Xiaofeng Meng
Jidong Chen

 BHHREE
B BOR S M

Moving Objects

Management

Models, Techniques
and Applications

(B) e 4 Springer



Xiaofeng Meng
Jidong Chen

Bl RE

AL, BRG]

Moving Objects Management

Models, Techniques and Applications

R S ;
f it 4 ) N T U l e b
$ 4 )V\' P — 1
With 80 figures Tﬁ )ti)\ - l-TJ Lt
2.

TSINGHUA |

UNIVERSITY PRESS |

&) Springer




KEE N

FEEB RGN AR R RAER, AMINBENREENTRERBET. B
B0 S B RN SR R R — M AT ), BRI S PURE R EL T T i B N AT
. ABUBERGHNATBINREHNERAR, IBIINGEEHT (BEB3)
MHHEEE., BIHRES. BHINREIE), BHINBRERIA (BREEHHNEEM.
BEHHXZIMN. BHERAREEFRE), BN EENH (GREHETE M. 3
ARBEME . BINRERM. HERBRTE.

FHu4 T BN RBIEREERNTATEMAEARRERXBEA, HRF
AN BT REIEERN— AR RR, REBRKNSENE.

ABHEEN RN BB N T WA B4 8T, RETHEKETHR
AR EABAR SRR T A RS

FRALERA, B E. SERBIE: 010-62782089 13701121933

35 7 4 B (CIP) R

B S, #A. A 5N = Moving Objects Management: Models, Techniques and
Applications: JE30/& /Mg, BRgkARZE. —dbsi: HHEREHRM, 20105
ISBN 978-7-302-22378-8

O N.0O#H @O MOBsHEGE-BIEER-¥3 V.OTN929.5 @TP311.13
rh AR A B A58 CIP HiE % F(2010) 58 060327 5

REHE: # M
RERXM. MNEHE
RS . a4k

HARE 1T HHERFEE M4 ith HE. B R KEEVICE A B
http; / www, tup. com. cn P 4% . 100084
# B #L. 01062770175 BB V. 010-62786544

HESIEERSE: 010-62776969, c-service@ tup. tsinghua. edu. cn
R B & . 010-62772015, zhiliang@ tup. tsinghua. edu. cn
B & LR RERATRMARATR

% . =EFFERE

F A&, 153X235 1 . 12.75 F #. 294 TF

i3 . 201045 A 1R Ep W 2010 4F 5 HH1 KENA
2] #. 1~1000

E #r: 72.00 50

P RS . 036486-01



Foreword

We live in an age of rapid technological development. The Internet already affects
our lives in many ways. Indeed, we continue to depend more, and more intrinsically,
on the Internet, which is increasingly becoming a fundamental piece of societal
infrastructure, just as water supply, electricity grids, and transportation networks
have been for a long time. But while these other infrastructures are relatively static,
the Internet is undergoing swift and fundamental change: Notably, the Internet is
going mobile.

The world has some 6.7 billion humans, 4 billion mobile phones, and 1.7 billion
Internet users. The two most populous continents, Asia and Africa, have relatively
low Internet penetration and hold the greatest potentials for growth. Their mobile
phone users by far outnumber their Internet users, and the numbers are growing
rapidly. China and India are each gaining about half a dozen million new phone
users per month. Users across the globe as a whole increasingly embrace mobile
Internet devices, with smart phone sales are starting to outnumber PC sales. Indeed,
these and other facts suggest that the Internet stands to gain a substantial mobile
component.

This mega trend towards “mobile” is enabled by rapid and continuing advances
in key technology areas such as mobile communication, consumer electronics, geo-
positioning, and computing.

In short, this is the backdrop for this very timely book on moving objects by
Xiaofeng Meng and Jidong Chen.

The mobile Internet differs from the conventional Internet in key respects. Its
users are faced with much more varied use situations: Rather than being in the of-
fice or at home, they are engaged in diverse activities such as driving or using public
transport, walking, or attending a meeting. The mobile setting calls for a much more
varied collection of services and applications, many of which will push content to
their users when certain conditions are met. It becomes increasingly important to be
able to anticipate the user’s current needs. A key signal in this regard is the user’s
geo-context, notably the user’s current location. Thus, user location is fundamen-
tally important for the mobile Internet.
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Meng and Chen’s book concerns data management for moving objects on the
mobile Internet. This important area is subject to intense research by a large and
global community of scientists. And due to its many and diverse contributions, this
area is also often confusing; it is difficult to attain an overview of important topics
and solutions.

I am excited about the book because it — by its very choice of topics and its
coverage of these — offers structure to this rapidly evolving area. It introduces
the reader to key tropics in data management for moving objects, offering both
overviews and covering specific techniques in considerable detail. The book cov-
ers modeling, query processing techniques, and applications.

The book considers the representation of the positions of moving objects and the
modeling of the underlying space in which the objects move. Since object move-
ment is frequently constrained to a transportation network, the book affords this set-
ting special attention throughout. It addresses the problem of maintaining up-to-date
representations of the objects’ positions. It also considers the important problem of
indexing a database of frequently updated moving-object positions, including the
current positions and the past, current, and anticipated future positions stored in an
evolving database, as well as the past trajectories stored in a static database.

On this foundation, the book delves into query processing, covering the funda-
mental kNN and range queries and also similar-trajectory retrieval and one-time and
continuous density queries. It covers solutions to the problem of predicting the fu-
ture trajectory of a moving object, and it addresses the topic of position uncertainty.
Moving on to applications, the book puts focus on dynamic vehicle navigation, data
management in dynamic transportation networks, and real-time moving-object clus-
tering. The book ends with a coverage of location privacy.

The book meets the need for a coherent account of the state-of-the-art on im-
portant topics in the area of moving-object data management, which is at the core
of the evolving mobile Internet. It comes highly recommended to research students
and researchers new to the topics covered, as well as to experienced researchers.

AALBORG, FEB 14, 2010 Christian S. Jensen
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Preface

The continued advances in wireless communications and positioning technologies
such as global positioning systems (GPS) enable new data management applica-
tions such as location-based services (LBS) that store and manage the continuously
changing positions of moving objects. This book gives a comprehensive and com-
plete view of a moving object management system. It aims at moving objects man-
agement, from the location management perspective to analyze how the continu-
ally changing locations affect the traditional database and data mining technology.
Specifically, the book describes moving objects management from every aspect in-
cluding moving objects modeling, location updating and indexing, querying and
prediction for moving objects, uncertainty management, clustering analysis, loca-
tion privacy issue, as well as some applications in intelligent transportation man-
agement.

Early studies 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 move within spatially constrained networks,
e.g., vehicles move on road networks. Overlooking this reality often leads to unre-
alistic 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.
The book is intended to help readers understand the main technologies in moving
object management and apply them to LBS and transportation applications.

With its accessible style and emphasis on practicality, the book presents new
concepts and techniques for managing continuously moving objects. Database man-
agement systems developers, mobile applications developers, and applied R&D re-
searchers 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:
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e presents a comprehensive architecture of moving object management, which in-
cludes not only basic theories and new concepts but also practical technologies
and applications.

o describes a set of new database techniques in modeling, indexing, querying and
updating locations of moving objects, as well as data mining techniques in clus-
tering analysis of moving objects.

e introduces some new research issues in location privacy and uncertainty manage-
ment of moving objects, which are topics of major interest in this field.

e provides two typical applications of moving objects management in intelligent
transportation systems.

Organization of the Book

The book contains three parts with a total of twelve chapters, which describe the
models, techniques, and applications of moving objects management. It is organized
as follows:

The first part describes the underlying data models of moving objects manage-
ment, including location modeling, location updating, and moving object indexing.

In Chapter 1, we introduce some background of moving objects management, in-
cluding mobile computing and positioning technique, and then describe some appli-
cations in location-based services and mobile data management. Finally we present
the main content — the moving objects databases technologies and our focuses in
this book.

In Chapter 2, we introduce a few underlying location modeling methods and pro-
pose a new graph of cellular automata (GCA) model to integrate the traffic move-
ment features into the model of moving objects and the underlying spatial network.

In Chapter 3, we first introduce a few of the underlying spatial index structures
including the R-tree, Grid File, and Quad-tree. Then, we propose the indexing meth-
ods for moving objects in Euclidean space and in spatial networks, respectively.
Finally, we describe techniques that index the past, present, and anticipated future
positions of moving objects.

In Chapter 4, we introduce a few underlying location update methods. Then,
we describe two location update strategies in detail, the proactive location update
strategy and group location update strategy, which can improve the performance.

The second part describes the key techniques of moving objects management, in
particular the query processing, location prediction, and uncertainty management.

In Chapter 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.

In Chapter 6, we introduce advanced querying for moving objects including sim-
ilar 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
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some efficient methods based on the safe interval to continuously monitor dense
regions for moving objects.

In Chapter 7, we first review some linear prediction methods and analyze their
limitations in handling moving objects in spatial networks, and finally present
the simulation-based prediction methods: Fast-Slow Bounds Prediction and Time-
Segment Prediction.

In Chapter 8, we study the uncertainty management problem for moving ob-
jects databases with uncertainty models and indexing algorithms. We propose an
uncertainty model and an index framework, the UTR-Tree, for indexing the fully
uncertain trajectories of network-constrained moving objects.

The third part describes some typical applications of moving objects manage-
ment, e.g., dynamic transportation navigation and dynamic transportation networks.
Some advanced applications like location privacy and clustering analysis of moving
objects are also introduced.

In Chapter 9, we first discuss the kind of applications that can be built based
on moving objects management technologies. Then, a typical application in an in-
telligent transportation system, dynamic transportation navigation, is described in
detail, which can provide the user, always in real time and in a continuous fashion,
the optimal path to the destination considering the traffic conditions.

In Chapter 10, we present another application, a new moving objects model and
query system for moving objects on dynamic transportation networks (MODTN).
In MODTN, moving objects are modeled as moving graph points that move only
within predefined transportation networks and the underlying transportation net-
works are modeled as dynamic graphs so that the state and the topology of the
graph system at any point in time can be tracked and queried.

In Chapter 11, we introduce an advanced application, clustering analysis of mov-
ing objects in spatial networks. We first propose two new static clustering algo-
rithms, which use the information of nodes and edges in the network to improve
the clustering efficiency and accuracy. Then, we introduce a 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.

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

As shown in Fig. 0.1, each chapter of the two parts in this book can be treated as
one component of a typical moving objects management system. The contents of the
whole book construct a comprehensive moving object management and application
system. Figure 0.1 also shows the relationship of each component in the system.
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Fig. 0.1 Organization of the book
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Acronyms

ANN
AU

CA

CN

Cu

DS
DSS
DTTLU
DyNSA
GCA
GPS

MO
MOD

Aggregate nearest neighbor

Adaptive unit

Cellular automaton

Cluster node

Cluster unit

Dense segment

Dense segment set
Distance-threshold triggered location update
Dynamic navigation system based on moving objects stream aggregation

Graph of cellular automata

Global positioning system

Hierarchy aggregation tree

Incremental Euclidean restriction

Incremental network expansion

ID-triggered location update

Location-based service

Linear prediction

Minimum bounding rectangle

Moving object

Moving objects databases

MODTN Moving objects on dynamic transportation networks

MOST
MRM
NN
PDQ
PTSS
QoS
RER
RNE
RNN
SDQ

Moving objects spatio-temporal
Mobile resource management
Nearest neighbor

Period density queries
Prediction with time-segmented
Quality of service

Range Euclidean restriction
Range network expansion
Reverse nearest neighbor
Snap-shot density queries
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SP Simulation-based prediction

STTLU Speed-threshold triggered location update
UT-Unit  Uncertain trajectory unit

UTR-Tree Uncertain trajectory R-tree
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Part I
Moving Objects Management Models



Mobile data management has attracted considerable attention. Moving objects databases
that manage the locations and corresponding information of moving objects have
therefore been developed and have become the technical foundation of many location-
based services applications. This part describes the underlying data models of mov-
ing objects management, including location modeling, location updating, and mov-
ing object indexing.

In the first chapter, we introduce some background of moving objects manage-
ment, including mobile computing and positioning technology, and then describe
some applications in location-based services and mobile data management. Finally,
we present the main content of moving objects databases technologies and our fo-
cuses in this book.

Location modeling is the foundation for moving objects databases. In Chapter
2, we introduce a few underlying location modeling methods and propose a new
graph of cellular automata (GCA) model to integrate the traffic movement features
into the model of moving objects and the underlying spatial network. The structure,
trajectory, and transition of GCA as well as two-lane GCA are described in detail.

In Chapter 3, a few underlying location update methods are introduced based on
thresholds, location prediction, and object grouping. Then, we describe two location
update strategies in detail, which can improve the performance. One is the proactive
location update strategy, which predicts the movement of moving objects in order
to lower the update frequency; the other is the group location update strategy, which
groups the objects to minimize the total number of objects reporting their locations.

In Chapter 4, we first introduce a few of the underlying spatial index structures
including the R-tree, Grid File, and Quad-tree. Then, we propose the indexing meth-
ods for moving objects in Euclidean space and in spatial networks, respectively.
Three indexing structures: the time parameterized R-tree (TPR-tree), Grid File-
based moving objects index (GMOI), and future trajectory Quad-tree (FT-Quad-
tree) are presented to improve the R-tree, Grid File, and Quad-tree index structures
for moving objects in Euclidean space. For moving objects in spatial networks,
we introduce a dynamic data structure, called adaptive unit and the adaptive net-
work R-tree (ANR-tree) to solve the index update problem and to support predictive
querying of moving objects. By naturally extending the ANR-tree to index historical
trajectory, it can be used to index the past, present, and future positions of moving
objects in road networks. Finally, we discuss how to reduce index updates in existing
moving objects indexing structures.



