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Preface

The widespread use of mobile positioning tools like GPS and smart mobile phones
nowadays has aroused great interests in location-based services (LBS) that have
to store and manage continuously changing positions of moving objects. This
book gives a comprehensive and complete view of a moving objects database and
introduces how it is used in LBS and transportation applications. It aims at moving
objects management, from the location management perspective to analyze how
the continually changing locations affect the traditional database and data mining
technology. Specifically, the book describes the cutting edge technologies related to
topics like moving objects modeling and location tracking, indexing and querying,
trajectory prediction, location uncertainty, traffic flow analysis, objects clustering,
traffic aware navigation and privacy issues as well as their application to intelligent
transportation systems.

Previous studies mostly focused on moving objects database in free space.
They assumed that the movement of the objects is unconstrained and based on
Euclidean spaces. However, in the real world, objects usually move within spatially
constrained networks, e.g., vehicles move on road networks. Overlooking this reality
often leads to unrealistic data modeling and inaccurate query results. The content in
this book focuses mainly on the moving objects within spatial networks, which is
more practical. By exploiting the network feature of spatial networks, this book
introduces models, techniques, and applications of moving objects management in
a spatial network.

This book is intended to help readers understand the main technologies in
moving object management and apply them to LBS and transportation applications.
Compared with the first edition, this book particularly focuses on the constrained
network environments, and it has made substantial changes to each chapter so that
the cutting edge techniques in this field are included. With its accessible style
and emphasis on practicality, the book presents new concepts and techniques for
managing continuously moving objects. Database management systems developers,
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mobile applications developers, and applied R&D researchers will find the study
an essential companion for new concepts, development strategies, and application
models associated with this kind of changing location data. The book:

e Presents a comprehensive architecture of moving object management, which
includes not only basic theories and new concepts but also practical technologies
and applications

» Describes a set of new database techniques in modeling, tracking, indexing,
querying of moving objects, traffic flow analysis, as well as data mining
techniques in clustering analysis of moving objects

» Introduces some new research issues in location privacy and uncertainty man-
agement of moving objects, which are topics of major interest in this field

* Provides typical applications of moving objects management in intelligent
transportation systems

Organization of the Book

This book contains 12 chapters, which describe the problems, models, techniques,
and applications of moving objects management. It is organized as follows:

In Chap. 1, we introduce some background of moving objects management,
including its concept and applications. Finally we present the main content: key
technologies of moving objects databases and our focus in this book.

In Chap. 2, we introduce some underlying modeling methods and present two
moving object models that can reflect real-time traffic conditions of the road net-
work. The first one is the DTNMOM, which considers the dynamics of underlying
road network. And for the second model called ARS-DTNMOM, we introduce
the concept of atomic route section and define its corresponding data types and
operations in database.

In Chap.3, we introduce a few underlying methods on moving object track-
ing. Then, we describe three representative network-constrained location update
strategies (Net-LUM, ANLUM, and EuNetMOD), which can achieve better per-
formances in terms of communication costs and location tracking accuracy.

In Chap.4, we first introduce a few of the underlying spatial index structures
including the R-tree, TPR-tree, spatio-temporal R-tree, trajectory-bundle tree, and
MON-tree. Then, we propose two new index methods that are used for indexing
frequently updated trajectories of network constrained moving objects and indexing
the whole trajectories with historical, current, and near future positions, respectively.

In Chap. 5, we classify the basic querying types for moving objects according
to spatial predicates, temporal predicates, and moving spaces. Then, we introduce
how to process a range query and a kNN query in a spatial network, based on the
Euclidean restriction and network expansion frameworks.
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In Chap. 6, we introduce advanced querying for moving objects including similar
trajectory queries and density queries for moving objects in a spatial network. We
first present how to process the snapshot density queries. Then, we introduce some
efficient methods based on the safe interval to continuously monitor dense regions
for moving objects.

In Chap. 7, we first review some linear prediction methods and analyze their lim-
itations in handling moving objects in spatial networks, then present the simulation-
based prediction methods: fast-slow bounds prediction and time-segment prediction,
and finally present an uncertain path prediction method which can predict future
trajectories based on the uncertain historic trajectories of moving objects in spatial
networks.

In Chap. 8, we study the uncertainty management problem for moving objects
databases with a few uncertainty models. Then we introduce a novel framework
that can manage uncertainty trajectory effectively and answer queries about them
accurately; particularly, we focus on the key technical issues like uncertain trajectory
modeling, database operations, and query processing of uncertainty management.

In Chap. 9, we study the underlying researches and inherent problems in traffic
behavior analysis based on moving object trajectories. Then we firstly propose a new
model for objects moving on dynamic transportation networks (MODTN), based
on which we introduce a real-time traffic flow statistical analysis method (NMOD-
TESA).

In Chap. 10, we introduce the clustering analysis of moving objects in spatial
networks. After that, we introduce two new static clustering algorithms, which
use the information of nodes and edges in the network to improve the clustering
efficiency and accuracy. Then, we introduce the notion of cluster block (CB)
as the underlying clustering unit and propose a unified framework of clustering
moving objects in spatial network (CMON), which improves the dynamic clustering
performance of moving objects and supports different clustering criteria. Finally, we
introduce two trajectory clustering algorithms which use the partition-and-group
framework for clustering trajectories and a filter-refinement framework for hot
region discovery, respectively.

In Chap. 11, we present another application, traffic aware route navigation, with
a new traffic aware route planning model based on incremental planning method
introduced. By selecting intermediate destinations, a partial path rather than whole
path is planned each time for long distance queries. In this way, route planning is
more efficient because it is carried out in a much smaller region, and unnecessary
re-calculations caused by the dynamic road conditions can be avoided.

In Chap.12, we introduce location privacy, and analyze the challenges of
preserving location. Then, we provide an analysis of the current studies including
the system architecture, location anonymity, and query processing.

As shown in Fig. 1, the contents of the whole book construct a comprehensive
moving object management and application system. Figure 1 also shows the
relationship of each component in the system.
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Chapter 1
Introduction

Abstract The fast development of geo-positioning and wireless sensor network
technologies has aroused widespread use of location-based services (LBS), which
provide useful location-dependent information to users. LBS have become so
important nowadays that people rely on it to plan trip, book cabs, and find share
car partners. Moving objects database, which plays a key role in supporting LBS
applications, has attracted great attention from both academy and industry in
recent years. In this chapter, we introduce the concept of moving object data
management first and then describe the wide applications of location-based service.
Key techniques related to moving objects database are discussed and analyzed
afterwards. After that, we mention the purpose and organization of this book.

Keywords Mobile computing * Location-based service * Moving objects
management * Moving object databases ¢ Model ¢ Index  Query ¢ Update °
Prediction * Uncertainty management * Clustering * Traffic statistical analysis ®
Traffic navigation ¢ Location privacy

1.1 Concept of Moving Objects Data Management

The general idea of moving object data management is to represent the moving
entities in databases and process queries about them efficiently. Moving entities
could be human, animals, all kinds of vehicles like cars, trucks, air planes, ships,
etc., and people often issue queries about their location, such as finding all vacant
taxicabs inside a requested spatial area. However, existing database management
systems (DBMSs) are not well equipped to handle the massive dynamic location
data sampled from moving objects. Therefore, moving objects database (MOD),
which particularly includes the management of the moving objects location and
related information, has become an enabling technology that can find various LBS
applications nowadays.

X. Meng et al., Moving Objects Management: Models, Techniques 1
and Applications, DOI 10.1007/978-3-642-38276-5__1,
© Tsinghua University Press, Beijing and Springer-Verlag Berlin Heidelberg 2014
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Moving objects database belongs to the area of spatio-temporal databases, which
in turn have its root in spatial database, dealing with descriptions of geometry in
databases, and temporal database, addressing the development of data over time.
The major difference between them is that moving objects database focuses on the
continuous spatial position change with time (their movement is seen as trajectory),
while other spatio-temporal databases only support the discrete changing of spatial
information for all moving entities in database.

We can actually understand the idea of moving objects database from two
different perspectives. Firstly, moving objects database is to represent, store, index,
and query on the continuously changing locations of moving objects and to predict
the future positions of them; secondly, the focus is to store the whole history of
moving object movement in database, so as to answer queries on the location of
moving objects at any instance (including both history and future). Essentially,
the former approach is to analyze from the location management perspective,
while the second one stands on the spatio-temporal data perspective. As a result,
research on moving objects database can be made from two aspects as well: location
management view and spatio-temporal data view.

The key problem of MOD is how to manage the locations of a set of moving
objects in database, e.g., position of all taxicabs inside a city road network. Given a
time instance, it is not a problem. However, as the taxicabs move, it is necessary to
have the location frequently updated, so that we can derive its current location. Here
we encounter an unpleasant trade-off between update cost and location precision.
From the data management perspective, MOD focuses on issues like how to manage
the information of moving objects location dynamically and how to process different
types of complex queries about current and future positions efficiently.

So far, considerable research has been carried out on moving object data
management. In the following sections, we introduce some typical applications and
key technologies related to MOD, including the modeling and tracking of location
information, spatio-temporal indexing, uncertainty management, query processing,
trajectory data mining (including traffic flow analysis), and privacy issues.

1.2 Applications of Moving Objects Database

Moving objects database is a fundamental technique for LBS, from which people
can get useful information and entertainment services through mobile devices. In
a typical LBS application, moving objects use e-services that involve location
information. The objects disclose their positional information (position, speed,
velocity, etc.) to the services, which in turn use this and other information to provide
specific functionality. The following five categories described next characterize
what may be thought of as standard location-based services; they do not attempt
to describe the diversity of services possible [28].
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1. Traffic coordination and management: Based on past and up-to-date positional
data on the subscribers to a service, the service may identify traffic jams and
determine the currently fastest route between two positions; it may give estimates
and accurate error bounds for the total travel time, and it may suggest updated
routes for the remaining travel. It also becomes possible to automatically charge
fees for the use of infrastructure such as highways or bridges (termed as road
pricing and metered services).

2. Location-aware advertising and general content delivery: Users may receive sales
information (or other content) based on their current locations when they indicate
to the service that they are in “shopping mode.” Positional data is used together
with an accumulated user profile to provide a better service, e.g., advertisements
that are more relevant to the user.

3. Integrated tourist services: This covers the advertising of the available options for
various tourist services, including all relevant information about these services
and options. Services may include overnight accommodation at campgrounds,
hostels, and hotels; transportation via train, bus, taxi, or ferry; and cultural events,
including exhibitions, concerts, etc. For example, this latter kind of service
may cover opening-hour information, availability information, travel directions,
directions to empty parking, and ticketing. It is also possible to give guided tours
to tourists, e.g., that carry online cameras.

4. Safety-related services: It is possible to monitor tourists traveling in dangerous
terrain and then react to emergencies (e.g., skiing or sailing accidents); it is
possible to offer senile senior citizens more freedom of movement and a service
that takes traffic conditions into account to guide users to desired destinations
along safe paths.

5. Location-based games and entertainment: One example of this is treasure
hunting, where the participants compete in recovering a treasure. The treasure
is virtual, but is associated with a physical location. By monitoring the positions
of the participants, the system is able to determine when the treasure is found and
by whom. In a variation of this example, the treasure is replaced by a “monster”
with “vision,” “intelligence,” and the ability to move. Another example in this
category is a location-based ICQ service.

1.3 Key Technologies in Moving Objects Database

1.3.1 Moving Objects Modeling

The modeling of moving object in databases is a basic technique for MOD. In
conventional databases, attribute values stored in table are assumed to be constant
unless they are explicitly updated. However, in MOD, the location of moving object
changes continuously, and people issue queries to find their history, current, and
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even future position. As conventional database models are unable to represent
dynamic location information, moving objects modeling plays an important role
in effective location management. Current research on MOD modeling can be gen-
erally classified into two categories: Euclidean (EU)-based modeling and network
(NET)-based modeling.

EU-based modeling targets to represent the trajectories of free movement objects
in Euclidean space. Wolfson et al. propose a moving objects spatio-temporal
(MOST) model in [43, 51] first. Its core idea is to consider location of moving
objects as a dynamic attribute, which is represented as a function of time. In this
way, we do not need to update this attribute until this function is no longer valid.
However, long trajectories cannot be well supported by the MOST model because
of the limited representation capacity of simple functions. Later, Forlizzi et al.
in [19] present a discrete moving object data model to overcome this drawback,
with a feasible solution for complex moving object trajectory representation. Also,
models like linear constraint [45], abstract data types [25], and space-time grid
storage [11] are proposed. However, these EU-based models do not take into account
the network constraint, while objects move with road network constraint in most
real-life applications, especially for the vehicles in transportation scenarios.

As moving objects move according to the topology of underlying road network,
the interaction between modeling and network structure enables better object
movement representation, and this contributes to improve the performance of object
tracking, data indexing, and query processing. To represent the movement of objects
under road-network constraint, we need to model the road network first and then to
model how the objects move on this network. Static road network can be generally
represented in three ways: road-based representation, two-dimensional geographic
coordinate-based representation, and graph-based representation. For the moving
objects on road network, we can further use road segment and trajectory to model
the movement of objects.

Vazirgiannis et al. propose a road-network-based moving object model that com-
bines the trajectory with road network in [49], where road network is represented
as a digital map and trajectory is represented as the path from starting point to
destination. In recent years, some other network constraint models based on graph
representation such as [24, 37, 44] have been proposed. But they simply assume
linear movement and cannot reflect the real movement feature of moving objects in
a road network, and they only consider static transportation networks. That limits
their applicability in a majority of real-life applications. An advanced model is also
proposed in [46] to integrate the past movement features to improve the capability
of moving object representation.

1.3.2 Location Tracking of Moving Objects

In moving objects tracking, current position is periodically sent to the central server
and stored in database. When the number of tracked moving objects becomes large,



