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Abstract

We develop an integer linear programming formulation to find a minimum cost deployment of
sensors so at attain desired coverage of a target point set. Additionally ǫ-approximation algorithms
and a polynomial time approximation scheme are proposed for the case of grid coverage. Experiments
demonstrate the superiority of our proposed algorithms over earlier algorithms for point coverage of
grids.
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1 Introduction

In a typical sensor network application, sensors are to be placed (or deployed) so as to monitor a region

or a set of points. In some applications it is possible to select the sites where sensors are placed while in

others (e.g., in hostile environments) we may simply scatter (e.g., air drop) a sufficiently large number

of sensors over the monitoring region with the expectation that the sensors that survive the air drop will

be able to adequately monitor the target region. When site selection is possible, we use deterministic

sensor deployment and when site selection isn’t possible, the deployment is nondeterministic. In some

applications, it is desirable that the deployed collection of sensors be able to communicate with one

another, either directly or indirectly via multihop communication. So, in addition to covering the region

or set of points to be sensed, we often require the deployed collection of sensors to form a connected

network. Instead, each sensor communicates directly with a base station that is situated within the

communication range of all sensors.

In this paper, we focus on the problem of placing sensors at a subset of preselected sites so as to

minimize sensor cost while providing a specified degree of coverage of the target sites. The sensors do

not communicate with one another; rather each sensor communicates with a base station. We assume

that power and sensor communication range are not design issues. That is, each of the feasible sensor
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sites has an abundant energy supply and each sensor has a sufficiently large transmission range to reach

the base station from each of the preselected sites. A possible application of the problem considered here

is in the deployment of chemical and radioactive sensors so as to monitor high risk targets that may be

approximated as points; the cost of a sensor may be from hundreds of dollars to tens of thousands of

dollars.

In Sectionsec:related, we review work related to the problem studied here.

2 Related Work

Iyengar and Brooks [26, 27] and Culler and Hong [12] provide good overviews of the breadth of sensor

network research topics as well as of applications for sensor networks. Sensor network algorithms are

reviewed in [50]. For a given placement of sensors, it is easy to check whether the collection covers the

target region or point set and also whether the collection is connected. For the coverage property, we

need to know the sensing range of individual sensors (we assume that a sensor can sense events that

occur within a distance r, where r is the sensor’s sensing range, from it) and for the connected property,

we need to know the communication range, c, of a sensor. Zhang and Lou [73] have established the

following necessary and sufficient condition for coverage to imply connectivity.

Theorem 1 [Zhang and Lou [73]] When the sensor density (i.e., number of sensors per unit area) is

finite, c ≥ 2r is a necessary and sufficient condition for coverage to imply connectivity.

Wang et al. [62] prove a similar result for the case of q-coverage (each point is covered by at least q

sensors) and q-connectivity (the communication graph for the deployed sensors is q connected).

Theorem 2 [Wang et al. [62]] When c ≥ 2r, q-coverage of a convex region implies q-connectivity.

Notice that q-coverage with q > 1 affords some degree of fault tolerance, we are able to monitor all

points so long as no more than q − 1 sensors fail. Huang and Tseng [25] develop algorithms to verify

whether a sensor deployment provides q-coverage.

[23, 24] consider the case when the sensors are mobile and self deploy. A collection of mobile sensors

may be placed into an unknown and potentially hazardous environment. Following this initial placement,

the sensors relocate so as to obtain maximum coverage of the unknown environment. They communicate

the information they gather to a base station outside of the environment being sensed. A distributed

potential-field-based algorithm to self deploy mobile sensors under the stated assumptions is developed
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in [24] and a greedy and incremental self-deployment algorithm is developed in [23]. A virtual-force

algorithm to redeploy sensors so as to maximize coverage also is developed by Zou and Chakrabarty [74].

Poduri and Sukhatme [47] develop a distributed self-deployment algorithm that is based on artificial

potential fields and which maximizes coverage while ensuring that each sensor has at least k other

sensors within its communication range.

Kar and Banerjee [32] examine the problem of deploying the fewest number of homogeneous sensors

so as to cover the plane with a connected sensor network. They assume that the sensing range equals

the communication range (i.e., r = c). Kar and Banerjee [32] have shown that their algorithm has a

sensor density that is within 2.6% of the optimal density. This algorithm may be extended to provide

connected coverage for a set of finite regions [32].

Kar and Banerjee [32] have proposed an algorithm to deploy a connected sensor network so as to cover

a set of points in Euclidean space. This algorithm, which assumes that r = c, uses at most 7.256 times

the minimum number of sensors needed to cover the given point set.

Grid coverage is another version of the point coverage problem. In this version, Chakrabarty et al. [7],

we are given a two- or three-dimensional grid of points that are to be sensed. Sensor locations are

restricted to these grid points and each grid point is to be covered by at least q, q ≥ 1, sensors (i.e., we

seek q-coverage). For sensing, we have s sensor types available. A sensor of type i costs ci dollars and has

a sensing range ri. At most one sensor may be placed at a grid point. In this version of the point coverage

problem, the sensors do not communicate with one another and are assumed to have a communication

range large enough to reach the base station from any grid position. So, network connectivity is not an

issue. The objective is to find a least-cost sensor deployment that provides q-coverage.

Chakrabarty et al. [7] formulate this q-coverage deployment problem as an integer linear program

(ILP) with O(sn2) variables and O(sn2) equations, where n is the number of grid points. For large n,

Chakrabarty et al. [7] propose a divide-and-conquer “near-optimal” algorithm in which the base case

(small number of points) is solved optimally using the ILP formulation.

3 Integer Linear Programming Formulation

We are given a set of locations to be monitored as well as a set of locations where it is feasible to place

sensors. For simplicity, we model these two sets as a single set and model any differences in the two

sets by ILP (integer linear program) constraints. We assume that at each location we wish to monitor a

predefined subset of quantities such as temperature, sound, levels of different gases, radioactivity and so
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on. Each quantity to be monitored is referred to as a modality. The subset of modalities being monitored

at different locations may be different. Let cover(j, l) be the degree of monitoring coverage required at

location l for modality j. For monitoring, we have available sensors of different types. Each sensor is able

to monitor one or more modalities. Let locations(i, j, l) be the set of locations with the property that if a

sensor of type i is placed at the location then the sensor provides a unit degree of coverage for modality j

at location l. Notice that with this formulation it is possible that a sensor, which is capable of monitoring

modalities a and b, placed at some location may cover another location for modality a but not b (this

may, for example, happen because the sensors range for modality a is different from that for modality

b). Let capacity(i, l) be the number of sensors of type i that may feasibly be placed at location l and let

cost(i) be the cost of 1 sensor of type i. The sensor deployment problem is to determine the number,

xi,z, of sensors of type i to place at each location z so as to achieve the desired degree of coverage, not

violate the capacity constraint at each location, and minimize cost. The problem may be formulated as

the following ILP.

minimize
∑

i

(cost(i)
∑

l

xi,l)

∑

i

∑

z∈location(i,j,l)

xi,z ≥ cover(j, l), ∀j, l

0 ≤ xi,z ≤ capacity(i, l), ∀i, z

The total number of variables (i.e., the xi,zs) in the above ILP is sn, where s is the number of sensor

types and n is the number of locations. The total number of constraints is (s + m)n, where m is the

number of modalities. Additional constraints

∑

z

xi,z ≤ totalType(i), ∀i

and
∑

i

xi,z ≤ totalLocation(z), ∀z

may be added to the above formulation to limit the total number of sensors of each type that may be

deployed as well as the total number of sensors deployed at a particular location.

The above ILP formulation may be used to model the grid coverage problem studiedin [7]. In this

problem, the locations form a
√

n ×√
n grid; the number m of modalities is 1; cover(1, z) = q for each

location z; and totalLocation(z) = 1 for each location z. The formulation becomes

minimize
∑

i

(cost(i)
∑

z

xi,z)

4



∑

i

∑

z∈location(i,1,l)

xi,z ≥ q, ∀l

∑

i

xi,z ≤ 1, ∀z

0 ≤ xi,z ≤ 1 ∀i, z

The grid ILP is a 0-1 ILP with sn variables and (s + 2)n constraints. In contrast, the 0-1 ILP

formulation of [7] has O(qn2) variables and O(qn2) constraints.

4 A Greedy Algorithm

5 Conclusion

We have reviewed some of the recent advances made in the development of algorithms for wireless sensor

networks. This paper has focussed on sensor deployment and coverage, routing (specifically, unicast and

multicast) and sensor fusion. Both centralized and distributed localized algorithms have been considered.
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