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Abstract—Energy efficiency is one of the mos! eriical issues in the design of wirsless sensor networks. Observing that mary sensor
applications Jor object tracking can lolerate a certain degree ol imprecision in he location data of tracked objects, this paper studies
precision-consirained approximale guenes thal rade answer precision Tor ensrgy elficiency. We develop an Enengy-conserving
Appraximale StoragE [EASE) scherme bo efficiently answer approximale location guenes by keeping error-bounded imprecise locaion
dala al some designaled slorage node. The dala impreciseness is caplured by a sysiem parameter called the appvoximalion radus.
We derive the oplimal setling of the approximation radies Tor our slorage scheme based on the mobility paltern and devise an adaplive
algorithm bo adjest the selting when the mobility patiem i nol available a priod of is dynamically changing. Simulation expermenls are
conducied bo validate our theorelical analysis of the oplimal approximation sefling. The simutation results show hal the proposed
EASE scheme reduces the network trallic from & convenional approach by up 1o 96 percent and, in mos! cases, prolongs Be network

liletrmne by a facikor of 2-5.

Index Terms—Energy efliciency, dala dissemination, dala storage, localion guery, wirchess sensor nebwork.

1 INTRODUCTION

winG Lo the rapid advances in sensing and wireless

communication technologies, wireless sensor networks
have emerged as a promising solution for a wide range of
civil and military applications. In this paper, we consider
object-tracking sensor networks, one of the most important
classes of sensor networks. Example applications of object
tracking include wildlife animal moniloring in remole areas
and intrusion detection on military sites. Users in these
applications are interested in locetion queries, which return
the locations of tracked moving objects.

A sensor nelwork is Lypically composed of a large
number of tiny sensor nodes equipped with data proces-
sing, sensing, and communication capabilities. The sensor
nodes usually operale in an unatlended manner and are
battery powered. However, replacing the battery is nol only
costly but also impossible in many situations (for example,
in a hard-lo-reach area). Thus, energy efficiency is a critical
consideration in the design of large-scale sensor networks.
There has been significant research on energy-conserving
object-tracking sensor networks (for example, [9], [10], [35]).
Most of these studies aimed at reducing the number of
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sensor nodes activated for tracking an object and/for
reducing the location update traffic in providing eccurale
answers o localion -quu:i'ia';..J

Imprecision is an inherent property of object-tracking
sensor networks. State-of-the-art location positioning tech-
nologies such as (GFS and triangulation are nolt error-free.
Moreover, many applications are willing b lolerale a
certain degree of imprecision or error in the data due o
gither the application nature or the high resource con-
straints in sensor networks. As such, here, we lake a
different approach o improve energy efficiency by exploil-
ing the trade-off between data quality and energy con-
servation. Instead of always feeding the mosl accurale
answers o location queries, we investigate the problem of
providing precision-constrained approximate locations
based on user tolerances. In our model, an approximate
localion guery s specified by an object identifier and a
precision constraint The sensor network responds with a
location bounded by the required precision.

Inspired by [11] and [23], we develop an Energy-
conserving Approximate StoragE (EASE) scheme o effi-
ciently answer approximale location queries. Whereas minst
prior work assumed centralized/designated storage for
data collection and query answering [9], [17], [32] EASE
innovatively maintains two versions of object location dala
in the network. High-precision data are kepl al some local
storzge mode close o a moving object in order Lo reduce long-
distance traffic resulting from remote updales. Meanwhile,
the same data with a lower precision are replicated at some

designaled storage node thal is known lo uwsers in order Lo
reduce the query traffic. In the EASE scheme, the imprect-

sion of location data al the designated storage node is

1. The is achirwed by best offon sinee the: ohjoct bncation cannot
be 100 peroent accurate due o network delay, disorete samipling, irstances,
o
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bounded by an approximation radius, which specifies a
geographical area in which the low-precision localion data
are considered valid. In other words, a location update due
lp object movement will not be sent W the designated
storage node if the object remains within the approximation
radius. Correspondingly, a query is answered by the
designated storage node if ils precision constraint is weaker
than whal is specified by the approximalion radius.
Otherwise, the query is forwarded to the local storage node
for resolution. As swuch, the EASE scheme altempls Lo
oplimize the network performance (in lerms of reducing
network: traffic and energy consumption) by balancing the
update traffic and query traffic. This is achieved by
properly setling the approximation radius. We denive the

optimal setting of the approximation radius based on the
mobility pattern and also devise an adaptive algorithm o

adjust the setting on the fly when the mobility pattern is
unknown or 5 dynamically changing. We show wia
simulation experiments that the EASE scheme, working
together with the proposed methods for setting the
approximation radius, reduces the network traffic by up
o 9 percent from a conventional approach and, in most
cases, prodongs the network lifetime by a factor of 2-5.

We summarize the contributions made in this study as
Fool lovwwrs:

& To the best of our knowledge, this is the first study
on data dissemination in object-tracking sensor
networks that attempts o address the issue of
energy efficiency by exploiling the trade-off between
dalta quality and energy conservation

e An energy-elficient slorage scheme, called EASE, is
proposed o efficiently answer precision-constrained
approximate location queries.

e The selting of the proposed storage scheme is
analyzed and optimized through a theoretical study.
The theorelical analysis is validated by simulation
experiments.

e An adaplive algorithm is proposed o adjust the
setting of the approximation radios for unknown/
dynamic workloads.

& An extensive performance evalualion 5 conduocted
to evaluate the performance of the proposed EASE
scheme and the methods for setling the approxima-
tion radiws.

The rest of this paper is organized as follows: Section 2
reviews related worke The system model is described in
Section 3. Section 4 presents the proposed EASE scheme in
detail. We analyze the performance of EASE and investigate
the selling of the approximation radius in Seclion 5.
Section & presenits the resulls of the performance evaluation.
Finally, Section 7 concludes the paper.

2 RELATED WORK

2.1 Object-Tracking Sensor Nelworks

There are two research directions for improving the lifetime
of an object-tracking sensor network. One is to red uce energy
consumplion in thesensing component (forexamaple, | 18] and
[35]). The basic idea s to activate only the essenlial sensor
nodes needed o track the moving objects while leaving the
other nodes in a power-saving mode. In [31] and [33], the

sensor nodes are organized into a cluster-based archilecture
such that a cluster head calculates object localions based on
signal readings from its slave nodes. Based on these studies,
we assume thatl object locations can be oblained by cluster
heads and only focus our lask on where and how Lo store the
location data in support of energy-efficient approximate
location queries.

The other direction, aligned with ours, is o improve
energy efficiency by reducing network tralfic in disseminal-
ing location updates. Nevertheless, the focuses of the prior
studies are different from ours. Goel and Imielinski [9)
proposed a prediction-based approach. A base slation
collects sensor readings and periodically generates predic-
tioms o be sent back o the sensor nodes. A sensor node
reports a location update only when its reading differs from
the predicted one. Xu et al. [32] suggested a dual-prediction
scheme where a fixed prediction model is deployed al both
the base station and the sensor nodes. These studies
complement our work in thal prediction can be incorporated
intoour EASE scheme Lo further red uce remole update traffic.
Kung and Viah [17] investigated continuous location queries
and proposed a publish-and-subscribe tracking method. In
contrast, we leverage error lolerances o improve network
performance for one-shot location queries. Although there
has been research on the trade-off between energy conserva-
tion and tracking quality (for example, [10], [24]), the trade-off
has nol been investigated in the dissemination of location
data, which is the opic of this paper.

Our work also bears some similarity to location manage-
ment for mobile networks [4]. As the purpose of location
management is o locale roaming users for call delivery,
locations are managed at a fixed granularity (that is, cell). In
contrast, our architecture i capable of adaptively storing
location data at different degrees of accuracy o improve the

efficiency of query processing.
2.2 Data Storage and Query Processing

A simple storage model is o have a centralized base station

collect and store the sensed data. This approach is good for
aggregate data collection (for example, sum, average,

maximum, and median) [21], [28], where excessive sensed
data can be pruned during aggregation along the routing
path, and only short summaries are maintained at the base
station. However, this is nol efficient for nonaggregale dala
collection (for example, the location queries considered in
this paper). The base station and the sensor nodes around it

can easily become holspols, which would shorten the
network lifetime.

Eecenlly, in-network storage has been advocaled in many
research projects. In the TinyDB project, Madden et al. [20]
presented the pull-based acquisitional query processing
(ACOF), where the sensor nodes control where, when, and
how often dala are acquired and delivered o query operators.
The Cougar project [7] employed a hybrid pull-push model,
in whichsensed data are pushed o some selected view nodes,
from where the data are pulled o answer queries. Ralnasamy
et al. [26] proposed an in-network data-centric storage (ID(C5)
model: sensed dala are pushed W the sensor node nearest Lo
some geographical location hashed from a predefined key.
Zhang et al. |36 suggested storing sensed data locally. A
centric ring-based index was proposed o facililate query
processing. More recently, Lu et al. [19] proposed a
spatintemporal query service called MobiQuery o allow
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mobile users W query their surrounding areas through a
sensor network. Jiang and Jin | 14] developed robust aggrega-
tion lechniques for extracting statistical information from
sensor networks. Unfortunately, none of these prior studies
have examined the ability of approximale data slorage Lo
improve energy efficiency.

23 Approximale Query Processing
Early work on approximale query processing focused on
a wired network [23] Han et al |11] conducted a
pioneering study on answering approximale gqueries in
sensor networks. They developed an efficient data
collection protocol o fulfill the application-specified dalta
quality while minimizing the energy consumplion of
sensor nodes. However, the solutions developed in [11)
are nol applicable o object-tracking applications. This is
because they considered only a simple single-hop system
where cach semsor node communicates with the server
directly, and each targel phenomenon is always captured
by a fixed semsor. In contrast, we consider a dynamic
sensing scenario where the location of a moving object is
acquired by different nodes at dilferent times; thus, a
cooperative location updating protocol is needed. More-
over, we consider a multihop sensor network. As a resull,
the cost of location updales/queries also varies according
o the locations of moving objects. These differences make
our system modeling and performance analysis comple-
lely different from those in [11).

Precision-constrained queries [6], [27], |30] have also
been studied for in-network data aggregation, which has a

different focus from object-tracking sensor networks. Com-
pressing historical sensor readings for transmission also

saves energy 5] Howewver, iL is applicable o guerying
historical data only. In contrast, we consider applications
that are inlerested in querying the current locations of

mowving objects.
2.4 Data Routing

A sensor nebwork is typically connected by wireless links in
an ad hoc manner. To relay data in a sensor network, many
rouling algorithms have been proposed lo address energy
efficiency, scalability, and reliability issues. They can be
classified into three categories: data-centric, hierarchical, and
location-based roufings |3]. In data-centric routing (for exam-
ple, directed diffusion [13]), the sink floods the query o a
certain region of interest, and the sources re data to the
sink through the route established based on the named query.
Due to the high costof looding, such a protocol is suitable for
long-lived queries only. Hierarchical protocols (for example,
LEACH | 12]) group the sensor nodes into clusters such that a
cluster head performs data aggrepation/ fusion and commu-
nicates with other heads on behalfl of the nodes within ils
cluster. Location-based protocols (for example, greedy
perimeter slateless routing (GPSE) [15]) make wse of
geographical position information Lo lransport data.

3 SvysTEM MODEL

We consider a sensor nelwork consisting of a large number of
stationary sensor nodes deployed in some operational area.
Each sensor node is aware of its own location, through GPS

for example. We assume that the nodes organize themselves
into clusters and that every clusler has a cluster head. A
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cluster head is more powerful than an ordinary sensor node.
It is equipped with some local storage Wo store data and is also
capable of communicating with other cluster heads o
exchange data. The sensor nodes in a cluster can work
logether Lo recognize and track the objects in their vicinily; for
example, a cluster head can triangulate object locations based
on signal readings from ils slave nodes [31], [29], [33] The
object locations are sampled al a fixed sampling rate. We also
assume thal each moving object being tracked has a unique
identifier. Since this paper aims al energy-efficiently storing
and disseminating object location data in support of
approximate location queries, we shall focus on reducing
communicalion among cluster heads. Unless explicitly
specified, a sensor node refers o a cluster head in the rest of
this paper.

Approximate location queries. The sensor nelwork
under consideralion supporls a large number of wsers
making one-shol queries for the locations of moving objects.
The queries can be made via a sensor node (known as the
guerying node) from anywhere in the network. Each
approximale location query is specified by a tuple
< et s, p =, where object 1d 15 the identifier of the
larget object, anu:lgni.ﬂ.l]wnrrnr in object location that the
query can lolerate

Local storage (L5) and centralized slorage (C5). Inlui-
tively, the object location data can be stored at 1) the sensor
node that detected the object or 2) a centric storage node,
which could be cither a centralized base station or a sensor
node determined by the OS5 scheme [26] (see Fig. Iazn]n.'1L [
the location data are stored locally at the detecting node
(known as L5), a query thal wanls o find the location of
some object has o be floodad over the whole network. Thus,
the query cosl is high. In contrast, if the (5 scheme is
adopted in the system, any location update of a moving
object should be sent to the centric storage node. This
results in high update traffic. In the next section, we
propose a hybrid in-network slorage scheme that achieves a
good balance between the query cost and the update onst
for approximalte localion queries. Withoul loss of generalily,
we shall assume for the rest of this paper that the DCS
scheme [26] is employed for C5.

4 EASE: ENERGY-CONSERVING APPROXIMATE
STORAGE

This section proposes the new EASE scheme that takes
advantage of the error lolerances of queries. We first give an
overview of EASE in Section 4.1. Section 4.2 describes the
location updating protocol for working with EASE. Finally,
we discuss how EASE handles node failures and message
losses i Section 4.3,

4.1 Owverview

The EASE scheme altempls to cul down the updale traffic
by maintaining two versions of the location data for each
object: an accurale version al a local storage node and an

2. For simplicity, we assume in this paper that # is the crmor loleranoe m
addstion & the onaveedable system coror such as the inaccuracy of the
positicning, ichnique. Tn practioe, p can be determined by the oser's ermor
toderanor menas the maximum sysiem GIror.

3. In IXCS, the cenbric storape node of an obpect & delermened by applyving
a predefmed hash funchon i the object identifier.



