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Abstract—

K-coverage is necessary for the proper functioning of many
applications, such as intrusion detection, data gathering, and
object tracking. It is also desirable in situations where a
stronger environmental monitoring capability is desired, such
as military applications. In this paper, we study the problem
of k-coverage in deterministic homogeneous deployments of
sensors. We examine the three regular sensor deployments —
triangular, square and hexagonal deployments — for k-coverage
of the deployment area, for k¥ > 1. We compare the three
regular deployments in terms of sensor density. For each
deployment, we compute an upper-bound and a lower-bound
on the optimal distance of sensors from each other that ensure
k-coverage of the area. We present the results for each k
from 1 to 20. It is also shown that the required number of
sensors to k-cover the area using uniform random deployment
is approximately 3-10 times higher than regular deployments.

I. INTRODUCTION

Coverage problem is a fundamental issue that needs to be
addressed in deployment of every sensor network. In general,
coverage can be considered as the measure of quality of
service of a sensor network [1]. The goal is to have each
location in the physical space of interest within the sensing
region of at least one sensor. The sensor coverage problem
has been addressed and reviewed in many surveys [2][3].

Many practical applications such as event monitoring appli-
cations require guaranteed higher degree of coverage. In such
applications, it is essential to place sensors such that every
point of the target area can be monitored by more than one
sensor. K-coverage is a more general concept of coverage,
where each point in the field is covered by at least k sensors.
K-coverage is required in sensor network applications due to
various reasons such as multiple-sensor data fusion, increased
accuracy, fault tolerance, reliability, or robustness.

High coverage degree is useful for multiple-sensor data
fusion. Data fusion techniques combine data from multiple
sensors to achieve more specific inferences that could be
achieved by using a single sensor [4]. For example, a target
position estimation may be accomplished by a triangulation or
a least-squares computation over a set of sensor measurements

[5]. The triangulation technique computes the position of an
object by measuring the distances or bearings from multiple
reference positions using various ranging techniques [6].

High degree of coverage is particularly essential for ap-
plications that demand a high degree of accuracy. For ex-
ample, reliable detection may be achievable with a relatively
coarse space-time resolution, whereas classification, needed
for tracking multiple targets, typically requires processing at
a higher resolution depending on the desired accuracy of
classification [7]. Increasing k provides a more precise target
location estimation in sensor networks, by more fine-grained
partitioning of the sensor field. For example, in a 1-coverage of
an area, we can only detect in which sensor region a target is
located. Whereas in higher coverages of the area, the location
of the target can be reduced to a certain intersection of at
least k& sensor regions. It is proven that k-coverage of a target
improves the estimate of its location or velocity by a factor of
V'k, if detection data are fused in an optimal manner [4].

The coverage requirement also depends on the number of
faults to be tolerated. Practically speaking, networks with a
higher degree of coverage are more reliable as they are more
robust to sensor failures and errorneous sensor measurements.
Reliability is an important issue mainly in the applications in
which failed sensors cannot be easily diagnosed and replaced,
such as in sensor networks for planet exploration [8].

We aim to investigate the k-coverage problem in deploy-
ments of sensors. There are two fundamentally different ways
to deploy sensors, deterministic and random deployments [9].
In a deterministic deployment, the sensors can be placed
exactly where they are needed, while in a random deployment,
sensors are usually placed according to a uniformly random
distribution. A deterministic sensor placement may be feasible
in friendly and accessible environments, while random sensor
distribution is generally considered in remote or inhospitable
areas, or for military applications [2].

In this paper, we first investigate regular deterministic sensor
deployments (Section III). Regular sensor deployments are of
particular importance in many applications mainly because
they provide a uniform and high consistent partitioned space.
For example, a uniform partitioned space can be utilized in
navigation applications in order to minimize the orientation



error in navigation tasks. Then, via simulations, we show
that the required number of sensors to provide k-coverage in
regular sensor deployments is approximately 3-10 times lower
than random deployments (Section IV).

II. RELATED WORK

A number of previous works [10] [1] are proposed to check
if k-coverage of the target area is possible with the already
deployed sensors. Given a set of sensors deployed in a target
area, their goal is to determine whether every point in the
area is covered by at least k sensors, where k is a given
parameter. One naive solution is to find out all sub-regions
divided by the sensing boundaries of all n sensors, and then
check if each sub-region is k-covered. This could be difficult
and computationally expensive since there may exit as many
as O(n?) sub-regions divided by the circles. Also, it may be
difficult to calculate these sub-regions [10].

Instead of determining the coverage of each sub-region,
Huang and Tseng [10] look at how the perimeter of each sen-
sor’s sensing region is covered. They proved that when no two
sensors are located in the same location, the whole network
area is k-covered if and only if the perimeter of each sensor
in the network is k-covered. They present polynomial-time
algorithms, in terms of the number of sensors, to determine
whether a sensor’s perimeter is k-covered or not.

Many studies address the problem of selecting a minimum
number of sensors to activate from an already densely de-
ployed set of sensors such that the field remains k-covered
and all selected sensors are connected. This also leads to an
effective approach for energy conservation in wireless sensor
networks because a subset of denslely deployed sensors are
selected to stay active at any time interval, while other sensors
are scheduled to sleep.

Kumar et al. [11] consider three kinds of sensor de-
ploymemts on a unit square — a y/n X v/n grid, random uniform
(for all n points), and Poisson (with density n). They computed
the number of sensors, given the sensing radius (r), network
life-time (p), and coverage (k), in order to guarantee that all the
points in the field are k-covered. In their sleeping model, time
is divided into periods and each sensor independently decides
whether to remain awake for each period (with probability p)
or go to sleep. Using this model, they find that the number of
sensors needed in the grid deployment is of the same order as
in random deployments.

It has been shown that selecting a minimum subset of
sensors to k-cover a field from an already deployed set of
sensors is NP-hard [12]. [12], [13], [14], [15], [16] present
approximation algorithms to solve the connected k-coverage
problem using a minimum number of sensors.

However, the proposed works do not answer the sensor
placement problem to provide k-coverage, for k£ > 2. Kim et
al. [17] addressed the problem of placing sensors to provide 3-
coverage of the entire target area satisfying the minimum sep-
aration requirement, which is the minimum required distance
between the sensors. They propose two methods, overlaying
and TRE-based methods. The overlaying method overlays the

1-coverage optimal placement solution three times ensuring
minimum separation among the sensors in different layers.
The TRE-based method firsts forms a 3-covered region called
TRE (Triple-Rounded-Edge area), which is an intersection of
coverage circles of three sensors equally separated by d from
each other, and then places the TREs repeatedly to cover the
whole target area. They proved that the TRE-based method
gives a better coverage redundancy than the overlaying method
when the minimum required distance between the sensors is
not greater than 0.232R, there R is the sensors’ sensing range.

In this paper (Section III), we evaluate the k-coverage
problem in regular deterministic sensor deployments. To the
best of our knowledge, this is the first analytical work on k-
coverage problem in regular deterministic sensor deployments.
We also compare the regular deterministic sensor deployments
with the uniform random sensor deployment in terms of sensor
density (Section IV).

III. K-COVERAGE IN REGULAR DETERMINISTIC SENSOR
DEPLOYMENTS

A tiling of a two dimensional plane with a geometric shape
with no overlaps and no gaps is called a tessellation. It is well-
known that there are only three regular tessellations — tessella-
tions composed of regular polygons — tiling the plane, which
consist of equilateral triangles, squares and regular hexagons.
In regular deterministic sensor deployments, the sensors can
be placed at the polygon’s vertices of a regular tessellation
covering the whole sensor field [18]. Figure 1 illustrates the
three regular sensor deployments, which are called triangular,
square and hexagonal deployments throughout this paper.
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Fig. 1. Regular sensor deployments using (a) regular triangles (b) squares
(c) regular hexagons

It is well-known that the optimal sensor deployment for 1-
coverage is the triangular deployment, in which the sensors
are placed X = R+/3 away from each other, as shown in
Figure 2. This deployment achieves the minimum overlapping
of sensor regions and hence, requires the minimum number
of sensors [19]. In this paper, we aim to find the optimal
regular sensor deployment to k-cover the sensor field, for
k > 2. The optimal deployment is assumed to be the
one with the minimum required number of sensors. In each
regular deployment, the side of the polygon constituting the
deployment is shown by X (Figure 1) and is refered to by
the deployment-side, throughout this paper. The sensor density
in each deployment is determined by the value of the its
deployment-side. Therefore, in next section, we find an upper-
and a lower-bound on the optimal value of the deployment-
side, X, that provides k-coverage in any of the three regular
deployments.



Fig. 2. Optimal 1-coverage of a deployment area

A. Proof of an upper- and a lower-bound on the value of X

1) Assumptions: We adopt the following assumptions and
notations throughout the discussions in this section.

« Sensors can be deployed anywhere in a deployment area.

o Sensors can monitor a circular region centered at the
sensor’s location, whose radius R equals the sensing
range of the sensor.

« All sensors have the same sensing range, R.

o To eliminate the effect of area boundaries when evaluat-
ing the sensor placement algorithms, we assume that the
size of the deployment area is sufficiently larger than the
size of sensing region of each individual sensor.

2) Problem Statement: In each deployment, the problem
of coverage of the deployment area reduces to the problem of
coverage of a single regular polygon constituting the deploy-
ment (shown in dark in Figure 1), due to the symmetric and
periodic deployment scheme. Furthermore, each constituting
regular polygon can be further divided into six, eight and
twelve right triangles of the same shape and size, in triangular,
square and hexagonal deployments, respectively (Figures 3(a)
to 3(c)). The constituting triangles are the smallest constituting
polygons of each deployment that are similar in terms of their
shape and size as well as the relative placement of sensors
to their vertices. As a result, the optimal k-coverage of the
deployment area can be further reduced to the optimal k-
coverage of a constituting triangle A ., or simply A (Figure
3), for each deployment.

(b)

Fig. 3. The constituting triangles of (a) triangular (b), square (c) hexagonal
deployments

Following the above discussion, finding an optimal k-
coverage of the sensor field can be stated as follows. In a
regular deployment of sensors with sensing range of R, we
aim to find the optimal deployment-side, Xy, such that the
triangle A is k-covered, for any k greater than one.

3) Lower- and upper-bounds on the value of X,y for k-
coverage of triangle A: Now, we compute a lower-bound and
an upper-bound on the value of X,,, for k-coverage of the

triangle A. First in Lemma 2, we prove that if X is set to any
value greater than the computed upper-bound, X ¥, the triangle
A is not fully k-covered. Then, in Lemma 3, we prove that if
X is set to the computed lower-bound, X f, the triangle A is
at least k-covered. The following notations and definitions as
well as Lemma 1 are used in the proofs in Lemmas 2 and 3.

Notation 1: The distance between Sensor S; and vertices
a, b and c of triangle A are denoted by D¢, D’ and D§,
respectively.

Notation 2: D[**" is the maximum distance of Sensor S;
to vertices of triangle A, i.e. D"* = maz (D¢, DY, D).

Definition 1: For vertex a of A, we define an ordered set
DAas DA=(D{,Dg,...,D{ ), where n is the number of
sensors in the field and V1 < kK < n : Dﬁk < D;‘Hl. The
ordered sets of DB and DC are defined similarly.

Notation 3: DAy, DB}, and DC}, are the k*" elements of
the ordered sets of DA, DB and DC, respectively.

Notation 4: D@ is defined as the maximum of the k'
elements of the ordered sets of DA, DB and DC i.e. ngc
= maz(DAk, DBk, DC’k)

Definition 2: We define an ordered set of D" values as:
DX = {Dj"* Dpe*, ..., D"}, where n is the number of

sensors in tllle ﬁele andVO<k<n: D?Z‘“” < DZCLT

Lemma 1: If for Sensor S;, D[*** = R, then S; covers the
whole triangle A.

Proof: If R equals D;"**, by Notation 2, Sensor S; covers
the three vertices of triangle A. As a result, the whole triangle
A is covered by the region of Sensor S;. ]

Based on these lemmas and definitions, Lemma 2 and
Lemma 3 define an upper-bound and a lower-bound on the
value of X, for the k-coverage of triangle A.

Lemma 2: Suppose that the deployment-side, X, is set to
X% such that D¢* equals R. Then, triangle A is not fully
k-covered when X is greater than X%,

Proof: For all values of X greater than X%,
R becomes less than D¢%. By Notation 4, D¢ =
max(DAy, DBy, DCy). By Definition 1 and Notation 3, if
R is less than DMy, for m € {a,b, c}, then vertex m of A
is covered by less than k sensors. Therefore, triangle A is not
fully k-covered. u

Lemma 3: Suppose that the deployment-side, X, is set to
X f such that D{Z“’” equals R. Then, triangle A is at least
k + m-covered, where j is the greatest non-negative integer
such that Di* = D' and Dj 2= Diee

Proof: 1If D'** equals R, by Lemma 1 triangle A is
covered by all sensors whose corresponding values in DX
(Definition 2) are less than or equal to D}'**. By Definition 2
DX is sorted and by considering the lemma’s condition, there
are k+m such sensors. Therefore, all points in triangle A are
definitiely covered by k + m sensors. Therefore, the trianlge
A is at least k 4+ m-covered. ]

B. Calculation of the lower- and upper-bounds

Based on Lemmas 2 and 3, an upper-bound and a lower-
bound on the optimum value of X to k-cover the deployment
area can be computed in any of the three regular deployments.



Based on definitions and lemmas in Section III-A3, X I’?I and
X% values are computed using the distances of sensors to the
vertices of a constituting triangle A and the sensing range of
the sensors, R. To compute the euclidean distances, without
loss of generality, it is assumed that vertex a of triangle A is
placed at coordinate (0,0). Figures 4 shows the coordinates of
some sensors in the field for triangular, square and hexagonal
deployments. Please note that z and y scales both equal X
for square deployment, while for triangular and hexagonal
deployments, x and y scales equal X and @X , respectively.
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Fig. 4. Sensor coordinates in the deployment area

Using the Euclidean distance formulae, the distance from
Sensor S;(x,y) to vertices a, b and ¢ of triangle A , rep-
resented by D%, Dj, D! as in Notation 1, can be computed
as shown in Equations 1, 2 and 3 for triangular, square and
hexagonal deployments, respectively.
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Using the calculated values of D%, D} and D! for each
deployment and by Notation 4 and Definition 2, the values
of Dgbe, Di"** are computed for every k from 1 to 20.
Then, using Lemmas 2 and 3, the values of X% and X% are
calculated for every k£ from 1 to 20, which can be represented

as:
Xk Xk:
R:—ZL\/a’fq R:—QH\/OHZ “)

Generally, the relation between R and X (XF) to provide
k-coverage in any of the deployments can be shown as:

k
R= XT\/oTk (5)

The value of a* shows the relation between the sensors
range R and the deployment-side X. When o equals o, for
a given deployment, the area is at least k-covered and when
a® is less than o, the area is not fully k-covered. The values

of ¥ and o for the three regular deployments, for k for 1
to 20, are shown in columns 2 to 7 of Table I.

We use the sensor density A, as defined in [18], to evaluate
the three regular deployments. Let A, denote the area of the
constituting polygon, INV,, the number of nodes composing the
polygon, and N,, the number of polygons that share a node,
then A can be computed as A = N, /A, N,,. Therefore, the sen-
sor density for triangular, square and hexagonal deployments
can be computed as follows, where X is the deployment-side.

3 4 6

A seriC e S

V3 X2 5 3
(6)

The sensor densities of triangular, square and hexagonal
deployments when o equals o%; (X=X¥) are shown by A%,
% and M. respectively. Similarly, the sensor densities of
triangular, square and hexagonal deployments when o* equals
ok are shown by AL, A5 and A", respectively. Note that the
sensor density in each deployment is inversely proportional
to the value of X2 (Equation 6) . Using Equations 4 and 6,
the ratio of the sensor densities of the three deployments are

analyzed and discussed in the next section (Table I).

C. Analysis and comparison

For a given regular deployment, the optimum value of «
to provide k-coverage, a’gpt, is defined to be the value that
provides full k-coverage of the deployment area with the
minimum number of sensors. By Lemmas 2 and 3 and by
Equation 4, the value of oz’;pt lies between the two values of
ok and o, for each k in any regular deployment.

The full k-coverage of an area in any of the deployments can
be achieved by setting the o* value to the upper-bound value
o/fq (Lemma 2). Thus, the narrower the gap between oz’z and

ok, the lower is the increase of the sensor density comparing

to the optimal case. Columns 14, 15 and 16 of Table I, %, ;\\IZ
h

if oF is set to oe’f_l. Therefore, the worst-case increase in the

sensor densities is 33%, 60% and 71% for triangular, square,

and hexagonal deployments, respectively.

Moreover, as shown in Table I, for some values of k,
the lower- and upper-bounds of o* met, which gives us the
optimum value of ¥ in that deployment (of, = a¥ = a’gpt).
For example, to achieve a l-coverage of the deployment
area in triangular, square and hexagonal deployments, the
deployment-side, X, is best to be set to 2R/+/1.33, 2R/v/2
and 2R/+/4 (Equation 5), respectively.

Using Table I, we can also compare the three regular
deployments in terms of their required sensor densities to
provide k-coverage, for every value of k from 1 to 20. Column
pairs of (8,9), (10,11), (12,13) show the ratio of the sensor
density of the triangular, square and hexagonal deployments,
when of = of, to the sensor densities of the other two

Xy

deployments when o = o/z. For example, the values of 3£
L

and show the worst case increase in the sensor densities

and /)\\;{? are shown in columns 8 and 9 of Table I, respectively.
L
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Therefore, as an example, for any k with corresponding values
of ’\{j’ and f\th less than one, the triangular deployment
prov1des the optlmum k-coverage of the area in terms of the
sensor density. As a result, we can conclude that the optimum
regular deployment to k-cover the area is triangular for k=1,
3, 5, square for k=7, 13, 14 and hexagonal for k=2.

For k equal to 1, 2, 3, 5, 7, 14, the optimum deployment-side
is also known for the given deployment, because a’}{ = a’z.
Figure 5 (a-c) show the optimal regular deployments to k-
cover an area for k=2, 3 and 5, which are the hexago-
nal deployment with deployment-side of 2R/+/4, triangular
deployment with deployment-side of 2R/ V/4 and triangular
deployment with deployment-side of 2R/v/7, respectively.
Generally, Table I assists in comparing the three regular
deployments to k-cover an area for any given k between 1
and 20, even for the values of k for which finding the optimal
regular deployment is not possible.

D. Validation of the theoretical results

The theoretical results presented in Section III-B is veri-
fied via simulations. In these simulations, the sensors were
deployed in a square area of side L equal to 1800, while
the sensors’ sensing range was set to 80. All three regular
deployments, triangular, square and hexagonal, were deployed
and the simulations were run for every k from 1 to 20. We
observed a match between our theoretical derivations and the
simulation results. The simulation area was at least k-covered
when the deployment-side, X, was set to X f = 160/ a’}{
(Equation 4), and the area was not fully k-covered when X
became greater than X% = 160/ \/072 (Equation 4).

Furthermore, the optimum deployment-side of each deploy-

ment, XY, = 160//a% .

for the given area was computed
as follows. For every k in each deployment, the value of a*

was changed from o, to ¥ (shown in Table I) by steps of
0.1. The sensors were deployed within the square area using
the deployment-side values corresponding to o values, using
Equation 5. The maximum value of X* that provided a full
k-coverage of the area was the optimum value of X%, X ,’jpt,
in our setup. Last three columns of Table I show the optimum
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value of o — ozopf — to provide k-coverage for every k from 1
to 20 for the three deployments. The optimal values are used in
the next section to compare the sensor densities of the regular
deployments with uniform random deployment.

IV. UNIFROM RANDOM DEPLOYMENT

In this section, we compare the number of sensors required
to provide k-coverage in the three regular deployments in a
given area with the number of sensors required to provide k-
coverage in uniform random sensor deployment for values of
k from 1 to 20. The minimum required number of sensors to
k-cover an area in uniform random deployment is computed
via simulations for each k. The sensors were deployed in a
square area of side L equal to 1800, while the sensors’ sensing
range were set to 80. Under uniform random distribution, the
sensors were distributed uniformly over the deployment area
until every point in the area was covered by k sensors. Each
sensor had an equal likelihood of being at any location in
the area. We performed 100 iterations for each k. Figure IV
shows the average number of required sensors to k-cover an
area, for k from 1 to 20. The results are shown along with
the required number of sensors to achieve k-coverage in the
same area in the three regular deployments (using the aopt
values in Table I). As shown in this figure, the required number
of sensors in regular deployments is 3-10 times lower than
the required number of sensors in random deployments for
different values of k.

V. CONCLUSION

Regular sensor deployments are of particular importance
in many applications mainly because they provide a uniform
and high consistent partitioned space. In this paper, we com-
pared the three regular sensor deployments, triangular, square
and hexagonal deployments, based on the required sensor
density to k-cover the deployment area, for £ > 1. For
each deployment, we computed an upper-bound and a lower-
bound on the optimal distance of sensors from each other that
ensure k-coverage of the area. Further, we showed that the
regular sensor deployments are preferable to uniform random
deployment in terms of the sensor density for k-coverage of
an area, for £ > 1.
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1 1.33 1.33 2 2 4 4 077 050 130 065 200 154 100 1.00 1.00 1.33 2 4
2 4 4 4 4 4 4 1.1 150 087 130 067 077 1.00 1.00 1.00 4 4 4
3 4 4 5 5 7 7 092 086 108 093 1.17 1.08 100 1.00 1.00 4 5 7
4 5.33 5.33 8 5 12 7 123 114 130 148 150 185 1.00 1.60 1.71 5.33 5.6 7.9
5 7 7 10 10 13 12 081 088 124 108 124 1.00 1.00 100 1.08 7 10 12
6 9.33 7 10 10 16 12 108 1.17 124 108 152 123 133 1.00 1.33 7.33 10 12
7 9.33 9.33 10 10 16 16 108 087 093 081 114 123 100 100 1.00 9.33 10 16
8 12 12 13 10 16 16 139 113 094 106 0.89 123 1.00 130 1.00 12 11.1 16
9 12 12 16 13 19 16 107 113 115 130 106 1.13 100 123 1.19 12 13 17.4
10 13 12 17 16 28 16 094 122 123 138 156 135 108 106 175 12.3 16 20.2
11 16 13 18 16 28 19 115 126 120 123 144 135 123 1.13 147 13.5 16.3 21.3
12 16 13 20 16 28 19 115 126 133 137 144 135 123 125 147 13.8 17.7 21.8
13 1733 1733 20 18 28 28 111 093 100 093 108 120 1.00 IL.11 1.00 17.33 18.1 28
14 1733 1733 20 20 28 28 1.00 093 100 093 108 1.08 1.00 1.00 1.00 17.33 20 28
15 19 19 25 20 28 28 110 102 114 116 098 1.08 1.00 125 1.00 19 21.2 28
16 21 19 26 20 31 28 121 113 119 121 109 119 111 130 1.11 19.1 22.3 29.5
17 21.33 19 26 26 36 31 095 103 119 1.09 126 107 112 100 1.16 20.23 26 31
18 2533 19 26 26 36 31 .13 123 119 109 126 107 133 1.00 1.16 21.23 26 31.8
19 2533 21.33 29 26 37 31 .13 123 118 122 116 1.10 1.19 112 1.19 21.83 26 34.7
20 28 28 32 26 43 36 124 1.17 099 115 102 127 1.00 123 1.19 28 26.6 36
TABLE I
SENSOR DENSITIES
[5] F. Zhao and L. J. Guibas, Wireless Sensor Networks: An Information
1200 Processing Approach. Morgan Kaufmann Publishers, 2004.
T"as';%'ﬁfe’ y [6] J. Hightower and G. Borriello, “A survey and taxonomy of lo-
Hexagonal cation systems for ubiquitous computing,” University of Washing-
1000 | Feneem B ton, Department of Computer Science and Engineering, Seattle,
WA, http://www.csd.uoc.gr/ hy439/lectures11/hightower2001survey.pdf,
Tech. Rep., 2001.
800 - 7 [71 D. Li, K. D. Wong, Y. H. Hu, and A. M. Sayeed, “Detection, clas-
E’ sification, and tracking of targets,” IEEE Signal Processing Magazine,
5 ool ] vol. 19, pp. 17-29, 2002.
3 [8] T. Sun, L.-J. Chen, C.-C. Han, and M. Gerla, ‘“Reliable sensor networks
é for planet exploration,” in IEEE Networking, Sensing and Control, 2005,
400 1 | pp. 816-821.
[9] H. Zhang and J. C. Hou, “Is deterministic deployment worse than
o ygfqg_;ﬁ/; random deployment for wireless sensor networks?” in IEEE INFOCOM,
200 e ﬁf;‘paﬁ"’m&""“" 1 2006, pp. 1-13.
}V___).éy*f_:;K%’m - [10] C.-F. Huang and Y.-C. Tseng, “The coverage problem in a wireless
B sensor network,” Mobile Networks and Applications, vol. 10, pp. 519—
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 528, 2005.
K [11] S. Kumar, T. H. Lai, and J. Balogh, “On k-coverage in a mostly sleeping
sensor network,” Wireless Networks, vol. 14, pp. 277-294, 2008.
[12] Z. Zhou, S. Das, and H. Gupta, “Connected k-coverage problem in
sensor networks,” in International Conference on Computer Commu-
Fig. 6. Comparison of regular and random deployments in terms of the nications and Networks, 2004, pp. 373-378.
number of sensors [13] H. M. Ammari and J. Giudici, “On the connected k-coverage problem in
heterogeneous sensor nets: The curse of randomness and heterogeneity,”
in IEEE International Conference on Distributed Computing Systems,
2009, pp. 265-272.
ACKNOWLEDGMENT [14] G. Xing, X. Wang, Y. Zhang, C. Lu, R. Pless, and C. Gill, “Integrated
. . . coverage and connectivity configuration for energy conservation in
This work was partly funded by National ICT Australia sensor networks,” ACM Transactions on Sensor Networks, vol. 1, pp.
(NICTA). 36-72, 2005.
[15] M. Hefeeda and M. Bagheri, “Randomized k-coverage algorithms for
REFERENCES dense sensor networks,” in I[EEE INFOCOM, 2007, pp. 2376-2380.
Lo . . [16] S. Yang, F. Dai, M. Cardei, J. Wu, and F. Patterson, “On connected
(1 § Meguerdichian, F. Koushanfar, M. Potkonjak, and M. B.”Sr'lvastava, multiple point coverage in wireless sensor networks,” International
Coverage problems in wireless ad-hoc sensor networks,” in [EEE Journal of Wireless Information Networks, vol. 13, pp. 289-301, 2006.
INFOCOM’ 2001, pp. 1380—1387" . o [17] J.-E. Kim, J. Han, and C.-G. Lee, “Optimal 3-coverage with minimum
[2] M. Cardei and J. Wu, “Energy-efficient coverage problems in wireless separation requirements for ubiquitous computing environments,” Mo-
ad-hoc sensor networks,” Computer Communications, vol. 29, pp. 413— bile Networks and Applications, vol. 14, pp. 556-570, 2009.
420, 2006. . . [18] B. Wang, Coverage control in sensor networks. Springer-Verlag London
[3] , “Coverage in wireless sensor networks,” Handbook of Sensor Limited, 2010.
Networks, pp. 422-433, 2004. [19] R. Kershner, “The number of circles covering a set,” American Journal

[4] M. E. Liggins, D. L. Hall, and J. Llinas, HandBook of Multisensor Data

Fusion: Theory and Practice. CRC Press, 2009.

of Mathematics, vol. 61, pp. 665-671, 1939.



