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Abstract

Rapid, sustained advances in key computing technologies
combine to enable a new class of computing services that
aim to meet needs of mobile users. These ubiquitous and in-
telligent services adapt to each user’s particular preferences
and current circumstances—they are personalized. The ser-
vices exploit data available from multiple sources, including
data on past interactions with the users, data accessible via
the Internet, and data obtained from sensors. The user’s ge-
ographical location is particularly central to these services.
We outline some of the research challenges that aim to meet
the data representation and indexing needs of such services.

1. Introduction

Several trends in hardware technologies combine to provide
the enabling foundation for m-services. These trends in-
clude continued advances in miniaturization of electronics
technologies, display devices, and wireless communications.
Other trends are the improved performance of general com-
puting technologies and the general improvement in the per-
formance/price ratio of electronics hardware. Perhaps most
importantly, positioning technologies are becoming increas-
ingly available and accurate.

It is expected that the coming years will witness very
large quantities of wirelessly Internet-worked objects that
are location-enabled and capable of movement to varying
degrees. Some predict that each of us will soon have
approximately 100 on-line objects. Example objects in-
clude consumers using WAP-enabled mobile-phone termi-
nals and personal digital assistants, tourists carrying on-line
and position-aware “cameras” and “wrist watches,” vehicles
with computing and navigation equipment, etc.

These developments pave the way to a range of quali-
tatively new types of Internet-based services. These types
of services—which either make little sense or are of lim-
ited interest in the traditional context of fixed-location,
PC- or workstation-based computing—include the follow-
ing: traffic coordination, management, and way-finding,
location-aware advertising, integrated information services,
e.g., tourist services, safety-related services, and location-
based games that merge virtual and physical spaces.

The area of location-based games offers good examples
of services where there is a need to track the positions of the
mobile users. In the recently released BotFighters game, by
the Swedish company It’s Alive, players get points for find-
ing and “shooting” other players via their mobile phones (us-
ing SMS messages or WAP). Only players close by can be
shot. To enable the game, players can request the positions
of other nearby players. In such mixed-reality games, the
real physical world becomes the backdrop of the game, in-
stead of the world created on the limited displays of wireless
devices. These games are expected to generate very large
revenues in the years to come.

A single, generic scenario may be envisioned for
location-enabled m-services: Moving service users disclose
their positional information (position, speed, velocity, etc.)
to services, which in turn use this and other information to
provide specific functionality.

Each service maintains a log of the requests received and
integrates this with other customer data. This data is used for
analyzing the user interaction with the service and for mass-
customization of the service, so that each user receives a ser-
vice customized to the user’s specific preferences and needs
and current situation. In addition, the accumulated data is
used for delayed modification of the services provided, and
for longer-term strategic decision making.

The integration of location information into this scenario
has received scant attention and offers fundamental chal-
lenges. One common theme is that of extending techniques
that work well for static data to support dynamic, continu-
ously evolving data. Another common theme is to extend
techniques, which have previously been subjected only to
“simple” data, to support more complex types of data and
queries. We proceed to describe some challenges that re-
late to data representation and indexing. These are but a few
of the many challenges posed by the developments outlined
above (see also, e.g., [8]).

2. Data Representation

Integrated Representations In order to reuse data across
m-services, an integrated representation, or data model, of
all relevant geo-referenced content must be developed. Such
a data model will promote reuse of content and lower-level



services when new services are developed. This may lead
to more rapid development of services as well as to higher-
quality services, both of which are important to a provider of
location-enabled m-services who wishes to maintain a com-
petitive advantage. For example, certain types of services,
such as games, have a relatively short life time; new ser-
vices must be made available quite frequently to retain the
customer base.

To better appreciate the complexity of this challenge, it is
instructive to learn that The Danish Road Directorate main-
tains more than 1000 attribute values for each position on
each road in their database, which covers all of Denmark. A
substantial fraction of these need to be reflected in an inte-
grated data model.

These attributes are quite specialized in that they are
closely related to the roads themselves. In addition, the data
model must capture the “real content,” which is much more
voluminous and open-ended. For example, such content in-
cludes information about stores, e.g., their opening hours,
available inventory, and current sales, and about cultural
events, e.g., the artists, attendance prices, and seat availabil-
ity.

While most geo-referenced content is stationary or
changes location only at discrete times, some content
changes continuously. The locations of service users are
prominent examples of the latter. Such content must also
be captured in the data model.

The envisioned data model must be conceptually simple
and must also permit the provision of efficient services.

Euclidean Spaces, Obstacles, and Transportation Net-
works Much initial work on query processing in relation
to moving objects has assumed that the geo-referenced ob-
jects that queries concern live in a 1-, 2-, or 3-dimensional
Euclidean space (e.g., [1, 5, 6]). Indeed, research based on
this assumption may lead to results that are very useful for
some application contexts.

In other contexts, different assumptions may be more ap-
propriate. Specifically, it is sometimes appropriate to ex-
pect some objects to constrain the locations of other objects.
For example, the movement of joggers in a forest is con-
strained by fenced, private properties, etc. As another exam-
ple, the movement of a ship is constrained by shallow water
and land. Little research in query processing has taken into
account such constraints on the movement and locations of
objects.

These blocking objects do not reduce the dimensionality
of the space in which the objects are embedded [10]. In other
application contexts, it is appropriate to constrain the loca-
tions of objects to a transportation network embedded in,
typically, 2-dimensional Euclidean space [3]. This in some
sense reduces the dimensionality of the space available for
movement—the term 1.5-dimensional space has been used.
Examples abound. Cars typically move in transportation
networks, and the destinations such as private residences,

hotels, and shops may be given locations in transportation
networks.

While some proposals for query processing techniques
have taken into account the presence of transportation net-
works, many more opportunities exist for developing query
processing techniques that exploit the presence of such net-
works. Put simply, better performing techniques may be de-
veloped when it is possible to constrain the movement of
objects to a network, than when objects move more freely.

It should also be noted that Euclidean distances are often
not of interest in this setting. Rather, techniques that apply to
settings with obstacles or network constrained objects will
have to contend with other notions of distance. For some
such notions, the distance between two stationary objects
varies over time.

The kinds of queries one may expect also depend on the
network more generally. Folklore has it that 80-90% of all
automobile drivers move towards a destination. This sug-
gests that drivers typically follow network paths that are
known ahead of time. This statement may also lead one
to assume that drivers have a particular interest in different
properties pertaining to the path from their current location
to their destination. They may want to know the remaining
distance and the anticipated remaining travel time. In this
context, typical queries may not be simple range or nearest
neighbor queries.

Uncertainty Location uncertainty is inherent to all or
most geo-references of content and must be taken into ac-
count both in the representation and querying of the content.
Object locations are sampled according to some specific pro-
tocol [9]. As examples, the users may disclose their loca-
tions when they desire a service, they may supply their lo-
cations at regular intervals, or they may keep track of where
the service thinks they are and then issue location samples to
the service exactly when necessary in order for the service’s
record to be within a certain threshold of the actual location.
In this latter example, the threshold is dependent on the spe-
cific service desired. Because location data are obtained via
sampling, complete traces of the objects’ movements are un-
available; rather, the service only knows the locations of the
objects at discrete times.

Additionally, the samples themselves are imprecise. The
sample imprecision is dependent on the technology used and
the circumstances under which a specific technology is used.
For example, the cellular infrastructure itself offers quite dif-
ferent precisions than do GPS and server-assisted GPS. The
robustness also varies. In other words, the accuracy of the
positioning is highly dependent on the user’s location.

If a precise (but incorrect) trace is maintained for each
user, queries may return suboptimal results. On the other
hand, if an overly imprecise record of the positions is kept,
query results will also be suboptimal. Maintaining a very
accurate record of each user’s trace will yield the best query



results, but may lead to poor query performance. The envi-
sioned data model for geo-referenced content must maintain
a representation that is adequately precise and that does not
adversely affect query performance.

3. Indexing

The aim of indexing is to make it possible for multiple
users to concurrently and efficiently retrieve desired data in
very large databases. Indexing techniques are becoming in-
creasingly important because the improvement in the rate
of transfer of data between disk and main memory cannot
keep pace with the growth in storage capacities and proces-
sor speeds.

Hyper-Dynamic Data In location-enabled m-services
that involve large amounts of content, that rely on access
to up-to-date information, and where continuous variables
(e.g., the locations of users) are monitored, updates occur
very frequently.

Traditional indexing techniques do not work well for
hyper-dynamic data. Stated briefly, the indices have to be
explicitly updated when changes occur to the data. For large,
continuously changing datasets, e.g., those capturing the po-
sitions of moving objects, the constant updating would tend
to render the use of indices either impractical or totally im-
possible. One problem is that the large volumes of updates
and the mechanisms that regulate the concurrent use of the
indices would combine to block the querying of these struc-
tures.

The fact that existing solutions can accommodate only
relatively few updates presents a serious problem for the
kind of services considered here (as well as for other ser-
vices that rely on the monitoring of continuous variables via
some forms of sensors).

Accommodating Continuous Change The challenge of
how to obtain the normal benefits of indexing when the data
being indexed change continuously is an important one. Two
types of techniques may be envisioned: those that reduce the
numbers of updates and those that make the processing of
updates more efficient. We consider each type in turn.

One approach is to model the positions of objects as func-
tions of time. This alleviates the need for frequent updates,
as updates are only needed when the changes in function pa-
rameters and the time since the last update combine to yield
a difference between the real location of the object and the
position believed by the database that exceeds the threshold
dictated by the services being supported.

Several researchers have explored the use of linear func-
tions for indexing the current and future positions of moving
objects in 1-, 2-, and 3-dimensional spaces [3, 6, 7]. The use
of more general functions has yet to be explored, as does the

combined indexing of the past, current, and future positions
of moving objects.

Next, if the locations of moving objects are constrained to
a transportation network, the network may also be exploited
in various ways to reduce the number of updates. Many open
issues remain.

Complementary techniques of accommodating frequent
updates should also be studied. For example, buffer tech-
niques may be applied [2]. Briefly, these remedy the ineffi-
ciencies of transferring blocks with little data between main
memory and disk by buffering updates. The goal of using
advanced buffering techniques is to guarantee that the I/O
operations needed to maintain an index under updates com-
pletely use all the space available in disk pages for useful
data. This goal should be reached without adverse effects on
query performance.

As other examples, distributed techniques and large
main-memory resident structures may be used aggressively
to avoid the I/O bottleneck.

Another promising direction is to exploit approximation
techniques to enable monotonically improving, as-good-as-
possible answers to queries within specified soft or hard
deadlines. These may enable querying of almost up-to-date
data, which in turn may reduce the need for prompt updates.
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