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ABSTRACT: The positioning of sensors in Wireless Sensor Network WSN affects coverage, communication cost and
resource management.In non-deterministic deployment, mobility feature of the mobile ad-hoc network can be best
exploited to reposition the sensors so as to achieve the best network coverage. The Uncovered Region Exploration
Algorithm (UREA) is one such algorithm proposed in [1] for redeployment of the homogeneous nodes after initial
random deployment. In this paper we propose generalization of UREA andput forth, two important application
scenarios. First, after final deployment of WSNs, they resume to their assigned tasks. The power of some over-utilized
nodes in the Field of Interest Fol may get depleted over the time. The nodes get drained, decreasing the sensing radius
of the sensors, resulting in the decrease in the network coverage, as a result decrease in Quality of Coverage QoC. A
redeployment of sensors leading to an improvement in the coverage is of significant use in practical real life
applications. Second, sensor nodes with varying sensing characteristics are often desirable, especially when only a
subset of deployed sensors may be mobile. It is show that the generalized version of UREA presented here lead to
significant improvement in the coverage. In each case, we present findings from a study of large scale deployment
involving ten sets of random deployments over 40to 100 nodes. To the best of our knowledge, this work is the first to
study, model simulate the intermediate non-deterministic post deployment scenario and non-deterministic non-
homogeneous sensor node deployments to improve the network coverage.

Keywords: Sensor Networks, Deployment Algorithm, Random Deployments, Coverage,Surveillance, Quality of
Coverage

I. INTRODUCTION

Coverage is one of the important characteristic of Wireless Sensor Network (WSN). In last few years various
aspects of coverage are studied in the literature. The algorithms are proposed to obtained deployment leading optimum
coverage in the given Field of Interest (Fol). Depending on the application, the nature of desired coverage may vary.
Total coverage or area coverage, barrier coverage and path coverage are few of the types of coverage problems studied
in the literature. Coverage of a WSN is intrinsically linked to its deployment.

There are several ways to classify the existing research related to WSN deployment. We categorize the study based on
the following aspects: One is thetype of Fol. The kind of Fol, either 2D or 3D, with finite or infinite boundary,influence
the state-of-art in research related to deployment aspects [2][3][4][5][6].The second way to classify the existing work is
by the type of employed sensors. The static versus mobile and homogeneous versus heterogeneous sensors have always
laid a strong impact on the nature of the problem under study [7][8]. The third way to classify the research related to
the deployment is based on thesensor deployment scheme. A deterministic scheme [3][9] that has planned deployment,
needs fewer nodes to cover a given area but is more time consumingand labour intensive, making it more appropriate
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for the friendly environments.Another type of deployment is stochastic deployment where nodes are deployed
randomly by vehicles oraircrafts [10][11][12][13].

In case of stochastic deployment of mobile WSN, the initial coverage can be improved using mobility feature.
There are two types of algorithms proposed in the literature to carry out such redeployment, namelylocalised
distributed algorithms [14] and centralized [15]. Crystal-Lattice Permutation Algorithm CLP[14] is a distributed
algorithm inspired by Crystal-Lattice formation process innature. A seed node triggers six neighbouring nodes to move
to hexagon permutation positions.

A Virtual Force Algorithm (VFA) [15] is an algorithm proposed to improve the coverage after initial random
deployment of homogeneous sensor nodes. This algorithm is based on the virtual forces of attraction and repulsion
amongst the sensor nodes, depending on their proximity with each other. An Uncovered Region Exploration Algorithm
UREA [1] is an algorithm proposed to improve the coverage after initial random deployment. This algorithm is a
greedy algorithm where each sensor moves in the direction of maximum uncovered region. The algorithm presented in
[1]is also for the homogeneous mobile WSN.

Our Work

In Reference[1],an algorithm UREA to improve the coverage of mobile WSN, after initial random deployment, using
the mobility feature was presented. It was assumed that the WSN is homogeneous and all the sensors have same
sensing radius. However,in practice, a WSN may consist of nodes with varying characteristics. In this paper, a
generalization of algorithm UREA is proposed to suit the requirement of non-homogeneous WSN. The non-
homogeneity of the nodes we consider here is due to the variation in the sensing radius. Applicability of the modified
algorithm is verified in two different scenarios.

After initial random deployment of a homogeneous WSN, when the network starts performing the assigned
task, the power of the sensor nodes start depleting, resulting in the reduction in the obtained coverage. Hence a re-
deployment after a certain operating time is suggested which will lead to improvement in the coverage, improving
quality of service. As the reduction in the coverage depends on the utilization of each node during the operation, is not
same for all the nodes. This is the first scenario in which the applicability of the proposed algorithm is demonstrated.

The capability and availability of the nodes along with the cost considerations may lead to the use of
heterogeneous WSN for some specific application. This is the second scenario in which the applicability of the
proposed algorithm is demonstrated. A heterogeneous network consisting of nodes with different capabilities, in terms
of sensing radius is considered in this paper.

To best of our knowledge, this work is the first to model the intermediate non deterministic deployment
scenario for achieving the improvement in the coverage. Also first time the redeployment of heterogeneous mobile
WSN to improve the coverage is considered.

Rest of the paper is organized as follows: Section II contains the generalized version of the algorithm UREA.
Applications of this algorithm in the scenarios discussed above are presented in section III and IV. Section V presents
the simulation results and conclusions are presented in section VI.

II. PROPOSED ALGORITHM

The algorithm UREA presented in[1] is a centralized redeployment algorithm for homogeneous mobile WSN,
to be executed at the base station or at cluster head. It is assumed that the sensor nodes are capable of determining their
own locations using either GPS like system or through execution of some localization algorithm. After initial random
deployment these locations are conveyed to the base station or cluster head. The approach of the algorithm UREA is to
determine the uncovered region around each node and suggest the new locations so as to improve the coverage.The
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proposed generalization follows the same approach; however, it is assumed that the WSN under consideration is non-
homogeneous. The nodes in the network have different sensing capabilities with respect to the sensing range.

A. Assumptions and Definitions
The Folis represented as a 2 dimensional grid
F={({j)1<i<ml1<j<n}

of size m X n. It is assumed that the sensors can be located only on the grid points in F. The nodes are assumed to be
isotropic and a binary sensing model is assumed for coverage of each sensor. Hence coverage of any sensor is
represented by a circle, called sensing circle and the radius of this circle is called sensing radius. A sensor node covers
only those grid points of F which are inside the sensing circle of that node. Thus, the sensing circle of a sensor S,
located at a grid point (x,y) € F, with sensing radius r is given by

CEO={GNEF:Ji-x)2+(—-y?><r}
It is further assumed that the initial deployment of the sensors is random and uniform over the Fol.

Let S = {S,,S,, ..., Si} denote the k randomly deployed sensor nodes and letr;, L = 1,2, ..., k be the sensing radius of

node S;, [ = 1,2, ..., k respectively.A matrix G (i, j)of size m X n, called coverage matrix / grid, is used to represent

the coverage. If a grid point (i,j) € F is covered by some sensor node then G (i, j) = lelse G(i,j) = 0. The coverage
of the complete WSN is the fraction of total grid points covered by at least one sensor. Hence coverage is given by

20 G ))

mn

Cov =

For a sensor S; located at (x;,y;), Let N(S;) denote the set of neighboring grid points of S; which lie just outside its
sensing circle.

csy={@ner n<JT—x)2+G-n?<n+1}

Let U(S;)denote the set of uncovered grid points in the neighborhood of sensorS;, i.e., U(S,) = {(i,j) € F:(i,j) €
N(S)and G(i,j) = 0 }.Also Associated with each sensor is its mobility characteristics denoted byM;, M; = 1 if node S,
can be considered for redeployment, else it is 0.

B. Algorithm

Following is thepseudo code of the generalized algorithm.

Based on initial deployment construct the coverage matrix G.
Based on M;,l = 1,2, ..., k determine the set S of nodes eligible for redeployment
k=3
for =1 to number of iterations evaluate steps 5 to 14
forl=1to k
U(S;))= uncovered (x;, y;, 11, G).
Let B = X jeucsp(C — x) and F, = Y jyewspU — 2)
F

_ Fy _ y
Xi(new) = X + By and Yytnewy = Y1 + Bl

© 0 N LR W~

If X;newy < 1 then Xjpewy = 1 and Xjpewy > mthen Xypew) =
10 If yl(new) < 1 then :Vl(new) =1 and yl(new) > nthen yl(new) =n.
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11. Virtually move the sensor S; t0 (Xi(new),Yi(new)) and update coveragematrix G accordingly.
12. end for
13. Evaluate the coverage.

14. If (the mandatory level of coverage is achieved or number of iterations reached) then (physically
move sensors to new locations,i.e., carry out one time displacement of sensor nodes ) else continue.
15. end

The function uncovered is as described below:

Functionuncovered (x;, y;, 13, G)

1. U(Sl) = @;
2. fori=max{1,x;, —r, — 1}tomin{m, x; + r; + 1}
3. for j = max{1,y, — r; — 1}tomin{n,y, + r, + 1}
4. If (G, )) € N(S)andG (i, j) = 0)then
Uu(s) =u(s) ui{@n}
else
continue;
end if
5. end for
6. end for

return U(S;)

III. INTERMEDIATE DEPLOYMENT SCENARIO

Consider a deployment of homogeneous mobile WSN in the Fol of size m X n. Since initially all the nodes have same
sensing radius, any of the algorithm from [1], [15] or the algorithm presented in Section II can be applied to improve
the coverage. However, after carrying out the application specific task for certain period, the over utilized nodes get
depleted in power. This may affect their sensing capability. Some of the nodes may even die out. Coverage of such
depleted network can be improved using the algorithm presented in section II. The two different phases of
redeployment are given below.

A. Phase I: Initial Re-deployment

At time T, sensor nodes, with each node having sensing radius r, are randomly deployed in the Fol. Using the
algorithm UREA presented in [1], the nodes may be redeployed so as to achieve the best possible coverage. In this
phase all the nodes may be considered for redeployment by setting M; = 1for [ = 1,2, ..., k.

Algorithm for Phase I
Input: Sensor location of sensor S; along with sensing radius ryforl = 1,2, ..., k.
Output: New sensor locations for Sy, S,, ..., Sk.
Algorithm:
1. SetM;, =1for [ =1,2,..,k.

2. Execute algorithm in section II B
3. End
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Phase II: Intermediate Redeployment

At regular intervals of operating time, the base station will collect the locations as well sensing capability of each node.
Here it is assumed that the sensing range at any instance is an indicator of remaining power at that instance. When the
coverage is below a predetermined threshold, the nodes with certain minimum sensing radius will be redeployed to
improve the coverage and to extend the useful life of the network using following algorithm.

B. Algorithm for Phase II

Input: Sensor location of sensor S; along with sensing radius r; for [ = 1,2, ..., k at time T., critical
sensing radius rto determine mobility characteristic.

Output: New sensor locations for Sy, S5, ..., Sk.

Algorithm:
1. Construct the coverage matrix G based on the input data at time T.
2. Forl=12,..,k,If n>mnrsetM;,=1elseset M; =0
3. Execute steps 2 to 14 of algorithm section II B
4. end

IV. REDEPLOYMENT IN CASE OF NON HOMOGENEOUS MOBILE WSN

A real life WSN may not contain all the nodes of the same type. Few of the nodes may have mobility characteristics
and the rest may be stationary. Even those nodes equipped with mobility may have different characteristics in terms of
power, sensing range etc. Such network is a Non homogeneous network. Algorithms presented in [1], [15] cannot be
applied in this scenario. Algorithm presented section II B helps to use mobility feature of the nodes to improve the
coverage after initial random deployment.

Algorithm for redeployment of Non Homogeneous WSN

Input: Sensor location of sensor S; along with sensing radius r; and mobility characteristic M;for | =
1,2, ..., k, critical sensing radius r; to determine mobility characteristic

Output: New sensor locations for Sy, S,, ..., Sk.
Algorithm:

1. Construct the coverage matrix G based on the input data.

2. Set M; = 1 if the sensor has mobility property andr; > ryelse set M; = 0
3. Execute steps 2 to 14 of algorithm section II B

4. End

V. SIMULATION RESULTS

The algorithm presented in section II B is a generalization of algorithm UREA given in [1]. In the case of
homogeneous WSNs, with all sensor nodes having mobility property, the proposed algorithm reduces to UREA as
presented in [1]. The extensive simulations are carried out to verify the applicability of the proposed algorithm in the
scenarios discussed in section IITand section I'V.
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The simulation environment was set up similar to that [1] [15]. The dimension Fol considered for simulation of both
the scenarios is 50 units x 50 units and a same size grid is used. The metric under observation is network coverage.
Multiple simulation runs are carried out and average coverage is observed. The standard deviation in the coverage is
measured to check the consistency of the algorithm.

A. Simulation of Intermediate Re-deployment Scenario

In this case, it is assumed that the initial sensing range of each of the sensors is 5 units. For simulation of Phase I,
the sensor nodes are randomly deployed in the given Fol. The sensor locations are simulated using 2-dimensional
uniform distribution over the Fol. After execution of algorithm presented in section III A, the improvement in the
coverage is observed. Simulation experiment was carried out by varying node density from 40 to 100. In each case 10
simulation runs were observed with different initial random deployments. A typical random deployment of
homogeneous sensor nodes is shown in Figure 1 and the proposed locations at the end of Phase I, for this initial
deployment, are shown in Figure 2.
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Figure 1. Initial Random Deployment  Figure 2. Deployment at the of Phase I

For Phase II, the depletion of the sensor nodes was simulated. Let P (&, 1) be the probability that the sensing radius
of a sensor node will become r at time t after depletion. Hence if initially ksensor nodes are deployed then at time, the
expected number of sensors with sensing radius ris P(t,7) * k. For computational ease, we assume that the sensing
radius 7 is discretely changing. The phase II is simulated at a hypothetical time T with a hypothetical distribution P(T,
r) given in table 1. Also in this simulation experiment it is assumed that the only those nodes having the maximum
energy balance, i.e., the nodes corresponding to sensing radius 5 units at time T are eligible for redeployment.

Table 1: Distribution of Sensing Radius at Time T.

r P(T, r)
0 0
1 0
2 0.2
3 0.2
4 0.2
5 0.4

A depleted network as per the probability distribution given in Table 1 is shown in Figure 3. Figure 4 shows the
improvement suggested after the execution of algorithm in section III.B.
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60

Figure 3.Deployment at time T Figure 4Deployment at the of Phase II

The average results for 10 sets of simulation runs for node density varying from 40 to 100 is presented in Table 2.

Table 2: Simulation Results for Intermediate re-deployment Scenario

a b c d e f g h i j
40 0.6404 0.9401 0.002715 46.80 0.61988 34.06 0.704548 0.075263 13.66
50 0.71692 0.9756 0.007575 36.08 0.72452 25.74 0.82253 0.035842 13.53
60 0.76356 0.9901 0.003483 29.67 0.78232 20.98 0.884652 0.038195 13.08
70 0.83416 0.9948 0.002157 19.26 0.81896 17.67 0.92128 0.026916 12.49
80 0.88248 0.9969 0.001074 12.97 0.85328 14.41 0.946215 0.034497 10.89
90 0.87632 0.9975 0.001783 13.82 0.86448 13.33 0.968401 0.011841 12.02
100 0.9028 0.9977 0.001539 10.51 0.90028 9.76 0.979857 0.013465 8.839

Column Keys for Table 2:
a. Number of sensor nodes
b. Computed coverage on initial random deployment
c. Improved final coverage using algorithm in Section III A
d. Standard deviation in the final sensing coverage obtained from 10 independent runs.
e. Percentage of increase in the final coverage
f. Coverage computed at time T (with depleted sensor nodes with distribution P(T, r)
g. Percentage decrease in the coverage
h. Improved coverage due to redeployment of nodes with sensing radius 5 at time T at the end of Phase

1.
J-

I
Standard deviation in the improved coverage at the end of Phase II
Percentage increase in the coverage at the end of Phase 11

Simulation results presented in Table 2 clearly show that the algorithm presented in Section II B can be applied
successfully for improvement of coverage at intermediate stage.
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B. Simulation of Re-deployment of Non Homogeneous WSN

To verify the applicability of the algorithm in section II B, we simulate deployment of a non-homogeneous WSN
with two types of sensor nodes. The first types of nodes are assumed to have sensing radius 5 units and the second type
of nodes are assumed to have sensing radius 4 units. Also it is assumed that both type of sensors are equal in number. A
typical initial deployment in one such case is shown in Figure 5 and the corresponding improved coverage is shown in
Figure 6.
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Figure 5: A random deployment of non-homogeneous WSNFigure 6: Redeployment proposed by the algorithm

In the simulation experiment the sensor density is varied from 40 nodes to 100 nodes. In each case average results
from 30 simulation runs are recorded and are presented in Table 3.

Table 3: Simulation result for Redeployment of Non Homogeneous WSN
a b | ¢ d e f g h

30 | 15 | 15 | 0.4971 | 0.025072 | 0.732312 | 0.009322 | 47.31478
40 |20 | 20 | 0.6129 | 0.030147 | 0.872855 | 0.010935 | 42.40929
50 | 25 | 25 | 0.6840 | 0.036906 | 0.947568 | 0.009142 | 38.53061
60 | 30 | 30 | 0.7621 | 0.030032 | 0.976422 | 0.004648 | 28.12149
70 | 35| 35| 0.8158 | 0.025474 | 0.989506 | 0.002869 | 21.28672
80 | 40 | 40 | 0.8498 | 0.021789 | 0.992153 | 0.002285 | 16.74591
90 | 45| 45| 0.8808 | 0.015394 | 0.994038 | 0.002243 | 12.85802
100 | 50 | 50 | 0.9064 | 0.021277 | 0.995328 | 0.002117 | 9.809488

Column Keys for Table 3:

Total number of sensor nodes

Number of sensor nodes with sensing radius r;=5

Number of sensor nodes with sensing radius r,=4

Computed coverage on initial deployment

Standard deviation in the initial sensing coverage

Improved final coverage after execution of algorithm in section III B
Standard deviation in the final sensing coverage

Percentage of increase in the final coverage

SR e a0 o
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It can be concluded from the above results that the algorithm presented in Section II B improves the coverage
of a heterogeneous mobile WSN. The improvement is significant for smaller node densities compared to larger one. In
case of high sensor density, the initial coverage is also high and there is a little scope for improvement.

V. CONCLUSION

A generalized version of algorithm UREA is presented in this paper. The algorithm UREA was presented for
improving the coverage of a randomly deployed homogeneous mobile WSN. The algorithm presented in this paper
does not assume homogeneity of the sensor nodes. The applicability of this algorithm was demonstrated in two
different scenarios. First in case of uneven utilization of sensor nodes during application phase, resulting in depletion of
coverage, can be improved using the algorithm presented here. Second, in the case when the WSN consist of non-
homogeneous nodes, i.e., nodes with different sensing capabilities this algorithm can be successfully applied to
improve the coverage.
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