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Abstract

Area coverage is one of the most fundamental prob-
lems in adhoc wireless sensor networks because it directly
relates to optimization of resources in a sensing field.
Maximizing the coverage area while maintaining a lower
cost of deployment has always been a challenge, especially
when the monitoring region is unknown and possibly haz-
ardous. In this paper, we present a method to determinis-
tically estimate the exact amount of coverage holes under
random deployment using Voronoi diagrams and use the
static nodes to collaborate and estimate the number of ad-
ditional mobile nodes needed to be deployed and relocated
to optimal positions to maximize coverage. We follow a
two-step deployment process in a mixed sensor network
and we argue by simulation and analysis that our collab-
orative COVerage ENhancing algorithm (COVEN) can
achieve a tradeoff between the cost of deployment and per-
centage of area covered.

1. Introduction

Adhoc wireless sensor networks (AWSN) have been
the focus of many research topics in recent years.
Due to advancement in MEMS (Micro Electro Me-
chanical System), a future, where battery powered, re-
source constrained, small and intelligent sensors instru-
menting the environment can be envisioned. A typi-
cal AWSN would consist of thousands of sensors de-
ployed over a geographical region, each of the sensors
having wireless communication capabilities with other
sensors, and accomplishing a task as specified by an ap-
plication, in a collaborative fashion. A sensor by itself
is a resource constrained entity with low-power signal
processing, computation and communication capabili-
ties and can sense only a limited portion of the envi-

ronment; however, when a group of sensors collaborate
they can accomplish a task efficiently.

Energy consumption is of critical importance in
AWSN because the sensors are typically battery pow-
ered and once deployed, they are usually unattended.
Hence, each of the sensors is expected to work for
months or years without any battery replacement. In
certain applications, the locations of the nodes can
be pre-determined and nodes can be manually placed;
while in other cases, especially in disaster recovery sce-
narios (wild-fire break out, chemical contamination,
earthquake etc), a random deployment strategy is of-
ten preferred and feasible. However, random placement
does not guarantee full coverage because it is stochas-
tic in nature. It might result in accumulation of nodes
in certain areas and very few nodes or no nodes in
other areas. Some of the deployment algorithms exist-
ing in the literature find out new optimal sensor loca-
tions after an initial random placement and then move
the sensors to those locations, thus enhancing cover-
age. Drawback of these algorithms is that they are ap-
plicable only to mobile sensor networks, where all the
nodes have locomotion capabilities besides sensing and
communication capabilities. However, providing mobil-
ity to all the nodes might be very expensive and in some
cases, it might not be required to move all the nodes
to new positions. A deployment comprising balanced
number of static and mobile nodes is a preferable solu-
tion in these scenarios.

The ratio of static to mobile nodes is dependent on
the coverage requirements of the specific application
and on the cost of deployment. For instance, a military
surveillance application will need a high degree of cov-
erage in high security regions, whereas other kinds of
applications might need a framework where it can dy-
namically configure the degree of coverage. An example
of this latter kind of application is an intruder detec-
tion system, where restricted regions are usually mon-
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itored with a moderate degree of coverage untill a pos-
sibility of intrusion takes place. At this point, the net-
work will need to reconfigure and increase the degree
of coverage at possible threat locations.

In this paper, we address the problem of enhancing
coverage in a mixed sensor network. In the first part
of the problem, we find out an exact estimate of the
amount of coverage holes (area not covered by any sen-
sor) in a static sensor network. Then, we address the
problem of enhancing coverage by deploying an esti-
mated number of additional mobile nodes. We assume
that initially a certain number of static nodes are ran-
domly deployed in the sensing field. The static nodes
find out coverage holes around their neighborhood us-
ing the structure of Voronoi diagrams and then collab-
orate among each other to estimate the number of ad-
ditional mobile nodes that needs to be deployed and
relocated to the holes’ locations to maximize coverage.
The static nodes also find out the optimal positions of
those mobile nodes based on certain heuristics.

The rest of the paper is organized as follows. Sec-
tion 2 discusses related works. In section 3, we provide
a theoretical background on Voronoi diagrams and for-
mally introduce the problem. In section 4, we discuss
an approach to exact estimation of coverage holes in a
sensing field under random deployment. Section 5 de-
scribes the collaborative coverage enhancing algorithm.
In section 6, we list down our evaluation strategy and
simulation results. Section 7 gives an analysis of the
proposed algorithm and section 8 concludes the paper.

2. Related Works

Area coverage and node connectivity are two funda-
mental and related problems in AWSN. An array works
have been done by researchers that focus on maximiz-
ing coverage in a sensing field, while maintaining con-
nectivity across the network.

The authors in [4] use the concept of Voronoi di-
agrams and Delaunay triangulation to provide
polynomial-time worst case and best case algorithms
for determining maximal breach path and maximal
support path, respectively, in a sensing field. Their ap-
proach assumes a centralized computation model and
apriori knowledge of the sensor-locations. On sim-
ilar lines, in [5] and [7], the authors use the con-
cepts of minimal and maximal exposure paths to
find out how well an object moving on an arbi-
trary path can be observed by the sensor network
over a period of time. The algorithm in [5] uses cer-
tain graph theoretic abstractions and compute min-
imal exposure path using Djikstra’s Single Source
Shortest Algorithm or Floyd-Warshal’s All Pair Short-

est Algorithm. The algorithm in [7] gives a closed
form expression using variational calculus, for min-
imal exposure path in the presence of a single sen-
sor and gives a Voronoi diagram based localized
algorithm to find an approximate minimal expo-
sure path in the presence of multiple sensors. The
authors also propose a few heuristics based on ran-
dom path, shortest path, best point and adjusted
best point path to approximate the maximal expo-
sure path.

Two other approaches to the coverage problem have
been made using the concepts of potential field in
[6] and [3], and virtual forces in [10]. In [6], the au-
thors propose a deployment strategy using mobile-
autonomous robots that maximizes the area coverage
with the constraint that each of the nodes has atleast
K neighbors. They model the sensing field using at-
tractive and repulsive forces exerted on each node by
all other nodes and rely on an equilibrium criteria that
when the net force on each sensor becomes zero, the
network stabilizes. However, their algorithm is compu-
tationally expensive because as the network size grows
or new node joins, all the nodes need to reconfigure
themselves to satisfy the equilibrium criteria. In a sim-
ilar fashion, the authors in [10] propose a deployment
strategy to enhance coverage after an initial random
placement of sensors using virtual forces. A cluster
head computes the new locations of all the sensors af-
ter an initial deployment that would maximize cover-
age and then nodes reposition themselves to the desig-
nated locations. However, the algorithm does not pro-
vide any route plan for repositioning to avoid collisions.

In [2], the authors provide a polynomial-time,
greedy, iterative algorithm to determine the best
placement of one sensor at a time in a grid based sce-
nario, such that each grid is covered with a minimum
confidence level. They model the obstacles as static ob-
jects and assume that a complete knowledge of the
terrain is available.

The work presented in this paper most closely re-
sembles to the work done in [9]. The authors discuss
three distributed self deployment algorithms (VEC,
VOR and Minimax) for mobile sensors using Voronoi
diagrams. After an initial random deployment, the al-
gorithms find out coverage holes in the sensing field
and calculate new optimal positions to which the sen-
sors should move from densely populated regions to in-
crease coverage. However, their work does not attempt
to estimate the amount of coverage hole existing within
each Vornoi polygon. Also, to reduce the coverage holes
their algorithms move the sensors close to the farthest
Voronoi vertex, which does not always guarantee max-
imum coverage. The same authors in [8] describe a
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protocol, called the bidding protocol, for mixed sen-
sor networks that use both static and mobile sensors
to achieve a cost balance. They reduce the problem to
the NP-hard set-covering problem and provide heuris-
tics to solve it near optimally. Their algorithm also
considers a random initial deployment, where static
sensors find out coverage holes based on Voronoi di-
agrams and place bids for the mobile sensors to move
to the farthest Voronoi vertex. The mobile sensors re-
ceive all such bids from its neighboring static sensors
and chooses the highest bid and move to the new loca-
tion to heal the coverage hole. The work presented in
this paper is different from the afore-mentioned algo-
rithms in the following aspects: 1) it provides a com-
putational geometry approach based on Voronoi dia-
grams to measure the exact amount of coverage holes,
2) based on the estimated holes, our collaborative al-
gorithm then finds out optimal locations and the num-
ber of additional mobile sensors that needs to be de-
ployed to enhance coverage.

3. Theoretical Framework

3.1. Voronoi Diagrams

Voronoi diagrams [1] are well known structures in
computational geometry. In 2-dimension, the Voronoi
diagram of a set of discrete points divides the plane
into a set of convex polygons according to the near-
est neighbor rule: all points inside a polygon are clos-
est to only one point. Let S be the set of points (also
called sites) in a 2-dimension plane. For two distinct
points p1, p2 ∈ S, the dominance of p1 over p2 is de-
fined as the subset of the plane which is at least as
close to p1 as to p2. Mathematically, dom(p1, p2) ={
x ∈ R2 | d(x, p1) ≤ d(x, p2)

}
, where d(.) is the Eu-

clidean distance function. The function dom(p1, p2) is a
closed half plane bounded by the perpendiculat bisec-
tor of p1 and p2, which separates all points in the plane
closer to p1 than those closer to p2. The region of site
p1 is the portion of the plane that lies in all the dom-
inances of p1 over the remaining sites in S. Formally,
region(p1) =

⋂
p2∈S− {p1} dom(p1, p2).

We note that every point on an edge is equidistant
from exactly two sites, and each vertex is equidistant
from at least three. Consequently, the regions form a
convex polygonal partition of the plane. This partition
V (S), is called the Voronoi diagram of the point set S.
A region of a site p1 cannot be empty since it contains
all points of the plane at least as close to p1 as to any
other sites in S. It follows that V (S) contains exactly
N sites if the set S contains N distinct points. Some of
these sites are necessarily unbounded and they lie on

the boundary of the convex hull of S, because only for
those sites there exist points arbitrarily far away but
still closest. It should be noted that no vertices occur
if the points lie in a single straight line.

In Fig. 1(a), twenty randomly placed points divide
the bounded rectangle into twenty convex regions, re-
ferred to as Voronoi polygons. A pair of sites pi and
pj are called Voronoi neighbors if their Voronoi poly-
gons share a common edge. The edges that constitute
the polygon for a site pi are called its Voronoi edges.
Note that, the number of edges of a Voronoi polygon
of pi is equal to the number of its Voronoi neighbors.

Our approach to an exact calculation of holes is
largely dependent on the properties of Voronoi dia-
grams because they contain proximity information in
an explicit and computationally useful manner. The
static nodes once deployed, divide the region into
Voronoi polygons, such that all points inside a poly-
gon are closest to only one node. Hence, this node is
the best candidate to sense all points inside its polygon.
To construct the Voronoi polygons, each node needs to
know information only about its Voronoi neighbors.

3.2. Problem Statement

Given an environment whose topological informa-
tion is not available and a certain number Ns of static
nodes already randomly deployed in the sensing field,
our problem is to find the following.

• An exact estimate of the amount of coverage holes
in the sensing region.

• An optimal estimate of the number of additional
mobile nodes that needs to be deployed and relo-
cated to reduce or eliminate coverage holes.

• To find out the optimal locations for the mobile
nodes and a strategy to deploy them accurately.

We assume that each static node knows their own lo-
cation and their Voronoi neighbors’ locations. We also
assume that all the nodes have the same sensing ra-
dius. Once the Voronoi diagram is constructed, the
complexity of calculating an exact estimate of the cov-
erage holes and determining optimal locations for the
additional mobile sensors within each polygon for max-
imizing coverage, arises because of several factors: 1)
the sensing circle of a node might intersect its Voronoi
edges at different points, 2) the sensing circle can be su-
perscribed or inscribed inside the Voronoi polygon and
3) since the nodes are deployed randomly, there will
be overlapping sensing areas. The calculation of holes
should take into consideration such cases and find out
the optimal positions of the mobile nodes.
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4. An Exact Estimation Of Holes

In this section, we describe a Voronoi diagram based
approach for estimating the exact amount of cover-
age holes in a sensing field. Our method is based on
the structure and nearest neighborhood property of
Voronoi diagrams. According to this property, all the
points inside a Voronoi polygon is closest to only one
sensor that lies within that poygon. Hence, if some por-
tion of the polygon is not covered by the sensor lying
inside the polygon, it will not be covered by any other
sensor, thus contributing to coverage holes. We intro-
duce the following notations, as explained in Table 1,
to describe the algorithms that follow.

si, mj a static and a mobile node, respectively

Rs uniform sensing radius of all the nodes

V (si) Voronoi polygon of node si

d(si, sj) Euclidean distance between si and sj

N(si) set of Voronoi neighbors of si

Vi a Voronoi vertex

(xi, yi) coordinates of node si

lij length of the common Voronoi edge

between nodes si and sj

Lij the line extending the Voronoi edge

between nodes si and sj

mij gradient of line Lij

Table 1. Notations and their meanings

s
i

s
j

s
k

s
l

lik

L
ij

L
ik

Lil

V 2

V1 P

Q

(a) (b)

Figure 1. (a) Voronoi diagram formed by 20 ran-
domly placed nodes (b) Voronoi polygon and
Voronoi neighbors of node si.

4.1. Estimation Of Coverage Holes

To find out the length of the common Voronoi edge
between two nodes, we need to know the locations of

three Voronoi neighbors. As shown in Fig. 1(b), let us
consider a node si at location (xi, yi) and three of its
Voronoi neighbors: sj at location (xj , yj), sk at loca-
tion (xk, yk) and sl at location (xl, yl). Our goal is to
find out the area of the triangle ∆siV1V2.

Gradient of line Lij , which is perpendicular to the
line connecting si and sj is −(xi−xj

yi−yj
), and coordinate of

point Q, which lies in the midpoint of the line connect-
ing si and sj is (xi+xj

2 ,
yi+yj

2 ). Thus, equation of the

line Lij is: Lij : y−
(

yi+yj

2

)
= −

(
xi−xj

yi−yj

)(
x − xi+xj

2

)
.

In a similar way, we can find the equations of lines Lik

and Lil.
Solving the equations of Lik and Lij we find the co-

ordinates of V1 and solving the equations of Lik and
Lil we find the coordinates of V2. Then we calculate
the length lik of the line segment V1V2. Therefore, the
area of the triangle ∆siV1V2 is A∆siV1V2 = likd(si,sk)

4 .
Note that area of the Voronoi polygon for node si is
equal to the sum of the triangles contained within the
polygon. We term such a triangle as a Voronoi trian-
gle and denote it by ∆ik, when the base of the trian-
gle is formed by the perpendicular bisector of node si

and sk. Thus, the area of the Voronoi polygon for node
si is AV (si) =

∑
sk∈N(si)

A∆siV1V2 .
To calculate the exact coverage hole inside a Voronoi

polygon, we need to consider the intersection points of
the sensing circle of si and the sides of each of the
Voronoi triangles. The following cases might arise de-
pending on the radius of the sensing circle and whether
the triangle is acute or obtuse. Let us denote the
lengths of the two sides of a Voronoi trinagle by l1
and l2, and the top angle that it makes with the cen-
ter of the sensing circle by xik, where xik is given by
the cosine rule, xik = cos−1

(
l21+l22−l2ik

2l1l2

)
.

4.1.1. Rs ≤ d(si, sk)/2 : When the sensing radius is
less than or equal to half the distance between node
si and its Voronoi neighbor sk, the sensing cricle in-
tersects only two sides of the triangle as shown in Fig.

s
i

A B

l
1 l2

l
ik

x
ik

D A Bl
ik

x
ik

D

l
2l

1

(a) Acute triangle (b) Obtuse triangle

s
i

Figure 2. Intersection of sensing circle of si and
Voronoi triangle ∆siAB when Rs ≤ d(si, sk)/2,
siD = d(si, sk)/2
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Figure 3. Intersection of sensing circle of si and
Voronoi triangle ∆siAB when Rs < l1, Rs <
l2, Rs > d(si, sk)/2, siD = d(si, sk)/2

2. Hence, area of the coverage hole inside this trian-
gle is AC(∆ik) = likd(si,sk)

4 − xikR2
s

2 .

4.1.2. Rs ≥ l1, Rs ≥ l2 : When the sensing radius is
greater than or equal to both the sides of the Voronoi
triangle, the sensing circle circumscribes the triangle.
Hence, the coverage hole within the triangle is zero.

4.1.3. Rs > d(si, sk)/2, Rs < l1, Rs < l2 : In this
case, the sensing radius is less than both the sides
of the Voronoi triangle but greater than half the dis-
tance between node si and its neighbor sk. The sens-
ing circle intersects either two or three edges of the
triangle as shown in Fig. 3. In Fig. 3(a), when the
angle � siAB is acute, the coverage hole is given by:
AC(∆ik) = likd(si,sk)

4 − R2
s(xik−x′

ik)
2 − d2(si,sk)

4 tan x′
ik

2 ,
where, x′

ik = 2 cos−1 d(si,sk)
2Rs

, and when the angle
� siAB is obtuse as shown in Fig. 3(b), the coverage
hole is the same as given by AC(∆ik) in section 4.1.1.

4.1.4. l1 < Rs < l2 : In this case, the sensing ra-
dius is greater than one of the sides of the Voronoi tri-
angle and less than the other one. This is illustrated in
Fig. 4(a) and Fig. 4(b) depending on whether the an-
gle � siAB is acute or obtuse, respectively. The cover-

age hole is AC(∆ik) = likd(si,sk)
4 − R2

s(xik−x′
ik1

∓x′
ik2

)

2 −
d(si,sk)

2

√
l21 + R2

s − 2l1Rs cos(x′
ik1

± x′
ik2

), where the

A B

s
i

lik

x
ik

D

X'
ik1

X'
ik2

s
i
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l
1

l
2

l
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Figure 4. Intersection of sensing circle of si and
Voronoi triangle ∆siAB when Rs > l1, Rs < l2,
siD = d(si, sk)/2

(a) (b)
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Figure 5. (a)Total coverage holewithin si’s poly-
gon is (a + b + c + d + e + f) (b) Area R1R2R

′
2R

′
1

of the circle O lying within an angle 2a

two angles x′
ik1

and x′
ik2

are given by the follow-
ing: x′

ik1
= cos−1 d(si,sk)

2Rs
and x′

ik2
= cos−1 d(si,sk)

2l1
.

The ∓ combination is for the case of acute trian-
gle and the ± combination is for the case of obtuse
triangle.

It should be noted that not all the nodes need to
compute its coverage hole using the afore-mentioned
methods. A node can also compute its coverage hole
using information from its neighbors, thus avoiding re-
dundant computation. For instance, in Fig. 5(a) node
si has three neighbors sj , sk and sl. By construction of
the Voronoi triangles we observe that the total cover-
age hole within si’s polygon is equal to the sum of the
holes existing within its neighbors’ polygons. In the di-
agram, we illustrate this fact by using the same nota-
tions for equal areas. Thus, each sensor node can cal-
culate the exact amount of coverage hole within its
Voronoi polygon by summing up the holes in the trian-
gles, and hence in turn, the total amount of coverage
hole in the whole sensing field can be calculated by the
following sum: AC(S) =

∑Ns

i=1

∑
k∈N(si), k �=i (A∆ik

).

5. Coverage Enhancing Algorithm

In this section, we describe a collaborative algorithm
to find out optimal positions and the number of addi-
tional mobile nodes needed to enhance coverage in the
sensing field. First, we state and prove the following
theorem.

Theorem 5.1 Given an angle and a circle of certain ra-
dius at a distance d from the vertex of the angle, such that
the circumference of the circle intersects the rays of the
angle at four points, to cover maximum area within the
angle the circle must lie with its centre on the angle bisec-
tor.
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Proof 1 In Fig. 5, a circle of radius Rs lies at a distance
d from the vertex V of an angle � 2a and it intersects the
rays at points R1, R2, R′

1 and R′
2. The center of the circle

O makes an angle � b with the angle bisector. Our claim is
that the area of the sector R1R2R

′
2R

′
1 is maximum when

the center of the circle lies on the angle bisector V V ′.
By construction OP⊥R1R2. Length of OP is d sin(a−

b) and length of PR1 is
{
R2

s − d2 sin2(a − b)
}1/2

. If we
denote the angle between OP and OR1 by c, then � c =
cos−1

{
d

Rs
sin(a − b)

}
. Area of the crescent shaped sec-

tor R1R2R3 that lies outside the angle is given by the
area of the sector OR1R3R2 minus the area of the tri-
angle �OR1R2. In a similar way, we can find out the
area of the crescent shaped sector that lies outside the an-
gle on the left side. Thus, the total area of the circle lying
outside the angle:

Ac =
R2

2

[
cos−1 d

Rs
sin(a + b) + cos−1 d

Rs
sin(a − b)

]

−
[
d sin(a + b)

{
R2

s − d2 sin2(a + b)
}1/2

+d sin(a − b)
{
R2

s − d2 sin2(a − b)
}1/2

]
.

Differentiating the above equation with respect to b it can
be shown that theminimumvalue ofAc occurs at b = 0. In
otherwords,maximumarea of the circle will lie within the
angle when b = 0, i.e, when the center of the circle lies on
the angle bisector. This maximum area is given by: πR2

s−
R2

s cos−1
{

d
Rs

sin a
}
− 2d

{
R2

s − d2 sin2 a
}1/2

sin a.

5.1. The COVerage ENhancing Algoritim

In this section, we give an overview of the collabora-
tive Coven1 algorithm and in Fig. 6, we detail the algo-
rithm in steps. A static node inside its Voronoi polygon
calculates the optimal positions and the number of ad-
ditional mobile nodes that would be required for maxi-
mizing coverage in the following fashion. We claim that
since a static node knows about the exact amount of
coverage hole within its polygon, it can also thereby es-
timate the coverage hole sorrounding its Voronoi ver-
tices.

Let us consider three static nodes A,B, C and their
Voronoi polygons as shown in Fig. 7. Suppose node
A wants to determine the optimal positions and the
number of additional nodes required to enhance cover-
age inside and sorrounding its Voronoi polygon. Node
A knows the coverage holes within each of the trian-

1 Coven - A collection of individuals with similar interests or ac-
tivities. Here, we use the term symbolically as how the group
of static sensors collaborate to estimate and enhance cover-
age

gles that constitute its polygon (as described in sec-
tion 4.1). Let the area of the holes within the triangles
∆AV P and ∆AV R be AC(∆AV P ) and AC(∆AV R), re-
spectively. By property of Voronoi diagrams, node A
can infer that the same amount of holes will also ex-
ist within it’s neighbors’ polygons. In particular, the
hole inside its neighboring node B will be equal to
AC(∆AV P ) and that inside the neighboring node C will
be equal to AC(∆AV R). Thus, from local information
node A knows that the coverage hole AC(V ), sorround-
ing its Voronoi vertex V is atleast equal to the fol-
lowing: AC(V ) ≥ AC(∆AV P ) + AC(∆AV R) + AC(∆BV P ) +
AC(∆CV R) = 2 ∗ (

AC(∆AV P ) + AC(∆AV R)

)
.

Following this method, node A estimates the cov-
erage hole sorrounding one of its Voronoi vertices
and then decides to place an additional mobile sensor
nearby that vertex only when the following condition
holds: AC(Vi) ≥ µπR2

s, where the value of the heuristic
parameter µ is close to one. Next, the static node cal-
culates the optimal position for additional nodes. Ac-
cording to Theorem 5.1, this optimal position should lie
on the angle bisector of the corresponding vertex. We
claim and prove by simulation results that the exact lo-
cation should lie at a point pi, such that the overlap
with node A is minimum, as well as the point should
lie within the Voronoi polygon of A. In other words,
the following conditions should hold.

• pi lies on the line that bisects the angle formed by
V and the adjacent edges of the Voronoi polygon.

• pi lies within the Voronoi polygon.

• d(A, pi) = min{2Rs, d(A, V )}.
Once a node decides to place an additional sensor
nearby one of the vertices, it updates the coverage
hole assuming that a hypothetical sensor has been
placed in its optimal location. We name such a vertex
as a coverage-enhancing vertex. The static node then
goes on calculating and updating coverage holes nearby
other vertices, with the constraint that it does not con-
sider two consecutive vertices if the length of the cor-
responding Voronoi edge is less than Rs and one of the
vertices is a coverage-enhancing vertex. The constraint
is to eliminate overlap between the mobile nodes, be-
cause placing two nodes nearby two vertices whose dis-
tance is less than Rs eventually means each node cov-
ering both the vertices, and hence not maximizing cov-
erage. A situation of conflict might arise when node A
chooses to place mobile nodes nearby particular ver-
tices and one or more of it’s neighboring nodes also
choose to place additional nodes nearby the same ver-
tices. To avoid this conflicting scenario, our algorithm
incorporates a conflict-resolution scheme, which is as
follows. Once node A finds out the optimal positions
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Notations:
si, mj , Rs, N(si), Vi are as defined in Table I. Ns: total number of static nodes deployed randomly
Ls: {(idsi

, locsi
) | si ∈ Ns}, the list of ids and locations of the static nodes

Lm: {(idsi
, locsi

)}, the list of ids and locations of the additional mobile nodes
Vcoven(si): the set of coverage-enhancing vertices for si, Vcontention: the set of contention vertices
Nmi : number of additional mobile nodes estimated by si

AC(∆′
ik): hole lying inside part of ∆ik. In Fig. 7, ∆AV P and ∆BV P are two such triangles and the holes within

them are referred as AC(∆′
AB) and AC(∆′

BA) respectively. Note that, by construction AC(∆′
ik) = AC(∆′

ki)
.

Initialization phase:
Choose a random static sensor as the anchor node, which starts the Coven algorithm by being the first member
to calculate the hole within its Voronoi polygon and to estimate the number of additional mobile nodes required.
Vcontention ← Φ, Initialise the set of contention vertices as the NULL set.
At each static node si: (Coverage hole discovery and estimation phase)
Nmi

← 0, Vcoven(si) ← Φ
Construct the Voronoi polygon V (si) from the list Ls.
Calculate the amount of coverage hole AC(∆ik) existing inside each of the Voronoi triangles ∆ik, (k =
1, 2, ..., |N(si)|), that constitute its Voronoi polygon V (si), by following the procedure described in section 4.
for i = 0 to |N(si)| do

if Vi /∈ Vcontention AND (Vi+1mod|N(si)| /∈ Vcoven(si) OR lik ≥ Rs) then
AC(Vi) ← 2 ∗ (AC(∆′

ik) + AC(∆′
ik+1)

), AC(∆′
ik) and AC(∆′

ik+1)
are calculated from AC(∆ik) and AC(∆ik).

if AC(Vi) ≥ µπR2
s then

Decide to place an additional mobile node mi nearby vertex Vi.
Calculate the optimal position for mi at point pi such that:

1. pi lies on the line that bisects the angle formed by Vi and the adjacent edges of V (si)
2. pi lies within V (si), 3. d(si, pi) = min{2Rs, d(si, Vi)}

Vcoven(si) ← Vcoven(si) ∪ Vi, put the vertex Vi in set Vcoven(si)

Update AC(∆ik) and AC(∆ik) assuming a hypothetical sensor mi is placed at pi.
if d(Vi, pi) ≤ εRs then

Vcontention ← Vcontention ∪ Vi, mark vertex Vi as a contention vertex.
end if
Nmi

← Nmi
+ 1

end if
end if

end for
if Vcontention 
= Φ then

Broadcast a message to N(si) with the content of Vcontention.
end if
A total

∑N(s)
i=1 additional mobile nodes are randomly deployed.

At each static node si: (Mobile node placement phase)
Broadcast a message which contains all the AC(Vi)’s and pi’s, in an attempt to discover Nmi number of mobile
sensors in its neighborhood, and a request to move the mobile nodes to locations pi’s.
At each mobile node mi: (One-time movement phase)
Construct Voronoi polygon considering both the list Ls and Lm.
Calculate the area it is presently covering, call this Ami

.
If not marked as moved-once, upon receiving a broadcast message from a static sensor, it finds out to which of
the pi’s, it is closest.
if Ami

< AC(Vi) then
Move to point pi.
Mark itself as moved-once.

end if

Figure 6. Detailed description of the collaborative algorithm Coven
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Figure 7. Optimal locations of additional nodes

for the additional nodes, its broadcasts a message to
all its Voronoi neighbors when the optimal points lie
within a distance εRs from the vertices of contention,
where ε depends on coverage requirements of the spe-
cific application and is close to zero. The neighboring
nodes receiving this broadcast message, do not decide
to place additional nodes nearby the same vertices.

It should be noted that some static nodes might
decide not to place additional nodes nearby any of
its Voronoi vertices because those vertices are already
tagged as coverage-enhancing vertices by its neighbor-
ing nodes. Once the estimated number of mobile nodes
is randomly deployed, they construct Voronoi polygons
considering both the static and mobile nodes and each
of them calculates the area that they are presently cov-
ering. The static nodes then broadcast a message to
discover the estimated number of mobile nodes in their
neighborhood and request them to move to the opti-
mal positions. Upon receiving a broadcast message, a
mobile node finds out to which of the optimal loca-
tions it is closest and then decides to move to the des-
ignated location only if the hole it can cover is bigger
than its present area of coverage. It also marks itself
as moved-once, so that on receiving successive broad-
cast messages it does not move again.

6. Simulation And Results

We used Matlab and the GNU ’R’ package for sim-
ulating the Coven algorithm. In order to evaluate the
percentage coverage by Coven, we compared it with
random deployment scheme. We considered a simula-
tion sensing area of 50m × 50m and a uniform sens-
ing radius of 5m for all the sensors. We also chose
µ = 0.8 and ε = 0. In contrast to random deploy-
ment which achieves 99% coverage with 80 sensors de-
ployed, Coven can achieve the same amount of cover-
age using only a combination of 25 static and an es-
timated number of 22 mobile sensors. The number of
mobile nodes additionally deployed is bounded by the
number of Voronoi vertices formed by the Voronoi poly-
gons of the static nodes. In Fig. 8 and Fig. 9, we sum-

(a) Initial random deployment
of 20 static sensors

(b) After an estimated 20 addi-
tional mobile nodes are placed
according to Coven

Figure 8. Simulation results - I

marize the simulation results by plotting the percent-
age coverage achieved by deploying different number
of static and mobile sensors. Note that, as the num-
ber of mobile nodes increases, the coverage increases
sharply because of the fact that the sensing field be-
comes more flexible from the point of view of move-
ment of sensors. Also, from Fig. 9 it can be seen that
in most of the cases the estimated number of addi-
tional mobile nodes is close to 50%, which implies that
on average each static node decides to place one addi-
tional node within its polygon. Experimenting with dif-
ferent sensing ranges and determining the performance
of Coven is part of our future work.

7. Analysis

COVEN follows a two-step deployment process and
provides a strategy for the static sensors to collaborate
and estimate the additional number of mobile nodes
needed to be placed in optimal locations to maximize
coverage in a mixed sensor network. The following two
interesting cases might arise: 1) a node is very close to
the boundary of the sensing field and 2) a node does
not have any neighbor. In the first case, since we as-
sume that a node knows its own location, it can also
find out the location of the boundary, and consider-
ing the line representing the boundary as an edge of its
Voronoi polygon, it can calculate the coverage within
its polygon. Thus, in other words, COVEN constructs a
bounded Voronoi diagram in the first phase. The algo-
rithm does not scale very well when the network is too
sparse, which can give rise to isolated nodes. In such a
situation, we argue that after the mobile nodes are de-
ployed, some of them volunteer to ”roam” around and
find out the isolated nodes and then requests the ap-
plication to deploy additional nodes at those locations.

The algorithms described in [8] and [9] resemble to
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our work, but there, the number of mobile nodes is
fixed and they are placed one per polygon, towards
the farthest Voronoi vertex. On the contrary, in Coven,
the number of mobile nodes to be placed within each
Voronoi polygon is decided by the static sensors dy-
namically. Also, since the locations pi of the additional
nodes are governed by the three criteria mentioned in
section 5.1, it guarantees maximum coverage. There-
fore, this heuristic provides a better coverage as the ap-
plication can deploy additional mobile nodes depend-
ing on the topology formed by the static nodes.

8. Conclusions and Future Work

In this paper, we considered a sensor network com-
prising both static and mobile nodes and provided a
Voronoi diagram based approach to estimate the ex-
act amount of coverage holes in a sensing field. We
also proposed a collaborative algorithm (Coven) to es-
timate the number of additional mobile nodes to be
deployed and relocated to the location of the holes to
enhance overall coverage. Coven follows a two-step de-
ployment process, where initially randomly deployed
static nodes find out holes in the sensing field and then
estimate the number of additional nodes required and
their optimal positions to maximize coverage. Simula-
tion results show that the collaborative algorithm can
achieve significant performance improvement over ran-
dom deployment. Instead of limiting the number of mo-
bile nodes by a cost function, we rather let the static
nodes decide depending on their locations and estimate
the number of additional nodes needed to be deployed.
Note that the additional number of mobile nodes is
bounded by the number of Voronoi vertices.

As part of our future work, we would like to esti-
mate the exact amount of coverage holes in case of
nodes with different sensing ranges. We will also ex-
tend our collaborative algorithm to incorporate obsta-
cle modelling and study cost analysis from an opti-
mization point of view. We believe collaboration in sen-
sor network is essential for any distributed algorithm
to perform efficiently and applying it in a mixed sen-
sor network would provide many significant challenges
and open up new research areas.
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