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Location-Dependent Queries in
Mobile Contexts: Distributed Processing

Using Mobile Agents

Sergio llarri, Eduardo Mena, and Arantza lllarramendi

Abstract—With the current advances of mobile compuling lechnology, we are wilhessing an explosion in the development of
applications thal provide mobile users with & wide range of services. In this paper, we present a system thal suppons distribubed

processing of conlinuous location-dependent queries in mobile environments. The system thal we propose presents the Tollawing main
advantages: 1) il is a general solulion for e processing ol locaion-gependent queries in scenarios where nal only the users Esuing
queries, bul also other inkeresting objects can move; 2) il perfomes an efficient processing of Bese quenes in & continuous way, 3) il i
especially well adapled 1o environmenls where location data are distribuled in a network and processing lasks can be perormed in
paralled, allowing a high scatability; and 4) il oplimices wireless communications. We use mobile agents 1o carry the processing Lasks
wherever they are needed. Thus, agenls ane in changs of racking the location of inberesting moving objecls and refreshing the answer
bo @ query elficiently. We evaluale the useluness of the presented proposal showing thal the syslem achieves a good precision and

siakes up well.

Index Terms—Distibuled processing of continuous location queries, iracking moving objects, mobile agents.

1 INTRODUCTION

HE continuous development and improvement of wire-

less netwaorks and mobile compulting devices, logether
wilth their challenging limitations, has motivated an intense
rescarch efforl in mobile dala services, according o
Strategis Group, there will be one billion wireless =.uh-
scribers worldwide on 3G networks by the year 2010
While most of these services are the counterpart of those
available in desklop compulters, there exist other applica-
tions that exploit the dynamic features of the mobile
environmenl o provide the user with conlext-aware
information. Specifically, perspectives are thal the loca-
tion-based services economy will reach $100 billion by 2008
[34]. In this paper, we focus on conlinuous location-
dependent queries, which are still a subject of research
mainly due o the lack of a general archilecture thal is well
adapted W process them efficiently. A sample location-
dependent query is “show me the available taxi cabs within
three miles of my current location,” which could be very
useful, for example, for a user looking for an available taxi
cab while walking home in a rainy day. In the following, we
introduce the features considered by our approach, first for
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the location-dependent queries and next for the gquery
processing. We finish this section with a summary of the
contributions of our proposal.

1.1 Location Queries: Supported Fealures

In the following, we present the three main features of the
location queries processed by our system:

& The queries are treated as conlinuous queries since the
sel of objects thal satisfy the conditions specified in a
location-dependent query can change very quickly
due o the mobility of the involved objects (ils
answer de 5 on the location of such moving
objects). Por example, if a user asks aboul the nearest
hotel while driving through the downlown of a large
city, the expiry time [35] of the returned answer
could be very short because with small displace-
menks of the car a different hotel could be the
nearesl. Thus, the answer o conlinuous queries
must be updated continuously at a certaim refresh-
menl frequency (e.g., updale the answer every
5 seconds) unlil they are cancelled by the wser, as
opposite W the traditional instantaneous queries for
which only a single answer is oblained. Moreover,
we adopl a different approach from those who
propose updating the answer as soon as a change is
detected; the cost of those approaches 5 unbounded
as the answer could be changing continually!

# The answer o a location query can depend on the
Incation of any object in the scenario. This kind of
location queries are called moving gqueries in the
literature |6] because the geographic areas they are
interested in change with the movements of the
objects referenced by such queries. By contrast, most
commercial solutions only allow queries aboul static
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objects (eg.. reslaurants, gas slalions) around the
current location of the user that posed such queries.

& The wser could be inlerested nol only in the set of
objects that satisfy the constraints in the query (as
they do, for example, in [6], |24]), bul also in their
current gengraphic location (for instance, o locate
such objects on a map). Therefore, the query
processing approach must aim at providing loca-
tion-zunere answers, which also advises the refresh-
ment of the answer with a certain frequency.

1.2 Location Query Processing: Challenges and
How to Face Them

Location query processing lechniques should meet the

following two features: 1) o be suitable for a distributed

environment and 2) o refresh the answer o oontinwous

queries efficiently. We explain these goals in the following.

1.2.1 Distribited Query Processing
While the inherent distribution of the moving objects
themselves sugpests a distribuled approach for the query
processing, many existing works reduce the problem Lo a
centralized query processing 28], [41], [42]. In our opinion,
for scalability, performance, and feasibility reasons, it is not
convenient o assume that there exislts a centralized
compuler which is aware of the locations of all the moving
objects of interest in the scenario (there could be millions of
mowving objects spread oul over a very large geopgraphic
area). While other works such as MobiEyes [6] distribule the
query processing, they suffer several disadvantages. For
example, their approach can overlnad user devices and
increase their wireless communications efforts, as they rely
on certain availability of processing and memory capabil-
ities of the user devices in order o process queries on them.

As opposed Lo these proposals, we advocale a distrib-
uted approach where a sel of fixed compulers, called
proxies, manage the location information of moving objects
within a certain geographic area, which we call proxy area.
For example, in a cellular network [26], a proxy area is
obtained as the union of the coverage areas of one or more
base stations. Al each proxy, a Data Management System
(DMS5) module is in charge of storing and providing
location data aboul moving objects wilhin thal proxy area.
We would like W stress that we are ot concernsd abouwt
the problem of how a DMS is aware of the location of
moving objects; for example, it could receive location
updates from GPS-equipped moving objects (that data can
be efficiently stored in a DOMINCO database [41] or
processed on the fly [2]), or it could explicitly locate the
moving objects when needed.

Thus, a query processing approach distributed among
proxies provides important added benefils:

e  Lser demices are nol overioaded and wireless communicg-
tions with them are not incregsed as the query
processing 5 performed on wired compulers.

e The performance of the guery processing is increased.
Thus, queries concerning different geographic areas
(e.g., queries aboul taxi cabs around the (PHare and
Midway airports in Chicago) are processed in
parallel as they do not interfere each other.
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o  The addilion of new proxies and /or redefinilion of their
COVErage areas o support more users,/objects and /
or balance the system load can be done Iransparenily.

¢ The service availability can be excsily enhanced, as the
replication of data and functionalities is also easy o
achieve with a distributed architecture.

1.2.2 Efficient Refreshment of the Answer
It is not possible o provide a completely precise snapshot of
the locations of moving objects, due o two reasons: 1) the
locations of all the moving objects cannot be measured and
oblained at exactly the same lime instant and 2) any existing
positioning method incurs some error. However, by
considering a query whose answer is continuously updated,
we gel a snapshol of the scenario good enough to show how
it evolves over Lime

Special difficulties arise from the need of keeping the
answer o continuous queries up W date while oplimizing
the wireless communications. If we consider a continuouws
query as just a sequence of instantaneous queries that are
perindically evaluated, we will probably not be able o
refresh the answer with the required frequency, due to the
involved remote data access delays and initializalion over-
head. To process conlinuows queries efficiently, we propose
a dynamic tracking architecture that adapts isell o the
movemenis of the relevant objects. For thal task, we advocale
the use of mobile agents o track the inleresting moving
objects and oplimize the wireless communications. Mobile
agents can move o remole compulers Lo achieve their goals,
avoiding the need of installing specialized server processes
on every machine o provide remole access. Besides, mobile
agents ease the addition of new services once the system is
working: New agenls with new functionalities can travel Lo
the wser device or proxies withoul reinstalling anything
there. Mobile agents are very convenient for this context” not
only from a design and implementation point of view (they
“implement” a distributed query processing approach
easily), bul they also exhibil a good performance 23], [33].

1.3 Summary of Our Proposal and Main
Contributions

We present in this article a flexible, extensible, and scalable
distributed architecture based on mobile agenls for the
conlinuous processing of location-dependent queries. As far
as we know, no olther work proposes a complelely decentralized
solution for continuous moving queries withowt overioading user
wireless devices. Furthermore, as opposed o other proposals,
we aim for providing location-amare answers instead of just
compuling the set of objects thal satisfy certain conditions.
The use of mobile agenls brings many benefils in this
context. Last but not least, our solution does not make any
assumplion regarding: 1) The precision of the location dala,
that can be oblained using differenl positioning methods
with different precision [9], whether they are (GP5-based or
network-based, 2) the way thal this location information is
managed (e.g., stored in dalabases, estimaled using
predefined brajectories, or pulled on demand from the

2. The study of the serarity implications s out of the scope of this paper.
We refer inberesied readers 1o [349).
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SELECT  policellninsd, polseCar sl
FROM  policelinn policedar
WHEEE

AND polivelarid < = "polsaCary

Fig. 1. Sample query.

mowving objects themselves), and 3) the sel of proxies that
manage and provide these data. (ur system works for any
number of data sources and even when these sources, and
the way thal the dala are distribuled among them, change
dynamically.

In our proposal, the information presented Lo the user is as
recent as possible, which makes our system suilable for both
online (see [40] for an example) and offline analysis (see [43])
of location data. Howewer, in this work, we focus on online
query processing, as il is the most demanding scenario.

In the rest of the paper, we describe and validate our
query processing approach, whose basic archilecture was
presented in [10]. In Section 2, we describe the types of
location-dependent queries thal we consider. We explain in
Section 3 our query processing approach and how the
syslem tracks the objects relevant o a query. In Section 4,
we evaluate the performance of our approach, namely, ils
precision and scalability. In Section 5, we describe some
related work, and finally conclusions and fulure work are
included in Section &

2 LocAnion-DeEPENDENT QUERIES

In this section, we present, using an S0)L-like synlax, the
kind of location queries thal our system processes. We
wolld like to mention that the definition of a new language
i5 probably nol necessary as we could adapl some of the
existing query languages for moving objects proposed in
the literature (such as |8]). In the wsed syntax, location
queries have the lollowing structure:

SELECT  projections

FROM  sel-of-objects
WHEEE Roolegan-condilions

where projections is the list of allributes thal we wanl Lo
retrieve from the selected objects, sef-of-objects is a list of
object classes that identify the objects interesting to the
query, and Boolsen-conditions is a Boolean expression that
selects objects from those included in sel-of-objecls by
restricting their attribube values or demanding the satisfac-
tion of certain location-dependent constraints (explained later).
For example, the query in Fig. 1 asks for police unils (ie.,
police stations, policemen, and police cars according o the
class hierarchy that we consider in our prototype) thal are
wilthin (.56 miles around car3d (a stolen car), and the police
cars within 042 miles around police{arb (the current chaser
police car).

For each location-dependent constraint of a query, the
following definilions are managed:

irATE S mdes, CCoc 3R parhsLinin ANTY msadert 42 eailes, “pohicelars ", pociseCar)

e  Reference object: the object that is the reference of the
constraint. In the sample query, there exist wo
reference objects: cardd for the constrainl irnside(l).56
miles, “car38’, policelinil), and policeCarh for the
constraint imsda((.42 miles, "policeCar’, podiceCar).

e Target class: the class of objects thal are the largel of
the constraint. In the sample query, there exist two
targel classes: policellnit for the constraint in-
side(0.56 miles, ‘card®’, policelinit), and policeCar for
the constraint inside((.42 miles, “policeCary’, policeCar).
The instances of a target class are called targef objects.

¢ Relevanl objecls: the reference and largel objects
involved in the oonstraink In the first constraint of
the sample query, the relevant objects are car38 and
the police unils, while in the second constraint they
are policeCCarb and the rest of police cars.

The main location-dependent constraints defined in our

syslem are:

&  Inside(r, ref-obj, target-ciass). I filters oul the instances
of fargel-class that are nol inside a circular area of
radius r around ref-oby, returning true otherwise.

o Oulside(r, refobj, largel-cless). The complementlary
constraint of “inside.”

& Nearestin, ref-obj, larget-class). It hlters oul the
instances of targefcless that are nol among the n
nearest o ref-obj, retumning true otherwise.

o Furthestin, ref-obj, largel-cigss). It filters out the
instances of targef-cless that are nol among the n
furthest o ref-odj, relurning true otherwise.

Besides, we define the function Dislance(ref-obj, targef-
abj), which obtains the distance between ref-obj and targel-
obj, and can be used in the FROM dause.

As shown in Table 1, most of these constraints can be
expressed in terms of an imside constraint, 50 in the rest of
the paper we will focus on the processing of inside
constraints. In the table, we assume that there s a
maximum radius ¢ that delimils the area of inleresting
objects® and ROWNUM < n is an expression (borrowed
from Oracle 50 syntax) that delimits the size of the cutpul.
Of course, some oplimizations are possible during the
processing of these constraints. For example, an oulside
constraint does nol need o be implemented as two irside
constraints: instead, the system can retrieve the objects in
the difference set with just one query. Constrainis such as
nearest | M) have been extensively studied in a centralized

conlext, although these works focus on returning the objects
in the answer, not also their current locations as we do.

3. In practsce, it makes no serse b query about all the objerts in the
world, 50 ' determines the maxsmum geographic anes of inderesl.



