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Abstract—We present novel grid coverage strategies for effective surveillance
and target location in distributed sensor networks. We represent the sensor field
as a grid (two or three-dimensional) of points (coordinates) and use the term target
location to refer to the problem of locating a target at a grid point at any instant in
time. We first present an integer linear programming (ILP) solution for minimizing
the cost of sensors for complete coverage of the sensor field. We solve the

ILP model using a representative public-domain solver and present a divide-and-
conquer approach for solving large problem instances. We then use the framework
of identifying codes to determine sensor placement for unique target location. We
provide coding-theoretic bounds on the number of sensors and present methods
for determining their placement in the sensor field. We also show that grid-based
sensor placement for single targets provides asymptotically complete
(unambiguous) location of multiple targets in the grid.

Index Terms—Covering codes, ientiying codns, Integer linear programming,
optimization, senasar donaily, sansor okl

1 INTRODUCTION

DISTRIBUTED networks are essential for effective surveillance in the
digitized battlefield and for environmental monitoring. An
important issue in the design of these networks is the placement
of sensors in the surveillance zone, also described as the sensor
field. In a typical scenario, several different types of sensors are
available which can be appropriately placed in the sensor field.
These sensors differ from each other in their monitoring range,
detection capabilities, and cost. Clearly, sensors that can accurately
detect targets at longer distances have higher cost. However, the
use of these expensive, long-range sensors may be prohibitive in
terms of total placement cost. On the other hand, if only small-
range sensors are used, effective surveillance can only be achieved
with a large number of these sensors. Therefore, efficient sensor
placement strategies are necessary to minimize cost and yet
achieve mandated levels of surveillance accuracy. Fig. 1 shows a
sensor field in which grid points (circles) are at distances of 100m
and two sensors are shown with different costs and range of
coverage.

Another important problem in sensor networks is that of target
location. If the sensor field is represented as a grid (two or three-
dimensional), target location refers to the problem of pinpointing a
target at a grid point at any point in time. For enhanced coverage, a
large number of sensors are typically deployed in the sensor field
and, if the coverage areas of multiple sensors overlap, they may all
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Sensor cost: $200
Detection range: 200m

\
Sensor cost: $150
Detection range: 100m

<——— De¢tection range

100m between grid points

Fig. 1. An examp'e of a two-dimensional sensor field.

report a target/in their respective zonés. The precise location of the
target must then be determined by examining the location of these

can be simplified considerably if the sensors are
a way that every grid point in the sensor field is

ily determined in this fashion from time series data.
arch in distributed sensor networking has largely
ignored the ahove sensor placement issues. Most prior work has
concentrated exclusively on efficient sensor communication [1], [2]
and sensor ion [3], [4] for a given sensor field architecture.
However, as |sensors are used in greater numbers for field
operation, efficient deployment strategies become increasingly
important. Related work on terrain model acquisition for motion
planning has f d on the movement of a robot in an unexplored
“sensor field”| [8]. While knowledge of the terrain is vital for
surveillance, it does not directly solve the sensor placement
problem.

There exists a close resemblance between the sensor placement
problem and the guard placement problem (AGP) addressed by
the art gallery|theorem [9]. The AGP problem can be informally
stated as that |of determining the minimum number of guards
required to cover the interior of an art gallery. (The interior of the
art gallery is represented by a polygon.) Several variants of AGP
have been studied in the literature, including mobile guards,
exterior visibility, and polygons with holes. Our sensor placement
problem differs from AGP in two fundamental ways: 1) The
sensors can have different ranges, unlike in AGP where guards are
assumed to have similar capabilities, and 2) the “identifying”
problem for target location requires more sensors than the
“covering” problem.

The sensor placement problem for target location is also closely
related to the alarm placement problem described in [5]. The latter
refers to the prgblem of placing “alarms” on the nodes of a graph G
such that a single fault in the system (corresponding to a single
faulty node in| G) can be diagnosed. The alarms are therefore
analogous to rs in a sensor field. It was shown in [5] that the
alarm placement problem is NP-complete for arbitrary graphs.
However, we show that, for restricted topologies, e.g., a set of grid
points in a sensor field, a coding theory framework can be used to
efficiently determine sensor placement. The sensor locations
correspond to ¢odewords of an identifying code constructed over
the grid points in the sensor field. Such coding frameworks are
often used in computing systems, e.g., for error control [6], and,
more recently, for resource placement in multicomputers [7].
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We are interésted in the following sensor placement problems: .C
1) Given a surveillance region (grid points) and sensors of different
types (with different ranges and costs), determine the placement
and type of sensors in the sensor field such that the desired Let cov*((i1,j1,k1), (2, 52, k2)) be a (derived) binary variable
coverage is achjeved and cost is minimized; 2) how should the defined as follows:
sensors be placed at grid points such that every grid point is
covered by a unique subset of these sensors.
We first formulate the sensor placement problem in terms of
cost minimizatidn under coverage constraints. We then develop an
integer programming (ILP) model to solve the sensor deployment
problem. This allows us to leverage efficient ILP solvers for
combinatorial optimization problems. We carry out a case study
for sensor deployment using a representative ILP solver available
in the public domain [11]. We also present a divide-and-conquer
approach for solving large problem instances. Finally, we use the
theoretical framework of identifying codes [12] to determine the
best placement of sensors such that the grid point for a target can
be uniquely ideiﬁﬁed. ' '




