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Abstract—To reduce the blind zone in network coverage, we
propose a coverage optimization algorithm of wireless sen-
sor network based on mobile nodes. This algorithm calcu-
lates the irregularity of blind zone in network coverage and
obtains the minimum approximate numerical solution by
utilizing the quantitative relationship between energy con-
sumption of related nodes and the position of the mobile
nodes. After determining the optimal relative position of the
mobile nodes, the problem of blind zone between the static
nodes is addressed. Simulation result shows that the pro-
posed algorithm has high dynamic adaptability and can
address the problem of blind zone maximally. Besides in-
creasing the network coverage, the algorithm also reduces
the network energy consumption, optimizes network cover-
age control and exhibits high convergence.

Index Terms—mobile node; Wireless Sensor Network; net-
work coverage rate; static nodes; the blind zone.

L INTRODUCTION

Wireless sensor network consists of a large number of
sensor nodes, which are randomly deployed within a cer-
tain monitoring region. The nodes collaborate in obtaining
data of different environmental factors. Now wireless
sensor network has been widely applied in the fields of
medicine, agriculture, military and environmental moni-
toring. Because wireless sensor networks are composed of
large number of inexpensive wireless sensor nodes, the
finite energy has become one of the key factors that re-
strict the performance of the network. Taking into account
the wireless sensor networks are usually deployed in rela-
tively poor place, more difficult to replace the battery or
change.Coverage is an important indicator of wireless
sensor network [1-3]and optimizing coverage is to reduce
the blind zone and redundant coverage, to ensure high
data transmission efficiency and to prolong the service life
within an acceptable range of energy consumption In
order to improve the performance of WSN, and cover the
requirements for monitoring area, the densely deployment
is one of the most common method to improve the cover-
age rate. But in this deployment strategy, there are large
number of redundant nodes, and bring some energy con-
sumption, such as the data redundancy acquisition, wire-
less channel interference, and worsen channel conflict,
although the coverage is guaranteed. The network node
density control is proposed in the premise of not affecting
the network performance, combined with the current net-
work running status, and regulate part of the redundant
nodes to sleep state, aim to reduce the redundancy net-
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works, reduce the network energy consumption, and ex-
tend the network lifetime etc.

The coverage rate is an important parameter of WSN
obtain integrity and nonrepudiation information. This
reflects WSN perception ability, which was used to de-
scribe the quality of service. In order to achieve full cov-
erage of the monitor area, the most usual way to improve
the coverage rate of wireless sensor network is dense
deployment. In this deployment strategy, coverage rate
was assured, but there is perception coverage intersection
between nodes in the network, which will cause some
problems such as information data redundancy acquisi-
tion, channel conflict and so on. Meanwhile, input-output
ratio was considered in the environmental monitoring, so
the dense deployment strategy is not usually adopted
when the fund is insufficient.

Some major achievements have been made in wireless
sensor network coverage. Tian et al. propose off-duty
eligibility rule [4], which calculates the coverage relations
of the nodes based on node position or angle of arrival.
But this algorithm does not consider the risk of redundant
coverage between the nodes, leading to many overlapping
regions of the network, necessitating too many worker
nodes and causing high energy consumption. Bulusu N
utilized self-adaptive node deployment algorithm based on
radio beacons [5], which repairs the voids by adding radio
beacons. But no consideration was given to the cost of
adding radio beacons and the impact on the monitored
environment. The literature [6] proposed an adaptive node
scheduling algorithm, the algorithm uses the mechanism
of message passing between nodes for the active node
monitoring area information, through the adaptive mecha-
nism to adjust the working mode of all nodes, the redun-
dant nodes in a certain period of time, in the sleep mode to
reduce the network energy costs, but as a result of infor-
mation acquisition by that constantly sending messages
between the nodes, make some nodes to undertake large
amount of work tasks, appearing premature "death" phe-
nomenon, affects the whole network connectivity and
overall performance. Literature [7] employed grids for
detecting voids and made simplifications of the proce-
dures by assuming that the uncovered grids are located
within the voids. But the algorithm may fail to detect
triangular voids sometimes. Wang [8] focused on the
impact of data fusion on sensor network coverage. The
collaboration of the nodes was analyzed using probabilis-
tic sensor model based on power attenuation, and the
energy-efficient collaboration detection scheme was de-
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scribed with the consideration of the balance between
coverage and energy consumption. However, the position
of the sensor nodes relative to the target was not consid-
ered with respect to its contribution to the coverage. Liter-
ature [9] put forward using sensor nodes perception range
adjustable, establish Delaunay triangle between the adja-
cent nodes, find out Delaunay triangle remaining power
center of gravity, the algorithm only considers the cover-
age and network distribution of node, don’t compare the
node remaining power, reduce the network lifetime, which
have some limitations.Cheng [10] proposed a distributed
greedy algorithm for enhancing probabilistic coverage,
where the sensing direction of each node is set according
to a priority sequence and the sensing direction is adjusted
once at the most for each node. Ma [11] devised an adap-
tive triangular deployment scheme, which divides the
monitoring region into fan-shaped zones. To reduce blind
zones, the node deployment is optimized within the fan-
shaped zones. But the equilibrating movement of nodes,
movement distance minimization and network connectivi-
ty are omitted. Literature [12] is an integration of two
network coverage control algorithms. Several primary
nodes are selected randomly as the centers to define a
polygonal zone, which is followed by addressing the blind
zones at a fixed distance near the primary nodes. This is a
more mechanical method for addressing the problem of
blind zones and may lead to overlapping of coverage. This
study introduces a coverage optimization algorithm of
wireless sensor network based on mobile nodes. For static
nodes and dynamic modes, different geometric relations
between them are quantified based on the position of blind
zones and related nodes. Then mobile nodes are used and
the mobile node optimization model is established with
the consideration of sensing scope and residual energy.
Blind zones are repaired according to the quantitative
relationship between energy consumption of related nodes
and the position of the mobile nodes. With the minimum
approximate numerical solution obtained [13,14], the
optimal position of mobile nodes and the number of mo-
bile nodes needed are calculated for the purpose of cover-
age maximization. This not only resolves the problem of
overlapping related to repairing the static voids, but also
reduces the number of nodes and prolongs the service life.

II.  NETWORK MODEL AND PROBLEM DESCRIPTION

A. Network model

N nodes of wireless sensor networks are randomly and
evenly deployed within a 2D monitoring area A, which is
supposed to have the following properties:

(1) Probabilistic sensor model is used for the nodes;

(2) Node communication radius R, and the maximum
sensing radius of the node has R:>2R,, relation; any two
nodes located at a distance less than the communication
radius are considered neighbor nodes.

(3) The nodes are either static or mobile in the network.
The initial energy of all nodes is W and the nodes are
synchronized.

(4) The precise position of the nodes in the network is
known.

(5) The static nodes are connected and the problem of
network connectivity is not considered when optimizing
network coverage.
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Figure 1. position of the mobile nodes

B. Problem description

Any nodes in the network can acquire the information
of themselves and their neighbors. Every node has a
unique ID and it acquires the attribute information of the
neighbor nodes during communication. As mentioned
above, when R>2Rg, the neighbor nodes are well con-
nected. When the monitoring region is completely covered
by the network, the network nodes must be connected, and
vice versa. The blind zones in the network are irregular
polygons [15-17]. As shown in the figure 1, for neighbor
nodes Sa, Sb, Sc, Sd and Se, there is a blind zone M. A
node set B is configured for M for completely repairing
the blind zone. Then before the repair, the area M
Se=S-DIs) .

. Within this range, mobile nodes are
introduced for the repair based on the following proce-
dures: (1) determine the position between the mobile
nodes and the related neighbor nodes in M; (2) introduce
the mobile nodes such that the area to be repaired is min-
imized without increasing new blind zone; (3) reduce
redundant coverage caused by random deployment. We
propose a coverage optimization algorithm of wireless
sensor network based on mobile nodes. Under the premise
that the blind zones are known, the positions of blind
zones and related nodes are analyzed and the mobile node
optimization model is built considering the factors of
sensing scope and residual energy. By quantifying the
relationship between energy consumption of related nodes
and position of the mobile nodes, redundant coverage is
addressed later and the minimum approximate numerical
solution is obtained. Therefore, network coverage is max-
imization based on mobile nodes.

III. COVERAGE OPTIMIZATION STRATEGY

A. Definitions

Definition 1 (related nodes in blind zone): There are
several polygonal blind zones of varying size and shapes
in the monitoring region. These blind zones are not cov-
ered by any nodes of the network. When the distance from
the sensor node Si to any side of the boundary of the blind
zone is smaller than 2 times the sensing radius Ry, node Si
is called the related node of the blind zone.
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Definition 2 (independent blind zone): If zone A is not
covered by any node in the network and there are no relat-
ed nodes along its boundaries, then zone A is considered
the independent blind zone.

Definition 3 (closed blind zone): If zone A is not cov-
ered by any node in the network, but there is at least 1
related node along its boundaries, then zone A is consid-
ered the closed blind zone.

Definition 4 [Icover point[JCov(i) represents that the
target point i was covered, namely

) 1 OGl) = ¢
Cov(i) = , (1
0 dG)<e
®(i) is perceived strength of i, € is perception threshold.

Definition 5 [Icover node subset[]sensor nodes set S
were deployed in monitoring area A, that is
S={s,....8;.....5, } ,D is the subset of A, Sensor node set

1
DCS, if any node in V can cover monitoring area D
completely, V is cover node subset of S.

Definition 6 (covered zone): Consider any target region
A. If the presence of any point k in the target region is
sensed by node i, then this point is said to be covered by
node i. If all nodes in the target region are covered by
node i, then this region is called the covered zone M; of
node i. Here the covered zone of node i is the intersection
of covered zone M; and the area Sp of the target region A
or target node k and is denoted as @;.

q)!=(MiI SA)U(MiI ESA) (2)

Definition 7:( Coverage Blind zones) In any polygon,
®(i) is the Coverage Blind zones of the node i
.Supposing the target monitoring region Q is included in
the polygon of node i, and Q is not perceived by node i .

Then CI)(i) can be expressed as below.
(i) ={QCV(i)|Ql ¥(i)=¢} 3)

Definition 8 (coverage rate): For the covered zone of
2
node§ = nR; , when and only when any node p in the

o . I L
monitoring region IS: - PIS R, , node p is said to be

covered by S;. Coverage 1 is the ratio of covered zone of
all operating nodes in region A to the total monitoring

region.
25@ "
I

Definition 9 [coverage balance degreel /coverage bal-
ance degree can reduce the network energy consumption ,
avoid the failure of some nodes by balance work task and
energy of nodes.

I- Zﬁgmp “hT /N 5)

In formula (5) represents the coverage balance degree,
N is the total number of the network nodes, d (i, j) is the
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Euclidean distance between nodes i and j, the neighbor

nodes number of I is mi, N is the average of the dis-
tancesaid between node I and k, the perceive area of node
k and i were overlap.

B. Coverage optimization strategy based on mobile
nodes

Coverage blind zones are composed of points or areas
not covered by the network nodes. They are not sensed or
covered by any nodes [18]. The irregularity of the blind
zones is analyzed by using the mobile nodes. The mini-
mum approximate numerical solution is calculated accord-
ing to the quantitative relationship between energy con-
sumption of related nodes in the blind zone and the posi-
tion of mobile nodes. Then network coverage is maxim-
ized by determining the optimal position of the mobile
nodes and the number of mobile nodes needed. On this
basis, the blind zones can be repaired.

Suppose the monitoring region M is composed of N
randomly distributed sensor nodes. For any node Sy and
the set H of its neighbor nodes, the area Q of the irregular
blind zone is calculated according to the relative position
of node Sy and its neighbor nodes. Fig. 2 shows the closed
and the independent blind zones. The area of irregular
polygonal blind zone is calculated from the Euclidean
distance and the distribution of the covered zones. For

sensor node S, its sensing radius R, E[R(,R,\] and its

. 2 .
maximum covered area E(S,) =7R . If the blind zone
is closed and has m related nodes without redundant cov-

. w=ES
erage, then the total maximum covered area g ( k).
But considering the overlaps between the covered zones,

the total covered area of m related nodes is A < [JE(S,) -
k=1

For any node Sy in the monitoring region, the connections

with its neighbor nodes constitute the minimal triangular

network. h, is the boundary of sensing of node Sy. The
sensing areas of node Sy and SO intersect, and the cover-
age arc corresponding to the overlapping boundary is Ly.

Lo =h] hy The coverage angle corresponding to the

coverage arc is Oko. When node Sy is located in any posi-
tion within the monitoring region, the set of its neighbor
nodes is H {S,...S;...Sp}. Using the relationship between
the sensing scope and the distance between the neighbor
nodes, the area Q(Sy) of the blind zone formed by node Sy
and its neighbor node is approximately given by

Q(s,) =0(US) - S T(Ly.,)d(S,.8) (©)

j=l )=
where O([J S;) is the total area of boundary regions of

j=1

node Sy and its neighbor nodes; d(Sy, S;) is the Euclidean
distance between node Sxand S;; I'(L,j,¢,;) is the func-
tion representing the relative positions of the neighbor
nodes. Given the properties of the linear weighted Euclid-
ean distance, there exists an optimal approximate solution
min Q(Sy) for the related region of node Sy.

Mobile nodes used to repair the blind zone A must sat-
isfy the following conditions:
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(1) Position of the mobile nodes: The overlapping re-
gion of the newly added mobile nodes and the original
nodes must be smallest, while the area of the voids re-
paired is the largest.

(2) When determining the position of the mobile nodes,
energy, distance and sensing radius of neighbor nodes
along the boundaries of the blind zone must be considered.

(3) The number k of mobile nodes

lIII
k < —

2,96)
= , where 3 is the expectation
function for the entire monitoring region.

(4) The coverage after introducing the mobile nodes
must not be lower than the threshold coverage.

For any node Si, the set of its related blind zone is
. This set is composed of several non-

(1 -e)

overlapping sub-zones ®, , where ®, I @, =D and k=1,
2....m. For any blind zone @, , the set of the static nodes
along the boundaries of ®, is M {S1[]Si...Sn}. Node M
constitutes a polygon @, . The Euclidean distance between
two adjacent points on the boundaries of the polygon is d
(Si, Sj). The approximate central point H of @, is found
by fuzzy decision making method. A closed triangular
domain T is formed by point H and the sides of @, .

Weight &, of the sub-domain is I';

F(d(S;.S)), 2 Q1))

&
=1

z o, is the sum of residual energy of all nodes in the

K =

i

n

network; F is the weight function of the closed sub-
domain, correlated to the current residual energy Q of the
static node and the sensing radius r of the node. The more

the closed triangular domain is divided in polygon cITk the

more the boundary regions will be produced. The mini-
mum weight Ei of the closed triangular domain is
given by
Zi =argminI'(x,,x,.....K,)
Closed triangular domain with the smallest weight is

chosen. The side connecting static nodes S;and S;is L.
The mobile nodes must be found along the perpendicular
bisector Cj; of Ly The maximum sensing radius R of the
mobile node moves along Cj. When and only when the
length of arc formed by the sensing area intersecting with
Lij is the smallest can we determine the optimal position
of the first mobile node. With the mobile node deployed at
this position, Fig. 3 shows the polygonal void @, is

updated. Next another two adjacent points on the bounda-
ry of the polygon are selected to determine the position of
the second mobile node. In the same manner, the mobile
node i is deployed until the area of @, is smaller than the

threshold area SO of the blind zone, that is, the blind zone
for node Si is completely repaired. Thus all blind zones re-
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Figure 2.

Schematic diagram of blind zones

o Mobile node “~=---\-"""
o~

node

O  Dblindzone

Figure 3.

Mobile nodes position

lated to the non-overlapping static nodes in the network
are repaired. The repair is finished when all static nodes in
the network are traversed.

IV. SIMULATION EXPERIMENT

Simulation experiment is carried out to compare the al-
gorithm performance under the following scenario. For
the monitoring region, 80 static nodes are deployed with
sensing radius of 5-20m. The coverage optimization algo-
rithm HPA in literature [7] is also implemented for com-
parison. The algorithm proposed in this paper is named as
CMN. Performance indicators are coverage, network
energy consumption and network lifetime.
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Coverage rate is the most important performance indi-
cator of the network. For most scenarios, as long as the
coverage is kept within a reasonable range, there will be
no impact on network availability. Based on the sensing
radius of static nodes, mobile nodes are introduced to
reduce the blind zones and to increase the coverage. As
shown in Fig. 4, at the initialization stage, the two algo-
rithms have identical number and position of static nodes.
At the early operation stage, the coverage of the two algo-
rithms changes little. But with more mobile nodes intro-
duced, CMN algorithm shows a slower deterioration of
coverage as compared with HPA algorithm. Therefore,
CMH algorithm outperforms HPA algorithm in coverage
and convergence.

Energy consumption is another important consideration
when evaluating the sensor network performance. Since
the nodes vary in the amount of sensing tasks, the residual
energy and sensing scope of the nodes will be different
over time. CMN algorithm considers the factor of residual
energy of the neighbor nodes in repairing the blind zones.
This not only reduces the number of dead nodes, but also
the probability of new blind zones due to dead zones. As
shown in Fig. 5, both two algorithms show an increasing
trend in energy consumption, but CMN algorithm has a
lower energy consumption as compared with HPA algo-
rithm.

Network lifetime is an intuitive performance indicator.
After the network has reached a critical point of coverage,
its performance will deteriorate and its service quality will
decline until the end of network lifetime. As shown in Fig.
6, the actual network service quality of CMN algorithm is
slightly higher than expected and this algorithm has higher
coverage and more balanced allocation of network re-
sources than HPA algorithm. CMN algorithm is capable
of determining the optimal position of the mobile nodes,
so that the network coverage and connectivity are im-
proved within the sensing radius of the nodes. As a result
of this, network lifetime is prolonged.

V. CONCLUSION

Wireless sensor network is featured by a strong, dy-
namic variation, with nodes randomly deployed within the
network. The operating nodes tend to show different re-
sidual energy after working for some time. Blind zones
may appear, leading to incomplete monitoring data and
impaired integrity of the network data transmitted and
hence lower performance of the entire network. We pro-
pose a coverage optimization algorithm of wireless sensor
network based on mobile nodes. The positions of the mo-
bile nodes are determined with the consideration of resid-
ual energy of the static nodes, so that the risk of generat-
ing new blind zones due to energy exhaustion will de-
crease. The blind zones are repaired to the maximal extent
using the proposed algorithm. Simulation experiment
shows that the use of mobile nodes not only improves the
coverage, but also prolongs the network lifetime and re-
duces the energy consumption. By keeping the number of
nodes within a reasonable limit, the total cost is controlled
as well.
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