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†

‡

Department of Computer Science, Aalborg University, Denmark
Department of Computer Science, Pusan National University, South Korea

ABSTRACT
With the continued advances in wireless communications, geo-location technologies, and consumer
electronics, it is becoming possible to accurately track the time-varying location of each vehicle in
a population of vehicles. This paper reports on ongoing research that has as it objective to develop
efficient tracking techniques. More specifically, while almost all commercially available tracking solutions simply offer time-based sampling of positions, this paper’s techniques aim to offer a guaranteed
tracking accuracy for each vehicle at the lowest possible costs, in terms of network traffic and serverside updates. This is achieved by designing, prototyping, and testing novel tracking techniques that
exploit knowledge of the road network and past movement. These resulting tracking techniques are
to support mobile services that rely on the existence of a central server that continuously tracks the
current positions of vehicles.

INTRODUCTION
The continued improvements in wireless communications and geo-positioning as well as improvements in the performance/price ratio for consumer electronics combine to enable a new infrastructure
that enables a kind of online mobile service that relies on the tracking of the continuously changing
positions of entire populations of service users. This type of service is characterized by large volumes
of updates, which in turn gives prominence to the development of techniques for advanced location
prediction and update reduction.
A range of applications may utilize the tracking of the positions of vehicles. Such applications
include mobile services in relation to traffic monitoring, collective transport, and the management of
fleets, e.g., of emergency vehicles, police cars, delivery trucks, and vehicles carrying dangerous or
highly valuable cargo. For example, traffic jams may be identified by monitoring the movements of vehicles; and the service users that should receive specific traffic-jam or other traffic-related information
are identified by tracking the users’ positions. Some services depend only on fairly inaccurate tracking,
e.g., weather information services, while other services require more accurate tracking.
The present paper reports on research that addresses the following problem: given a population
of vehicles, where the position of each vehicle must be known at some specified accuracy, provide
techniques that enable a central server to continuously and efficiently maintain the position of each
vehicle within the vehicle’s specified accuracy.
With few exceptions, current commercial tracking offerings simply report a position sample to
the central server every n time units for each vehicle. Some products are also capable of reporting a
vehicle’s position when the direction of the vehicle changes. These approaches do not offer accuracy
guarantees.
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The desired tracking techniques are to be robust in the sense that they must not depend for their
functioning on the availability of map data and successful map matching. The desired techniques must
be efficient in the sense that they reduce system load, including network communication and server
update loads.
To the best of the authors’ knowledge, this paper reports on the currently best such techniques.
The objective has been achieved by first developing and testing a variety of tracking techniques. These
techniques are then combined into a single, robust tracking technique. This technique is then implemented as a tracking component. The resulting component may be used by a variety of mobile services
and applications, as mentioned above.
The presentation is structured as follows In the next section, we proceed to describe the overall
tracking framework and the specific tracking techniques. This is followed by a section, “Implementation and Evaluation,” that offers descriptions of two implementations of the techniques—one that
is used for efficiency evaluation and one that demonstrates proof of concept. Then follows a section
that covers related developments in some detail, in both the commercial and research arenas. A final
section summarizes the paper.

TRACKING FRAMEWORK AND TECHNIQUES
We first describe the general tracing framework. We then give an overview of three basic tracking
techniques and cover improvements to one of these.

Tracking Framework
We assume that the vehicles are online via some form of wireless communication network. In
particular, we have utilized GPRS connections. We also assume that the positions of the vehicles are
available. Specifically, we rely on the Global Positioning System (GPS) for positioning. Thus vehicles
are simply assumed to be equipped with the equivalent of a modern mobile phone and a GPS receiver.
We also assume that the vehicles travel in a road network.
To accomplish tracking with a certain accuracy, each vehicle is aware of where the server thinks
it is currently located. Each vehicle repeatedly samples its real (GPS) position and compares this
with the position assumed by the sever. When needed in order to maintain the required accuracy, the
vehicle issues an update to the server. The server may predict the future positions of a vehicle in
different ways—we shortly elaborate on this. Having received an update from a vehicle, the server in
turn explicitly informs the vehicle about how it now predicts the vehicle’s position. The challenge is
then how to represent, and predict, the future positions of a vehicle so that the number of updates is
minimized. Reduction of updates reduces communication and server-side update processing.
Figure 1 presents a diagram describing the tracking framework. The client initially obtains its
location information from the GPS receiver. It then establishes a connection with the server and issues
an update, sending its GPS information and unique identity to the server.
Having received this update, the server determines which tracking technique and threshold to use
for the client (these are predefined), and it stores the information received from the client in its database.
We assume that the tracking threshold exceed the typical accuracy offered by the GPS receiver. In the
experiments we report on later in the paper, the lowest threshold is 40 meters. If the tracking technique
is the segment-based one, the server also determines on which road segment the client is moving. The
server then sends its representation of the client’s position to the client.
Having received and stored this information from the server, the client obtains its current location
information from the GPS receiver. The client then calculates its predicted position and compares this
to the GPS position. If the difference between these two exceeds the specified threshold, the client
issues an update to the server. If not, a new comparison is made. This procedure continues until it is
terminated by the client.
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Figure 1: Tracking Framework

Point-, Vector-, and Segment-Based Tracking
We proceed to present different kinds of tracking techniques that may be used withing the tracking
framework.
With point-based tracking, the server predicts that a vehicle’s future positions are identical to the
most recently reported position. An update is issued by a vehicle when its distance to the previously
reported position deviates from its current GPS position by the specified accuracy. Figure 2(a) exemplifies point-based tracking. Here, points indicate updates. The solid line represents the road, and the
thin line represents the actual movement of the vehicle.
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Figure 2: Tracking Policies
Next, with vector-based tracking, the future positions of a vehicle are given by a linear function of
time, i.e., by a start position and a velocity vector. The specific start position and velocity vector used
are those given by the GPS receiver in the update most recently received from the vehicle. Point-based
tracking corresponds to the special case where the velocity vector is the zero-vector. GPS receivers
compute both the speed and heading of the vehicles they are associated with—the velocity vector used
in this representation is computed from these two. See Figure 2(b).
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Third, in segment-based tracking, the main idea is to utilize knowledge of the road network in which
the vehicles are moving. A digital representation of the road network is required to be available. The
server uses the location information it receives from a vehicle to locate the road segment, represented
as a polyline, on which the vehicle is moving. In segment-based tracking, the future positions of a
vehicle are given by movement at constant speed along the identified segment. The speed used is the
speed most recently reported by the vehicle. If the predicted position reaches the end of a segment, the
predicted position remains at the end from then on.
Segment-based tracking is sensitive to the fidelity of the road network representation used. If, for
some reason, a matching road segment cannot be found when a vehicle issues an update, the segmentbased approach switches temporarily to the vector-based approach, which is always applicable. On the
next update, the server will again try to find a matching road segment in the database. Note also that
the policy effectively switches to point-based tracking when a vehicle reaches the end of a segment.
An example of segment-based tracking is shown in Figure 2(c). Notice that update points are now
located on the road segment, not on the trajectory obtained via the GPS receiver.
Additional technical details on the three tracking techniques covered above are available elsewhere [3, 4].

Improved Segment-Based Tracking
Segment-based tracking is the most promising of the three tracking techniques. To be robust,
it fundamentally exploits vector-based tracking, and it also uses point-based tracking at the ends of
road segments. Further, it positions vehicles with respect to the transportation infrastructure, which
is important for many mobile services because content used by these services is also positioned with
respect to the infrastructure. A variety of variants of segment-based tracking have been developed and
tested.
The first variant modifies the road network representation so that vehicles stay longer on the same
segments. In particular, the modifications give priority to merging smaller road segments that belong
to the same named street or road, they attempt to obtain straight segments, and they try to avoid deadend or near dead-end segments when merging. Creation of longer road segments in the road network
representation is important because an update intuitively occurs each time a vehicle reaches the end of
a segment.
The second variant anticipates the current route followed by a vehicle. Briefly, a route is nothing
but a long polyline obtained by connecting polylines that represent (possibly partial) segments of the
road network. The use of routes offers substantial reduction in the numbers of updates caused by
segment changes, but, of course, relies on the availability of routes. Routes may be obtained from past
movement [2], if the vehicle is driving in familiar surroundings, or by a navigation system, which may
be in use if the vehicle is driving in unknown surroundings.
The third variant attaches acceleration profiles to routes. The previous approaches assume that
vehicles move at constant speed in-between updates. In order to reduce the number of updates caused
by the speed variations of a vehicle, more precise speed modeling is introduced.
Additional technical details on the improvements described here are available in the literature [5, 6].

IMPLEMENTATION AND EVALUATION
Two implementations of the tracking techniques were carried out, each with its own purpose. The
first is an implementation based on Oracle/PLSQL. Its purpose is to enable effective performance
evaluation of the techniques using already collected logs of GPS data from vehicles. The second
implementation was conducted on a mobile-phone platform with the purpose of gaining experience
with tracking in a representative, actual infrastructure within which the tracking is to be applied. We
describe each in turn.
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Performance Evaluation of Tracking
Using an Oracle/PLSQL implementation, the six tracking techniques covered in the previous section were evaluated. Specifically, a road network representation and GPS logs from vehicles that
participated in a speed adaptation project were used for simulation [10]. Approximately 458,000 GPS
positions from five cars were used, and accuracies ranging from 40 to 1000 meters were investigated.
Figure 3 illustrates the uses of data in the experiments carried out for each technique using the Oracle/PLSQL implementation. To evaluate the point-based and vector-based tracking techniques, only

Figure 3: Data Usage in Experimental Performance Study
input from the GPS logs was used. The experiments with segment-based tracking with the unmodified
road network used the raw road network representation as and additional input.
The experiments with the improvements to segment-based tracking used additional data obtained
from the GPS logs and the raw road network. The extra input for the experiment with segment-based
tracing using a modified road network was obtained by connecting road segments of the raw road network, as described in the previous section. For the experiments using routes and the experiments using
routes with acceleration profiles, routes from home to work of one driver were used. Here, we first
identified trips from home to work (“GPS route data”), and then obtained routes by connecting (partial) road segments that were covered by GPS route data. The GPS route data consists of 56,000 GPS
log records. For segment-based tracking using routes with acceleration profiles, we have additionally
extracted acceleration profiles from the GPS route data.
Representative results, presented in Figure 4, show that depending on the tracking technique and
threshold, the average time in-between updates from a vehicle varies from 3 to 280 seconds. Pointbased tracking has the worst performance for all thresholds. Vector-based tracking is better than basic
segment-based tracking. This is because segments are short in the unmodified road network. Vectorbased tracking is inferior to any of the improved variants of segment-based tracking. More specifically,
segment-based tracking using a modified road network outperforms vector-based tracking. The use of
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Figure 4: Performance Comparison of Tracking Techniques
routes leads to further improvements. Segment-based tracking using routes with acceleration profiles
offers the best results. We believe that the update rates reported here demonstrate that it is feasible to
perform quite accurate tracking in fleet-management applications.

Proof of Concept Implementation
To test the tracking framework and techniques in the actual infrastructure in which they are intended
to be used, we implemented the tracking techniques using a typical, modern mobile phone with a
standard GPRS subscription, a standard GPS receiver, and standard server-side hardware and software.
Figure 5 shows the client-side hardware on which the tracking techniques were implemented. The
implementation will work with any programmable mobile phone with an external or internal GPS
receiver.
The architecture of the system is illustrated in Figure 6. Here, the mobile client receives location data (specifically, NMEA sentences) from the GPS receiver, and it communicates with the server
through the GSM network using the http protocol.
The client employs a scalable vector graphics viewer together with its tracking service. We have
used a framework [9] that other location-based services can be plugged into. The use of a single framework for all location-based services enables better use of shared resources (e.g., the GPS receiver or
cached maps). In case of users that use only the tracking service, tracking component can be implemented as a separate application instead of as a plug-in service within the framework.
The architecture enables the use of a thin client that is unable to store the entire road network.
Thus the main logic is placed on the server side. Operations like map matching are carried out in
Oracle using stored procedures, thus reducing the communication between application server and the
database management system. If the user needs maps for use with the tracking or other services, these
can be obtained from an external web map server and then sent to the client together with other data.
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Figure 5: Tracking Hardware

Figure 6: Tracking Application Architecture
The computing power of the Nokia 7650 used in this implementation was sufficient for the tracking.
Specifically, the tracking was able to run in the background, allowing the user to perform other tasks,
including displaying an animation of the tracking.
Since the processing power and memory capacities of mobile phones continue to increase, it is
becoming relevant to also take into consideration scenarios where the phone is able to store the entire
road network or cache significant part of it. The tracking framework with segment-based tracking will
benefit from the use of a phone that stores the road network, since sending identities of road segments,
rather than also their geometries, is sufficient. In addition, with more processing power, the phone may
perform the map matching instead of the server, thus distributing computation and reducing the server
load.
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RELATED DEVELOPMENTS
We proceed to offer an overview of related developments in the commercial and academic arenas.
We first offer an overview of 21 tracking-related products and services that we believe are representative of the current commercial state of the art. We then provide an overview of related works within
the academic community that may impact future commercial offerings, and it briefly points to the
differences between these and the techniques discussed earlier in this paper.

Commercially Available Products and Services
Table 1 summarizes pertinent properties of what we believe is a representative range of commercially available tracking solutions. The table captures properties of 21 solutions provided by 19 compa-
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Table 1: Properties of Tracking Solutions
nies. The information that went into the creation of the table has been obtained via the Internet during
February and March, 2005.
The first column lists company names, and the second lists product names. Starting from the third,
each column concerns one product property, and a check mark in a cell indicates that the product in
the row of the cell possesses the property corresponding to the column of the cell. No check mark
indicates the opposite.
Columns GPS, Cell and WAAS concern the means of positioning supported, with Cell denoting cellular network based positioning and WAAS denotes the wide-area augmentation system which is based
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on GPS, but offers higher accuracy than GPS by using corrections. The next three columns concern
the types of communication supported, with SMS denoting the short messaging service, GPRS/CDPD
denoting general packet radio service (GSM based) and cellular digital packet data, and Satellite denoting satellite-based communications. Then two columns follow that capture the types of terminals
supported, with Phone denoting mobile phones and Custom denoting custom terminals. Finally, the
last four columns characterize the type of tracking or how position updates are generated. Here, Time
based denotes time-based tracking, i.e., updates are issued at regular time intervals, On request means
that positions of moving objects are pulled from the clients only on request, Sensors, means that position updates can be generated according to input from external sensors, e.g., an alarm, a speedometer
reading, a thermometer reading, and Spatial events means that position update can be generated by the
object entering or leaving a certain region, e.g., when leaving the city limits or a pre-specified route or
when getting within a certain range of a point of interest.
It should be noted that none of the products described in Table 1 provides accuracy guarantees or
support accuracy based tracking. Advanced options such as Spatial events are usually supported by
solutions involving large, custom-made terminals.

Related Research
When predicting the future position of an object, the notion of a trajectory is typically used [11, 15,
16, 19], where a trajectory is defined in 3-dimensional [15] or 4-dimensional [16] space. The dimensions are a two-dimensional “geographical” space, a time dimension, and an uncertainty thresholds
dimension. A point in this space then indicates, for a point in time, the location of an object and the
uncertainty of the location. Such points may be computed using speed limits and average speeds on
specific road segments belonging to a trajectory. Xu and Wolfson [19] use average real-time speeds
reported every 5 minutes by in-road sensors. In contrast, the techniques presented in this paper use
the actual speed received from an object for predicting the object’s movement. For more accurate prediction, we use acceleration profiles that quite accurately model speed variations along routes. Such
profiles are influenced by both the properties of the actual roads being traversed, the degree of congestion, and the habits of a concrete driver.
Wolfson et al. [17] propose tracking techniques that offer accuracy guarantees. These assume that
objects move on predefined routes already known to the objects, and route selection is done on the
client side. If an object changes its route, it sends a position update with information about the new
route to the server. The techniques described in this paper improve on this by also accommodating
objects with memory restrictions, and they also work in cases where routes are not known or where
map matching does not succeed.
Lam et al. [12] present an adaptive monitoring method that takes into consideration the update,
deviation, and uncertainty costs associated with tracking. The method also takes into account the cost
of providing incorrect results to queries, during the process of determining when to issue updates.
With this method, the moving objects that fall into a query region need close monitoring, and a small
accuracy threshold is used for them. Objects not inside a query region may have big thresholds. The
techniques presented in this paper allow different objects to have different thresholds, and they allow
thresholds to change dynamically.
A proposal for trajectory prediction by Karimi and Liu [11] assigns probabilities to the roads emanating from an intersection according to how likely it is that an object entering the intersection will
proceed on them. The sub-road network within a circular area around an object is extracted, and the
most probable route within this network is used for prediction. When the object leaves the current
sub-network, a new sub-network is extracted, and the procedure is repeated. The probabilities are not
individual to each object. Rather, the same probabilities are used for all objects, and they do not take
into account past choices during the trip of an object. This contrasts our use of routes and acceleration
profiles.
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Wolfson et al. [19] have recently investigated how to incorporate travel-speed prediction in a
database. They assume that sensors that can send up-to-date speed information are installed in the
roads. In contrast, we use so-called GPS-based floating-car data, and we predict positions based on
historical records and for each moving object in isolation. This avoids the need for in-road sensors and
for gathering information from such sensors.
Next, Wolfson and Yin [18] consider tracking with accuracy guarantees. Based on experiments with
synthetic data, generated to resemble real movement data, they conclude that a version of the pointbased tracking, as discussed in the earlier section covering point-, vector, and segment-based tracking,
is outperformed by a tracking technique that resembles the segment-based tracking also discussed in
that earlier section. For a small threshold of 80 m, the latter is a bit more than twice as good as the
former; for larger thresholds, the difference decreases. Their dependent variable is numbers of updates
per distance unit. They consider neither the use of routes nor acceleration profiles and assume that map
matching is always successful.
It should also be noted that Ding and Güting [7] have recently discussed the use of what is essentially segment-based tracking within an envisioned system based on their own proposal for a data
model for the management of road-network constrained moving objects.
Gowrisankar and Nittel [8] introduce briefly a dead-reckoning policy that uses angular and road
deviations, so that an update is issued whenever one of these deviations exceeds a defined threshold.
When only low accuracy of predicted positions are needed, cellular techniques [1, 13, 14] may be
used. With such techniques, the mobile network tracks the cells of the mobile objects in real time in
order to be able to deliver messages or calls to the objects. In this approach, update is handled in the
mobile network. In contrast to these techniques, we assume scenarios where higher accuracies, well
beyond those given by the cells associated with the base stations in a cellular network, are needed and
where positioning with respect to a road network is attractive.

SUMMARY
This paper offers an overview of a framework for tracking of vehicles with accuracy guarantees. It
describes three basic tracking techniques that work within this framework, namely point-, vector-, and
segment-based tracking; and it describes three improvements to segment-based tracking. One implementation, with the purpose of evaluating the performance of the tracking framework and techniques, is
reported; and another, developed with the objective of demonstrating that the kind of tracking proposed
here is feasible using standard technologies is also reported. The paper describes results obtained via
the first implementation, and it describes the architecture of the second implementation. Finally, the
paper offers an overview of commercially available tracking-related solutions, and it describes related
work from the research community.
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[5] A. Čivilis, C. S. Jensen, and S. Pakalnis. Techniques for Efficient Tracking of Road-NetworkBased Moving Objects. IEEE Transactions on Knowledge and Data Engineering, 17(5): 698–
712, May 2005 (tentative).
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