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Abstract—Coverage problems are fundamental 
and crucial in designing a wireless sensor 
networks. The target coverage problem is finding 
an optimal scheduling for sensors such that the 
time (called lifetime) to monitor every target 
can be as long as possible. Unfortunately, the 
target coverage problem has been proved to be 
NP-complete. Most of previous work only 
considers one or two factors exclusively and 
thus fails to prolong the lifetime to near the 
optimum. The main objective of this work is to 
design efficient scheduling algorithms to 
maximize the lifetime of a given whole wireless 
sensor network by considering adjusting 
sensing range, locations of target and sensors, 
residue battery power of sensor nodes, and 
assignment between sensors and targets 
simultaneously. A maximum weighted matching 
algorithm is devised by considering full 
coverage and the maximum total monitored 
duration for each target-sensor assignments. We 
also conduct simulations to demonstrate that 
the proposed algorithms can achieve very high 
network lifetime closed to the optimum. 

I. INTRODUCTION
Wireless sensor networks (WSNs) 

receive lots of attention in recent years due to 
its promising techniques and wide-ranging 
applications. A WSN consists of a large 
number of low-cost, low-power, small-size, 
and multifunction sensor nodes which sense 
and process environmental data and 
communicate with other nodes in short 
distance [7]. Wireless sensor networks have 
been used in many areas such as health care, 
military, and surveillance. For example, on 
health care, we can place sensor nodes on 
clothes or wearable devices to monitor 
biological states of patients, elders, or 
children. Since sensor nodes are usually 
equipped with scarce battery power and thus 
limited in their active lifetime, how to 
prolong the operational lifetime has been a 
major issue in WSNs. Moreover, lots of 
research issues in wireless sensor networks 
including medium access control [1, 2], 
power saving [7], target tracking, routing 
method [7, 15], network coverage [6, 10], and 

network connectivity have been discussed 
extensively. 

Coverage problems are fundamental and 
crucial in designing a wireless sensor 
networks. Usually coverage problems in 
wireless sensor networks can be classified 
into three categories: (1) Target coverage 
problems: There exists a set of predetermined 
targets which need to be monitored (covered) 
in a fixed deployed area. Due to the limited 
batter energy of deployed sensors, target 
coverage problems are focusing on designing 
effective scheduling algorithms to prolong the 
time for monitoring these targets. (2) Area 
coverage problems: In an interested area, we 
have to ensure that every point of the whole 
area can be monitored by at least k sensor, 
where k�1. The coverage problem is to 
maximize the time for monitoring the whole 
area. (3) Barrier coverage problems: Given a 
barrier, we want to guarantee that every 
object moves across the barrier will be 
detected by the deployed sensors.

Among these problems, area coverage 
problems have already received extensive 
attention in these years [12]. On the other 
hand, the remaining two problems begin to 
draw attention recently [3, 4, 8]. This work 
focuses on the target coverage problem in 
both static and mobile wireless sensor 
networks. 

An example of target coverage is given 
as follows. In Figure 1(a), targets r1, r2, and r3
denote targets which need to be covered (or 
monitored) and sensors s1, s2, s3, and s4
denote the deployed sensor nodes. 
Specifically, Figure 1(a) shows that target r1
is covered by s1, s3, and s4; target r2 is covered 
by s1, s2, and s4; target r3 is covered by s2, s3,
and s4. The coverage relation among targets 
and deployed sensors can be represented by a 
bipartite graph G=(S, R, E) where S and R
denote the target node set and sensor node set, 
respectively. Whenever a target r is located in 
the sensing range of a sensor s, there exists an 
edge (s, r) in E. Figure 1(b) gives an example 
of the corresponding bipartite graph of Figure 
1(a). 
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Figure 1. (a) An example of target coverage. 
(b) An example of the corresponding bipartite 
graph of Figure 1(a).

The target coverage problem can be 
defined as follows. A set of sensors N={s1,
s2,…, s�N�} and a set of targets M={t1, t2,…, 
t�M�} are deployed randomly in a 
predetermined area A. Each sensor si is 
equipped with an amount of battery power Ei
Joules initially. Suppose that when sensor si
monitors ti for a unit of time, si consumes pi, j
Joules. The target coverage problem is 
finding an optimal scheduling for {s1, s2,…,
s�N�} such that the time (called lifetime) to 
monitor every target can be as long as 
possible. Unfortunately, the target coverage 
problem has been proved to be NP-complete 
[4]. As a result, various heuristics have been 
proposed [3, 4, 9, 10, 14]. 

The performance of the designed 
heuristic algorithms for monitoring specific 
target nodes will be affected by multiple 
factors including:
1.Distribution of target nodes: Since every 

target should be monitored by at least one 
sensor for any feasible scheduling in the 
monitoring time period, the number of 
target nodes with their locations certainly 
affects the performance of the designed 
sensor scheduling algorithms. 

2.Distribution of sensor nodes: If the number 
of sensors is sufficient or the sensors are 
distributed properly, each target can be 
monitored in a long period by a series of 
sensors, one at a time. On the contrary, 
some critical sensors to monitor the targets 
may exhaust their powers quickly. 

3.Target-sensor assignments: the required 
amount of power consumption for sensor 
nodes achieving full coverage should be 
minimized. Moreover, unequal residue 
battery power of sensors and unbalance 
power consumption of sensors and targets 
also make the assignments difficult to 
achieve the maximum lifetime of a given 
wireless sensor networks. 

Most of previous work only considers 
one (or two) of these factors exclusively and 
thus fails to prolong the lifetime to near the 
optimum. The main objective of this work is 
to design efficient scheduling algorithms to 
maximize the lifetime of a given whole 
wireless sensor network by considering 
adjusting sensing range, locations of target 
and sensors, residue battery power of sensor 
nodes, and assignment between sensors and 
targets simultaneously. Specifically, three 
typical greedy methods including Greedy I, 
Greedy II, and Greedy III are proposed for 
comparison. A maximum weighted matching 
algorithm is devised by considering full 

coverage (i.e. monitoring all targets) and the 
maximum total monitored duration for each 
target-sensor assignments. We also conduct 
simulations to demonstrate that the proposed 
algorithms can achieve very high network 
lifetime closed to the optimum. 

The rest of this paper is organized as 
follows. The next section presents related 
work on target coverage problem. Section 3 
describes the proposed algorithms, followed 
with simulation results shown in Section 4. 
Finally, Section 5 concludes this work. 

II. RELATED WORK

Shih et al. [10] extended the techniques 
for solving the set coverage problem to the 
target coverage problem in heterogeneous 
wireless sensor networks with multiple 
sensing units. 

In [3], Cardei et al. used bipartite graphs 
to represent the coverage relations between 
sensors and targets. To maximize the network 
lifetime, the target coverage problem is 
transformed to the maximum set cover 
problem. They also proposed a heuristic and 
centralized algorithm based on linear 
programming to find the desired solution. 

In [4], Cardei et al. investigated the 
target coverage problem for range-adjustable 
sensors. They assumed that each sensor has 
different sensing ranges with different power 
consumption rates. Also, they used bipartite 
graphs to represent the coverage relations 
between sensors and targets to investigate 
how to adapt the ranges of the sensors to 
solve the target coverage problem, which is 
thus transformed to the adjustable range set 
cover problem. 

In [9], Kuei-Ping Shih et al. studied a 
more generalized problem. They assumed that 
a fixed set of the properties of every target 
need to be monitored and the sensing ranges 
of the sensors are adjustable. They proposed 
two distributed algorithms: the remaining 
energy first algorithm (REFA) and the energy 
efficient first algorithm (EEFA) for the 
problem. 

In [14], Wang and Zhong considered 
the sensor placement problem under the 
assumption that the sensors take different 
costs with different sensing range. They 
proposed approximation algorithms based on 
linear programming technique to find the 
positions of wireless sensors such that the 
cost of the deployment can be minimized. 

In [13], Wang et al. proposed 
algorithms by assuming that a sensor can 
monitor multiple targets as long as the targets 
are within its sensing range. They also 
transmit the information by aggregating the 
data of the multiple monitored targets to save 
battery powers and thus prolong the lifetimes 
of the deployed sensors. 

III. TARGET COVERAGE ALGORITHMS

This work assumes that the sensing 
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range of each sensor is adjustable. First of all, 
three typical greedy methods including 
Greedy I, Greedy II, and Greedy III are 
proposed in the next subsection. Furthermore, 
a maximum weighted matching (MWM) are 
devised latter. 

A. Three Greedy Algorithms 
First, we introduce three typical greedy 

algorithms by exploiting intuitive ideas 
similar to or learned from Cardei et al. [3]. 
The greedy algorithms are different from [3], 
however, because the sensing range of sensor 
nodes is not adjustable in [3]. 

In the first greedy algorithm, denoted by 
Greedy I, the first step is checking the targets 
whether each of them have been monitored. If 
there is an unmonitored target, the algorithm 
will find and turn on a sensor with sufficient 
sensing range to monitor this target. Any 
other target within the sensing range of the 
newly turn-on sensor are also marked as 
monitored. In this way, the algorithm 
continues checking whether there is a target 
unmonitored and again finding a sensor to 
monitor the next target until all the targets are 
monitored. Table 1 presents Greedy I 
algorithm. 

Table 1: Greedy I Algorithm. 

Step 1: Check whether the target Ti in M is 
monitored according to a predefined order for 
1�i�m. If the target has been monitored, turn 
to the next target. Otherwise, perform Step 
1.1 to Step 1.3. 
Step 1.1: If there is a sensor Sj in N which is 
not turned on and the distance between Sj and 
Ti is less than or equal to R, then go to Step 
1.2; otherwise, this algorithm terminates. 
Step 1.2: If the remaining energy Ej of Sj can 
monitor Ti for a system-defined time, turn on 
Sj. Otherwise, go to Step 1.1 for searching 
another sensor. 
Step 1.3: Check whether there exist other 
unmonitored targets except Ti within the 
sensing range of Sj. Mark all such targets 
monitored. 
Step 2: If all the targets in M have been 
monitored, then this algorithm stops and 
waits until a target become unmonitored due 
to some sensor’s failure. Otherwise, this 
algorithm terminates. 

Basically, Greedy I algorithm can be 
improved simply by adjusting the sensing 
ranges to cover the monitored targets exactly. 
In [4], Cardei et al. have improved the 
previous work [3] by using the similar 
approach by assuming that each sensor has 
two different sensing ranges and adjusting the 
sensing range for prolonging the lifetime of 
the whole sensor networks. Here, we propose 
Greedy II algorithm by adjusting the sensing 
range as small as possible to cover the 
assigned targets exactly. 

Besides adjusting the sensing range, we 
also change the criteria for choosing sensors 
in Greedy III algorithm by finding the sensor 
that is closest to the target and with the largest 

remaining energy among candidate sensors. 
In the simulation section, we will conduct 
these three greedy algorithms for 
comparisons. 

B. Maximum Weighted Matching Algorithm 
Two major factors affect the lifetime of 

the sensor networks for targets coverage 
problem are full coverage (i.e. monitoring all 
targets) and the maximum total monitored 
duration for each target-sensor assignments. 
In this subsection, we try to tackle these two 
factors at the same time by applying a 
traditional graph technique: maximum 
weighted matching algorithm [5]. That is, we 
propose the maximum weighted matching
(MWM) algorithm to cover all targets and to 
maximize total monitored duration for each 
target-sensor assignment. 

The following example shows how to 
transform the target coverage problem to the 
perfect maximum weighted matching 
problem [6]. In Figure 2, we use 5�5 matrix 
to represent the relations between five sensors 
and five targets. Here each value in the matrix 
represents the time duration that a sensor can 
afford to monitor a specific target currently. If 
a sensor cannot cover a target, the value is set 
to 0 (Figure 2). 

Figure 2. The matrix of estimated monitoring 
durations for the targets and the sensors at the 
beginning of a round. 

In a perfect maximum weighted 
matching [5], the corresponding adjacent 
matrix must be a square. As a result, when the 
number of targets is unequal to the number of 
sensors, the perfect maximum weighted 
matching algorithm cannot be applied for the 
target coverage problem directly. In the 
proposed algorithm, the less one is 
augmented to equate the more one by adding 
some dummy nodes. Furthermore, to 
guarantee that a maximum weighted 
matching is always selected, we set the 
weight of every augmented relation to 1. 

Next, we apply the maximum weighted 
matching algorithm [5] on the matrix of the 
estimated monitoring durations to derive a 
matching with the maximum total monitored 
duration. The sensing range of each selected 
sensor is thus adjusted to reach its monitoring 
target exactly. Since a sensor may cover 
multiple targets in the resulting sensing range, 
some redundant sensors can be turned off to 
save power. Figure 3 shows the matching 
between the sensors (S1, S2, …, S5) and the 
targets (T1, T2, …,T5). The solid lines are the 
matching; while the dashed lines are auxiliary 
lines in finding the matching. Finally, we 
check whether there remain some targets 
unmonitored after the maximum-weighted 
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matching. In case there remains an 
unmonitored target, we choose the sensor 
closest to the target to monitor it despite that 
the sensor has matched some target(s). Table 
2 lists the details of the MWM algorithm. 

Figure 3. The matching result corresponding 
to Figure 2. 

Table 2. Maximum weighted matching 
algorithm. 

Step 1: Construct the table of estimated 
monitoring durations by estimating how 
long in time unit that each sensor can 
monitor each target individually; if the 
sensor cannot monitor the target, the value 
is set to zero in the table. 
Step 2: When the number of targets is 
unequal to the number of sensors, add some 
dummy nodes to make the size equal and 
set every augmented values to 1 in the 
table. 
Step 3: Determine which sensor Sj to 
monitor target Ti by applying the maximum 
weighted matching algorithm [5]. 
Step 4: If there remain unmonitored targets, 
select the closest sensor with sufficient 
power to monitor the target. 
Step 5: Turn on each matched (selected) 
sensor to reach its corresponding targets 
that are unmonitored. If other additional 
unmonitored target is covered while a 
sensor has been turned on, mark that target 
monitored. 
Step 6: Check whether the sensors have 
sufficient power to monitor its responsible 
targets in the current round. If there exists 
any sensor with insufficient power, then 
stop.

IV. SIMULATION RESULTS

In this section, Greedy I, Greedy II, 
Greedy III, LEA [11], and MWM are 
evaluated in a simulated environment 
constructed by using BCB. Moreover, we 
have implemented MWM in two ways: 
MWMI and MWMII. In MWMI, the targets 
are checked according to a predefined order. 
In MWMII, the targets are checked according 
to the upper bound of expected monitoring 
duration of targets, which are derived by 
computing the lifetime of each individual 
target by assuming that all its neighboring 
sensors are dedicated to monitoring this target. 
The minimum value selected from these 
upper bounds of all targets forms a trivial 
bound of lifetime of the given senor network, 
depicted as Bound in the following figures. 

Simulation settings and parameters are 

described here. We assume that each sensor 
has equal battery power; the maximum 
sensing range R is 150m; and the power 
consumption of the sensor is 200 units in a 
round when the sensor is turned on with the 
maximum sensing range. The power 
consumption rate is assumed to be 
proportional to the square of the sensing 
range. Since we aim at evaluating the lifetime 
of a given sensor network, other power 
consumption factors, such as data 
transmission, switching of modes, are ignored 
in this simulations. The deployed sensors and 
the targets are distributed in the area 
randomly, but in each scenario we assure that 
each target is covered by at least one sensor. 
When a generated scenario has a target 
without any covering sensor, the scenario is 
discarded deliberately. The time interval for 
each round is predefined. All targets must be 
monitored in a whole round. When any target 
cannot be monitored, the simulation ends 
immediately and the last in-complete round 
will not be counted in. Hereafter each 
simulation scenario represents an average of 
100 test sample runs. 

First, we evaluate the monitoring 
duration by fixing the number of targets at 15 
with varying number of deployed sensors 
from 25 to 85, with a skip of 10. The initial 
powers of the sensors are fixed at 500 units. 
Figure 4 shows the average network lifetime 
derived by different. In this figure, the 
lifetime of the given network increases as the 
number of sensors increases, and is limited by 
the upper bound (denoted by Bound). Also, 
the enhanced greedy algorithms (Greedy II 
and Greedy III) outperform Greedy I 
algorithm. Moreover, MWMI, MWM II, and 
LEA can achieve high network lifetimes close 
to the upper bound. 

Figure 4. Network lifetimes with respective to 
varying number of deployed sensors 

Figure 5. Network lifetimes with respective to 
random initial battery. 

Next, we evaluate the algorithms in case 
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that the sensors are of different initial powers, 
which are varied between 300 and 500 units 
randomly (Figure 5). Again, the number of 
targets is fixed at 15 and the number of 
sensors varies from 25 to 85 gapped by 10. As 
shown in Figure 5, LEA performs very well 
in case that the sensors are of random initial 
powers; it achieves lifetimes very close to the 
upper bounds. 

We also investigate the network 
lifetimes derived by the algorithms by fixing 
the number of sensors but with varying 
number of targets. In these simulations, the 
number of sensors is fixed at 80, and the 
number of targets varies from 15 to 45 
gapped by 10 (Figure 6). 

Figure 6. Network lifetimes with respective to 
various numbers of targets. 

In Figure 6, except MWM algorithms, 
the lifetimes decrease as the number of 
targets increases. The decreasing rate of 
GREEDYI is the least significant because it 
always turn on sensors with the maximum 
sensing range without considering the 
locations of their monitored targets; the 
sensors may waste too much power even 
though there are few targets to monitor. The 
performances of MWMs are between those of 
GREEDYII and LEA. 

V. CONCLUSION

In this work, we have devised efficient 
scheduling algorithms to maximize the 
lifetime of a given whole wireless sensor 
network by considering adjusting sensing 
range, locations of target and sensors, residue 
battery power of sensor nodes, and 
assignment between sensors and targets 
simultaneously. We also conduct simulations 
to demonstrate their performance. 
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