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Abstract

In this paper, efficient deployment strategies for mobile sensor networks are proposed to improve the coverage
area in target fields containing obstacles. The developed algorithms iteratively calculate and update the position of
the sensors in order to improve the overall achievable coverage by the network. The visibility-aware multiplicatively
weighted Voronoi (VMW-Voronoi) diagram is used to discover coverage gaps in networks that have sensors with
different sensing capabilities. The sensors, then, reduce the size of the coverage gaps in the target field. The relocation
strategy also considers possible existing obstacles on the field. Simulation results are provided to demonstrate the

effectiveness of the proposed distributed deployment schemes.

I. INTRODUCTION

Autonomous mobile sensor networks (MSN) have received increasing attention in the past decade due to their
many commercial and defense related applications such as health and environmental monitoring [1], [2], target
tracking [3], [4], [5] and surveillance [6], [7]. Advances in Micro-Electro-Mechanical Systems (MEMS) are also
helping in the low-cost and practical implementation of MSNs.

Field coverage is a major problem that arises in many of the MSN applications. In this problem, the mobile nodes

are expected to provide sensory coverage of as much area as possible (ideally the entire area) in a given target
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field. Given the mobility feature of nodes in an MSN, it would be desirable to have autonomous networks that
can achieve maximal field coverage. Therefore, intelligent and decentralized relocation algorithms are extremely
important in mobile sensor network field coverage problems. Design of efficient relocation algorithms are quite
challenging due to the limited energy resources in such networks. Constraints such as node’s energy consumption
(due to motion or data communication) as well as limited communication and sensing ranges of the sensors must
be taken into account.

A lot of research has been focused in this area. For example, in [8], gradient descent algorithms are proposed
for a class of utility functions that increase network coverage. In [9], a sensor deployment strategy is proposed
to solve coverage problem on a complicated surface in 3D space. A collaborative coverage algorithm using a
combination of mobile and static sensors has been discussed in [10], where mobile sensors try to compensate for
possible coverage gaps between static sensors. In [11], distributed control laws are presented to achieve convex
equi-partition configuration in mobile sensor networks. The field coverage strategy in [12] is based on a localized
Voronoi diagram, where each sensor uses the local information of the neighboring sensors to construct its own
Voronoi region. A coordination algorithm and performance analysis have been presented in [13] using a class of
aggregate objective functions based on the geometry of the Voronoi partitions and proximity graphs.

A Delaunay graph has been used in [14] to propose distributed gradient-descent coverage algorithms. An optimal
algorithm is proposed in [15] to monitor an environmental boundary with mobile agents, where the boundary is
approximated by a polygon. The problem of sensor deployment in a network with non-uniform coverage priority has
been considered in [16], [17]. Several efficient deployment algorithms have also been proposed in [18] to increase
the coverage area based on an iterative method.

Using Voronoi diagram, three sensor deployment algorithms (i.e. VEC, VOR and Minimax) have been introduced
in [19] to discover and reduce coverage gaps throughout the field. In [20], the LRV (Least Recently Visited)
algorithm has been presented to simultaneously solve the problem of coverage, exploration and sensor deployment.
The coverage problem in three-dimensional space has been addressed in [21]; and, a distributed algorithm has been
proposed for achieving full field coverage. Efficient network coverage strategies that do not use simple sensing
models or Voronoi partitions are presented in [22]-[26]. Distributed gradient-descent algorithms for optimal coverage

control are presented in [22], [23]. These algorithms exploit cooperation among sensors and optimize a probabilistic



detection metric.

In [24], distributed algorithms for optimal field coverage in the presence of polygonal obstacles and limited
sensors field-of-view are proposed. The problem of distributed convergence to a Nash equilibrium in mobile sensor
networks is investigated in [25]. In [26], a field coverage strategy has been developed to maximize the probability
of detecting events which occur in a given region. The approach prolongs the network lifetime by properly reducing
the communications costs. Distributed control laws are provided in [27] for the disk-covering and sphere-packing
problems using non-smooth gradient flows. In [28], an efficient procedure for sensor relocation is introduced to
minimize the maximum error variance and extended prediction variance.

In this paper, two different distributed algorithms are presented for deployment and relocation of sensors in an
MSN. It is assumed that the nodes in the network have different sensing capabilities; and also, they are operating
on a flat field containing obstacles. The approach in our proposed algorithms is based on using the visibility-aware
multiplicatively weighted Voronoi (VMW-Voronoi) diagram. The effect of obstacles on sensors’ sensing capabilities
(i.e. visibility area of each sensor) is taken into consideration in the proposed algorithms. The VMW-Voronoi diagram
is used for discovering coverage gaps and sensing radii of sensors are used as node weights in the construction of
this diagram. In this work, it is assumed that if the line-of-sight between a point and a sensor is blocked with an
obstacle, then the sensor is not able to sense any object located at that point. This is an acceptable assumption and
has been used in the literature previously ([29], [30]).

Using VMW-Voroni diagram, the following two algorithms are presented in this paper: Obstructed Farthest Point
(OFP) and Obstructed Minmax Point (OMP) algorithms.

By iterative application of these algorithms, a gradual improvement in the overall coverage can be obtained. At
each iteration, a new candidate coordinate for sensor relocation is calculated based on the current position of each
sensor and its VMW-Voronoi region. The decision to move each sensor to the calculated candidate coordinate is
made after comparing the value of its local coverage at the current and candidate location. If the sensor’s local
coverage cannot be improved, it will remain in its current position; otherwise it will move to the new calculated
coordinate. The algorithm terminates when none of the sensors can improve their local coverage by moving to their
respective candidate positions.

The rest of this paper is organized as follows. Section II proposes visibility-aware multiplicatively weighted



Voronoi diagram as an extension of the conventional Voronoi diagram. The proposed algorithms for sensor relocation
are proposed in Section III. Simulation results that demonstrate the effectiveness of our approach are provided in

Section IV. Finally, conclusions and future works are discussed in Section V.

II. VISIBILITY-AWARE MULTIPLICATIVELY WEIGHTED VORONOI DIAGRAM

Let F C R? represent a 2D target field. Consider S = (Sy,w1), (S2,w2),. .., (Sn,w,) to be a set of n distinct
weighted nodes within the field F. w; > 0 is the weighting factor associated with the node 5;, for any ¢ € n :=
{1,2,...,n}. The visible set of an arbitrary point ) € F is defined as the largest subset of S with a non-obstructed
line of sight view from all of its elements to the point (). Let Indx¢ represent the indices of the nodes in this
subset. In presence of obstacles in the field and depending on the location of point @), the set Indxg may have
between O to n elements. In particular, ) is called an invisible point if Indx¢ is an empty set, otherwise it is
called a visible point. The set of all invisible points in the field F is called the invisible region and will be denoted

by Ogs. The invisible region is highly dependent on the positions of the nodes S; and the obstacles on the field.

Definition 1. The weighted distance of a point @) from a node (S;,w;), ¢ € n is defined as:

dw(Q7 S’L) = M

Wy
where d(@Q, S;) indicates the Euclidean distance between the point ) and the node S; in the 2D field F.

It is desired now to partition the visible area of the field (F\Og) into n regions such that:

o Each region contains only one node, and
« the closest node, in the sense of weighted distance, to any point inside a region is the node assigned to that
region.

The mathematical characterization of the invisible region and each visible region is given by:

Os = {Q € R?| Indxq = 0} (1)

I, = {Q € R?*| i € Indxq, du(Q,Si) < dw(Q,S;),Vj € Indxg — {i}} )



The diagram obtained by partitioning the field F into the invisible region and the above-mentioned n regions is
called the visibility-aware multiplicatively weighted Voronoi (VMW-Voronoi) diagram [31]. According to (2), any

point @ in the i-th VMW-Voronoi region II; has the following property:

d(Q, S;)

< wz Vi,j € Indxg, i # j 3)

w;
Definition 2. Similar to conventional Voronoi diagram [32], the nodes S; and S; (¢,7 € n, i # j) in a VMW-
Voronoi diagram are called neighbors if II; NI1; # (). The set of all neighbors of S;, i € n, is denoted by N; and

is formulated as:

Ni:{S]‘ES‘HiﬂH]‘#Q, Vjen—{i}} 4)

The VMW-Voronoi diagram is the main tool for developing the sensor deployment strategy in this paper. A circle
is used to characterize the sensing area of each sensor. The size of these circles could be different for different
sensors. Consider the position of each sensor in the field as a node with a weight equal to the sensor’s sensing
radius, and sketch the VMW-Voronoi region for each sensor; the resultant diagram, together with the invisible

region, covers the entire field F.

Definition 3. Consider the sensor .S; with the sensing radius r; and the corresponding VMW-Voronoi region
II;, ¢ € n, and let @) be an arbitrary point inside II;. The intersection of the region II; and a circle of radius r;
centered at () is referred to as the i-th coverage area w.rt. Q, and is denoted by 5&2 The i-th coverage area w.r.t.

the location of the sensor S; is called the local coverage area of that sensor, and is denoted by S, .

From the characterization of the VMW-Voronoi regions provided in (2), it can be easily shown that if a sensor
cannot detect a point in its corresponding region, no other sensor can detect it either. This means that in order to
find the coverage gaps (i.e., the undetectable points in F'), it is sufficient to compare the VMW-Voronoi region of
every sensor with its local coverage area. A VMW-Voronoi diagram with 3 sensors 51, Sz and S3 with the sensing

radii 10m, 18m, and 18m, respectively, is depicted in Fig. 1.

Definition 4. Consider an arbitrary point () inside the VMW-Voronoi region II;, ¢ € n. The area inside the VMW-

Voronoi region II; which lies outside the i-th coverage area w.r.t. @ is referred to as the i-th coverage gap w.rt. Q,



and is denoted by 91(‘%. The i-th coverage gap w.r.t. the location of the sensor .S; is called the local coverage gap

of that sensor, and is denoted by 61, .

Assumption 1. The sensors are able to obtain their own positions with sufficient accuracy in the target field (using,

for instance, the methods proposed in [33], [34]).

Assumption 2. The communication range of the sensors is limited (and possibly different for different nodes).
This limitation could potentially prevent sensors from communicating with their neighbors, and can result in wrong
VMW-Voronoi regions around some sensors. Consequently, such a limitation can have a negative impact on the
detection of coverage gaps. Since the number of sensors in a mobile sensor network is typically large (or more
precisely, there is a sufficient number of sensors per area unit) [35], [36], it is assumed that the graph representing
sensors’ communication topology is connected [37]. Hence, each sensor can obtain the information about the
locations and sensing radii of the other sensors (and in particular its neighbors) through proper communication
routes. Also it is assumed that the obstacles’ locations are known by each sensor as a priori information. As a

result, each sensor can calculate its VMW-Voronoi region accurately.

Fig. 1: An example of the VMW-Voronoi diagram for a group of 3 non-identical sensors in a field with obstacles [31].



III. DEPLOYMENT PROTOCOLS

In this section, two different deployment protocols are developed for a network of non-identical sensors in the
presence of obstacles. The proposed techniques are iterative, where in each iteration every sensor S;, ¢ € n, first
broadcasts its sensing radius r; and position P; to other sensors. Thus, every sensor is able to construct its own
VMW-Voronoi region based on the information received from other sensors in the network. Then, every sensor
detects coverage gaps in its region. When a coverage gap is discovered, the corresponding sensor calculates its
new position using one of the proposed algorithms. The new position is calculated with the aim of eliminating the
coverage gap or reducing its size after the sensor relocates to that position. Once the new location P, is calculated,
the coverage area w.r.t. this new location, i.e., ﬂg: is evaluated and compared to the current coverage area, i.e.,
ﬁﬁ:. The sensor moves to the new location only if the resultant coverage area is greater than the present value, i.e.
ﬁ{% > 55;; otherwise, it does not move in this iteration. In order to have a termination criterion for the algorithms,
a proper threshold € is defined; if no sensor can improve its coverage area by this threshold, the algorithm is
terminated.

The following theorem shows that any sensor deployment strategy which follows the scheme described in the

previous paragraph is guaranteed to increase the total coverage.

Theorem 1. Let the positions of the sensors in the set S be represented by P = {Py, Ps,...,P,} with the
corresponding VMW-Voronoi regions 111,1ls, ... IL,. Let also the invisible region be denoted by Op. Assume the
sensors move to new positions P= {Pl, PQ, cey Pn} with the corresponding VMW-Voronoi regions l_fl, l_fg, ey lTn

such that P; # P; for all i € k, where k is a non-empty subset of n. If the i-th coverage area w.rt. P, in the
previously constructed VMW-Voronoi region 11; is greater than the previous i-th local coverage area (i.e., ﬁg; > ﬁgi )

for all v € k, then the total coverage in the network increases.

Proof: Denote the total uncovered area (coverage gap) of the field when the sensors are located in P and P

with 6 and 6, respectively. It is deduced from the characterization of the VMW-Voronoi diagram that:

0=0p+>» 0ff (5)

i=1

It can be easily shown that by increasing the coverage area in II;, ¢ € k, the corresponding coverage gap will be



decreased. Since it is assumed that the i-th coverage area w.r.t. B is greater than the i-th local coverage area for
any 7 € k, one can conclude that:

Oh <0, Vick ©)

On the other hand, it is possible that some of the points in 91% and Op are also covered by other mobile sensors
at P. Hence:

d<op+> 6f )

i=1

Using the last two relations and noting that for any ¢ € n\k by definition 91% = Gg"i, one can obtain the following

inequality:
f<op+> 0k ®)
i=1
Now, it is concluded from (5) and (8) that:
d<0 9)
which means that the total coverage area increases under this deployment scheme. |

The above-mentioned procedure will be used in the next two subsections to develop two algorithms, namely,

OFP and OMP.

A. Obstructed Farthest Point (OFP) Strategy

The main idea behind this algorithm is to move every sensor to the farthest point in its VMW-Voronoi region such
that any existing coverage gap is covered. If a sensor S; detects a coverage gap in its corresponding VM W-Voronoi
region, it calculates the farthest point X; f,, in that region, and moves toward it until this point is covered. Fig. 2
shows a sample VMW-Voronoi region constructed by the sensor S;. The segments ¢ and e are generated due to
the two neighboring sensors with sensing radii equal to that of S;. The segments a and h are obstacle edges, and
the segment c is formed because of the field boundary. The edge b, in fact, is constructed by the sight line of the
sensor, and finally arcs d and f are formed by two neighboring sensors with larger and smaller sensing radii than
that of Sy, respectively. As the figure illustrates, the OFP algorithm finds the farthest point to Sy, (i.e. X1 fqr) as

a candidate for the next location of the sensor. Since the local coverage of the sensor will increase by moving to



S7, the sensor moves toward X r,, until it is covered.

Fig. 2: A sample VMW-Voronoi region and a candidate point calculated using the OFP method.

Fig. 3 shows an example of coverage improvement as a result of using the OFP Algorithm. In this example, 27
mobile sensors with varying sensing ranges are randomly deployed in a 2D field of size 50m x 50m. Among these
27 sensors, 15 have sensing range of 6m, 6 with a radius of Sm, 3 with a radius of 7m and the remaining 3 sensors
with a radius of 9m. The communication range of each sensor is assumed to be greater than its sensing range by
a factor of 10/3. Three snapshots of the field coverage are shown in Fig. 3. The circles represent the sensing area
of each sensor. As observed, the coverage is 68.44% initially, but it increases to 81.31% after the first iteration of

the presented algorithm (Fig. 3(b)). The final coverage is 95.32% (Fig. 3(c)).

B. Obstructed Minmax Point (OMP) Strategy

Although the OFP algorithm performed well in most simulated scenarios, there exist certain network setups and
node configurations, where it might not be as effective. Fig. 4 shows such an example. The next candidate location
for the sensor under the OFP algorithm does not lead to any improvement in the local coverage of the sensor. Thus,
the mobile sensor remains in its previous location. However, there exit other potential positions for sensor relocation
that can increase its local coverage. Another configuration for which the OFP algorithm is not as effective is when
the calculated candidate point lies on a sight line connecting the sensor to an obstacle (e.g., see Fig. 5). These

candidate points are, by definition, on the sight line; therefore, if the sensor moves to such a position, then there



Fig. 3: Snapshots of the movement of the sensors under the OFP algorithm. (a) Initial coverage; (b) field coverage after the first round, and (c)
final coverage.

is a good chance that part of the sensor’s sensing capability is blocked in its corresponding region.

As it can be concluded from the above discussion, although the OFP algorithm is effective in many cases, one
may find a proper location for the sensor in the special cases described above. The obstructed minmax point (OMP)
strategy is proposed in the sequel to address this shortcoming of the OFP algorithm. The main idea behind the
OMP strategy is that to achieve maximum coverage, no sensor should be too far from any point in its corresponding
VMW-Voronoi region. The OMP strategy finds the location where its distance from the farthest point of the region

is minimum and considers it as the candidate location for the sensor in the next step. This point is called the OMP



Fig. 4: A sample VMW-Voronoi region for which the OFP method performs poorly because of a narrow angle, while the OMP strategy finds
a proper candidate location.

Fig. 5: A sample VMW-Voronoi region for which the OFP method performs poorly because of the sensor’s sight line, while the OMP strategy
finds a proper candidate location.

centroid, and is denoted by O; for the i-th region, ¢ € n. It is clear that the candidate point O; in Fig. 4 yield better
coverage compared to the one obtained by using the OFP technique. Also, in Fig. 5, the OMP strategy performs
more efficiently than the OFP algorithm due to the specific shape of the region which makes the farthest point lie
on the sight line of the sensor.

Consider the initial setting of Fig. 6(a), and let the OMP strategy be employed. The results are depicted in
Figs. 6(b) and 6(c), where it is shown that after the first round the coverage increases from 67.09% to 84.94%, and

that the final coverage is 97.62%.

Remark 1. One of the important properties of the VMW-Voronoi diagram is that first of all it partitions the field,
and more importantly there is exactly one sensor in each visible region. Since in the proposed algorithms the new
location for each sensor is inside the corresponding VMW-Voronoi region and each sensor moves within its region,
hence the sensors would not collide. Assume now that a sensor cannot communicate with some of its neighbors,
and consequently it obtains a VMW-Voronoi region which some of its boundaries are different from the exact ones.

As a result, the VMW-Voronoi regions do not necessarily partition the field in the sense that some of them overlap



(©)

Fig. 6: Snapshots of the movement of the sensors under the OMP algorithm. (a) Initial coverage; (b) field coverage after the first round, and
(c) final coverage.

with each other. Such VMW-Voronoi regions can negatively affect the detection of coverage gaps. On the other

hand, the overlapping of the VMW-Voronoi regions can lead to sensor collisions.

Remark 2. It is worth mentioning that the analytical solution to the optimal sensor deployment problem with respect
to a prescribed coverage performance function is, in general, highly complex. Hence, to evaluate the performance of
the algorithms proposed here, several simulations are performed using random settings [19], [38], [10]. This method

of performance assessment is typically used to evaluate the effectiveness of any sensor deployment strategy.



In the next section, the performance of the proposed algorithms in terms of the coverage area, energy consumption

of the sensors, rate of convergence, and computational complexity are investigated.

IV. SIMULATION RESULTS

Consider a sensing field of size 50m x 50m with two obstacles. Also consider a network of 36 mobile sensors
with varying sensing radii i.e. out of these 36 mobile sensors, 20 sensors have a sensing radius of 6m, 8 have a
radius of 5m, 4 have a radius of 7m. The communication radius of each sensor is assumed to be greater than its
sensing radius by a factor of 10/3; e.g., a sensor with a sensing radius of 6m has a communication radius of 20m.

Define the coverage factor as the ratio of the covered area to the total area in the field. The simulation results
presented in this section are the average values obtained from 20 different random initial sensor deployments.
Coverage factor under both algorithms is shown in Fig. 7. While both algorithms provide satisfactory coverage, the

OMP technique exhibits a better performance in this example.

Coverage

—o—OFP | -
—=— OMP

0 5 10 15 20
Round

Fig. 7: Total normalized field coverage per round for 36 sensors.

To investigate the effect of the number of sensors on the performance of the algorithms, we considered four more
setups: n=9, 18, 27, and 45, in addition to n=36 discussed above. It is assumed that the changes in the number
of identical sensors in the new setups are proportional to the changes in the total number of sensors. For example,

for n=27 there will be 15 sensors with sensing radius of 6m, 6 with sensing radius of 5m, 3 with sensing radius



of 7m, and 3 with sensing radius of 9m. Fig. 8 shows the resulting final coverage versus number of sensors. Both
algorithms yield satisfactory results with the OMP strategy still performing better.

An important factor in the performance evaluation of different deployment strategies is the time it takes for
each strategy to reach the desired termination criteria. Assuming that both relocation strategies require the same
deployment time in each round of algorithm execution, then, the number of rounds to reach a predetermined
termination criteria is a good measure of the deployment speed of each algorithm.

Fig. 9 shows that under both algorithms the number of rounds required to meet a certain termination condition
increases with the number of sensors. This is the case up to certain number of sensors and then beyond that the
number of required rounds decreases. The reason can be explained as follows. When the number of sensors is
small, the sizes of their corresponding VMW-Voronoi regions are relatively larger than their coverage circles. And,
it will be likely for some sensors that their entire coverage circles are enclosed within their VMW-Voronoi regions.
Therefore, further relocation of each sensor in its region would not increase the coverage level. On the other hand,
when the number of sensors is relatively large, the size of their corresponding VMW-Voronoi regions will be small.
And, with a high likelihood, the coverage circles of most sensors enclose their VMW-Voronoi regions. This in turn
implies that the termination criteria is satisfied in smaller number of rounds. Fig. 9 shows that the convergence rate
of the OFP algorithm is faster than that of the OMP; therefore, it is a better candidate for field coverage if higher
deployment speed is required.

Another important factor in performance evaluation of deployment algorithms in mobile sensor networks is
energy-efficiency. Movement of a sensor, more precisely, the distance it travels and also the number of times it
stops (impact of static friction) are the dominant sources of energy consumption. Fig. 10 shows the average distance
traveled by a sensor versus number of sensors in the network. As observed, the average traveled distance for a
large number of sensors is small. For large number of sensors, the distance between each sensor’s position and its
candidate location in its corresponding VMW-Voronoi region decreases. Therefore, the average traveling distance
required by a sensor decreases. This, in turn, leads to a reduction in energy consumption. Also, it can be seen from
Fig. 10 that the OFP algorithm is more efficient than the OMP strategy for a larger number of sensors. Fig. 11
shows the number of relocations versus the number of sensors in the network. In both algorithms, and up to certain

value, the number of relocations increases with the number of sensors, and then decreases after that. Again, this can
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Fig. 8: The coverage factor versus number of sensors under the proposed algorithms.

Number of rounds

—s— OMP

9 18 27 36 45
Number of sensors

Fig. 9: Number of rounds needed to reach the termination criteria for different number of sensors using the proposed algorithms.

be justified based on the relative sizes of the sensors coverage circles versus their VMW-Voronoi regions. Figs. 10

and 11 clearly demonstrate that the OFP algorithm outperforms the OMP strategy in energy consumption.

Remark 3. Note that the algorithms proposed in this paper differ only in the way the new locations of the sensors

are determined. Since the complexity of finding the new location of the i-th sensor in the OFP strategy is more



than that in OMP, hence the OFP algorithm outperforms the OMP algorithm as far as the computational complexity

is concerned.

The above discussion is summarized below:
1) The OMP algorithm is more preferable as far as network coverage is concerned.
2) The OFP algorithm is more desirable when:

« the deployment time is the main concern.

« the energy consumption is the main concern.

« the computational complexity is concerned.

—o— OFP
—s— OMP

Average moving distance (m)

9 18 27 36 45
Number of sensors

Fig. 10: Average traveled distance by each sensor versus number of sensors under proposed algorithms.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, two efficient distributed sensor relocation techniques are proposed to increase field coverage of
mobile sensor networks. The algorithms are applicable to networks having non-identical mobile sensors and target
coverage fields with obstacles. To account for the existence of obstacles, an extension of MW-Voronoi diagram,
namely visibility-aware MW-Voronoi (VMW-Voronoi) diagram has been proposed as a tool to allow enhancement in

sensor’s local coverage. The iterative implementation of the algorithms provides gradual maximization of the overall
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Fig. 11: Average number of movements required for different number of sensors, using the proposed algorithms.

network coverage. Simulation results confirm the effectiveness of the proposed techniques for different number of
sensors. There are a number of related problems that can be investigated in the future. For example, adding static
sensors to the field and proposing new deployment algorithms to maximize network coverage, investigating the

effect of communication delay and link failure on network coverage are some of the open problems in this area.
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