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Node Placement for Connected Coverage in Sensor Networks

Koushik Kar, Suman Banerjee

Abstract—We address the problem of optimal node placement ~ We address several important and interesting versions of the
for ensuring connected coverage in sensor networks. We consider gptimal connected coverage problem. First we consider the
two different practical scenarios. In the first scenario, a certain case where the object to be covered is a region in a two-

region (or a set of regions) are to be provided connected COVerage, jimensional plane. Next we consider the problem where we are
while in the second case, a given set of points are to be covered P : p

and connected. For the first case, we provide solutions that are required to cover a given set afpoints in the two-dimensional
within a small factor of the optimum. For the second case, we plane. In this abstract, we refer to these two problems as the

present an algorithm that runs in polynomial time, and guarantees  region-coveragend thepoint-coverageroblems respectively.

a constant factor approximation ratio. The region-coverage problem is important when the goal is
to gather information about an entire region under study, e.g.
environment and weather monitoring. In contrast, the point-

|. INTRODUCTION coverage problem is useful when it is sufficient is to monitor the
We address two issues that are quite important in the depl&@te of a set of specific locations in the region, e.g. monitoring
ment of wireless sensor networks. They are: Iéakage of hazardous gaseous materials at ventilation points.

Coverage:Each sensor device typically has a physical sensingThe problem of providing coverage to a given region, or a

range within which it is able to perform its operation. One go&IVen set of points, and its variants, has received prior attention
of a sensor network is that each location in the physical spdBdhe research community [1], [2], [3], [4]. However, there has

of interest, should be within the sensing range of at least one'¥t been much significant research on the probleooohected

the sensors. coverage which we address in this abstract.
Connectivity:lt is typically more energy efficient to aggregate
all the sensor data at a few specific wireless nodes (gateways) II. THE REGION-COVERAGE PROBLEM

from where the data can be uploaded to the remotely locateqys first study the case in which the region to be covered is
monitoring station. Therefore the sensors need to organige gntire two-dimensional plane. The solution for this simple
themselves into a connected ad-hoc network. Since the Wirelgsg ia| case provides some valuable insights for approaching
rad_lo in each sensor node also has a transm_lssmn range, th_?H@'more complex region-coverage problems. We then discuss
cation and placement of the sensors determine the connectiyjly, yegions of finite sizes can be provided connected coverage.
of th.e sensor network. . We use the following terminology in the rest of this abstract.
Wireless sensor networks need to meet both these requisgnsors with a sensing/transmitting raditn be modelled as
ments of coverage and connectivity. In general, there are tWQjisk with radius-. We refer to such disk as andisk An 7-
different ways of deploying a sensor network. We consider thgsy covers only those points that fall within it. Twedisks are
scenario where it is possible to explicitly place a set of sepgnnected if the center of each one falls in the other. Clearly,
sor nodes at specific locations as desired. Such a deploymgr,yide connected coverage to a region, the set of disks used
mechanism is possible in friendly and accessible environmemts;;ch cover all points in that region, and the connectivity graph

We focus on the problem of optimal placement of sensor nodgs, | the -disks must form a single connected component in a
to guarantee such connected coverage. graph theoretic sense.

In the problem we address, we are given a region, a set of
regions, or a set of points that are to be covered sensors, such . ,
that the set of sensors form a connected network. The optimiza- CONnected coverage for the two-dimensional plane
tion objective is to minimize the number of sensors used. Weln order to cover the entire two-dimensional plane with
assume that each sensor is capable of detecting signals wittisks, we clearly need an infinite number of disks. The ap-
a fixed radius- around it, i.e., each sensor “covers” all pointpropriate optimization metric in this case should therefore be
that are within a circle of radius around it. Moreover, we the number of disks used per unit area (which we dafisity.
assume that the communication range of any sensor isralséNext we outline a simple disk placement pattern which achieves
i.e., a sensor is “connected” only with sensors that are withireedensity that is approximately optimal.
fixed radius- from it. The sensing and the communicating radii To describe the solution, we first definite a pattern referred
are in general different. In this extended abstract, however, Were as am-strip. As shown in Panel (a), Figure 1, arstrip is
focus only on the case where the sensing and communicatistring ofr-disks placed along a line such that the distance be-
radii are equal and identical for all the sensors. tween the centers of any two adjacerdisks isr. Clearly, the
nodes in an-strip form a single connected component. Now
K. Kar is with the EQSE Dep_artment, Rensselaer Polytechnic Institute, Trdgt us tile the entire plane with thesestrips, all oriented a|0ng
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(1) Compute the euclidean minimum spanning trégfor
then given points. Choose any poipthat corresponds
to a leaf node of’, and seC' — {p}. Also, setk — 0.

(2) Setk «— k+ 1. Choose any point’ € C. Ther-disk
centered ap’ is chosen a®)y.

(3) UpdateC as follows:
i) Remove any points id' that are covered bp,.
i) Let Sy be set of points at which the boundaryof;
intersectsl’. For each poinp” € Sy, includep” in C
iff p ¢ Dy U Dy U ...U Dy_q, and the path fromp
(the center ofD,) to p” in T is completely covered by
D1 UDsU...U Dy.

(4) If Cis non-empty, go to (2), else stop.

Fig. 2. The Point-Coverage Algorithnd. consists of the set of points where
the center of am-disk can be placed at each successive steprIdisk chosen
at thekth iteration is denoted by, .

Fig. 1. (a) Anr-strip, (b) The pattertP;, (c) The patterrPs. The solution described above can be extended to non-convex
shapes, and a result similar to Lemma 1 can be shown to hold.

center of anr-disk constituting the strip. Also, for every odd in- I1l. CONNECTED COVERAGE FOR MULTIPLE POINTS

tegerk, place anr-strip oriented parallel to the x-axis such that \ye now consider the problem of providing connected cover-
the point(5, k(%2 + 1)r) is the center of an-disk in the strip. age to a set ofi given points in a two-dimensional Euclidean
This is shown in Panel (b), Figure 1. Next place sarrdisks plane. Our proposed polynomial-time algorithm (Figure 2) ap-
along the y-axis in the following way. For every odd integer proximates the optimal solution within a constant factor.
place twor-disks, at(0, k(§+1)ri @r). These disks placed Let L be the maximum distance between the given points.
along the y-axis are the shaded disks shown in the figure. LetTdsen running time of the algorithm '@(%nz). Therefore, if
denote the entire disk placement pattern (as shown in Figuretig the maximum distance remains bounded, the algorithm runs
asP;. It can be verified thaP; provides connected coverage tan polynomial time. The following result states the approxima-
the entire two-dimensional plane. The following result showt#on ratio of the algorithm.
that the density of our solution is within 3% of the optimum.  Theorem 2: Let np, denote the number of disks used by
Theorem 1: Let dp, denote the density of the disk place-our algorithm to provide connected coverage to thgiven
ment patternP;, anddopr denote the optimal density. Thenpoints. Letnopr be the optimal solution. Thenp, /nopr <

dp, Jdopr < (5 +¥3)/(1+ L) ~ 1.026. A7 /\/3 ~ 7.256.

IV. CONNECTED COVERAGE FOR MULTIPLE REGIONS
B. Connected coverage for a region of finite size Finally we summarize our solution to the problem of provid-

Assume that the region that has a convex shape. Then thisif@ connected coverage to a set of disjoint convex regions. The
gion can be provided connected coverage in the following wagPproach is as follows. First, we provide connected coverage
First place the shape (to be covered) on the plane tiled by fifeeach of the regions separately using the approach outlined
r-strips as shown in Figure 1. Now include all the non-shadd@ Section Il. Then we “connect” the disjoint convex regions
disks of the patterrP; that intersect the region, and excludéIsing a minimum spanning tree-based approach, similar to that
the rest. Then take anothesstrip and place it in a such a waydescribed in Section Ill. The exact details on this algorithm
that it intersects all the otherstrips intersecting the region. Will be presented in the full version of this work. Under certain
This guarantees connectivity. Panel (c), Figure 1 shows a p@#g&ak assumptions, it can be shown that our solution is guaran-
sible pattern thus generated, for a particular convex shape. T&@d to be within a factor of max(2/v/3, «) of the optimum,
last strip that intersects all the other parallel strips is shadedviherea is the worst-case approximation ratio for the problem
the figure. Note that since the region has a convex shape, iffgroviding connected coverage to each region separately.
always possible to place the lasstrip in such a way that it
intersects all the paralletstrips covering the region. ) _ _ _

Let P, denote a solution constructed according to the rule¥! ,\R,l'a}fféﬂ‘;?g’seﬁgens”_”g?ir f;gg_c'es covering a sémerican Journal of

described above. It is easy to see tRatovers the region, and [2] D.S.Hochbaum and W. Maas, “Approximation schemes for covering and

all the disks inP, are connected. packing problems in image processing and VLSI"ACM 32:130-136,
. . . 1985.
Lemma 1: Let R be a bounded convex region, with perime-(3; . Franceschetti, J. Bruck, M. Cook, “A Geometric Theorem for Wireless

ter L and aread (> 7r?). Let np, denote the number of Network Design Optimization”, http://www.paradise.caltech.edu/
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