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Abstract—In this paper, we study the employment of a mobile charger to charge lifetime-critical sensors under the multi-node

partial-chargingmodel, in which the charger can simultaneously charge the sensorswithin its charging range and each sensor may be

partially charged each time.We notice that existing studies only scheduled the charger to minimize the number of dead sensors, but did

not consider the charging scheduling for the sensors that have already run out of their energy, and the dead sensorswill be last charged

by themobile charger. Then, their dead durationsmay be very long. In this paper, we consider not only how tominimize the number of

dead sensors but also reduce the dead durations of sensors. To this end, we first formulate a sensor lifetimemaximization problem, which

is to find a charging tour for amobile charger to charge sensors, such that the sum of sensor lifetimes is maximized.We then propose a

novel 13-approximation algorithm for the problem.We finally evaluate the performance of the proposed algorithm through experiments.

Experimental results show that both the average andmaximum sensor dead durations by the proposed algorithm are up to 70% shorter

than those by existing algorithms.

Index Terms—Wireless rechargeable sensor networks, multi-node charging, partial charging, approximation algorithm

Ç

1 INTRODUCTION

WIRELESS sensor networks (WSNs) are widely used in
various applications, including air pollutionmonitoring

in smart cities, bush fire monitoring, flooding monitoring,
etc [2], [6], [9], [20]. Since the amount of energy stored in every
sensor battery is limited, the sensor will run out of its energy
due to sensing, data transmission, and data reception [13].
To replenish energy to sensors, a promising approach is to
deploymobile chargers to charge lifetime-critical sensors by uti-
lizing a wireless charging technique [11], [12], [24], as mobile
chargers are able to provide stable and high-efficient energy
supplies to sensors.

The scheduling of mobile chargers to charge sensors has
attracted lots attentions in the past decade. Most existing
studies adopted a one-to-one charging model [3], [5], [10], [26],
[28], [29], [34], in which a mobile charger charges only a sin-
gle sensor each time. However, since it takes a while (e.g.,
30-80 min) to fully charge a commercial off-the-shelf sensor
battery (e.g., Lithium battery) [28], some sensors may run
out of their energy before the mobile charger charges them.

To improve charging efficiency and shorten sensor energy
expiration durations, some studies adopted a multi-node full-
charging model [15], [19], [30], [31], [32], in which sensors
within the charging range of amobile charger can be simulta-
neously charged by the mobile charger, and the sensors will
be fully charged. A recent experimental result showed that
the maximum charging range of a mobile charger can be as
far as 15 meters [22]. However, the energy charging effi-
ciency decreases with the increase on the distance between a
mobile charger and a sensor. That is, the further away from
the mobile charger, the less energy the sensor will receive.
Then, the charging time at a charging location under the
multi-node full-charging model highly depends on the dis-
tance between the mobile charger and the farthest sensor in
its charging range, as the sensor has the lowest charging rate.
Therefore, it may take a long time to fully charge all sensors
in the charging range of the mobile charger, and some other
sensors may still run out of their energy before the mobile
charger charges them.

There are a few recent studies that adopted a novel multi-
node partial-charging model [18], [35] to significantly shorten
sensor dead durations, in which not only multiple sensors
can be simultaneously charged by a mobile charger, but
also each sensor may be partially charged each time.

We note that the studies in [18], [35] did not consider the
charging scheduling of sensors that have run out of their

� Jingxiang Liu, Jian Peng, Wenzheng Xu, Xi Peng, and Zheng Li are with
the College of Computer Science, Sichuan University, Chengdu 610065,
China. E-mail: liujingxiang971018@163.com, {jianpeng, pengxi, lizheng}
@scu.edu.cn, wenzheng.xu3@gmail.com.

� Weifa Liang and Xiaohua Jia are with the Department of Computer Sci-
ence, City University of Hong Kong, Hong Kong.
E-mail: {weifa.liang, csjia}@cityu.edu.hk.

� Tang Liu is with the College of Computer Science, Sichuan Normal Uni-
versity, Chengdu 610068, China. E-mail: liutang@sicnu.edu.cn.

� Zichuan Xu is with the School of Software, Dalian University of Technol-
ogy, Dalian 116024, China. E-mail: z.xu@dlut.edu.cn.

Manuscript received 31 July 2021; revised 29 April 2022; accepted 3 August
2022. Date of publication 19 August 2022; date of current version 3 October
2023.
The work of Wenzheng Xu was supported in part by the National Natural Sci-
ence Foundation of China (NSFC) with under Grant 61602330, and in part
by the double world-class project for Sichuan University under Grant
0082604151352. The work of Jian Peng was supported in part by the National
Key R&DProgram of China under Grant 2020YFB0704502, in part by the Key
R&D Program of Sichuan Province of China under Grant 22ZDYF3599, and
in part by the Cooperative Program of Sichuan University and Yibin under
Grant 2020CDYB-30. The work of Tang Liu was supported by NSFC under
Grant 62072320.
(Corresponding author: Wenzheng Xu.)
Digital Object Identifier no. 10.1109/TMC.2022.3200070

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 22, NO. 11, NOVEMBER 2023 6571

1536-1233 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See ht _tps://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on October 24,2023 at 14:26:49 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-8396-6825
https://orcid.org/0000-0002-8396-6825
https://orcid.org/0000-0002-8396-6825
https://orcid.org/0000-0002-8396-6825
https://orcid.org/0000-0002-8396-6825
https://orcid.org/0000-0002-8207-6740
https://orcid.org/0000-0002-8207-6740
https://orcid.org/0000-0002-8207-6740
https://orcid.org/0000-0002-8207-6740
https://orcid.org/0000-0002-8207-6740
https://orcid.org/0000-0001-5438-1468
https://orcid.org/0000-0001-5438-1468
https://orcid.org/0000-0001-5438-1468
https://orcid.org/0000-0001-5438-1468
https://orcid.org/0000-0001-5438-1468
https://orcid.org/0000-0001-8702-8302
https://orcid.org/0000-0001-8702-8302
https://orcid.org/0000-0001-8702-8302
https://orcid.org/0000-0001-8702-8302
https://orcid.org/0000-0001-8702-8302
mailto:liujingxiang971018@163.com
mailto:jianpeng@scu.edu.cn
mailto:pengxi@scu.edu.cn
mailto:lizheng@scu.edu.cn
mailto:wenzheng.xu3@gmail.com
mailto:weifa.liang@cityu.edu.hk
mailto:csjia@cityu.edu.hk
mailto:liutang@sicnu.edu.cn
mailto:z.xu@dlut.edu.cn


energy, and the dead sensors will be last charged by the
mobile charger. Thus, the dead duration of a dead sensor
may be very long. For example, Fig. 1a shows a sensor net-
work consisting of four sensors v1; v2; v3, and v4, where the
residual lifetimes of sensors v1; v2; v3 are 5, 10, and 40 min,
respectively, while sensor v4 has already run out of its energy
for 20 min. For the sake of convenience, assume that the trav-
eling time of the mobile charger between any two sensors
can be ignored, as the mobile charger traveling time is much
shorter than the sensor charging time [33]. Figs. 1b, 1c, 1d,
and 1e show the charging scheduling delivered by existing
studies in [18], [35] under the multi-node partial-charging
model. Specifically, Fig. 1b shows that the mobile charger
first partially charges sensors v1 and v2 for 30 minutes at the
location of v1. Assume that the amounts of energy charged to
sensors v1 and v2 in the 30 minutes are able to support their
operations for 2 weeks and 1 week, respectively, as the
energy charging efficiency for v1 is larger than that of v2. The
mobile charger then moves to the location of v3 and it takes
one hour to fully charge sensors v2 and v3, see Fig. 1c, where

some energy has already been charged to sensor v2 when the
mobile charger stayed at v1. The mobile charger further
returns to the location of v1 and it takes 30 minutes to fully
charge sensor v1, see Fig. 1d. It can be seen that none of the
three sensors v1; v2 and v3 runs out its energy. On the other
hand, since sensor v4 has run out of energy initially, the
mobile charger finally charges v4 (see Fig. 1e) and its dead
duration is as long as 140minutes (= 20 + 30 +60+30).

We note that the energy expirations of some sensors for a
long time may lead to severe consequences to the sensor
network. For example, consider a sensor network for early
forest fire detections [8], [23]. The energy expiration of a sen-
sor for several hours may delay the detection of a forest fire.
Such a detection delay may incur significant damages and
casualties, as the forest fire may quickly spread by strong
wind in a very short time [8], [23], [33].

In this paper, we consider not only how to minimize the
number of dead sensors but also reduce the dead durations
of the sensors. To this end, we aim to maximize the lifetime
of all sensors, thereby minimizing the dead durations of the
sensors. Fig. 2 illustrates the proposed charging scheduling

Fig. 1. An illustration of the charging schedulings in existing studies
under the multi-node partial-charging model, where the dead durations
of sensors v1; v2; v3 and v4 are 0, 0, 0, and 140 minutes (=20+30+60
+30), respectively.

Fig. 2. An illustration of the proposed charging scheduling under the
multi-node partial-charging model, where the dead durations of sensors
v1; v2; v3 and v4 are 0, 0, 0, and 20 min, respectively.
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in this paper. Specifically, Fig. 2a shows that the mobile
charger first charges sensor v4 for only 5 min and the
amount of energy charged to v4 in the 5 minutes can support
its operation for some time, e.g., 3 hours, since the energy
consumption rate of a sensor usually is low. The mobile
charger then charges sensors v1 and v2 for 30 minutes at the
location of v1, see Fig. 2b. The charger moves to the location
of v3 and it takes one hour to fully charge sensors v2 and v3,
see Fig. 2c. The charger further recharges sensor v1 to its full
energy capacity for 30 minutes at the location of v1, see
Fig. 2d. Finally, the charger recharges sensor v4 to its full
energy capacity at the location of v4, see Fig. 2e. It can be
seen that not only three sensors v1; v2; and v3 do not run out
of their energy before the mobile charger charges them, but
also the dead duration of sensor v4 is only 20 min, which is
much shorter than its dead duration 140 minutes in the
charging schedulings by the existing studies under the
multi-node partial-charging model [18], [35] (see Fig. 1),
where sensor v4 has already run out of its energy for 20 min
before the mobile charger charges any sensor.

The novelties of this paper are two-fold. On one hand,
unlike existing studies that ignored the charging scheduling
of sensors that have already run out of energy, in this paper
we study a sensor lifetime maximization problem, which is
to find a charging tour for a mobile charger, such that the
sum of sensor lifetimes is maximized, thereby shortening
sensor dead durations. On the other hand, we propose the
very first 1

3-approximation algorithm for the problem.
The challenges of the problem considered in this paper

are as follows. (i) How to determine the charging locations
of a mobile charger and the charging time at each location
to ensure that each energy-critical sensor will be charged to
its full energy capacity? (ii) Since sensors can be partially
charged each time, how to schedule the mobile charger to
maximize the lifetime of sensors? In this paper, we will
tackle the two mentioned challenges.

The contributions of this paper are summarized as fol-
lows. (i) We formulate a novel sensor lifetime maximization
problem, which is to find a charging tour for a mobile char-
ger with energy capacity, such that the sum of sensor life-
times is maximized. (ii) To the best of our knowledge, we
propose the very first 1

3 approximation algorithm for the
problem. (iii) We evaluate the performance of the proposed
algorithm through experiments. Experimental results show
that the proposed algorithm is very promising. Specifically,
both the average and maximum sensor dead durations by
the proposed algorithm are up to 70% shorter than those by
existing algorithms.

The rest of this is organized as follows. Section 2 reviews
related work. Section 3 introduces the network model
and charging model, and defines the problem. Sections 4
proposes an approximation algorithm for the problem and
Section 5 analyzes its approximation ratio. Section 6 evalu-
ates the performance of the proposed algorithm. Finally,
Section 7 concludes this paper.

2 RELATED WORK

Wireless energy transfer technique [11] has been considered
as a promising approach to prolong the lifetime of sensor
networks. Most existing studies adopted the one-to-one full-

charging model [10], [26], [29], [34], in which a mobile charger
charges only one sensor each time and the sensor is fully
charged before the charger charges the next sensor. For
example, Shi et al. [26] were the first to apply the wireless
charging technique for charging sensors, and they sched-
uled a mobile charger to charge sensors periodically such
that the network can operate perpetually. Xu et al. [34] stud-
ied the deployment of multiple mobile chargers to collabo-
ratively charge sensors for a monitoring period, where
different sensors have different energy consumption rates.
They proposed a charging algorithm for dispatching the
mobile chargers in the monitoring period, such that no sen-
sors run out of energy and the total traveling distance of the
mobile chargers is minimized. Wang et al. [29] devised an
adaptive charging scheduling algorithm to maximize the
amount of energy charged to sensors minus the mobile
chargers traveling energy consumption, subject to the
energy capacity constraint on each mobile charger, where
each charged sensor is replenished before its energy expira-
tion. Jiang et al. [10] jointly considered the charging tour
planning and mobile charger depot positioning for large-
scale WSNs. They studied the problem of minimizing the
number of deployed mobile chargers to maintain perpetual
network operations.

Some studies adopted the one-to-one partial-charging
model [14], [16], [33], in which a mobile charger charges only
one sensor each time and the sensor may be partially
charged, rather than fully charged. For example, Liang et al.
[14] considered two different charging scenarios where sen-
sors can be charged multiple times per tour or not. They
devised approximation algorithms to maximize the sum of
charging rewards collected from all charged sensors per
tour under the energy capacity constraint on the mobile
charger. Xu et al. [33] applied partial-charging for increas-
ing sensor lifetimes and proposed an algorithm to schedule
a mobile charger to charge sensors by determining not only
the charging sequence of sensors but also the amount of
energy charged to a sensor each time. They aimed to maxi-
mize the sum of sensor lifetimes and minimize the travel
distance of the mobile charger. Lin et al. [16] further
improved the algorithm in [33] by proposing a mixed partial
and full charging scheme.

Some recent studies adopted the multi-node full-charging
model to improve charging efficiencies [15], [17], [19], [27],
[30], [31], [32], where a mobile charger can simultaneously
charge all sensors within the charging range of the mobile
charger. Xie et al. [31] were the first to apply this model for
WSNs by deploying a mobile charger to periodically travel
inside the network and charge sensors. They aimed to maxi-
mize the ratio of the vacation time of the mobile charger at
its service station to the total period, while ensuring that
none of the sensors run out of energy. Ma et al. [19] devised
approximation algorithms to find a charging tour under the
energy capacity constraint on the mobile charger, such that
the accumulative utility of the sensors charged by the
mobile charger is maximized. Wang et al. [30] considered
the trade-off between the mobile charger movement cost
and the sensor charging efficiency, and proposed a bundle
charging scheme to cluster sensors in the network into a set
of charging bundles. They then found the optimal bundle
radius and trajectory planning for the mobile charger to

LIU ETAL.: MAXIMIZING SENSOR LIFETIME VIA MULTI-NODE PARTIAL-CHARGING ON SENSORS 6573

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on October 24,2023 at 14:26:49 UTC from IEEE Xplore.  Restrictions apply. 



charge sensors in bundles, such that the total energy con-
sumption of the mobile charger is minimized. Lin et al. [17]
studied a directional energy transfer model, and investi-
gated a problem of determining the charging time at each
charging location as well as the charging direction of the
mobile charger at the location, such that the total charging
time is minimized. Lin et al. [15] later considered that
obstacles around a sensor will affect the charging efficiency
for the sensor. They proposed a charging model with
obstacles to solve the charging utility maximization prob-
lem. To further improve charging scalability, Xu et al. [32]
recently studied the multi-node full-charging model with
multiple mobile chargers to charge large-scale WSNs. They
proposed an approximation algorithm to find a charging
tour for each mobile charger such that the longest charging
tour time among multiple tours is minimized, while ensur-
ing that no sensors are simultaneously charged by multiple
mobile chargers. Tomar et al. [27] proposed an on-demand
charging scheduling scheme with multiple mobile chargers,
which first assigns sensors to the mobile chargers by the
charging load of sensors, then utilizes a fuzzy logic to deter-
mine the charging sequence of sensors.

Unlike the aforementioned studies, in this paper we uti-
lize a multi-node partial-charging model to effectively shorten
sensor dead durations and improve charging efficiency,
where sensors within the charging range of a mobile char-
ger can be partially and simultaneously charged. Then, not
only the charging efficiency is improved by the multi-node
charging model, but also more sensors are charged before
their energy expirations by smartly determining the charg-
ing sequence and charging time at each charging location.

We also note that there are a few studies adopting the
multi-node partial-charging model [18], [35]. Liu et al. [18]
studied a problem of minimizing the number of dead sen-
sors under a multi-node partial-charging model and pro-
posed a greedy charging scheduling algorithm by the
residual lifetimes of sensors. Yang et al. [35] investigated a
problem of maximizing the total charging utility of sensors,
where the charging utility of a sensor is counted if it is
charged before its energy expiration. However, both the
studies in [18], [35] did not consider the charging schedul-
ing for the sensors that have already run out of energy or
cannot be charged before their energy expirations. Then, the
dead durations of the sensors may be very long. On the
other hand, in this paper, we not only consider how to mini-
mize the number of dead sensors but also reduce the dead
durations of the sensors that cannot be charged before their
energy expirations. To this end, we aim to maximize the life-
time of all sensors, thereby minimizing the dead durations
of the sensors.

3 PRELIMINARIES

In this section, we first introduce the network model, then
present the charging model, and finally define the problem
precisely.

3.1 Network Model

We consider a large-scaleWireless Rechargeable Sensor Net-
work Gs ¼ ðVs; EsÞ deployed in a two-dimensional space for
environmental monitoring, disaster monitoring, industrial

surveillance, etc. The network consists of a set Vs ¼
fv1; v2; . . . ; vnsg of ns stationary sensors. Denote by ðxi; yiÞ
the coordinate of a sensor vi in Vs. Assume that the coordi-
nate of each sensor is known. For any two sensors vi and vj,
there is an edge ðvi; vjÞ in Es between the two sensors if they
are within the communication range of each other. In addi-
tion, there is a base station in the network for collecting data
from sensors. The sensing data from each sensor are sent to
the base station directly or through multi-hop relays along a
given routing path, e.g., along the routing path with the min-
imum energy consumption [25].

Each sensor vi 2 Vs consumes energy on data sensing,
transmission, and reception. Denote by biðtÞ the data sensing
rate of sensor vi at time t, where the value of biðtÞ is deter-
mined by the application of the sensor network. Following
the routing path in the network, the data transmission rate
bTxi ðtÞ and the data reception rate bRxi ðtÞ of sensor vi at time t
can be calculated, where bTxi ðtÞ ¼ biðtÞ þ bRxi ðtÞ. Then, the
energy consumption rate riðtÞ of sensor vi at time t can be cal-
culated, by adopting a real sensor energy consumption
model from [13], by considering its energy consumptions on
data sensing, transmission, and reception, respectively.

Assume that each sensor vi 2 Vs is powered by a recharge-
able battery with a limited energy capacity Bi. Denote by
REiðtÞ the residual energy of sensor vi at time t. Then, the
residual lifetime of sensor vi at time t is liðtÞ ¼ REiðtÞ

riðtÞ
. Sensor

vi sends a charging request REQi ¼< t; vi; liðtÞ; riðtÞ; Bi �
REiðtÞ > to the base station for energy charging when its
residual lifetime liðtÞ falls below a given threshold lc (e.g., 2
hours) at some time t, whereBi �REiðtÞ is the amount of to-
be-charged energy of sensor vi. The set Vc of to-be-charged
sensors includes the sensors with their residual lifetimes no
greater than a � lc, e.g., a ¼ 5, i.e., Vc ¼ fvi j vi 2 Vs; liðtÞ �
a � lcg. Let n ¼ jVcj.

3.2 Charging Model

To maintain long-term operations of the sensor network Gs,
assume that there is a mobile charger located at a depot r.
The mobile charger stays and recharges itself at depot r
when there are no charging requests. Once the base station
receives a charging request, the mobile charger will be dis-
patched to wirelessly charge sensors in Vc by traveling along
a certain charging tour, assuming that there is a server
located at depot r for calculating the charging tour. Note that
the charging algorithm proposed in this paper can be easily
extended to the case with multiple mobile chargers, by
adopting a similar strategy from thework in [32].

Ideally, the mobile charger can stay at any location for
charging sensors in the network, which means that there
are infinite number of candidate charging locations for the
mobile charger. This however makes the scheduling of the
mobile charger intractable. We here only consider a finite
number of candidate charging locations where the mobile
charger can stay.

We construct a set S of candidate charging locations as
follows. Initially, the locations of to-be-charged sensors in
Vc are added to S, i.e., S ¼ fs1; s2; :::; sng, where si is the
location of sensor vi. Then, the middle location sk between
any two sensors vi and vj in Vc is added to S if their Euclid-
ean distance is no greater than twice the maximum energy
transmission range g (e.g., g = 15 m [22]), i.e., dðsi; sjÞ � 2g.
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Otherwise (dðsi; sjÞ > 2g), the middle location sk between
sensors vi and vj will not be added to S, since both of them
will not be able to receive any energy from the mobile char-
ger at location sk. Denote by m the number of candidate
charging locations in S in the end, i.e.,m ¼ jSj.

In this paper, we adopt amulti-node charging model, which
is based on the WISP-reader charging model [7], [24]. When
the mobile charger stays at a candidate location sj 2 S, a set
NðsjÞ of sensors within the maximum energy transmission
range g can be simultaneously charged, where NðsjÞ ¼
fvi j vi 2 Vc; dðvi; sjÞ � gg, dðvi; sjÞ is the Euclidean distance
between sensor vi and location sj.

Notice that the energy transfer efficiency decreases with
the increase on the distance dðvi; sjÞ. Following an existing
study [7], the reception power Prðvi; sjÞ of sensor vi from
the mobile charger at location sj is

Prðvi; sjÞ ¼
a0

ðdðvi;sjÞþb0Þ2
Pt; dðvi; sjÞ � g

0; dðvi; sjÞ > g

(
(1)

where a0 and b0 are two constants determined by the hard-
ware of the mobile charger, and Pt is the output power of
the mobile charger. We assume that when Prðvi; sjÞ is very
small when dðvi; sjÞ > g, the received energy at sensor vi
can be ignored.

Unlike most existing studies that adopted the multi-node
full-charging model, in which the mobile charger charges
sensors within its maximum charging range to their full
energy capacities at each charging location. In this paper,
we consider a multi-node partial-charging model. That is, no
sensors are required to be fully charged once the mobile
charger starts to charge them, but can be charged multiple
times until they are fully charged.

We define a charging tour C of the mobile charger
for charging sensors in Vc as follows. Let C ¼< ðr; 0Þ !
ðs01; d1Þ ! ðs02; d2Þ ! � � � ! ðs0n0 ; dn0 Þ ! ðr; 0Þ > , which
means that the mobile charger starts from depot r, moves to
a charging location s01 in S and charges for a period of d1,
moves to a charging location s02 and charges for a period of
d2, . . . , then travels to a charging location s0n0 and charges for
a period of dn0 , finally returns to depot r, where n0 is a posi-
tive integer to be determined. Note that the mobile charger
may charge at the same location multiple times in tour C.
Tour C is feasible if each sensor vi 2 Vc is fully charged, i.e.,

Xn0
j¼1

Prðvi; s0jÞ � dj � Bi �REi; 8 vi 2 Vc; (2)

where Prðvi; s0jÞ � dj is the amount of energy charged to sensor
vi by the mobile charger at location s0j, Prðvi; s0jÞ is the recep-
tion power of sensor vi from the mobile charger located at s0j,
dj is the charging time of the mobile charger at location s0j,
andBi �REi is the energy demand of sensor vi.

3.3 Problem Definition

It is desirable that every sensor is charged before its energy
expiration. We say that a sensor vi is charged in time if vi
does not run out of energy before its charging energy
demand Bi �REi is met. We assume that the energy con-
sumption rate ri of vi can be considered as constant within

the period of a charging tour, but may change over time.
Without loss of generality, denote by li the residual lifetime

of sensor vi at time t, where li ¼ REi
ri

and REi is the residual

energy of vi. Let Ti ¼ Bi�REi
ri

. It can be seen that the residual
lifetime of sensor vi is prolonged from li to li þ Ti, if vi is
charged in time. In other words, sensor vi will not run out
of energy in the time interval ½tþ li; tþ li þ Ti�, if vi is
charged in time. For example, Fig. 3a shows that sensor vi is
charged twice by the mobile charger, and vi does not run
out of energy from tþ li to tþ li þ Ti.

When there are many lifetime-critical sensors to be
charged in the network, sensor vi may run out of its energy
within the time interval ½tþ li; tþ li þ Ti�. Fig. 3b shows that
sensor vi has depleted its energy for some time before it is
charged by the mobile charger for the first time. Denote by
Td
i the total dead duration of vi within the time interval ½tþ

li; tþ li þ Ti�. We define the normalized lifetime hi of each
sensor vi 2 Vc to represent its survival probability within the
time period ½tþ li; tþ li þ Ti� by the charging tourC, i.e.,

hi ¼ 1� Td
i

Ti
; (3)

where hi 2 ½0; 1�, Ti is the duration of the time interval ½tþ
li; tþ li þ Ti�, and Ti ¼ Bi�REi

ri
.

It can be seen that the normalized lifetime hi of sensor vi
is 1, if vi is charged in time, i.e., Td

i ¼ 0 and hi ¼ 1� 0
Ti
¼ 1,

see Fig. 3a. On the other hand, the normalized lifetime hi of
vi is 0, if vi is not charged at all within ½tþ li; tþ li þ Ti�,
i.e., Td

i ¼ Ti and hi ¼ 1� Ti
Ti
¼ 0.

We consider the sum of normalized lifetimes hsum of to-
be-charged sensors in Vc by the charging tour C, i.e.,

hsum ¼
X
vi2Vc

hi; (4)

Since the normalized lifetime hi indicates the survival
probability of each sensor vi 2 Vc, the sum of normalized life-
times hsum means the expected number of live sensors, if the
mobile charger charges sensors in Vc along tour C. We inves-
tigate an important sensor lifetime maximization problem, which
is to find a charging tour C for the mobile charger, such that
the sum hsum of normalized lifetimes of sensors in Vc is maxi-
mized, which is precisely defined as follows.

Given a set Vc of to-be-charged sensors in WSN Gs at
some time t, the energy consumption rate ri, the residual
lifetime li, and the charging energy demand Bi �REi of
each sensor vi 2 Vc, the sensor lifetime maximization problem is

Fig. 3. Sensor vi is charged in time or runs out of its energy for a period
of time.
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to find a closed charging tour C ¼< ðr; 0Þ ! ðs01; d1Þ !
ðs02; d2Þ ! � � � ! ðs0n0 ; dn0 Þ ! ðr; 0Þ > and schedule a mobile
charger to charge sensors in Vc along tour C, such that the
sum hsum of normalized lifetimes of the sensors in Vc is maxi-
mized, subject to the constraint that the amount of energy
charged to each sensor vi 2 Vc from themobile charger at dif-
ferent charging locations is no less than its energy demand
Bi �REi, i.e.,

maximize hsum; (5)

subject to

Xn0
j¼1

dj � Prðvi; s0jÞ � Bi �REi; 8 vi 2 Vc: (6)

3.4 NP-Hardness of the Problem

In the following, we show that the sensor lifetime maximi-
zation problem is NP-hard by a reduction from the deadline
TSP problem [1].

Theorem 1. The sensor lifetime maximization problem is NP-
hard.

Proof. We show the NP-hardness of the problem by reduc-
ing the decision version of the deadline TSP problem to a
special case of the problem considered. Given a metric
graph G ¼ ðV;EÞ, a starting node r in V , a deadline func-
tion D : V 7! Z�0, and a length function L : E 7! Z�0, the
decision version of the deadline TSP problem is to decide
whether there is a closed tour C starting from r and
returning to r, such that every node is visited before its
deadline in tour C, where a node vi is visited before its
deadline DðviÞ if the length of the path in tour C from r to
vi is no greater thanDðviÞ [1].

Given a metric graph G ¼ ðV;EÞ, a starting node r in
V , a deadline function D : V 7! Z�0, and a length func-
tion L : E 7! Z�0, we now construct an instance of the
sensor lifetime maximization problem. The set Vc of to-
be-charged sensors is V n frg, r is the depot, the residual
lifetime li of each sensor vi is the deadlineDðviÞ, the max-
imum charging distance of the mobile charger is g ¼ 0,
which indicates that the mobile charger must charge sen-
sors one by one. The charging rate of the mobile charger
is very large, then the charging time of each sensor is
very small, i.e., ignored. Finally, the traveling time
between two sensors vi and vj is the length Lðvi; vjÞ in
graph G. It can be seen that in this special case of the sen-
sor lifetime maximization problem, every sensor will be
charged only once, since its charging time is ignored and
multiple chargings on the sensor are unnecessary.

Given the maximum sum OPT of normalized sensor
lifetimes in an optimal solution to the sensor lifetimemax-
imization problem in this special case, it can be seen that
there is an r-rooted closed tour C such that every node in
G is visited before its deadline in tour C if OPT ¼ n; and
there is no such a tour ifOPT < n, where n ¼ jVcj ¼ jV j �
1. Then, the decision version of the deadline TSP problem
is reduced to the sensor lifetimemaximization problem in
this special case. Since the former problem is NP-hard, the
latter one is NP-hard, too. The theorem then follows. tu

Notice that it is unlikely to design an algorithm that finds
an optimal solution to the sensor lifetime maximization
problem in polynomial time, assuming that P 6¼ NP . There-
fore, in this paper we propose a 1

3-approximation algorithm
for the problem, which finds a solution no less than 1

3 of the
optimal solution for any problem instance in polynomial
time.

4 ALGORITHM FOR THE SENSOR LIFETIME

MAXIMIZATION PROBLEM

In this section, we propose a 1
3-approximation algorithm for

the sensor lifetime maximization problem, where multiple
sensors can be simultaneously charged by the mobile char-
ger and each sensor may be partially charged each time.

4.1 Basic Idea

The basic idea behind the proposed algorithm is that, we
reduce the sensor lifetime maximization problem to the sub-
modular function maximization problem under the con-
straints of two matroids. Since there is a 1

3-approximation
algorithm for the latter problem [4], the algorithm then
returns a 1

3-approximate solution to the original problem.

4.2 Reduction to the Submodular Function
Maximization Problem

4.2.1 Preliminaries of the Reduction

Recall that the energy demand of each sensor vi 2 Vc is Bi �
REi, where Bi is the battery capacity of sensor vi and REi is
its residual energy. Then, the maximum charging time to
fully charge sensor vi by the mobile charger at a location sj in

S is Bi�REi
Prðvi;sjÞ , where Prðvi; sjÞ is the reception power of sensor

vi from the mobile charger at location sj, see Eq. (1). Since the
mobile charger can charge multiple sensors simultaneously
within its maximum charging range, the maximum time for
the mobile charger at location sj to fully charge the sensors
within its maximum charging range is maxvi2NðsjÞf

Bi�REi
Prðvi;sjÞg,

whereNðsjÞ is the set of sensors within the maximum charg-
ing range of themobile charger at location sj.

In order to charge more sensors before their energy expi-
rations, we propose a novel multi-node partial charging
strategy as follows. Denote by D the charging time unit, e.g.,
D ¼ 5 minutes. This indicates that if the mobile charger
charges at a location sj, its charging time is one of the values
in set fD; 2D; :::; kjDg, where kj is the maximum number of
charging time units for fully charging the sensors within the
maximum charging range, i.e.,

kj ¼ max
vi2NðsjÞ

Bi �REi

Prðvi; sjÞ � D

� �� �
: (7)

Note that the value of charging time unit D affects the charg-
ing efficiency of the network. If the value of D is small, the
mobile charger may stay for only a short time at each charg-
ing location. The traveling energy consumption of the char-
ger may be very high due to frequent shuttles between
different charging locations. On the other hand, if the value
of D is large, this indicates that the mobile charger stays for
a long time at each charging location. Many sensors may
run out of their energy before the charger charges them. We
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will study the optimal value of D by experiments later, see
Fig. 7 in Section 6.3.

Following an existing study [33], the total traveling time
of the mobile charger per charging tour is much shorter than
the total sensor charging time, but not negligible. For exam-
ple, it may take less than half a minute for the charger to
travel from its current charging location to the next charging
location (e.g., the distance between two charging locations is
100 meters and the traveling speed of the charger is 5 m/s).
On the other hand, it takes at least one charging time unit D
for the mobile charger to charge sensors at each charging
location, e.g., D ¼ 5minutes. For the sake of convenience, the
average traveling time of the charger between any two conse-
cutive charging locations can be considered as a small con-
stant ttravel, e.g., ttravel ¼ 20 seconds, while D ¼ 5 minutes.
Denote by t the duration of a time slot, i.e., t ¼ Dþ ttravel.

We divide time into equal-length time slots and the dura-
tion of each time slot is t. Then, the mobile charger stays at a
single location sj in S for charging sensors at each time slot,
but may stay at different locations at different time slots.
We index the time slots by t1; t2; . . . ; tL, where L is the max-
imum number of time slots for fully charging sensors in Vc.
For example, an upper bound on L can be estimated under
the one-to-one charging model, i.e., the mobile charger
charges sensors one-by-one, rather than under the multi-
node charging model. In this case, the value of L is no more

than
P

vi2Vcd
Bi�REi

Prðvi;viÞ�De, where Bi �REi is the amount of to-

be-charged energy of sensor vi, Prðvi; viÞ is the reception
power of sensor vi if the mobile charger stays at the location
of vi, and D is the charging time in a time slot. Let T be the set
of theseL time slots, i.e., T ¼ ft1; t2; . . . ; tLg.

We construct a complete bipartite graph Gcharge ¼
ðS [ T ; EcÞ, where S is the set of candidate charging loca-
tions (see the third paragraph in Section 3.2 for the definition
of S) and T is the set of the L time slots. There is an edge
ðsj; tlÞ in Ec for each location sj in S and each time slot tl in
T , which indicates that the mobile charger stays at location
sj in time slot tl. Fig. 4 illustrates such a constructed graph.

Given any subset E0 of Ec, a charging scheduling can be
constructed from E0. For example, consider E0 ¼ fðs1; t1Þ;
ðs1; t2Þ; ðsm; t3Þ; ðs2; t4Þ; ðs2; tLÞg in Fig. 4. This means that
the mobile charger charges at location s1 in time slots t1 and
t2, charges at location sm in time slot t3, and charges at loca-
tion s2 in time slots t4 and tL.

4.2.2 The Reduction to the Submodular Function

Maximization Problem

Denote by fðE0Þ the sum of normalized lifetimes of sensors
in Vc if the mobile charger charges sensors by the scheduling

in E0, see Eqs. (3) and (4). We later show that function fð:Þ is
submodular, see Lemma 1 in Section 5.1. Specifically, given
a set Ec and a function f : 2Ec 7! R�0, f is a nondecreasing
submodular function if and only if it meets the following
three properties [21]: (i) fð;Þ ¼ 0; (ii) Non-decreasement: for
any two subsets E1 and E2 of Ec with E1 � E2, we have
fðE1Þ � fðE2Þ; (iii) Submodularity (i.e., diminishing return
property): for any two subsets E1 and E2 of Ec with E1 � E2

and any element e in Ec n E2, we have fðE1 [ fegÞ�
fðE1Þ � fðE2 [ fegÞ � fðE2Þ.

We reduce the sensor lifetime maximization problem
(defined by Eq. (5) and Ineq. (6)) to the submodular function
maximization problem under the constraints of two mat-
roidsMS andMT , and the notion of a matroid is defined as
follows. Given a set Ec, a matroidM is a pair of ðEc;FÞ that
has three following properties [21], where F is a collection
of subsets of Ec, i.e., F � 2Ec . (i) ; 2 F ; (ii) The hereditary
property: for any two subsets E1 and E2 of Ec with E1 � E2,
if E2 is contained in F , then E1 is contained in F , too. (iii)
The independent set exchange property: for any two sets E1

and E2 in F with jE1j < jE2j, then there is an element e in
E2 such that E1 [ feg is also contained in F .

We first define a set systemMS ¼ ðEc;FSÞ on the edge set
Ec, whereFS is a collection of subsets ofEc such that, for any
edge set E0 in FS (E0 � Ec), the number of edges in E0 shar-
ing the same location node sj in S is no more than kj, where
kj is themaximum number of time slots that themobile char-
ger can stay at location sj, and the value of kj is defined in
Eq. (7). It can be seen thatMS indicates that the mobile char-
ger stays at location sj for nomore than kj time slots.

Similarly, we can define another set system MT ¼
ðEc;FT Þ on the edge set Ec, where FT is a collection of sub-
sets ofEc such that, for any edge setE0 inFT (E0 � Ec), there
are no two edges in E0 sharing the same time slot node in T .
It can be seen thatMT implies that the mobile charger stays
at most one location in each time slot.

It can be seen that the set of feasible solutions to the sensor
lifetimemaximization problem can be defined asFS \ FT .

We later show that bothMS andMT are matroids, see
Lemma 2 in Section 5.2. Then, the sensor lifetime maximiza-
tion problem can be reduced to maximize the submodular
function fð:Þ subject to the constraints of both matroidsMS

andMT .

4.3 Approximation Algorithm

Since the sensor lifetime maximization problem can be
reduced to the submodular maximization problem under
the constraints of p ¼ 2 matroids, following the study in [4],
a greedy heuristic always delivers a performance-guaran-
teed solution with an approximation ratio of 1

pþ1 ¼ 1
3 . Speci-

fically, the greedy heuristic finds the solution E0 to the
problem in an iterative way. Initially, E0 ¼ ;. At each itera-
tion, the greedy heuristic identifies an edge ðsj; tlÞ in Ec n E0
(edge ðsj; tlÞ means that the mobile charger charges at loca-
tion sj in time slot tl), such that the increased sum of normal-
ized lifetime by ðsj; tlÞ, i.e., fðE0 [ fðsj; tlÞgÞ � fðE0Þ, is
maximized, subject to the constraint that E0 [ fðsj; tlÞg is
contained in both matroidsMS andMT . The greedy heuris-
tic continues until the value of fðE0 [ fðsj; tlÞgÞ is no greater
than the value of fðE0Þ, i.e., fðE0 [ fðsj; tlÞgÞ � fðE0Þ. E0 is
the final solution to the problem.

Fig. 4. An illustration of the constructed graph Gcharge.
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Algorithm 1. Approximation Algorithm AlgMaxLife

for the Sensor Lifetime Maximization Problem

Input: a set Vc of to-be-charged sensors, a set S of candidate
charging locations, and L time slots t1; t2; . . . ; tL.

Output: a charging tour C of the mobile charger so that the sum
of normalized sensor lifetimes is maximized

1: Calculate the residual lifetime li of each sensor vi in Vc. Let
Ti ¼ Bi�REi

ri
, where Bi �REi is the energy demand of sen-

sor vi and ri is the energy consumption rate of vi.
2: For each sensor vi 2 Vc, let T

d
i;1 ¼ 0; T d

i;2 ¼ Ti, where Td
i;1 and

Td
i;2 are the dead durations of sensor vi before and after time

slot t1, respectively. Let ½tsi ; t
f
i � be the dead interval of sensor

vi after t1. Initially, t
s
i ¼ tþ li and tfi ¼ tþ li þ Ti.

3: Let E0  ;;
4: for l 1 to L do
5: /* Find an edge ðsj; tlÞ such that the increased sum of

normalized lifetime is maximized */
6: for j0  1 tom do
7: if the mobile charger stays at location sj0 strictly less

than kj0 times then
8: Calculate the increased sum fðE0 [ fðsj0 ; tlÞgÞ � fðE0Þ

of normalized lifetime by ðsj0 ; tlÞ;
9: if fðE0 [ fðsj0 ; tlÞgÞ � fðE0Þ > fðE0 [ fðsj; tlÞgÞ�

fðE0Þ then
10: Let j j0; /* find a better charging location */
11: end if
12: end if
13: end for
14: if fðE0 [ fðsj; tlÞgÞ � fðE0Þ then
15: Break the outer for loop.
16: end if
17: Let E0  E0 [ fðsj; tlÞg;
18: The mobile charger charges sensors within its maximum

charging range at location sj for D time, and update dead
intervals of the sensors;

19: For each sensor vi in Vc, update its dead durations Td
i;1

and Td
i;2 before and after the next time slot tlþ1,

respectively, and update the dead interval of
sensor vi after time slot tlþ1;

20: end for
21: returnthe scheduling E0.

It can be seen that, within each iteration, the greedy heu-
ristic needs to find the edge ðsj; tlÞ with the maximum
increased sum of normalized lifetime among the edges in
Ec n E0. However, the number of edges Ec n E0 is OðjEc n
E0jÞ ¼ OðjEcjÞ ¼ OðmLÞ, where Ec ¼ S 	 T , m ¼ jSj and
L ¼ jT j. We here propose a novel strategy to find the edge
ðsj; tlÞ only among OðmÞ edges, rather than among OðmLÞ
edges, thereby reducing the time complexity by a factor of
L. To this end, we will show an important property. That is,
for any location sj and any two time slots tl1 and tl2 , assume
that l1 < l2. Then, the increased sum of normalized lifetime
by edge ðsj; tl1Þ is no less than the increased sum of normal-
ized lifetime by edge ðsj; tl2Þ, i.e.,

fðE0 [ fðsj; tl1ÞgÞ � fðE0Þ � fðE0 [ fðsj; tl2ÞgÞ � fðE0Þ: (8)

Therefore, for each charging location sj, we just need to
find its earliest available time slot, and ignore latter time
slots.

By utilizing the important property, we propose an effi-
cient approximation algorithm for the problem. Recall that
E0 represents the solution to the problem. Initially, E0 ¼ ;.
The proposed algorithm performs at most L iterations,
where L is the number of time slots in T . At the lth iteration
(i.e., time slot tl), the algorithm finds an edge ðsj; tlÞ (i.e., the
charging location sj in time slot tl) such that the increased
sum of normalized lifetime by edge ðsj; tl1Þ is maximized,
subject to the constraint that the mobile charger stays at
location sj no more than kj times. The algorithm continues
until the objective value of function fð:Þ does not increase.
The detailed algorithm is presented in Algorithm 1.

5 ALGORITHM ANALYSIS

In this section, we analyze the performance of the proposed
algorithm, including its approximation ratio and time com-
plexity. We first show that function fð:Þ is submodular. We
then prove that bothMS andMT are matroids. Then, fol-
lowing the study in [4], the proposed algorithm delivers a
1
3-approximate solution.

5.1 Submodularity of Function f

Lemma 1. Given any subset E0 of Ec, let fðE0Þ be the sum of
normalized lifetimes of sensors in Vc by the scheduling of E0.
Then, fð:Þ is a nondecreasing submodular function.

Proof. Recall that hiðE0Þ is the normalized lifetime of a sen-
sor vi in Vc by the scheduling of E0. Then, fðE0Þ ¼P

vi2Vc hiðE
0Þ by Eq. (4). We only show that hið:Þ is a non-

decreasing submodular function for each sensor vi in Vc.
Therefore, fð:Þ also is a nondecreasing submodular func-
tion, since it is a nonnegative, linear combination of sub-
modular functions [21].

In the following, we show that function hið:Þmeets the
three properties of a nondecreasing submodular func-
tion. First, it can be seen that the normalized lifetime of
sensor vi is zero, i.e., hið;Þ ¼ 0, if vi is not charged at all
by the mobile charger, see Eq. (3).

We then prove that function hið:Þmeets (ii) the nonde-
creasing property. For any two subsets E1 and E2 of Ec

with E1 � E2, following Eq. (3), it can be seen that the
normalized lifetime of sensor vi by the scheduling of E1

is no greater than that of E2, i.e., h1ðE1Þ � hiðE2Þ.
We finally show that function hið:Þ meets (iii) the

diminishing return property. Consider any two subsets
E1 and E2 of Ec with E1 � E2 and any edge ðsj; tlÞ in Ec n
E2, where the edge ðsj; tlÞ indicates that the mobile char-
ger stays at location sj in time slot tl.

For any time t0 in the time interval ½tþ li; tþ li þ Ti�, it
can be seen that if sensor vi is live at time t0 in the sched-
uling of E1, then vi is also live at time t0 in the scheduling
of E2, since E1 � E2. Denote by Td

i ðE1Þ and Td
i ðE1; tlÞ the

dead durations of sensor vi by the scheduling of E1 in the
time intervals ½tþ li; tþ li þ Ti� and ½tþ tl; tþ li þ Ti�,
respectively. Similarly, denote by Td

i ðE2Þ and Td
i ðE2; tlÞ

the dead durations of sensor vi by the scheduling of E2 in
the time intervals ½tþ li; tþ li þ Ti� and ½tþ tl; tþ li þ
Ti�, respectively. Since E1 � E2, we have Td

i ðE1Þ �
Td
i ðE2Þ and Td

i ðE1; tlÞ � Td
i ðE2; tlÞ.
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Consider the edge ðsj; tlÞ (i.e., the mobile charger stays
at location sj in time slot tl), the maximum amount energy
charged to sensor vi is Prðvi; sjÞD, where Prðvi; sjÞ is the
reception power of sensor vi from the mobile charger at
location sj and D the charging time within time slot tl. It
can be seen that, if themobile charger charges at location sj
in time slot tl, the dead duration of sensor vi before time
slot tl will not change, but its dead duration after time slot
tl will decrease. Specifically, the dead duration of sensor vi
after time slot tl in schedulingE1 decreases from Td

i ðE1; tlÞ
to maxfTd

i ðE1; tlÞ �
Prðvi;sjÞD

ri
; 0g, where Td

i ðE1; tlÞ is the

dead duration of sensor vi after time slot tl in scheduling

E1, Prðvi; sjÞD is the maximum amount of energy charged

to sensor vi in time slot tl and ri is the energy consumption

rate of vi. Then, the dead duration of sensor vi in time inter-
val ½tþ li; tþ li þ Ti� in schedulingE1 [ fðsj; tlÞg is

Td
i ðE1 [ fðsj; tlÞgÞ

¼ Td
i ðE1Þ � Td

i ðE1; tlÞ

þmax Td
i ðE1; tlÞ �

Prðvi; sjÞD
ri

; 0

� �
(9)

Similarly, the dead duration of sensor vi in time inter-
val ½tþ li; tþ li þ Ti� in scheduling E2 [ fðsj; tlÞg is

Td
i ðE2 [ fðsj; tlÞgÞ

¼ Td
i ðE2Þ � Td

i ðE2; tlÞ

þmax

(
Td
i ðE2; tlÞ �

Prðvi; sjÞD
ri

; 0

)
(10)

We now show that hiðE1 [ fðsj; tlÞgÞ � hiðE1Þ � hiðE2[
fðsj; tlÞgÞ � hiðE2Þ. Following the definition of hið:Þ, we
have

hiðE1 [ fðsj; tlÞgÞ � hiðE1Þ

¼ 1� Td
i ðE1 [ fðsj; tlÞgÞ

Ti
� ð1� Td

i ðE1Þ
Ti
Þ; by Eq. (3)

¼ Td
i ðE1Þ � Td

i ðE1 [ fðsj; tlÞg
Ti

¼
Td
i ðE1; tlÞ�maxfTd

i ðE1; tlÞ�
Prðvi;sjÞD

ri
; 0g

Ti
; by Eq. (9)

Similarly, we have

hiðE2 [ fðsj; tlÞgÞ � hiðE2Þ

¼
Td
i ðE2; tlÞ �maxfTd

i ðE2; tlÞ �
Prðvi;sjÞD

ri
; 0g

Ti
(11)

Recall that Td
i ðE1; tlÞ � Td

i ðE2; tlÞ, we distinguish

into three cases by the value of
Prðvi;sjÞD

ri
: (1) Td

i ðE1; tlÞ �
Td
i ðE2; tlÞ �

Prðvi;sjÞD
ri

; (2) Td
i ðE1; tlÞ �

Prðvi;sjÞD
ri

� Td
i ðE2; tlÞ;

and (3)
Prðvi;sjÞD

ri
� Td

i ðE1; tlÞ � Td
i ðE2; tlÞ.

Case (1) where Td
i ðE1; tlÞ � Td

i ðE2; tlÞ �
Prðvi;sjÞD

ri
, we

have that

hiðE1 [ fðsj; tlÞgÞ � hiðE1Þ

¼
Td
i ðE1; tlÞ �maxfTd

i ðE1; tlÞ �
Prðvi;sjÞD

ri
; 0g

Ti

¼
Td
i ðE1; tlÞ � ðTd

i ðE1; tlÞ �
Prðvi;sjÞD

ri
Þ

Ti

as Tdi(E1, tl)�Prðvi; sjÞD
ri

¼
Prðvi;sjÞD

ri

Ti

¼
Td
i ðE2; tlÞ � ðTd

i ðE2; tlÞ �
Prðvi;sjÞD

ri
Þ

Ti

¼
Td
i ðE2; tlÞ �maxfTd

i ðE2; tlÞ �
Prðvi;sjÞD

ri
; 0g

Ti

as Tdi(E2, tl)�Prðvi; sjÞD
ri

¼ hiðE2 [ fðsj; tlÞgÞ � hiðE2Þ: (12)

Case (2) where Td
i ðE1; tlÞ �

Prðvi;sjÞD
ri

� Td
i ðE2; tlÞ, we

have

hiðE1 [ fðsj; tlÞgÞ � hiðE1Þ

¼
Td
i ðE1; tlÞ �maxfTd

i ðE1; tlÞ �
Prðvi;sjÞD

ri
; 0g

Ti

¼
Td
i ðE1; tlÞ � ðTd

i ðE1; tlÞ �
Prðvi;sjÞD

ri
Þ

Ti

as Tdi(E1, tl) �Prðvi; sjÞD
ri

¼
Prðvi;sjÞD

ri

Ti

� Td
i ðE2; tlÞ � 0

Ti
; as

Prðvi; sjÞD
ri

� Td
i ðE2; tlÞ

¼
Td
i ðE2; tlÞ �maxfTd

i ðE2; tlÞ �
Prðvi;sjÞD

ri
; 0g

Ti

¼ hiðE2 [ fðsj; tlÞgÞ � hiðE2Þ: (13)

Case (3) where
Prðvi;sjÞD

ri
� Td

i ðE1; tlÞ � Td
i ðE2; tlÞ, we

have

hiðE1 [ fðsj; tlÞgÞ � hiðE1Þ

¼
Td
i ðE1; tlÞ �maxfTd

i ðE1; tlÞ �
Prðvi;sjÞD

ri
; 0g

Ti

¼ Td
i ðE1; tlÞ � 0

Ti
; as

Prðvi; sjÞD
ri

� Td
i ðE1; tlÞ

� Td
i ðE2; tlÞ � 0

Ti
; as Td

i ðE1; tlÞ � Td
i ðE2; tlÞ

¼
Td
i ðE2; tlÞ �maxfTd

i ðE2; tlÞ �
Prðvi;sjÞD

ri
; 0g

Ti

as
Prðvi; sjÞD

ri
� Td

i ðE2Þ

¼ hiðE2 [ fðsj; tlÞgÞ � hiðE2Þ: (14)
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By combining Eqs. (12), (13), and (14), we conclude
that hiðE1 [ fðsj; tlÞgÞ � hiðE1Þ � hiðE2 [ fðsj; tlÞgÞ � hiðE2Þ.
Then, function hið:Þ is submodular, and function fð:Þ is
submodular, too. The lemma then follows. tu

5.2 Proof for the MatroidsMS andMT
We show that bothMS andMT are matroids.

Lemma 2. BothMS andMT are matroids.

Proof. We here only show that MS is a matroid, and the
proof for MT is similar, omitted. We show that MS ¼
ðEc;FSÞ meets the three properties of matroids, see the
definition of a matroid in the last paragraph of Section 3.
First, it can be seen that ; is contained in FS .

We then show thatMS meets (ii) the hereditary prop-
erty. For any two subsets E1 and E2 of Ec with E1 � E2,
assume that E2 is contained in FS . Following the
definition of FS , the number of edges in E2 sharing
the same location node sj in S is no more than kj.
Since E1 � E2, the number of edges in E1 sharing
node sj also is no more than kj. Then, E1 is contained
in FS , too.

We finally show thatMS meets (iii) the independent
set exchange property. Consider any two sets E1 and E2

in FS , assume that jE1j < jE2j. For any location sj in S,
denote by NE1

ðsjÞ the set of edges in E1 sharing location
node sj. Since Gcharge is a bipartite graph, it can be seen
that NE1

ðsj1Þ \NE1
ðsj2Þ ¼ ; if j1 6¼ j2, see Fig. 4. Then,

NE1
ðs1Þ; NE1

ðs2Þ; . . . ; NE1
ðsmÞ form a partition of set E1,

and jE1j ¼
Pm

j¼1 jNE1
ðsjÞj. Similarly, for any location sj in

S, denote by NE2
ðsjÞ the set of edges in E2 sharing loca-

tion node sj. Then, NE2
ðs1Þ; NE2

ðs2Þ; . . . ; NE2
ðsmÞ form a

partition of set E2 and jE2j ¼
Pm

j¼1 jNE2
ðsjÞj.

We claim there is a location node sj in S such that the
number of edges in E1 sharing node sj is strictly less than
the number of edges inE2 sharing node sj, i.e., jNE1

ðsjÞj <
jNE2
ðsjÞj. We prove the claim by contradiction. Suppose

that there are no such location nodes. Then, for each loca-
tion node sj in S, we have jNE1

ðsjÞj � jNE2
ðsjÞj. Therefore,

jE1j ¼
Pm

j¼1 jNE1
ðsjÞj �

Pm
j¼1 jNE2

ðsjÞj ¼ jE2j, which how-
ever contradicts the assumption jE1j < jE2j.

Since the number of edges in E1 sharing node sj is
strictly less than the number of edges in E2 sharing node
sj (jNE1

ðsjÞj < jNE2
ðsjÞj), consider an edge ðsj; tlÞ in E2 n

E1 sharing node sj (i.e., ðsj; tlÞ 2 NE2
ðsjÞ nNE1

ðsjÞ). We
claim that E1 [ fðsj; tlÞg is contained in FS as follows.

For any location node sj0 in S, if sj0 6¼ sj, then the num-
ber of edges in E1 [ fðsj; tlÞg sharing sj0 is equal to the
number of edges in E1 sharing sj0 , i.e., jNE1[fðsj;tlÞgðsj0 Þj ¼
jNE1
ðsj0 Þj � kj. On the other hand, if sj0 ¼ sj, notice that

both E1 and E2 are contained in FS . Following the defini-
tion of FS and the fact that E2 2 FS , we know that the
number of edges in E2 sharing node sj is no more than kj.
Then, jNE1

ðsjÞj < jNE2
ðsjÞj � kj. Therefore, jNE1[fðsj;tlÞgðsjÞj ¼

jNE1
ðsjÞj þ 1 � jNE2

ðsjÞj � kj. Following the definition of
FS , we conclude that E1 [ fðsj; tlÞ is contained in FS .
MS ¼ ðEc;FSÞ thus is a matroid. The lemma then
follows. tu

5.3 Analysis of the Approximation Ratio and Time
Complexity

Theorem 2. There is a 1
3-approximation algorithm for the sensor

lifetime maximization problem, i.e., Algorithm 1, with a
time complexity of OðLmdmaxÞ, where L ¼ jT j, m ¼ jSj, and
dmax is the maximum number of sensors within the maximum
charging range of a charging location in S, i.e., dmax ¼
maxsj2SfjNðsjÞjg.

Proof. Following Lemmas 1 and 2, the sensor lifetime maxi-
mization problem can be reduced to the submodularmaxi-
mization problem under the constraints of twomatroids.tu

On the other hand, similar to the proof of Lemma 1, we can
show that, for any location sj and any two time slots tl1 and
tl2 with l1 < l2, the increased sum of normalized lifetime by
edge ðsj; tl1Þ is no less than the increased sum of normalized
lifetime by edge ðsj; tl2Þ, i.e., fðE0 [ fðsj; tl1ÞgÞ � fðE0Þ �
fðE0 [ fðsj; tl2ÞgÞ � fðE0Þ. Recall that at the beginning of the
lth iteration of Algorithm 1, the charging locations of the
first l� 1 time slots have been found. Let ðsj; tl0 Þ be an edge
in Ec n E0 with the maximum increased sum of normalized
lifetime and E0 [ fðsj; tl0 Þg is contained in both matroids
MS and MT , i.e., ðsj; tl0 Þ ¼ argmaxðsj00 ;tl00 Þ2EcnE0 ffðE0 [
fðsj00 ; tl00 ÞgÞ � fðE0Þg. Then, l � l0 � L and the mobile char-
ger stays at location sj less than kj times. Since l � l0, we
have fðE0 [ fðsj; tlÞgÞ � fðE0Þ � fðE0 [ fðsj; tl0 ÞgÞ � fðE0Þ.
Then, we know that ðsj; tlÞ also is an edge in Ec n E0 with
the maximum increased sum of normalized lifetime and
E0 [ fðsj; tlÞg is contained in both matroids MS and MT .
Therefore, following the study in [4], the proposed algo-
rithm delivers a 1

3-approximate solution.
The time complexity of Algorithm 1 is analyzed as fol-

lows. Following Algorithm 1, it finds the charging loca-
tions of L time slots t1; t2; . . . ; tL one by one. For each time
slot tl, it calculates the increased sum of normalized life-
times if charging at location sj at time slot tl. Since there are
no more than m candidate charging locations in S and no
more than dmax sensors within the maximum charging range
of a charging location in S, the time complexity of Algo-
rithm 1 is OðL � jSj � dmaxÞ ¼ OðLmdmaxÞ.

6 PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
algorithm.We also study the impact of important parameters
on the algorithm performance, including the network size,
data sensing rates of sensors, and charging output power.

6.1 Experimental Environment

We consider a wireless rechargeable sensor network that
consists of from 50 to 800 sensors, which are randomly
deployed in a 200 m 	 200 m square area. Assume that the
base station and the depot r are co-located at the center of
the square area. The energy capacity Bi of each sensor vi 2
Vs is set to 10.8 kJ [26]. The data sensing rate bi of each sen-
sor vi is randomly chosen from an interval ½bmin; bmax�,
where bmin ¼ 1 kbps and bmax ¼ 50 kbps. We adopt a real
sensor energy consumption model from [13], and each sen-
sor sends its data to the base station directly or through
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multi-hop relays along the routing path with the minimum
energy consumption [25]. Each sensor vi sends a charging
request to the base station when its residual lifetime li falls
below a given threshold lc ¼ 2 hours.

A mobile charger initially is located at the depot r. It trav-
els at a speed of � ¼ 5m/s. The charging output power Pt of
the mobile charger is set to 5 Watts, and the maximum
energy transmission range g is 15 m [22]. The monitoring
period TM of the sensor network is one year. Every sen-
sor is fully charged at the beginning of the monitoring
period.

To evaluate the performance of the proposed algorithm
AlgMaxLife, we compare against following five bench-
mark algorithms. (i) Algorithm AlgOne2OneFull adopts
the one-to-one full-charging model. It sorts to-be-charged sen-
sors in increasing order by their residual lifetimes and
charges the sensors one by one. (ii) Algorithm AlgOne2O-

nePartial [33] adopts the one-to-one partial-charging model.
It first constructs multiple virtual sensors for each to-be-
charged sensor, where each virtual sensor should be
matched to a time slot. It then uses amatching-basedmethod
to find the charging scheduling so that the sum of sensor life-
times is maximized. (iii) Algorithm AlgMultiFull [30]
adopts themulti-node full-charging model. It continues to select
charging bundles, such that each selected charging bundle
can cover the maximum number of uncovered sensors, until
all to-be-charged sensors are covered. (iv) Algorithm Alg-

MultiPartial-1 [18] adopts themulti-node partial-charging
model. It first finds a tentative charging tour by charging sen-
sors in increasing order by their residual lifetimes, under the
multi-node full-chargingmodel. However, if a sensor cannot
be charged before its energy expiration, the algorithm then
shortens the charging durations of some sensors, thereby
minimizing the number of dead sensors. (v)Algorithm Alg-

MultiPartial-2 [35] also adopts the multi-node partial-
charging model. It iteratively calculates the charging utility of
each candidate charging location, and chooses the next
charging location of the charger as the location with themax-
imum charging utility.

Each value in the figures is the average of the results of 50
different network topologies with the same network size.
For each of the 50 network topologies, we randomly place
all sensors in the monitoring area. Notice that all algorithms
are implemented by the programming language C++. The
algorithms are run on a server with an Intel(R) Xeon(R)
CPU E5-2680 v4 @ 2.4GHz and a 64 GB RAMmemory.

6.2 Algorithm Performance Evaluation

We first study the performance of different algorithms by
increasing the network size ns from 50 to 800. Fig. 5a shows
that the average deadduration per sensor during themonitor-
ing period TM by each of the six algorithms becomes larger,
since there are more to-be-charged sensors in each charging
tour, and more sensors may run out of their energy before
they are charged. Notice that since we use the logarithmic
scale for the y-axis, the average dead duration of sensors by
some algorithms sometimes are zero and thus cannot be plot-
ted in the figure. For example, see the average dead duration
of sensors by algorithm AlgMaxLifewhen the network size
is no greater than 300. Fig. 5a also shows that the average
dead duration per sensor delivered by the proposed algo-
rithm AlgMaxLife is up to 70% shorter than those by the
other five algorithms. For example, the average sensor dead
durations by algorithms AlgMaxLife, AlgOne2OneFull,
AlgOne2OnePartial, AlgMultiFull, AlgMultiPar-

tial-1, and AlgMultiPartial-2 are 125, 1,418, 495, 1364,
454, and 4,215 minutes, respectively, when there are ns ¼ 800
sensors. Fig. 5b demonstrates that the maximum sensor dead
duration by algorithm AlgMaxLife is no more than 1,800
minuteswhen there arens ¼ 800 sensors,while themaximum
sensor dead durations by the other five algorithms are at least
6,400minutes. Fig. 5c plots the running times of different algo-
rithms, fromwhich it can be seen that the running time of the
proposed algorithm AlgMaxLife is no more than 5 seconds,
which is acceptable in a real sensor network.

We then investigate the performance of different algo-
rithms with different parameters. Fig. 6a demonstrates that
the average sensor dead duration by each of the six algo-
rithms decreases with the growth of the charging output
power Pt from 5 Watts to 10 Watts, as it takes less time to
charge sensors, and more sensors are likely to be charged
before running out of energy. Fig. 6a also shows that the
average sensor dead duration per sensor by the proposed
algorithm AlgMaxLife is from 50% to 70% shorter than
those by the other five algorithms.

Fig. 6b shows that the average sensor dead duration by
each of the algorithms increases with the growth of the max-
imum data sensing rate bmax from 10 kbps to 50 kbps while
fixing bmin at 1 kbps. The average sensor dead duration by
algorithm AlgMaxLife is much shorter than those by the
other five algorithms. The rationale behind the phenomenon
is that the energy consumption rates of sensors increase
when the sensor data rates are larger. Then, there are more

Fig. 5. Performance of different algorithms by varying the network size n from 50 to 800.
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to-be-charged sensors in each charging tour, and more sen-
sors may run out of their energy before they are charged.

Fig. 6c plots that the average sensor dead duration by
algorithm AlgMaxLife is the shortest one when the maxi-
mum sensor battery capacity Bmax increases from 10 kJ to
20 kJ while fixing Bmin at 10 kJ, where the battery capacity
of each sensor is randomly chosen from an interval
½Bmin; Bmax�. Specifically, the average sensor dead duration
by algorithm AlgMaxLife is at least from 30% to 50%
smaller than those by the other five algorithms.

Fig. 6d plots the performance of different algorithmswhen
themaximumenergy transmission range g of themobile char-
ger increases from 3 meters to 15 meters from which it can be
seen that the average sensor dead durations by the four algo-
rithmsAlgMaxLife, AlgMultiFull, AlgMultiPartial-
1, and AlgMultiPartial-2 become smallers, when the
maximumenergy transmission range g is larger. The rationale
behind the phenomenon is that more sensors can be simulta-
neously charged by the mobile charger when g is larger,
thereby less sensors run out of energy. In contrast, the average
sensor dead durations by both algorithms AlgOne2OneFull
and AlgOne2OnePartial do not change with the growth of
the value of g, as they adopt the one-to-one charging model.
Fig. 6d also shows that the average sensor dead duration by
algorithm AlgMaxLife is around from 4% to 70% shorter
than those by the other five algorithms.

Fig. 6e studies the algorithm performance when the
charging threshold lc grows from one hour to five hours,
where a sensor sends a charging request to the base station
when its residual lifetime falls below lc and the sensors with
the residual lifetimes no greater than alc will be charged by
the mobile charger with a ¼ 5. Fig. 6e also shows that the
average sensor dead duration by algorithm AlgMaxLife is
from 50% to 90% shorter than those by the other five algo-
rithms when lc increases from one hour to five hours.

Fig. 6f evaluates the algorithm performance by increasing
the traveling speed of the mobile charger from 2 m/s to
10 m/s, from which it can be seen that the average sensor
dead duration by each of the six algorithms decreases when
the mobile charger moves faster, since the waiting time of
each sensor before its charging is shorter.

6.3 The Impact of the Charging Time Unit D

We finally study the impact of the charging time unit D on
the algorithm performance by decreasing D from T

2 to T
20 ,

where T is the time to fully charge an energy-empty sensor
when the mobile charger is co-located at the sensor. Fig. 7
shows that the average sensor dead duration by algorithm
AlgMaxLife-Given-D becomes smaller with the decrease
of D from T

2 to
T
10 , while it slightly increases with the decrease

of D from T
10 to

T
20 . The rationale behind is that more sensors

are replenished before they run out of energy when the
charging time unit D decreases from T

2 to
T
10 . However, when

the value of D is too small, e.g., smaller than T
10 , the trav-

eling time of the charger increases due to frequent shuttles
between different charging locations.

Fig. 6. Average sensor dead durations of different algorithms in the period TM by evaluating various parameters.

Fig. 7. Performance of different algorithms by decreasing the charging
time unit D from T

2 to
T
20 while ns ¼ 800, bmax ¼ 50 kbps, and Pt ¼ 5 Watts.
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7 CONCLUSION

Unlike existing studies focusing only on scheduling amobile
charger to minimize the number of dead sensors, they did
not consider the charging scheduling for sensors that have
already run out of energy, in this paper we considered not
only how to minimize the number of dead sensors but also
reduce the dead durations of sensors. To this end, we first
formulated a novel sensor lifetime maximization problem,
which is to find a charging tour for a mobile charger to
charge sensors, such that the sum of sensor lifetimes is maxi-
mized. We then devised a 1

3-approximation algorithm for the
problem. We finally evaluated the performance of the pro-
posed algorithm through experiments. Experimental results
showed that both the average and maximum sensor dead
durations by the proposed algorithm are up to 70% shorter
than those by existing algorithms in the comparison.
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