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Abstract

Wireless sensor networks will be widely deployed in the future for monitoring important environmental conditions, security, and health
care. One of the most important challenges in the implementation of such networks is minimizing energy dissipation. Given that many
of the energy optimization problems defined for sensor networks are very hard, heuristics are commonly employed. Evaluating the
effectiveness of these heuristics, i.e., how close do they come to the optimal solutions, is a challenge. While algorithms that give optimal
solutions cannot be on-line (since they are expensive), if they are used off-line, they can provide invaluable insight to improve existing
heuristics and to derive new ones. In this paper, we present an integer linear programming (ILP)-based tool that can be used to evaluate
optimal solutions for communication energy optimization in sensor networks under specific constraints. This tool, which is based on the
required sensing and communication schedules, determines optimal sensor movement and communication strategies to minimize energy
consumption due to inter-sensor communication. The tool can also accommodate several constraints related to movement capabilities of
sensor nodes, their battery capacities, and their communication ranges since all these can be expressed in a linear form. In addition, it can
also work with objective functions other than minimizing communication energy. Our experience with the tool indicates that it is very
useful for studying different scenarios under which an objective function needs to be optimized.
© 2004 Published by Elsevier Inc.

1. Introduction and motivation

Continued technology improvements have made it
possible for sensors to be deployed in various applications
ranging from large military to simple home security ap-
plications [2,3,23,28,29,33,37]. Many of the applications
employ several wireless sensors, which are collectively re-
ferred to asdistributed sensor networks, that coordinate and
communicate with each other in sensing and detecting events
of importance. There are several key issues that need to be
addressed to enable cost-effective, robust, and long-lived
wireless sensor networks. These include optimal method-
ologies for sensor placement/movement, fault-tolerant sig-
nal integration, sensor information fusion, and inter-sensor
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communication. Major constraints influencing the design
decisions in addressing these issues include the size and
weight of the sensors, their energy-capacities, the communi-
cation bandwidth and channel conditions, and the cost of the
sensors.

Energy optimization is an important goal to improve the
longevity of the distributed sensor network. Due to con-
straints on physical size/weight, the energy capacity of the
battery in sensor nodes is typically limited. Hence, energy
optimization can either increase the lifetime of the node or
enable more powerful operations at a sensor node. In order
to tackle the limited battery capacities, many sensors scav-
enge energy from the external environment in addition to
using batteries. However, the amount of power that can be
harnessed this way is very limited (typically, in the range
of 100�W). Therefore, energy optimizations are important
even in such environments where energy scavenging is
possible.

The sources of energy consumption in a sensor network
are due to the computations at the individual nodes, the
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communications across the different nodes, and the energy
expended when nodes are idling but active (awake). In ad-
dition to these sources, in a mobile sensor, energy is also
expended due to locomotion when moving the sensor from
one location to another. There have been several efforts fo-
cused on reducing the energy consumed due to the vari-
ous sources. However, given that many of the optimization
problems are difficult, heuristics are commonly employed.
A main problem is in evaluating the effectiveness of these
heuristics, i.e., how much more can these solutions be im-
proved upon. This problem can be addressed by develop-
ing formal methods and mathematical frameworks that pro-
vide optimal solutions against which these heuristics can be
compared.

In this paper, we present aninteger linear programming
(ILP)-based tool that can be used to evaluate optimal so-
lutions for energy optimization under specific constraints.
This tool takes as input the initial placement of a network
of sensors based on a two-dimensional grid topology. The
tool, which is based on the required sensing and commu-
nication schedules, determines an optimal movement and
communication strategy to minimize energy consumption
during inter-sensor communication. The user can also spec-
ify constraints such as sensor movement capability, battery
capacity and communication range, and specify respective
costs for movement and communication. This tool is useful
in exploring various scenarios of interest that include (but
not limited to):
• determining the optimal sensor movements and commu-

nications to minimize weighted energy consumption (de-
fined later) under a given communication schedule,

• determining the optimal sensor movements and commu-
nications to improve network survivability under battery
constraints, and

• determining the type of sensors to deploy based on their
relative costs under a given budget and communica-
tion/sensing requirements.
The rest of this paper is organized as follows. Section2

describes the sensor environment, specifying the underlying
assumptions and their modeling using the ILP formulations.
Section3 illustrates the flexibility of this tool in modeling
various constraints and scenarios. Section4 shows how new
objective functions for optimization can be incorporated in
the tool. Section5 discusses related work. Finally, conclu-
sions are provided in Section6.

2. Modeling the sensor network

2.1. Basic problem and assumptions

We assume that the sensor nodes can be placed within an
N1×N2 two-dimensional grid.1 Note that while some grid

1 Our ILP-based tool can also work with three-dimensional grids; how-
ever, in this paper, our focus is on two-dimensional grids.

locations have sensors placed on them, some of them are
empty; that is, in general, the total number of sensor nodes
is less thanN1 × N2. In this paper, we denote grid loca-
tions usingpi,j , where 0� i�N1 − 1 and 0�j �N2 − 1.
Each grid location can have at most one sensor node. Fig.1
shows an example two-dimensional grid(10× 10) with 28
sensor nodes in it. We assume that a communication sched-
ule is given and hasM entries. Each entry in this schedule
is a pair of sensor nodes that need to communicate (i.e., one
of them is the sender and the other is the receiver). For a
given entry in the communication schedule, the sender node
is called the source and the receiver node as the sink. We
also assume that we are given two tables: (1) one that gives
the energy spent when a sensor node at a given grid location
communicates with a sensor in some other grid location, and
(2) one that gives the energy expended when a sensor moves
from one grid location to another. Therefore, in theory, our
framework can operate with any communication/movement
energy model (as long as table entries are filled appropri-
ately). In our examples, unless stated otherwise, the move-
ment/communication energy frompi,j to pk,l is modeled
asabs(i − k) + abs(j − l) units, whereabs is the absolute
value function. Consequently, for a 4× 4 grid, with this
linear model, the movement energy can be captured as a ta-
ble as shown in Table1. A similar table can be created for
the communication energy modeled as a function of the dis-
tances between the communicating nodes. The presence of
two different tables provides flexibility in adopting different
weights for communication and movement energies. As this
tool is intended as an experimental tool, we also provide two
parameters (� and�) to quickly change and experiment with
different relative weights for communication and movement
energies. These parameters reduce the effort to completely
populate the tables when new energy cost functions are to
be employed.

Unless stated otherwise, the objective function optimized
by our tool is minimizing the weighted energy consumption,
i.e., sum of the weighted communication and movement en-
ergies consumed by all sensor nodes. In our context, mo-
bile sensors move to reduce the subsequent communication
energy. In other words, to satisfy a given communication
schedule, the sensors first move to optimal grid locations
and then communicate. Consequently, we can define our
basic energy optimization problem as one ofdetermining
optimal movements for sensors to satisfy a given communi-
cation schedule such that the weighted energy consumption
is minimized.As will be discussed later in detail, our tool
is also capable of solving this problem under multiple (and
potentially complex) constraints. Such additions to the basic
energy optimization problem are detailed in Section3.

In the rest of this paper, we show how our tool formulates
the basic problem and additional constraints using ILP. A
mathematical programming problem is one in which there
is a particular function to be maximized or minimized sub-
ject to several constraints. For instance, a typical mathemat-
ical programming problem, can be formulated as “minimize
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