1,000 sensors in
a 100 m
 100 m square, assume that the charging range
of each charger is g ¼ 2:7 m [15]. Then, the average num-
ber Davg of neighboring sensors so that the euclidean dis-
tance between each neighbor sensor u and v is between g

and 2g is no more than pð2gÞ2�pg2
100
100 � 1; 000 ¼ 6:9� 18. tu

Theorem 2. Given a wireless rechargeable sensor network in a
plane and a set Vs of sensors required to be charged, assume that
each sensor v 2 Vs with energy capacity Bv and residual energy
REv when the sensor sent out its charging request. There are K
homogeneous mobile charging vehicles withK � 1with constant
speed s, each mobile charger has a wireless energy transmission
range g with charging output power P , and charge all sensors
within his energy transmission range. It is assumed that no sensor
can be charged by more than one MCV at any time. There is an
approximation algorithm with a constant approximation ratio r
for the longest charging delay minimization problem, and the

algorithm takes OðjVsj3Þ time, where r ¼ 2:5þ 225 � emax
emin
¼

Oð1Þ, emax and emin are the maximum and minimum amounts
of energy charged to a sensor, respectively, i.e., emax ¼
maxv2VsfBv �REvg and emin ¼ minv2VsfBv �REvg.

Proof. Following Lemma 1, the solution delivered by the
approximation algorithm is feasible. In the following, we
analyze the approximation ratio.

Notice that

tmax � emax

P � mmin � h
; (24)

where P is the charging output power of an MCV, and
mmin is the minimum charging efficiency with mmin ¼ 0:2.
Similarly

tmin � emin

P � mmax � h
; (25)

where mmax is the maximum charging efficiency with
mmax ¼ 1. Then

tmax

tmin
� mmax

mmin

� emax

emin
¼ 5 � emax

emin
: (26)

Following Eq. (21), the longest charging delay of each
closed tour is no more than�

1þ DH � tmax

tmin

�
TC0

k þ ð1þ 2DHÞ � L0
k=s

�
�
1þ 18 � tmax

tmin

�
TC0

k þ ð1þ 36Þ � L0
k=s; as DH � 18

�
�
1þ 90 � emax

emin

�
TC0

k þ 37 � L0
k=s; by Ineq: ð26Þ

�
�
1þ 90 � emax

emin

�
ðTC0

k þ L0
k=sÞ; as emax � emin

�
�
1þ 90 � emax

emin

�
D0

k; by Ineq: ð22Þ

�
�
1þ 90 � emax

emin

�
2:5 � LOPT ; by Ineq: ð23Þ

¼
�
2:5þ 225 � emax

emin

�
� LOPT ;

(27)

where emax and emin are the maximum and minimum
amounts of energy charged to a sensor, respectively.

It can be seen that the approximation ratio is a constant
if the ratio of themaximumamount emax of energy charged
to a sensor to theminimumamount emin of energy charged
to a sensor is a constant, this assumption is true in a real set-
ting where each to-be-charged sensor has consumed a sig-
nificant amount of its energy. For example, assume that
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each sensor sends a charging request if its residual energy
falls below 20 percent of its energy capacity [21]. Then,
emax � B and emin � ð1� 0:2ÞB ¼ 0:8B, where B is the
energy capacity of a sensor. The ratio of emax to emin thus is
no more than B

0:8B ¼ 1:25. In this case, the approximation

ratio is about 225 � emax
emin
þ 2:5 � 284.

The time complexity of the proposed algorithm is ana-
lyzed as follows. The constructions of auxiliary graph Gc

and one of its maximal independent sets SI take OðjVsj2Þ
time. The construction of graphH and amaximal indepen-
dent set V 0H on the graph takeOðjSI j2Þ ¼ OðjVsj2Þ time, too.
The construction of the initialK closed tours in a complete
graph GKðV 0H; V 0H 
 V 0H ; t; dÞ where t : V 0H 7! Rþ and

dð�; �Þ : ðV 0H 
 V 0HÞ 7! Rþ, takes OðjV 0H j3Þ time, by applying

the approximation algorithm for theK-optimal closed tour

problemdue to Frederickson et al. [8].
The insertion of a node u 2 SI n V 0H to one of the K

closed tours takes no more than OðjSI jÞ time since
V 0H � SI . Also, it takes OðjSI jÞ time to recalculate the
charging finish time of each node in the closed tour. Thus,
the total amount of time for the insertions of nodes in
cases (i) and (ii) takes OðPv2V ðCkÞ

P
u2NH ðvÞ jV ðCkÞjÞ ¼

OðDH �max1�k�KfjV ðCkÞj2gÞ ¼ Oðmax1�k�KfjV ðCkÞj2gÞ ¼
OðjSI j2Þ ¼ OðjVsj2Þ time. The approximation algorithm

thus takesOðjVsj3Þ time in total. tu

6 PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
algorithm through experimental simulations. We also study
the impact of important parameters on the algorithm perfor-
mance including network size, data rates of sensors, and the
number of MCVs and their charging rate.

6.1 Experimental Environment Settings

We consider a wireless rechargeable sensor network with
size from 200 to 1,200 sensors randomly distributed in a
100
 100 m2 square. Assume that the base station and the
depot of MCVs are co-located at the center of the monitoring
area. The energy capacity of each sensor is set as 10.8 kJ [32].
The data sensing rate bi of each sensor vi is randomly chosen
from an interval ½bmin; bmax� with bmin ¼ 1 kbps and bmax ¼
50 kbps, respectively. We adopt a real sensor energy consump-
tion model from [18]. Specifically, each sensor consumes its
energy on sensing, data transmission, and data reception, and
their energy consumptions for these three components are
modelled in Eqs. (28), (29), and (30), respectively [18]

Psense ¼ �
 bi; (28)

PTx ¼ ðb1 þ b2d
2
ijÞ 
 bTxi ; (29)

PRx ¼ a
 bRx
i ; (30)

where bi is the data rate of vi, b
Tx
i and bRx

i are the data transmis-
sion rate and reception rate of vi, respectively, dij is the euclid-
ean distance between vi and vj, � ¼ 60
 10�9 J=b, b1 ¼
45
 10�9 J=b, b2 ¼ 10
 10�12 J=b=m2, and a ¼ 135 

10�9 J=b. Each sensor sends its data to the base station via the
routing pathwith theminimum energy consumption [30].

The wireless energy transfer range g of each MCV is set at
2:7 m [14]. Then, the average number of sensors within the
charging range of anMCV at each sojourn location varies from
p2:72

100
100 � 200 ¼ 0:46 to p2:72

100
100 � 1; 200 ¼ 2:75. An MCV support-

ing multi-node energy charging can charge such a small num-
ber of sensors simultaneously. The number of MCVsK in the
network is set from 1 to 5. Each MCV travels at a speed of
s ¼ 1 m=s and its charging output power P is set at 2 W . The
charging duration of an energy-empty sensor then is
10:8 kJ
2 W ¼ 10:8 kJ

2 J=s ¼ 1:5 hours, if the MCV is located at the sensor.

We consider themonitoring of the sensor network for a period
TM of one year. The simulation environment is implemented
with the programming languageC++. Table 1 lists the parame-
ters used in the experiments. Unless otherwise specified, these
parameterswill be adopted in the default setting.

To evaluate the performance of the proposed algorithm
Appro for the longest charging delay minimization prob-
lem, we adopt the following five benchmarks.

(i) In algorithm Earliest Deadline First with K MCVs
(K-EDF), it first sorts to-be-charged sensors by their
residual lifetimes in increasing order, then partitions
the sensors intomultiple groupswith each group con-
tainingK sensors (except that the last groupmay con-
tain less thanK sensors), finally assigns theK sensors
in each group to theK MCVs such that the sum of the
traveling distances of theK MCVs from their current
locations to theK sensors areminimized.

(ii) In algorithm NETWRAP [34], each MCV selects the next
to-be-charged sensor that has the minimum weighted
sum of the travel time from theMCV to the sensor and
the residual lifetime of the sensor, a tie is broken arbi-
trarily if a sensor is selected bymultipleMCVs.

(iii) In algorithm K-minMax [21], it finds K node-dis-
joint closed tours that contain to-be-charged sensors,
such that the longest charging delay among the K
tours is minimized. Algorithm K-minMax delivers a
5-approximate solution.

(iv) In algorithm AA [34], it first partitions the to-be-
charged sensors into K groups, by applying the
K-means algorithm, and each MCV charges the sen-
sors in one group only. Each MCV charges a propor-
tion of sensors in its assigned group before their
energy expirations, so as tomaximize the total amount
of energy charged to sensors minus the total traveling
energy cost of the charger.

(v) In algorithm LB_optimal, it finds a lower bound on
the optimal solution to the longest charging delay

TABLE 1
Parameters Table

Parameters Values

number of sensors n 200 to 1,200
sensor battery capacity B 10.8 kJ
sensor data rate bi ½bmin; bmax� ¼ ½1 kbps; 50 kbps�
number of MCVsK 1 to 5
charging range g 2.7 m
charging output power P 2 W
MCV travel speed s 1 m=s
Monitoring period TM one year
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minimization problem. Specifically, given a set Vs of
to-be-charged sensors, it first finds the set SI of
charging locations of MCVs, following Step 1 and
Step 2 of Algorithm 1. It then constructs a complete
metric graph G0 ¼ ðSI [ fv0g; E0;w0 : E0 7! RÞ, where
v0 is the depot, there is an edge ðvi; vjÞ in E0 between
any two nodes vi and vj in SI [ fv0g, and the edge
weight w0ðvi; vjÞ is the traveling time of an MCV
between nodes vi and vj. Consider a minimum span-
ning tree T in G0, the weighted sum w0ðT Þ of the
edges in T 0, i.e., w0ðT Þ ¼P

e02T w0ðe0Þ, is no more than
the sum of the traveling times of the K MCVs in the
optimal solution, as each of the K optimal tours con-
tains depot v0. The lower bound thus is

LB optimal ¼ w0ðT Þ þ hðT Þ
K

; (31)

where hðT Þ is a lower bound on the total charging
time for MCVs at the charging locations in set SI ,
which is calculated as follows.

Denote by ti the charging time at a location ui 2 SI . Let
NðuiÞ be the set of sensors within the charging range of a
location ui and NCðvjÞ be the set of charging locations
within the charging range of a sensor vj 2 Vs. We use a
binary variable xij to indicate whether a sensor vj is charged
by an MCV at location ui, i.e., xij ¼ 1 if sensor vj is charged
by an MCV at ui; otherwise, xij ¼ 0. The minimum total
charging time for MCVs at locations in SI can be calculated
by the following integer program:

min
X
ui2SI

ti; (32)

subject to the following constraints:

X
ui2NC ðvjÞ

xij � 1; 8vj 2 Vs (33)

ti � xij � ðBj �REjÞ
Pij

; 8ui 2 SI; 8vj 2 NðuiÞ (34)

xi;j 2 f0; 1g; 1 � i � jSI j; 1 � j � jVsj; (35)

where Constraint (33) ensures that each sensor must be
charged by an MCV. Constraint (34) calculates the charging
time ti at a location ui, Bj �REj is the amount of energy
needed to charge sensor vj, and Pij is the charging rate.

The lower bound hðT Þ on the total charging time can be
obtained by solving a linear programming relaxation to the
integer program, by relaxing Constraint (35) to 0 � xi;j � 1.

Notice that the existing algorithms K-EDF, NETWRAP,
K-minMax, AA have been slightly modified so that they are
fitted into the multi-node energy charging scheme. Specifi-
cally, when an MCV arrives at a sensor along its charging
tour, if the sensor has been fully charged by any MCVs at
other locations, the MCV moves to the next to-be-charged
sensor in its tour. In case a sensor is within the overlapping
charging area of multiple MCVs, only one MCV is allowed
to perform charging at any time.

The value in each figure is the mean of the results out of
100 WRSN instances with the same network size. The run-
ning time of each algorithm is obtained based on a server
with a 3.6 GHz Intel i7 CPU and an 8 GB RAM.

6.2 Performance Evaluation of Different Algorithms

We first evaluate the performance of algorithms Appro,
K-EDF, NETWRAP, AA, and K-minMax, by varying the net-
work size n from 200 to 1,200 and there are K ¼ 2 mobile
chargers deployed.

Fig. 3a shows that the longest charging tour duration
among the K ¼ 2 charging tours delivered by the proposed
algorithm Appro is much shorter than those delivered by the
four existing algorithmsK-EDF, NETWRAP, AA, andK-min-

Max respectively. For example, when the network size is
n ¼ 1; 200 sensors, the longest charging tour durations of
algorithms Appro, K-EDF, NETWRAP, AA, and K-minMax

are around 34, 68, 80, 137, 67 hours, respectively, while the
longest charging tour duration by algorithm Appro is about
1� 34

67 � 50% shorter than those by the four comparison algo-
rithms. Fig. 3a also demonstrates that the empirical approxi-
mation ratio of the solution by algorithm Appro to that by
algorithm LB_optimal varies between 1.62 and 2, which is
much smaller than the analytical approximation ratio
2:5þ 225 � emax

emin
in Theorem 2, which clearly indicates that the

analytical approximation ratio is very conservative.
Fig. 3b plots the average dead duration per sensor by dif-

ferent algorithms for a given monitoring period TM (e.g.,
one year) when the network size n increases from 200 to
1,200. It can be seen from Fig. 3b that the average sensor
dead duration delivered by algorithm Appro is no more
than 10 minutes when there are n ¼ 1; 200 sensors, while
the average sensor dead durations by algorithms K-EDF,
NETWRAP, AA, and K-minMax are 1,700, 3,200, 7,300, and
1,500 minutes, respectively, which are significantly higher
than that by the proposed algorithm. On the other hand,

Fig. 3. Performance of different algorithms by varying the network size n from 200 to 1,200 withK ¼ 2 chargers.
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Fig. 3c demonstrates the longest dead duration per sensor
by different algorithms, from which it can be seen that the
longest dead duration by algorithm Appro is much shorter
than those by the other four comparison algorithms.

Fig. 3d depicts that the running time of each mentioned
algorithm increases with the growth of network size, as
there are more to-be-charged sensors in each charging tour,
but the gap of running times among different algorithms is
insignificant, which is no more than 5 ms.

6.3 Impact of Different Parameters on the
Performance of Different Algorithms

The rest is to study the impact of several important parame-
ters on the performance of different algorithms.

We first investigate the impact of the maximum data rate
bmax on the performance of different algorithms, by varying
its value from 10 kbps to 50 kbps in a network with n ¼ 1; 000
sensors and K ¼ 2 mobile chargers, while bmin ¼ 1 kbps. It
can be seen that sensor energy consumption rates grow with
a larger data rate, and thus there will be more to-be-charged
sensors in each charging tour. Fig. 4a shows that the longest
charging tour duration by algorithm Appro is no more than
29 hours, while the longest charging tour durations by the
other four algorithmsK-EDF, NETWRAP, AA, andK-minMax

are at least 40 hours when bmax ¼ 50 kbps. In addition, the
actual approximation ratio of the solution by algorithm
Appro to that by algorithm LB_optimal is nomore than 2.1.
Fig. 4b demonstrates that the average sensor dead duration
by algorithm Appro is only 7 minutes, whereas the average
sensor dead durations by algorithms K-EDF, NETWRAP, AA,
and K-minMax are 80, 370, 1,100, and 77 minutes, respec-
tively, when bmax ¼ 50 kbps. Fig. 4c demonstrates the longest
sensor dead duration by different algorithms. Fig. 4d plots
that the running times of different algorithms are about 1 ms.

We then study the impact of the number of mobile chargers
K on the performance of different algorithms, by increasing
the number of mobile chargers K from 1 to 5, in a network
with n ¼ 1; 000 sensors. Fig. 5a demonstrates that the longest
charging tour duration by each of the algorithms decreases
significantly when K increases from 1 to 2, then becomes flat
with more mobile chargers. It can also be seen from Fig. 5 that
the longest charging tour duration and average/longest sen-
sor dead duration by algorithm Appro are much shorter than
those by the existing algorithms K-EDF, NETWRAP, AA, and
K-minMax. Moreover, Fig. 5a shows that the approximation
ratio of the solution delivered by algorithm Appro to that by
algorithm LB_optimal varies between 1.45 and 3. Fig. 5d
indicates the running time of each algorithm decreases with
the growth of numbers of mobile chargers, as there are less
numbers of to-be-charged sensors in each charging tour when
more mobile chargers are deployed.

We finally consider the impact of the charging output
power P of mobile chargers on the performance of different
algorithms, by varying the value of P from 1 Watt to 5 Watts,
in a network with n ¼ 1; 000 sensors and K ¼ 2 chargers. It
can be seen that it takes from 10:8 kJ

5 W ¼ 36minutes to 10:8 kJ
1 W ¼ 3

hours to fully charge an energy-empty sensor. Fig. 6 plots that
the longest tour duration and average/longest sensor dead
duration curves delivered by different algorithms. It can be
seen that algorithm Appro significantly outperforms algo-
rithms K-EDF, NETWRAP, AA, and K-minMax, respectively.
Also, Fig. 6a plots that the empirical approximation ratio
of the solution by algorithm Appro to that by algorithm
LB_optimal varies between 1.5 and 3.5.

7 CONCLUSION

In this paper we studied the use of multiple mobile chargers,
instead of only a single charger, to charge sensors in a WRSN,

Fig. 4. Performance of different algorithms by varying the maximum data rate bmax from 10 kbps to 50 kbps in a network with n ¼ 1; 000 sensors and
K ¼ 2mobile chargers, while bmin ¼ 1 kbps.

Fig. 5. Performance of different algorithms by varying the number of mobile chargersK from 1 to 5 in a network with n ¼ 1; 000 sensors.
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thereby speeding up sensor charging and reducing their expi-
ration durations, where each mobile charger can replenish
multiple sensors simultaneously within its energy charging
range. We formulated a novel longest charging delay minimi-
zation problem, through finding charging tours for K given
mobile charging vehicles such that the longest charging dura-
tion among the charging tours is minimized, subject to that no
sensor can be charged by more than one MCV at any time.
Since the problem is NP-hard, we then devised the very first
approximation algorithmwith a provable approximation ratio
for it. We finally evaluated the performance of the proposed
algorithm through experimental simulations. Simulation
results demonstrate that the proposed algorithm is very prom-
ising, and outperforms the other heuristics in various settings.
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