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Abstract—Coverage is an important issue that has been widely
discussed in wireless sensor networks (WSNs). However, it is still
a big challenge to achieve both purposes of full coverage and
energy balance. This paper considers the area coverage problem
for a WSN in which each sensor has a variable sensing radius. To
prolong the network lifetime, a weighted Voronoi diagram (WVD)
is proposed as a tool for determining the responsible sensing region
of each sensor according to the remaining energy in a distrib-
uted manner. The proposed mechanism, which is called sensing
radius adaptation (SRA), mainly consists of three phases. In the
first phase, each sensor and its neighboring nodes cooperatively
construct the WVD to identify the responsible monitoring area. In
the second phase, each sensor adjusts its sensing radius to reduce
the overlapping sensing region such that the purpose of energy
conservation can be achieved. In the last phase, the sensor with
the least remaining energy further adjusts its sensing radius with
its neighbor for to maximize the network lifetime. Performance
evaluation and analysis reveal that the proposed SRA mechanism
outperforms the existing studies in terms of the network lifetime
and the degree of energy balance.

Index Terms—Area coverage, energy balance, variable sensing
radius, weighted Voronoi diagram (WVD), wireless sensor net-
works (WSNs).

I. INTRODUCTION

W IRELESS sensor networks (WSNs) have many po-
tential applications, including environmental monitor-

ing, tracking, precision agriculture, military surveillance, smart
homes, and so on [1]–[4]. The coverage problem is one of the
most important issues in WSNs and has been widely discussed.
The coverage problem can be roughly classified into types of
area, barrier, and target coverage problems. The area coverage
asks each point in a given area to be covered by at least one
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sensor [5]–[7], whereas the barrier coverage aims at using the
minimal number of sensors to construct a barrier for detecting
intruders crossing the given strip area [8], [9]. Different from
area and barrier coverage problems, the target coverage prob-
lem only concerns some certain points in the monitoring region
and aims to monitor these points by a set of active sensors
[10]–[12].

In literature, the area coverage issue has attracted much at-
tention. Most studies [13]–[16] developed coverage approaches
aiming to detect the coverage holes and then cover the hole for
the purpose of full coverage. In [13], the concept of Voronoi di-
agram is proposed, which helps each sensor to locally discover
the coverage hole within its Voronoi cell. The full-coverage
purpose can be reached if the sensing range of each sensor fully
covered the corresponding Voronoi cell. However, the work in
[13] did not consider the energy-unbalanced problem in WSNs
where the remaining energies of the sensors are not identical. If
it is the case, a part of the sensors will exhaust their energies
prior to the others, reducing the surveillance quality of the
WSN.

The work in [14] considered the area coverage problem
for a heterogeneous WSN, where each sensor has an ad-
justable sensing radius. To achieve the full-coverage purpose,
a Voronoi–Laguerre diagram technique is proposed in [14],
which defines a specific Laguerre distance for each sensor to
locally determine the size of its responsible sensing region.
Then, to conserve the limited energy, each sensor adjusts its
sensing radius according to the size of its own sensing region.
However, the calculation of Laguerre distance does not take
into account the factor of the remaining energy of each sensor.
That is, the sensor with the lower remaining energy might be
responsible for a large sensing region, which should be covered
by the one with higher remaining energy. As a result, similar to
[13], a part of the sensors with lower remaining energies might
exhaust their energies earlier than the others; thus, the coverage
hole might appear.

To balance the energy consumptions of all sensors, some
other studies [15], [16] deployed specific sensors whose sensing
radii are adjustable. In [15] and [16], Delaunay triangles are
constructed for every three adjacent sensors located in the mon-
itoring region. For each Delaunay triangle, the three sensors
will derive the centroid of the triangle, and then, the three
sensors adjust their sensing radii to exactly cover the derived
centroid. Nevertheless, consider a case shown in Fig. 1. The
notation Δsasbsc is a Delaunay triangle formed by sensors
sa, sb, and sc. The notations ma, mb, and mc denote the
remaining energies of sensors sa, sb, and sc, respectively. In
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Fig. 1. In this case, the sensing radius of sa is the shortest even if sa has the
maximal remaining energy.

this case, Δsasbsc is an obtuse angle. Consider that sensor sa
has the maximal remaining energy as compared with sb and sc.
In Fig. 1, sensor sa has the maximal remaining energy but
contributes the smallest sensing coverage. As a result, sensors
sb and sc will run out of their energies prior to sensor sa,
reducing the network lifetime.

This paper proposes a sensing radius adaptation (SRA)
mechanism that considers the area coverage problem for a WSN
where each sensor has variable sensing radius. A weighted
Voronoi diagram (WVD) is proposed as a tool for determin-
ing the responsible sensing region of each sensor according
to its remaining energy in a distributed manner. In addition,
to maximize the network lifetime, techniques to balance the
energy consumption of all sensors are further presented. The
main contributions of this paper are itemized as follows.

1) Proposing WVD. The proposed WVD is a novel partition
scheme for each sensor to determine the responsible
sensing region according to its remaining energy and
substantially adjusts its sensing range to exactly cover its
responsible sensing region.

2) Resolving orphan region (O-Region) problem. Applying
the proposed WVD might raise the O-Region problem
in which a sensing hole might be created. This paper
proposed a region expansion process (REP) scheme to
resolve the O-Region problem.

3) Prolonging network lifetime of WSNs. In the proposed
SRA mechanism, each sensor applies the proposed WVD
and REP schemes to adjust the sensing range in a distrib-
uted manner, achieving the goals of prolonging network
lifetime and full coverage.

The remaining part of this paper is organized as follows.
Section II gives the network environment and problem formula-
tion of our approach, whereas Section III presents the details of
the proposed SRA mechanism. Section IV depicts the algorithm
of the proposed SRA mechanism. The performance analysis
and simulation of the proposed SRA mechanism are given in
Sections V and VI, respectively. Finally, the conclusions of this
paper are presented in Section VII.

II. NETWORK ENVIRONMENT AND

PROBLEM FORMULATION

Here, the network environment and the assumptions of the
given WSN are presented. Then, the problem formulation of
the investigated issue is proposed.

A. Network Environment

This paper assumes that a set of n static sensors S = {s1, s2,
. . . , sn} are randomly deployed in the monitoring region M .
The radius of each sensor is adjustable. Let ri denote the
sensing radius of sensor si, and it can only be adjusted to rmax

at maximum. The maximum sensing range of all sensors can
fully cover the monitoring region M . All sensors in M are
aware of their own location information by applying the ex-
isting localization schemes [17]–[20]. In addition, each sensor
also knows its own and its neighbors’ location information and
remaining energies by exchanging the Hello message with each
other.

B. Problem Formulation

This paper considers the area coverage problem for a given
WSN where each sensor has variable sensing radius. There
are two major objectives in this paper. One is to balance
the lifetimes of all sensors, and the other is to minimize the
intersection area of any two neighboring nodes.

Equation (1) depicts the goal of this paper, which aims to
balance the energy consumptions of all sensors such that their
energies can be exhausted almost at the same time. Let sensor
si have lifetime ti if it uses ri as its sensing radius until it
exhausts its whole remaining energy. To balance the lifetimes
of all sensors, in the following, a lifetime-balanced index F ,
which is defined according to Jain’s fairness index [21], is used
to measure the degree of lifetime balancing:

Minimal(F ), where F =1−

⎛
⎝
⎛
⎝ ∑

∀ si,∈S
(ti)

⎞
⎠

2/
n×

∑
∀si∈S

(ti)
2

⎞
⎠.
(1)

The value of F of a coverage mechanism approaching to 0
indicates that the mechanism provides better fairness in terms
of the energy consumption. In addition, to avoid coverage
redundancy, the following gives the secondary goal of this
paper. Let oi denote the sensing region of sensor si and yij
denote the area size of intersection region of sensors si’s and
sj’s sensing regions. Therefore, we have

yij = |oi ∩ oj |, where |a| denotes the size of region a. (2)

Let R denote the total overlapping area of all deployed sen-
sors. The intersection area of any two neighboring nodes should
be small to reduce the coverage redundancy. The secondary
goal of this paper is presented as follows:

Minimal(R), where R =

n−1∑
i=1

n∑
j=i+1

yij ∀ si, sj ∈ S. (3)

The following represents the constraint to satisfy the require-
ment of full coverage:

⋃
∀ si∈S

oi ⊇ M. (4)
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TABLE I
NOTATIONS USED IN THIS PAPER

The given coverage constraint asks that each location of M
should be covered by at least one sensor.

III. SENSING RADIUS ADAPTATION MECHANISM

Here, the details of the proposed SRA mechanism are pre-
sented. At the conceptual level, the proposed SRA mechanism
mainly consists of three phases: WVD construction (WVD-C)
phase, overlapping reduction (OR) phase, and improvement
on network lifetime (INL) phase. In the WVD-C phase, each
sensor locally determines its own responsible sensing region
according to its remaining energy. This phase aims to achieve
the first goal, as given in (1). Then, in the OR phase, each sensor
adjusts its sensing radius to minimize the coverage redundancy
and hence achieves the goal as given in (3). Finally, the INL
phase aims to prolong the network lifetime by adjusting the
sensing radii of some sensors to prolong the lifetime of the
sensor with minimal remaining energy. The following presents
the proposed WVD-C, OR, and INL phases. To achieve the
readability, Table I lists the notations used in this paper.

A. Weighted Voronoi Diagram Construction Phase

The WVD-C phase is mainly consisted of the region partition
process (RPP) and the REP. The RPP aims to construct a
weighted Voronoi cell (WVC) for each sensor. However, the
constructed neighboring Voronoi cell might remain as the hole
that cannot be covered by any sensor and hence raise the
O-Region problem. In the REP, the Voronoi neighbors fur-
ther cooperatively enlarge their sensing radii to cope with the
O-Region problem.

1) Region Partition Process: Recall that the notations ri and
ei denote the sensing radius of sensor si and corresponding

Fig. 2. Sensors sa and sb determine their sensing radii based on the line lab.

energy consumption for a time unit, respectively. According
to studies [15], [22], [23], the relation of ei and ri can be
represented by applying the following:

ei = kr2i (5)

where k is a constant.
Let mi be the remaining energy of sensor si. The lifetime ti

of sensor si can be measured by the following expression:

ti =
mi

kr2i
.

The following equation asks to balance the lifetime, e.g., tij ,
of any two sensors si and sj , i.e.,

mi

kr2i
=

mj

kr2j
= tij . (6)

Substituting mi into (5), the sensing radius of sensor si can
be derived as follows:

ri =

√
mi ×

1
ktij

. (7)

The proposed SRA algorithm is a greedy algorithm, which
makes decisions based on the current remaining energies of any
two sensors, si and sj , for balancing their energies. To reach the
goal as depicted in (1), sensor si and each of its neighbors apply
(7) to determine their sensing radii to construct the WVD. The
following presents how to construct the WVD.

As shown in Fig. 2, consider two neighboring sensors sa
and sb. Let notations loc(sa) and loc(sb) denote the locations
of sensors sa and sb. In Fig. 2, there are two lines l1 and lab
that are perpendicular to one another. Line l1 is a straight line
passing through loc(sa) and loc(sb), whereas lab is the sensing
boundary that sa and sb desire to calculate. Let p represent the
intersection point of lines l1 and lab. As shown in Fig. 2, sensing
boundary lab partitions line l1 into two segments: loc(sa)pab
and loc(sb)pab. Let ra and rb denote the desired sensing radii
that cause sensors sa and sb to have identical lifetimes. To
achieve the goal given in (1) such that the lifetimes of sensors
sa and sb are identical, (7) is locally applied by sensors sa and
sb, aiming to derive the values of ra and rb based on their
remaining energies. Accordingly, the sensing radii of sensors
sa and sb can be calculated by

ra =

√
ma ×

1
ktab

and rb =

√
mb ×

1
ktab

. (8)
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Based on (8), sensors sa and sb further evaluate the ratio of
ra and rb, as shown in the following:

ra : rb =

√
ma ×

1
ktab

:

√
mb ×

1
ktab

=
√
ma :

√
mb. (9)

As a result, sensors sa and sb calculate the values of
dis(loc(sa), pab) and dis(loc(sb), pab) according to (10) and
(11) in the following to locally determine the location of pab:

dis (loc(sa), pab) = dis (loc(sa), loc(sb))×
√
ma√

ma +
√
mb

(10)

dis (loc(sb), pab) = dis (loc(sa), loc(sb))×
√
mb√

ma +
√
mb

.

(11)

To ease the presentation of WVD, the following defines the
terms of weighted partition point, weighted Voronoi edge, and
WVC. The point p determined by applying (10) and (11) is
referred to as weighted partition point of sensors sa and sb. The
line lab is referred to as weighted Voronoi edge of sensors sa
and sb. Any two nonparallel weighted Voronoi edges of sensor
sa will intersect at a point called weighted Voronoi vertex. Each
weighted Voronoi vertex of sensor sa can determine responsible
sensing region for sensor sa. Let ci denote the WVC of sensor
si and Vi denote the Voronoi vertex set of cell ci. To achieve
the purpose of full coverage, sensor si should fully cover all
its vertices. Based on the WVC constructed by each sensor,
the WVD can be constructed. In addition, the boundary of the
monitoring area is also considered in the WVD-C phase. Any
node located near the boundary should treat the boundary as
the weighted Voronoi edge of its Voronoi cell to avoid creating
the coverage hole. The following gives the formal definition
of WVD.

Definition 1—Weighted Voronoi Diagram WVD(V,E):
Given a deployed WSN containing a set of sensors S = {s1,
s2, s3, . . . , sn}. Each sensor has constructed its Voronoi cell by
RPP. Let V and E denote the vertex set of all weighted Voronoi
vertices of a cell and the edge set of all weighted Voronoi edges
of a cell, respectively. A WVD of S, denoted by WVD(V,
E), which consists of a vertex set V and an edge set E. �

The following gives an example to illustrate how the sensor
applies the RPP to construct its WVC. As shown in Fig. 3, sen-
sor sa has five neighbors, and it intends to establish its WVC.
We take the sensors sa and se as an example to illustrate how
they determine the weighted partition point pae. The remaining
energies of sensors sa and se are 64 and 36, respectively. By
applying (9), sensors sa and se have the following calculation:

ra : re =
√
ma :

√
mb = 4 : 3.

Based on this ratio, sensor sa can derive its sensing radius by
applying (10) and (11) as follows:

dis (loc(sa), pae) = dis (loc(sa), loc(se))×
4

4 + 3
.

As a result, the weighted Voronoi edge lae can be established.
Similarly, sensor sa establishes all the other weighted Voronoi

Fig. 3. Each sensor applies the proposed RPP to locally determine its WVC
(responsible sensing region).

Fig. 4. In the OR phase, the sensors apply the REP to cooperatively cover
the O-region. (a) By applying traditional VD, three lines l1, l2, and l3 will
intersect at circumcenter without creating any hole. (b) Central triangular region
cannot be covered by sensors si, sj , and sk after applying RPP. (c) By applying
REP, a division point pdijk is selected to connect three blue points. (d) After
applying REP, the uncovered region can be cooperatively covered by sensors si,
sj , and sk .

edges with its neighbors’ locations. As shown in Fig. 3, by
executing RPP, the WVC ca will be constructed; hence, we
have Va = {v1a, v2a, v3a, v4a, v5a}. Once sensors sa fully covers its
WVC, it terminates the RPP.

2) Region Expansion Process: The constructed WVD is
different from the traditional Voronoi diagram (VD) [13]. In
the traditional VD, the monitoring region is fully covered if
every sensor can fully cover its Voronoi cell. However, the con-
structed WVD does not guarantee that the monitoring region is
fully covered, although each sensor adjusts its sensing radius to
fully cover its Voronoi cell. The problem of existing hole refers
to the orphan problem. The following gives Fig. 4 to illustrate
the difference between constructed WVD and traditional VD
and shows the orphan problem.

As shown in Fig. 4(a), three neighboring sensors si, sj ,
and sk apply the traditional VD construction approach [13] to
determine their Voronoi edges. In Fig. 4(a), lines l1, l2, and
l3 equally bisect segments loc(si)loc(sj), loc(sj)loc(sk), and
loc(sl)loc(sk), respectively. Hence, lines l1, l2, and l3 must
intersect at a point known as the circumcenter. On the other
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hand, as shown in Fig. 4(b), by applying the proposed RPP, the
three edges lij , ljk, and lik cannot intersect at one point. As a
result, the central triangular region might be a hole that raises
the O-Region problem, as formally defined in the following.

O-Region Problem: Consider three neighboring sensors si,
sj , and sk, as shown in Fig. 4(b). The three weighted Voronoi
edges lij , ljk , and lik might form a specific orphan region that
is not fully covered even if each sensor fully covers its Voronoi
cell. The existence of triangular hole refers to the O-Region
problem. �

Here, we further propose the REP to cope with the O-Region
problem. The basic concept behind the proposed REP is to
determine a division point, denoted by pdijk , in the O-Region,
as shown in Fig. 4(c). When sensors incur O-Region problem,
they will adjust their sensing radii to cover the division point
pdijk such that the O-Region can be fully covered. To balance
the remaining energies of those sensors that incur the O-Region
problem, the following depicts the properties that should be
satisfied for determining a good division point pdijk .

Constraints of Division Point (pdijk): Consider that sensors
si, sj , and sk incur the O-Region problem. A division point,
denoted by pdijk , in the O-Region should satisfy the following
two criteria.

Criterion 1: It is located inside the O-Region.
Criterion 2: |slp| : |sjp| : |skp| =

√
mi :

√
mj :

√
mk.

�
As shown in Fig. 4(b), sensors si, sj , and sk incur the

O-Region problem where the O-Region is depicted (marked
by the white triangular region). Inside the O-Region, a division
point pdijk will be selected that satisfies criteria 1 and 2. Accord-

ing to criterion 2, the lengths of lines slpdljk , sjpdljk , and skpdljk
can be presented as

√
mix,

√
mjx, and

√
mkx, respectively,

where x is a constant. The following expression depicts that the
size of area Δsisjsk can be calculated by using the edge length.

area(Δsisjsk) =
√
S(S − slsk)(S − slsj)(S − sjsk),

where S = (slsj + slsk + sjsk)/2.
Since Δsisjsk can be divided into three triangle re-

gions, Δsisjp
d
ijk , Δsip

d
ijksk, and Δpdijksjsk, the size of

area Δsisjsk equals to the summation of areas Δsisjp
d
ijk ,

Δsip
d
ijksk, and Δsisjp

d
ijk , Δpdijksjsk. By substituting the

value of constant x, the lengths of lines slpdljk , sjpdljk , and

skpdljk are obtained; thus, the sensing radii of sensors si, sj , and
sk are derived. To handle O-Region problem, point pdijk should
be the common vertex that the sensors si, sj , and sk should
adjust their sensing radii to cover the point. After applying REP,
the O-Region problem is eliminated, as shown in Fig. 4(d).

B. Overlapping Reduction Phase

After the execution of WVD-C phase, all sensors can locally
determine their own WVCs, and the monitoring region will
be fully covered. However, the coverage redundancy might
be large since each sensor locally executes the proposed RPP
and REP (if any). This subsection further proposes an OR
phase aiming at reducing the coverage redundancy to satisfy the
goal given in (3), whereas the full coverage constraint should

Fig. 5. Sensors sa and sb are fixed nodes. That is, if either sa or sb reduces its
sensing radius, it will raise a coverage hole.

Fig. 6. Sensor sa is an adjustable node and applies the OR phase.

be satisfied. To ease the presentation, the following gives the
definition that is used in the OR phase. Let vfari ∈ Vi denote
the farthest vertex away from location of sensor si. Definition 2
defines fixed node and adjustable node.

Definition 2—Fixed Node and Adjustable Node: A sensor,
e.g., si, is referred to as fixed node if there exists a neighboring
node sj satisfying the condition vfari = vfarj . Otherwise, it is
called adjustable node. �

A fixed node, e.g., si, cannot locally reduce its sensing
radius because the reduction of its sensing radius cannot cover
the Voronoi vertex vfari . As shown in Fig. 5, consider two
neighboring sensors sa and sb. Assume that vfara = vfarb = c.
If sensor sa (or sb) reduces its sensing radius, a coverage hole
will be created.

The following gives an overview to illustrate the proposed
OR phase.

1) Overview of OR Phase: In the OR phase, each sensor
locally verifies if it is an adjustable node. If it is the case,
the sensor can execute the OR phase for reducing its sensing
radius. The OR phase mainly consists of reconstructing WVC
based on a fixed node (RFN), reconstructing WVC based on an
adjustable node (RAN), and sensing radius evaluation (SRE)
tasks. In the RFN task, each sensor that neighbors to the fixed
node will try to replace its Voronoi vertices by the other closer
vertices. This action can reduce the size of the Voronoi cell such
that the sensor can conserve its energy while the full coverage
property is still maintained. In the RAN task, the adjustable
node that has higher workload than the other adjustable nodes
can further reduce its sensing radius by replacing its weighted
Voronoi vertices with the other closer vertices. In the SRE task,
the adjustable node evaluates its new sensing radius based on
the vertex set determined in the RFN and RAN tasks.

The following gives an example, from Figs. 6–9, to illustrate
the concepts of the three tasks. As shown in Fig. 6, assume that
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Fig. 7. Sensor sa executes the RFN task to determine the new weighted
Voronoi edges between its neighboring fixed nodes and itself. (a) Initial WVC
of sa. (b) New WVC for sa.

Fig. 8. By executing the RAN task, sensor sa can determine its new weighted
Voronoi vertex cell. (a) Sensor sa executes RAN task and hence set Va =
p2, p4, p5, p6, p7, p8, p9, p10 is obtained. (b) Sensor sa removes redundant
points from set Va and hence new set Va = p2, p7, p8, p9 is obtained.

Fig. 9. By applying OR phase, the weighted Voronoi cells of sa, sb, sc, sd
and se can be reconstructed.

sensors sa, sd, and se are adjustable nodes and sensors sb and
sc are fixed nodes. Sensors sb and sc will not execute the OR
phase since they are fixed nodes. On the contrary, since sensor
sa neighbors to the fixed nodes, it will execute RFN task. First,
sensor sa checks which Voronoi vertices located within the
sensing radii of fixed nodes sb and sc. In this case, vertices p1
and p3 are located within the sensing radii of fixed nodes sb and
sc, respectively. In this task, sensor sa intends to find the other
closer vertices to replace vertices p1 and p3. Fig. 7(a) further
depicts how sensor sa replaces vertices p1 and p3 by the other
two points.

As shown in Fig. 7(a), the sensing circles of sensors sb and
sc intersect with the weighted Voronoi edges lad and lae at

the points p5 and p6, respectively. Therefore, the point p3 can
be replaced by point p6 since the edge p3p6 is covered by
fixed node sc. Similarly, the point p1 can also be replaced by
point p5 because the edge p1p5 is covered by fixed node sb.
Consequently, the weighted Voronoi edges p1p2 and p2p3 can
be replaced by edges p2p5 and p2p6, respectively, as shown in
Fig. 7(b). After executing the RFN task, sensor sa removes the
points p1 and p3 from set Va and adds points p5 and p6 in set Va.
Consequently, set Va = {p2, p4, p5, p6}.

After executing RFN task, sensor sa will execute RAN task
that aims to further reduce the size of ca. The following presents
how the sensor sa executes the RAN task. In the RAN task,
sensor sa applies (5) to calculate the sensing workloads of its
neighboring nodes and itself. The sensing workload wi of each
node si can be measured by wi = kr2, where r is the mini-
mal sensing radius that is able to cover the farthest weighted
Voronoi vertex of its WVC. As shown in Fig. 8(a), assume that
the sensing radii of sensors sa, sd, and se are 12, 9, and 10,
respectively. The remaining energies of sensors sa, sd, and se
are 49, 81, and 64, respectively. The workloads of these sensors
can be evaluated, as shown in

wa = k × 122, wd = k × 92, we = k × 102. (12)

In this case, sensor sa has a higher workload than sensors
sd and se; it can reduce the size of ca prior than the other
two nodes. In Fig. 8(a), sensor sa finds those vertices that are
intersection points of its Voronoi edges and the sensing circles
of its neighboring nodes. These vertices will be verified if they
can replace sensor sa’s weighted Voronoi points p4, p5, and
p6. To accomplish this, sensor sa first finds points p8 and p10,
which are the intersection points of the sensing circle of sd
and edges p2p5 and p4p6, respectively. In addition, the sensing
circle of adjustable node se intersects with edge p2p6 at point
p7. Moreover, two sensing circles of nodes sd and se intersect
with each other at point p9. Since the edge p5p8 can be covered
by node sd, sensor sa replaces point p5 by p8 for reconstructing
its WVC without creating any hole. On the other hand, node sa
replaces point p6 by p7; hence the weighted Voronoi edge p4p6
of sensors sa is replaced by edges p4p9 and p7p9. Similarly, the
weighted Voronoi edge p4p5 is also replaced by edges p4p9 and
p8p9. After executing the RAN task, all the intersection points
p7, p8, p9, and p10 will be added in the new set Va to reconstruct
the cell ca. The set Va is given as follows:

Va = {p2, p4, p5, p6, p7, p8, p9, p10}.

Since some points in set Va can be covered by other ad-
justable nodes, those points should be removed from Va. As
shown in Fig. 8(b), sensor sa removes the points p4, p5, p6,
and p10 from set Va. The reason is that the points p4, p5, p6,
and p10 are covered by at least one sensor node. Therefore, set
Va = {p2, p7, p8, p9}. In SRE task, sensor sa evaluates which
sensing radius is better to cover all points in set Va. In Fig. 8(b),
since point p2 has the farthest distance between sa and itself,
sensor sa can further reduce its sensing radius until its sensing
radius reached the point p2. Fig. 9 gives the final weighted
Voronoi cell of sensor sa. The red and blue circles denote the
original and adjusted sensing radii of sensor sa, respectively.
This example depicts the concept that the adjustable node sa
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can release its constraint for covering those Voronoi vertices
which have been covered by some other fixed and adjustable
nodes.

The following formally presents the design of OR phase. Let
sensor sk be an adjustable node and some of its neighboring
node sfixedi ∈ N(sk) is a fixed node and the other node sadjj ∈
N(sk) is an adjustable node. By executing three tasks, sensor
sk can reduce its sensing radius without creating any hole.
Section III-B2–III-B4 formally present the RFN, RAN, and
SRE tasks, respectively.

2) RFN Task: In this task, as an adjustable sensor sk neigh-
boring to at least one fixed node aims to decide the new
weighted Voronoi edge between its neighboring fixed node
sfixedi ∈ N(sk) and itself. Let uk denote the sensing circle of
sensor sk. Let ufixed

i and uadj
j denote the sensing circles of fixed

sensor sfixedi and adjustable sensor sadjj , respectively. The sets
Ufixed(sk) and Uadj(sk) can be presented as follows:

Ufixed(sk) =
{
ufixed
i

∣∣ sfixedi ∈ N(sk)
}

Uadj(sk) =
{
uadj
j

∣∣∣ sadjj ∈ N(sk)
}
.

Let vfixedk denote the weighted Voronoi vertex of sensor sk
that is covered by at least one fixed node and V fixed

k denote the
set of vfixedk . Let E(sk) denote the set of all weighted Voronoi
edges of sensor sk. Let efixedk denote sensor sk’s weighted
Voronoi edge, which is partial covered by fixed sensor sfixedi ∈
N(sk), and Efixed

k be the set of efixedk , i.e.,

Efixed
k =

{
efixedk

∣∣ efixedk ∈ E(sk) and efixedk ∩ ufixed
i �= ∅

}
.

(13)
In case that set V fixed

k is nonempty, there exists at least one
fixed node, e.g., sfixedi ∈ N(sk), whose sensing circle ufixed

i

covers some point vfixedk ∈ V fixed
k . This also indicates that

there exists at least one weighted Voronoi edge, e.g., efixedk ∈
E(sk), containing the point vfixedk , which is intersected with
the sensing circle ufixed

i at an intersection point. Let vintk,w

denote the intersection point of ufixed
i ∈ Ufixed(sk) and the

edge efixedk ∈ Efixed
k and v̄intk,w′ denote the intersection points of

uk and the monitoring boundary (if any) and V int
k denote the set

of vintk,w ∩ v̄intk,w′ . The vertex vfixedk can be replaced by the wth
intersection point vintk,w since the point vintk,w is closer to sensor
sk than the vertex vfixedk . Let dfixed.intk,q denote the qth intersec-
tion point of any two sensing circles ufixed

i ∈ Ufixed(sk) and
ufixed′
i ∈ Ufixed(sk) within the cell ck (in any) and Dfixed.int

k

denote the set of dfixed.intk,q . Since the point that belongs to set
V int
k ∪Dfixed.int

k can be covered by at least one sensor, sensor
sk can reduce its sensing radius until its sensing radius reached
to the point that belongs to set V int

k ∪Dfixed.int
k and has the

farthest distance to sensor sk. Based on sets V int
k and Dfixed.int

k ,
sensor sk can determine its new weighted Voronoi vertex set.

The following formally presents how sensor sk reconstructs
its Voronoi cell for reducing its sensing radius. Let the duty
vertices of sensor sk, denoted by Dorg

k , be the set of vertices
that should be covered by sensor sk. Before executing the OR
phase, we have

Dorg
k = Vk. (14)

Fig. 10. Set Dfixed
k = {vintk,2, pk,2, v

int
k,1, pk,4} can be determined after sensor

sk executes the RFN task. Based on set Dfixed
k , sensor sk further executes the

RAN task.

Let Dfixed
k denote the set of vertices after sensor sk executes

RFN task. Equation (15) further derives the set Dfixed
k . After-

wards, sensor sk executes the RAN task based on set Dfixed
k

Dfixed
k = Dorg

k − V fixed
k + V int

k +Dfixed.int
k . (15)

Fig. 10 gives an example to illustrate how sensor sk re-
duces its sensing radius by evaluating new set Dfixed

k and
then reconstructs its WVC. In Fig. 10, the sensing circles
ufixed
i ∈ Ufixed(sk) and ufixed′

i ∈ Ufixed(sk) intersect with the
edges pk,3pk,4 ∈ Efixed

k and pk,1pk,4 ∈ Efixed
k at points vintk,1

and vintk,2, respectively. That is, sensors sfixedi and sfixed
′

i

are able to cover the edges pk,3vintk,1 and pk,1vintk,2, respectively.
Hence, we have V int

k = {vintk,1, v
int
k,2}, V fixed

k ={pk,1, pk,2, pk,3},
and Dfixed.int

k = {pk,2}. By executing the RFN task, set
Dorg

k = {pk,1, pk,2, pk,3, pk,4} can be replaced by set Dfixed
k =

{vintk,2, pk,2, v
int
k,1, pk,4}. As a result, sensor sk can reduce its

sensing radius since points vintk,1 and vintk,2 are closer to sensor
sk than pk,3 and pk,1, respectively.

3) RAN Task: After executing the RFN task, each adjustable
sensor sk is able to reconstruct its new Voronoi cell based on
set Dfixed

k . In the RAN task, the adjustable node intends to
further reduce its sensing radius by checking if some Voronoi
vertices in set Dfixed

k can be further replaced by closer points.
Since there might exist several adjustable nodes executing the
RAN task simultaneously, the adjustable node that has higher
workload will have higher priority to execute the RAN task.
Each adjustable node sk calculates its workload wk and each of
its neighbor’s workload by applying (5). Let sensor sk has the
highest workload as compared with its neighbors; therefore, it
has the highest priority to adjust its sensing radius. Let Dadj

k

denote the set of vertices after sensor sk executes the RAN
task. Let eadjk denote the weighted Voronoi edge between the
adjustable node sadjj ∈ N(sk) and sensor sk, which is partial

covered by sensor sadjj , and notation Eadj
k denote the set of eadjk .

Similar to the RFN task, the intersection point of sensing circles
of sensors sadjj ∈ N(sk) and sk, which is located at eadjk can be

covered by sensor sadjj . Let dadj
∗

k,j denote the ith intersection

point of uadj
j ∈ Uadj(sk) and eadjk ∈ Eadj

k and notation Dadj∗

k

denote the set of dadj
∗

k,i . Obviously, the point dadj
∗

k,i is closer to the
sensor sk than some point that belongs to set Dfixed

k . Let da.intk,z

denote the intersection points of any two sensing circles uadj
j

and uadj′

j ∈ Uadj(sk) within the cell ck (in any) and notation



9824 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 12, DECEMBER 2016

Fig. 11. Sensor sk obtains the set Dnew
k = {pk,2, dadj

∗

k,2 , dadj
∗

k,3 , da.intk,1 } by
executing the RAN task.

Da.int
k denote the set of da.intk,z . Based on sets Dfixed

k , dadj
∗

k , and

Da.int
k , sensor sk applies (16) to derive the set Dadj

k for further
reducing its sensing radius

Dadj
k = Dfixed

k +Dadj∗

k +Da.int
k . (16)

However, some points might be redundant in set Dadj
k since

those points can be covered by neighboring adjustable nodes.
The sensor sk should remove some redundant points from set
Dadj

k . Let Dnew
k denote the set of weighted Voronoi vertices

after sensor sk applies the RFN and RAN tasks. Let Doverlap
k,fixed

and Doverlap
k,adj denote the sets of vertices that should be removed

from set Dadj
k after sensor sk executes the RFN and RAN tasks,

respectively. The set Dnew
k can be calculated by applying

Dnew
k = Dadj

k −Doverlap
k,fixed ∪Doverlap

k,adj . (17)

Based on set Dnew
k , sensor sk is able to evaluate its sensing

radius to conserve further its energy.
Fig. 11 gives an example to illustrate how sensor sk derives

the set Dadj
k by executing the RAN task. In Fig. 11, the sensing

circle uadj
j ∈ Uadj(sk) intersects with the edge pk,3pk,4 ∈ Eadj

k

at the point dadj
∗

k,1 and it also intersects with the edge vintk,2pk,2 ∈
Eadj

k at the point dadj
∗

k,3 . On the other hand, the sensing cir-

cle uadj′

j ∈ Uadj(sk) intersects with edge vintk,1pk,2 ∈ Eadj
k at

point dadj
∗

k,2 . In addition, two sensing circles uadj
j and uadj′

j ∈
Uadj(sk) intersect at the point da.intk,1 . Therefore, we have

Dadj∗

k =
{
dadj

∗

k,1 , dadj
∗

k,2 , dadj
∗

k,3

}
and Da.int

k =
{
da.intk,1

}
.

Recall that the set Dfixed
k is obtained by executing RFN task

Dfixed
k =

{
vintk,2, pk,2, v

int
k,1, pk,4

}
.

By executing the RAN task, set Dfixed
k will be replaced by

set Dadj
k , i.e.,

Dadj
k =

{
vintk,2, pk,2, v

int
k,1, pk,4, d

adj∗

k,1 , dadj
∗

k,2 , dadj
∗

k,3 , da.intk,1

}
.

In Fig. 11, since we have sets Doverlap
k,fixed = {vintk,1, v

int
k,2} and

Doverlap
k,adj = {pk,4, dadj

∗

k,1 }, sensor sk can derive the set Dnew
k by

applying (17). The set

Dnew
k =

{
pk,2, d

adj∗

k,2 , dadj
∗

k,3 , da.intk,1

}
.

Consequently, the adjustable sensor sk obtains its newly
constructed set Dnew

k .
After executing the RAN task, the adjustable node sk

changes its Voronoi vertex set from set Dorg
k to the set Dnew

k

and then executes the next task, called SRE task.
4) SRE Task: Let dfark be the farthest Voronoi vertex of sk in

set Dnew
k . The value of dfark can be measured by applying

dfark = arg max
∀dl∈Dnew

k

(dis (loc(sk), dl)) . (18)

Let rnewk be the new sensing radius of sk after sk executes
three tasks. We have

rnewk =
(
dis

(
loc(sk), d

far
k

))
. (19)

By applying (19), sensor sk can reduce its sensing radius
from rk to rnewk for covering the Voronoi vertex dfark . When
sensor sk finishes the three tasks, it changes its state from the
adjustable node state to the fixed node state.

Although the OR phase can save the energies of the sensors
that have larger overlapping region, the sensor with minimal
remaining energy, e.g., sleast, might not get benefit from the
execution of OR phase. This is because that the sensor with
minimal remaining energy might not have a big overlap-
ping radius with the other neighboring sensors. In the next
phase, the INL phase aims to further prolong the lifetime of
sensor sleast.

C. Improvement on Network Lifetime Phase

Earlier, the sensor tries to independently reduce its sensing
radius, aiming at minimizing the overlapping coverage region.
Let sleast be the sensor that has the minimal remaining energy
compared with its neighbors. Since the lifetime of sensor sleast
is the local bottleneck of network lifetime, this phase aims to
further prolong its lifetime by reducing its sensing radius in
a distributed manner. However, an arbitrary reduction on the
sensing radius might cause a hole since the sensing radius
of each sensor has its contribution in coverage and has been
elaborately calculated in previous phases. Different from the
OR phase, sensor sleast that applies the INL phase should ask
for help from its neighboring sensor to cover the new created
hole. That is, sensor sleast can reduce its sensing radius only if
there has some neighboring node that can enlarge its sensing
radius for covering the hole created by itself. The following
introduces the concept and basic operations designed in this
phase.

Initially, each sensor si maintains the neighboring informa-
tion of node sj ∈ N(si), presented by (rj , tj), where tj denotes
the lifetime of sensor sj . Let T (sleast) denote the set of tj ,
where sj ∈ N(sleast). Let t̂ denote the least lifetime in set
T (sleast), which can be measured by applying

t̂ = min
∀ tj∈T (sleast)

(tj). (20)

Let tfinalleast denote the lifetime of sensor sleast after it reduces
its sensing radius. To prolong the network lifetime, sensor sleast
should reduce its sensing radius until the value of tfinalleast equals
to that of t̂. Let euniti denote the energy consumption required
for sensor si in each time unit and rfinalleast denote the sensing
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Fig. 12. By applying the INL phase, the network lifetime can be efficiently
prolonged. (a) Before executing the INL phase, the network lifetime is 100 time
units. (b) By executing the INL phase, the network lifetime can be increased
from 100 time units to 132 time units. (c) Sensor se functions as the hole healer
to cover the hole that is created by sensor sa.

radius of sensor sleast after it reduces its sensing radius. The
value of tfinalleast can be calculated by applying the following

tfinalleast =

(
γ ×

(
rleast − rfinalleast

)2
eunitleast

)
(21)

where γ is a constant value.
In the INL phase, if sensor sleast reduces its sensing radius,

the holes might be created. Consequently, sensor sleast further
selects one of its neighbors, called hole healer (sh), to cover
the hole. The hole healer enlarges its sensing range aiming
to further prolong the network lifetime. Let tfinalsh denote the
lifetime of sensor sh after it adjusts its sensing radius, and let
the energy consumption for a time unit of sensor sh be denoted
eunitsh . Let rsh and rfinalsh denote the sensing radii of sensors sh

and sh after they adjust their sensing radii, respectively. The
following derives the value of tfinalsh :

tfinalsh = tsh −
(
γ ×

(
rfinalsh − rsh

)2
eunitsh

)
. (22)

The following criterion further specifies the constraints of
hole healer. Let holeleast denote the set of hole areas created
by sensor sleast and ofinali denote the coverage area of sensor si
after it adjusts its sensing radius.

Criterion of Hole Healer (sh): Sensor sl can be selected as
the hole healer of sensor sleast if it satisfies the following two
criteria.

1) ofinall ⊇ holeleast
2) tfinall ≥ tleast.

Criterion 1 asks sensor sl which should fully cover the hole.
Criterion 2 constrains that the hole healer sh should not be the
bottleneck of the network lifetime. �

Fig. 13. Procedure of WVD-C phase.

The following gives an example to illustrate the operations
designed in the INL phase.

As shown in Fig. 12(a), two elements, including parenthesis,
present the remaining energy and lifetime of the sensor. Sensor
sa has the least lifetime as compared with its neighbors. It can
function as the sleast and further reduces its sensing radius.
Fig. 12(b) shows that sensor sa reduces its radius such that its
lifetime can be prolonged to 132 time units by applying (20)
and (21). However, the holes (marked in red ink) will be created
by sensor sa. To cover the hole, sensor sa selects sensor se to
be the hole healer since sensor se satisfies two criteria of the
hole healer. On the other hand, if there are many hole healer
candidates, the sensor that has the maximal lifetime will be
selected as the hole healer. Fig. 12(c) shows that sensors se
enlarges its sensing radius to cover the holes and the network
lifetime prolonged from 100 units to 132 units.

IV. PSEUDOCODE OF SRA MECHANISM

This section presents the algorithm of the proposed SRA
protocol. Fig. 13 gives the algorithm of the WVD-C phase. As
shown in Fig. 13, lines 1 to 4 determine the weighted Voronoi
edge between sensor si, and each of its neighbor sj ∈ N(si)
and further constructs the Voronoi cell ci by applying RPP.
However, the O-Region problem might be occurred since each
sensor si locally decides its weighted Voronoi edge. Therefore,
in lines 5 to 9, sensor si and each of its neighbor sj ∈ N(si)
cooperatively cover O-Region by applying REP. In line 7,
the sensing radius of each sensor can be determined to cover
O-Region. After that, each sensor si and its neighbors adjust
their sensing radii to fully cover O-Region, as shown in line 8.
Finally, the WVC ci can be reconstructed every time period T .
On the contrary, if O-Region does not exist, sensor si will
terminate the WVD-C phase, as depicted in line 10.

Fig. 14 presents the algorithm of OR phase. In lines 2 to 4,
sensor si checks if it is an adjustable node. If it is not the case,
sensor si cannot reduce its sensing radius. In case that sensor
si is an adjustable node, it executes the OR phase. Lines 5–16
illustrate that the adjustable sensor si executes the OR phase
to replace some vertices from set Vi. In lines 6 and 7, sensor
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Fig. 14. Procedure of the OR phase.

Fig. 15. Procedure of INL phase of sensor si.

si executes the RFN task to calculate the set Dfixed
i . In lines 9

to 11, if sensor si has the highest workload, it can execute the
RAN task and then calculate the sets Dadj

i and Dnew
i . Lines 12

to 16 implement the SRE task. Sensor si evaluates its sensing
radius rnewi to cover the vertex Dnew

i to update the states of its
neighbors and itself.

Fig. 15 further presents the algorithm of the INL phase. Lines 1
and 2 depict that sensor si should terminate the INL phase if
it cannot play the role of sleast. On the contrary, if sensor si
has the least remaining energy, it can execute the INL phase.
In line 4, sensor si calculates the value of tfinalleast according to
(21). To prolong the network lifetime, sensor si tries to enlarge
its lifetime from tfinalleast to t̂. However, sensor si might create a
hole. To cope with this problem, sensor si further selects one
sensor sj ∈ N(si) to play the role of sh for covering the hole,
as shown in line 5. In lines 6 and 7, sensor si checks sensor
sj , which can be the hole healer or not. If sensor sj can be
the hole healer and cover the hole, sensor si can reduce its
sensing radius to prolong the network lifetime without creating
any hole.

V. PERFORMANCE ANALYSIS

Here, we aim to analyze the performance improvement of the
proposed SRA mechanism against the existing mechanism VD
[13] and the optimal approach in terms of the network lifetime.
The following first derives the average sensing radius of sensors
by applying the compared mechanisms. Then, the lifetimes of

a given WSN by applying the proposed SRA, VD, and the
optimal mechanisms will be analyzed.

The following calculates the average sensing radius of each
sensor by applying the proposed SRA mechanism. Let notation
N(si, sj) represent the neighbor relationship of sensors si and
sj . The remaining energies of sensor si and sj are mi and mj ,
respectively, where mi ≤ mj . The following defines SL and
SH that are referred to as the sets of lower energy sensors and
higher energy sensors, respectively, i.e.,

SL = {si|N(si, sj) ∀ si, sj ∈ S} (23)

SH = {sj |N(si, sj) ∀ si, sj ∈ S} . (24)

Note that some sensors might be included in both sets SL

and SH .
The proposed SRA mechanism constructs the WVD based on

the remaining energy of each sensor. The following introduces
the average energy of sets SL and SH . Let ML and MH

represent the average energy of sets SL and SH , respectively.
Let |SL| and |SH | represent the number of sensors of SL and
SH , respectively. The following calculate the values of ML and
MH , respectively:

ML =
1

|SL|
×

|SL|∑
i=1

mi, where si ∈ SL (25)

MH =
1

|SH | ×
|SH |∑
j=1

mj , where sj ∈ SH . (26)

To determine the responsible sensing area of each sensor, we
calculate the average distance between sensors si and sj , rep-
resented by notation Dis(si, sj). Let P be the set of (si, sj),
where si and sj have the relationship N(si, sj) and |P | denote
the number of elements in set P . The average distance, which is
called dSRA, of sensors si and sj can be calculated by applying
the following:

dSRA =
1
|P |

∑
∀ (si,sj) s.t. N(si,sj)∈P

Dis(si, sj). (27)

Let notations r and R represent the average sensing radii of
sensors si ∈ SL and sj ∈ SH , respectively. Since each sensor
applying the SRA scheme will adjust its sensing radius accord-
ing to its remaining energy, the following holds:

MH

ML
=

kR2

kr2
> 1. (28)

Let T SRA represent the network lifetime of the proposed
SRA scheme. After determining the average sensing radius of
each sensor, the network lifetime can be derived by applying
the following:

T SRA =
MH

kR2
=

ML

kr2
. (29)

Let oSRA
i,j represent the coverage areas contributed by both

si and sj using the SRA mechanism, where si ∈ SL and
sj ∈ SH . Similarly, notation oVD

i,j represents the coverage areas
contributed by both si and sj using the VD mechanism. To ease
the analysis of network lifetimes of SRA and VD mechanisms,
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we assume that oSRA
i,j equals to oVD

i,j . The following discusses
how to evaluate the network lifetime of VD. Let the average
distance between neighboring sensors si, and sj ∈ N(si) is
dVD. Let rVD be the average sensing radius of all sensors
after applying the VD mechanism. Based on the assumption
oSRA
i,j = oVD

i,j , the overall coverage contributed of n sensors by
applying SRA and VD mechanisms are identical. The following
reflects this argument:

n× (R2π + r2π)

2
= n× r2VDπ. (30)

Therefore, the value of rVD can be further derived, as shown
in the following:

rVD =

√
R2 + r2√

2
. (31)

As a result, the network lifetime TVD by applying VD
mechanism can be measured by applying the following:

TVD =
ML

kr2VD

=
ML

k
(√

R2+r2√
2

)2 . (32)

Let the lifetime evaluation index, denoted by ISRA/VD, be
the ratio of T SRA to TVD. Substituting (33) into (34), given in
the following, the value ISRA/VD can be derived:

R = r

√
MH

ML
(33)

I SRA
VD

=
T SRA

TVD
=

(
MH

kR2

)⎛
⎝ ML

k

(√
R2+r2√

2

)2

⎞
⎠

=

(
MH

ML

)
2

(
1 +

r2

R2

)

=

(
MH

ML
+ 1

)
2

≥ 1. (34)

The result ISRA/VD > 1, as shown in (34), indicates that
the proposed SRA mechanism outperforms the VD scheme
in terms of the network lifetime. We notice that the proposed
SRA mechanism can provide longer network lifetime when
the average energy difference between MH and ML is large.
For example, when MH/ML = 2, the network lifetime of the
proposed SRA scheme will increases about 50% as compared
with the VD scheme.

The following analyzes the network lifetime of the optimal
and the proposed SRA mechanisms. Assume that applying the
optimal mechanism can obtain an optimal solution where all
sensors fully cover the monitoring region with the smallest
size of overlapping area. Assume the monitoring region M be
a rectangle area W × L. Given a set of n sensors randomly
deployed in M , the optimal approach can determine the optimal
sensing radius of each sensor. Let ropt denote the average
sensing radius of sensors in the optimal solution. The following
holds since the monitoring region should be fully covered:

n =
WL

πr2opt
. (35)

The value of ropt can be further calculated by applying the
following:

ropt =

√
WL

πn
. (36)

Let TOPT denote the network lifetime of the optimal solu-
tion, which can be evaluated by applying the following:

TOPT =

∑n
i=1 mi

n
× 1

kr2opt
=

π
∑n

i=1 mi

kWL
. (37)

Let the optimal lifetime evaluation index, denoted by
ISRA/OPT, be the ratio of T SRA to TOPT. The value ISRA/OPT

can be derived by applying the following:

I SRA
OPT

=
T SRA

TOPT
=

(
MH

kR2

)(
π
∑n

i=1 mi

kWL

)

=
WLMH

πR2
∑n

i=1 mi
, where si ∈ SL ∪ SH . (38)

To further observe the value of ISRA/OPT, we assume that
the ratio of ML to MH is α, where α ≤ 1. Let notation η
represent the size of the covering area outside of the monitoring
region M plus the sum of overlapping area sizes between any
two sensors by applying the proposed SRA mechanism. To
further analyze the performances of the proposed SRA and
the optimal mechanisms, we give the overlapping area ratio λ,
which can be calculated by η/WL. The following asks that the
total covering area by applying the proposed SRA mechanism
should fully cover the monitoring region M

n× (πr2 + πR2)

2
= (1 + λ)WL, where λ ≥ 0. (39)

Based on (39), the following can be further derived:

n

2
×
(
πR2ML

MH
+ πR2

)
=(1 + λ)WL

⇒ nπR2

2
(α+ 1) = (1 + λ)WL

⇒ WL

πR2
=

n(α+ 1)
2(1 + λ)

. (40)

Let Mavg represent the average energy of sensors by ap-
plying optimal approach and β denote the ratio of Mavg to
MH . Substituting (40) into (38), the value of ISRA/OPT can
be further derived in

I SRA
OPT

=
WL

πR2
× MH∑n

i=1 Mi
=

α+ 1
2(1 + λ)

× nMH∑n
i=1 Mi

=
α+ 1

2(1 + λ)
× nMH

nMavg
=

α+ 1
2β(1 + λ)

. (41)

Since the optimal solution has the longest network lifetime,
the value of ISRA/OPT should be smaller than one. The value
of ISRA/OPT approaching to one indicates that the proposed
SRA and the optimal approach achieve similar performances.
Equation (41) also exhibits that the sensing overhead parameter
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TABLE II
SIMULATION PARAMETERS

λ and the energy parameters α and β are key factors that
affect the performance of the proposed SRA approach. More
specifically, a large value of α and smaller values of λ and β
will enlarge the value of ISRA/OPT and, hence, improve the
performance of the proposed SRA mechanism. The following
further presents the observations based on (41). First, since
the values of α and β will be determined before initiating
the SRA approach, both two values represent the given energy
conditions in the investigated environment. In fact, the value of
α is less than or equal to β by the definitions. That is, we have
α ≤ β ≤ 1.

Let δ be a constant satisfying the condition α ≥ δβ. That is,
ML ≥ δMavg. Equation (42) can be further derived from (41).
This also indicates that the optimal lifetime evaluation index
ISRA/OPT guarantees a lower bounded and is controlled by the
values of β and λ, as shown in the following:

I SRA
OPT

≥ δβ

2β(1 + λ)
+

1
2β(1 + λ)

=
1

2(1 + λ)

(
δ +

1
β

)
. (42)

Second, in (42), a smaller value of β helps enlarge the
value of ISRA/OPT. Therefore, the number of sensors with low
energy is high. In the case, applying the SRA approach is able to
balance the sensing radius with the neighboring sensors whose
energy is relative high. Hence, SRA and optimal approaches
achieve similar performances. Finally, the sensing radius of
each sensor is adjusted by the proposed SRA mechanism in a
distributed manner (according to the energies of neighboring
sensors). Compared with the centralized optimal approach, the
proposed SRA mechanism has more sensing overheads. In (42),
a smaller value of λ helps enlarge the value of ISRA/OPT and
hence improve the performance of the proposed SRA approach.

According to (34) and (42), we have the fact that the perfor-
mance of the proposed SRA mechanism is better than that of the
VD mechanism but is worse than that of the optimal approach.
This fact also can be verified by the experiment as shown
in Fig. 20.

VI. PERFORMANCE EVALUATION

Here, the performance improvement of the proposed SRA
mechanism is examined against the existing approaches in [13]
and [16], which are referred to as VD and DT, respectively.
Table II gives the parameters used in the simulation. Each sim-
ulation result is obtained from the average of 100 independent
runs, and the 95% confidence interval is always smaller than
5% of the reported values.

Moreover, the sensing cost model [22] is used in this paper.

Fig. 16. Comparison of three coverage mechanisms in terms of the average
sensing radius.

Sensing Cost Model: The relationship between sensing ra-
dius and energy consumption of a sensor depends on the
characteristics of the sensing device. In [22], the sensing power
law function H of a sensor node is modeled as H(ri) =
H0r

x
i , where ri denotes the sensing radius of sensor si, and

x can be considered decay exponent for the sensed signal and
would depend upon the sensor components. The value of x,
normally ranging from 2 to 4 [23], will practically impact the
energy consumption of a sensor node. Most existing works
[24], [25] use x = 2 as their sensing models when measuring
the energy consumption for sensing operation. In the proposed
SRA mechanism, the sensing cost is also modeled as ei = kr2i .
To investigate the impact of x on the network lifetime of
the proposed SRA mechanism, an additional experiment that
changes the value of x ranging from 2 to 4 is shown in Fig. 19.

Fig. 16 depicts the performance comparison of three mech-
anisms in terms of the average sensing radius. Generally, the
average sensing radius decreases with the number of sensors.
By applying the existing DT scheme, each sensor adjusts its
sensing radius based on its remaining energy. However, the DT
mechanism leads to the energy-unbalanced problem, as shown
in Fig. 16. In addition, the sensors located at the boundary will
enlarge its sensing radius, increasing the large average sensing
radius. On the other hand, the VD mechanism calculates the
sensing radius of each sensor based on the bisector Voronoi
edge. However, the VD mechanism does not reduce the over-
lapping region; hence, it has larger average sensing radius than
the proposed SRA mechanism. By applying the proposed SRA
mechanism, any node located at the boundary of the monitoring
area treats the boundary as the weighted Voronoi edge of its cell
in WVD-C phase, achieving the purpose of full coverage. As
shown in Fig. 16, the SRA mechanism has better performance
than DT and VD mechanisms in terms of the average sensing
radius.

Fig. 17 compares the proposed SRA mechanism with VD and
DT approaches in terms of the network lifetime. The network
lifetime is measured by the time interval starting from the time
that sensors have been deployed to the time that any coverage
hole appears. The number of sensors is controlled ranging from
500 to 1000. As shown in Fig. 17, since the VD approach does
not consider the factor of energy balance and DT approach
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Fig. 17. Impact of the number of sensors on the network lifetime.

has the energy-unbalanced problem, the network lifetimes of
VD and DT mechanisms are shorter than that of SRA mech-
anism. On the contrary, the proposed SRA mechanism applies
WVD-C phase to determine the responsible sensing region of
each sensor based on the remaining energy. Moreover, the pro-
posed SRA mechanism further prolongs the network lifetime by
applying OR and INL phases. Consequently, the proposed SRA
mechanism outperforms VD and DT mechanisms in terms of
the network lifetime in all cases.

The proposed SRA mechanism aims to prolong the network
lifetime by constructing WVD where each sensor’s responsible
region is determined by the differences of remaining energy
between each sensor and its neighbors. Let mdiff

i,j denote the
total remaining energy difference between sensor si and all its
neighbors sj ∈ N(si). We have

mdiff
i,j =

n(si)∑
j=1

|mj −mi| ∀ sj ∈ N(si) (43)

where n(si) denotes the number of neighbors of si. Let etotal
denote the initial energy of the sensor. The NLI denotes the nor-
malized energy difference an it is controlled between 0 and 1,
as shown in

NLI =
mdiff

i,j

etotal × n(si)
. (44)

A lower value of NLI indicates that the remaining energies
of any two sensors are better balanced. It also implies that the
given WSN has longer network lifetime. Fig. 18 further inves-
tigates the value of NLI by varying the value of initial energy
difference ranging from 0.1 to 1.0. The initial energy difference,
denoted by IED, is referred to as the average difference of initial
energies between any pair of sensors. In Fig. 18, the curve of
VD is sharply increased since each sensor did not adjust its
sensing radius. That is, each sensor si constructs the Voronoi
edge according to the distance between si and its Voronoi
neighbor sj ∈ N(si). On the other hand, the curve of the DT
mechanism is also increased since each sensor does not reduce
the overlapping area, leading to unnecessary energy consump-
tion. The proposed SRA approach applies the WVD-C phase
and hence each sensor can reconstruct its WVC periodically.
Compared with the DT mechanism, the SRA mechanism has
smaller value of NLI, which indicates that SRA outperforms
DT in terms of the energy balance.

Fig. 18. Value of NLI versus the initial energy difference.

Fig. 19. Impact of different values of x on the network lifetime by varying the
initial energy difference.

Fig. 19 shows the impact of different values of x on the
network lifetime by varying the value of IED in the SRA
mechanism. In general, all curves of three values are decreased
with the value of IED. As shown in Fig. 19, the value of x
has strong effects on the network lifetime. The performance of
x = 2 outperforms those of x = 3 and x = 4 nearly 2.3 and
4.7 times, respectively, when the value of IED approaches to 1.

In addition to analyzing the performance comparison of
the optimal and the proposed SRA mechanisms, an additional
experiment, as found in Fig. 20, further compares the perfor-
mances of the optimal and the proposed SRA mechanisms.
In Fig. 20, the proposed SRA mechanism is compared with
the optimal approach (denoted by Optimal) and the existing
approaches, including VD [13] and DT [16] mechanisms. The
optimal solutions are obtained by exhaustive algorithm. In
the environment, the value of IED is varied, ranging from 0
to 1. In general, the network lifetime of all approaches are
decreased with the value of IED. Since the optimal approach
considers all solutions in a centralized manner, each sensor can
minimize its sensing radius while the full coverage constraint
can be satisfied. Therefore, the optimal approach has the longest
network lifetime. The DT and SRA approaches have better per-
formance than VD mechanism since both of them construct the
responsible region of each sensor according to the remaining
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Fig. 20. The comparison of four mechanisms in terms of the network lifetime
by varying the initial energy difference.

Fig. 21. Comparison of three mechanisms in terms of the coverage ratio σ.

energy. However, the DT mechanism does not further reduce
the overlapping region, leading to unnecessary energy con-
sumption. As shown in Fig. 20, the proposed SRA mechanism
outperforms DT mechanism in terms of the network lifetime.
This occurs because that the proposed SRA mechanism applies
OR and INL phases, aiming at prolonging the network lifetime.
Accordingly, the proposed SRA mechanism outperforms DT
and VD approaches in terms of the network lifetime in all cases.

Fig. 21 further measures the monitoring quality when the
coverage hole appears. It compares the three coverage mech-
anisms in terms of the coverage ratio σ. Let Acover denote the
area size covered by sensors in M . The coverage ratio σ can be
represented by

σ =
Acover

WL
. (45)

The three approaches have 100% coverage ratio for 20 days
starting from the day that the three approaches are applied.
Since the VD mechanism does not consider the factor of energy
balance, the curve of VD drops earlier than that of the other two
compared schemes. The DT approach considers the energies
of all sensors. However, some sensors with higher remaining

Fig. 22. Comparison of SRA, DT, and VD mechanisms in terms of the average
energy difference.

energies might still fail because the sensors did not reduce the
overlapping area. Hence, the performance of the DT approach
is between that of VD and SRA schemes. In SRA mechanism,
each sensor initially determines its own responsible sensing re-
gion by using RPP and REP (if any). Then, the adjustable node
executes the OR phase to minimize the coverage redundancy.
Consequently, the energy consumptions of all sensors can be
balanced, and the coverage redundancy of any two sensors can
be minimized. Thus, the curve of SRA mechanism keeps a
constant shape. In general, the proposed SRA mechanism out-
performs the VD and DT approaches in terms of the coverage
ratio in all cases.

Fig. 22 compares SRA, VD, and DT approaches in terms
of the average energy difference. The experimental results are
observed during 100 days. We randomly choose two sensors
and calculate the average energy difference between them. Gen-
erally, the average energy differences of three approaches are
increased with the elapsed days. The main reason is that sensors
have different sensing radius to cover their own responsible
cells. The VD mechanism does not take into consideration
the remaining energy of each sensor; thus, the average energy
difference is higher than the other two mechanisms. By apply-
ing the DT mechanism, each sensor constructs its responsible
region according to its remaining energy; thus, the performance
of the DT scheme is better than that of the VD mechanism.
The curve of the SRA mechanism grows slower than those of
DT and VD mechanisms. The major reason is that the SRA
mechanism takes energy balance into consideration; hence,
each sensor determines its own responsible sensing region
based on the remaining energy. Overall, the proposed SRA
mechanism has better performance than the other two schemes
in terms of the average energy difference.

The proposed SRA approach mainly consists of three phases,
including the WVD-C, OR, and INL phases. Fig. 23 inves-
tigates the impact of each phase on the overlapping sensing
region by varying the number of sensors, ranging from 500
to 1000. The Policy I only constructs WVD without reduction
of overlapping region of each sensor. The Policy I + II addi-
tionally involves the operations of OR phase, which efficiently
reduces the overlapping region of the adjustable sensors. Recall
the notation yij denotes the size of intersection region of sensing
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Fig. 23. Comparison of the overlapping ratio that indicates the contribution of
each phase designed in the SRA mechanism.

Fig. 24. Impact of the number of sensors on the network lifetime by applying
difference policies.

regions of sensors si and sj . Let CR denote the overlapping
ratio of M , which can be evaluated by the formula

CR =

n−1∑
i=1

n∑
j=i+1

(
yij

oi + oj

)
∀ sj ∈ N(si). (46)

The value of CR is always smaller than one because that
the overlapping region of si and sj cannot be larger than the
summation of their sensing regions. As shown in Fig. 23, the
overlapping ratios of the three phases likely maintain constant
values when the number of sensors is increased. Without re-
ducing of overlapping region, the constructed WVD by Policy I
will induce the larger overlapping area than other two phases.
Policy I + II has the smallest overlapping ratio than the others
since Policy I + II further reduces the overlapping region in
OR phase. The All policies additionally executes the INL
phase that aims to prolong the network lifetime. Therefore, the
performance of All policies is lower than that of Policy I + II.

Fig. 24 further measures the network lifetime by varying
the number of sensors ranging from 500 to 1000. Mostly, the
curves of all polices obviously increase with the number of
sensors. The Policy I constructs the WVD without taking into
consideration the overlapping region. As the result, Policy I has

Fig. 25. Impact of the location of sink on the sensor’s sensing radius. (a) Sink
is located at the center of M . (b) Sink is located at the corner of M .

the shortest network lifetime. On the other hand, Policy I + II
executes the OR phase aiming to reduce the overlapping region
for further prolonging the network lifetime. However, it cannot
prolong the lifetime of the sensor, which has the least lifetime.
As a result, the network lifetime of Policy I + II is shorter than
that of the All-policies. In Fig. 24, the All policies has the
longest network lifetime since it additionally applies the INL
phase. Consequently, the All-policies outperforms the Policy I
and Policy I + II approaches in terms of the network lifetime.

Fig. 25 observes the relationship of location and sensing ra-
dius of each sensor by applying the proposed SRA mechanism.
The x-axis and y-axis, ranging from 0 m to 1500 m, represent
the coordinates of M . The z-axis denotes the required average
sensing radius of sensors such that the monitoring region can
be fully covered. The location of sink node, as marked in star
symbol, is set at the center or the corner of M . We selectively
choose some sensors and investigate their average sensing radii.
In Fig. 25(a), the location of sink is set at the center of M .
The sensors which are one-hop neighbors of the sink node have
small sensing radius (marked in red ink). The major reason is
that these sensors have to relay a large number of data to sink,
leading to high energy consumption. To balance their energy
consumption, their sensing radii are smaller than the two-hop
neighbors of the sink node. On the contrary, the sensor with
large sensing radius (marked in purple ink) indicates that it has
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lower energy consumption. Hence, it can contribute a larger
sensing radius to achieve both purposes of the energy balance
and full coverage. In Fig. 25(b), the location of sink is set at
corner of M . The results are similar to Fig. 25(a). Overall, the
proposed SRA mechanism adjusts the sensing radius of each
sensor to prolong the network lifetime.

VII. CONCLUSION

This paper has considered the area coverage problem for a
given WSN whereby each sensor has variable sensing radius.
There are two major objectives in this paper. One is to balance
the lifetimes of all sensors, and the other is to minimize the
intersection area of any two neighboring nodes. To balance
the lifetimes of all sensors, each sensor applies the proposed
SRA mechanism to locally adjust its sensing radius based on
its own and its neighbors’ current remaining energies. This
paper has initially proposed a WVD that is constructed by each
sensor. Based on the constructed WVD, each sensor locally
adjusts its sensing range so that the remaining energies of its
neighbors and itself can be balanced. Furthermore, to prolong
the network lifetime of the given WSN, the sensor with the
largest remaining energy can locally enlarge its sensing range
to improve the lifetime of the neighboring sensor, which has
the minimal remaining energy. In the performance study, we
compare the proposed SRA with the existing VD and DT
approaches. The proposed SRA significantly outperforms DT
and VD mechanisms in terms of network lifetime, coverage
ratio, and average energy difference.
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