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Preface
We are in an information era where generating and storing large amounts of data are commonplace. A growing

number of organizations routinely handle terabytes and exabytes of data, and individual digital data collections

easily reach multiple gigabytes. Along with the increases in volume, the modality of digitized data that requires

efficient management and the access modes to these data have become more varied. It is increasingly common for

business and personal data collections to include images, video, voice, and unstructured text; the retrieval of these

data comprises various forms, including structured queries, keyword search, and visual access. Data have become

a highly valued asset for governments, industries and individuals, and the management of these data collections

remains a critical technical challenge.

Database technology has matured over the past four decades and is now quite ubiquitous in many applications

that deal with more traditional business data. The challenges of expanding data management to include other data

modalities while maintaining the fundamental tenets of database management (data independence, data integrity,

data consistency, etc.) are issues that the community continues to work on. The lines between database

management and other fields such as information retrieval, multimedia retrieval, and data visualization are

increasingly blurred.

This multi-volume Encyclopedia of Database Systems provides easy access to important concepts on all aspects

of database systems, including areas of current interest and research results of historical significance. It is a

comprehensive collection of over 1,250 in-depth entries (3,067 including synonyms) that present coverage of the

important concepts, issues, emerging technology and future trends in the field of database technologies, systems,

and applications. The content of the Encyclopedia was determined through wide consultations. We were assisted

by an Advisory Board in coming up with the overall structure and content. Each of these areas were put under the

control of Area Editors (70 in total) who further developed the content for each area, soliciting experts in the field

as contributors to write the entries, and performed the necessary technical editing. Some of them even wrote

entries themselves. Nearly 1,000 authors were involved in writing entries.

The intended audience for the Encyclopedia is technically broad and diverse. It includes anyone concerned

with database system technology and its applications. Specifically, the Encyclopedia can serve as a valuable and

authoritative reference for students, researchers and practitioners who need a quick and authoritative reference to

the subject of databases, data management, and database systems. We anticipate that many people will benefit

from this reference work, including database specialists, software developers, scientists and engineers who need to

deal with (structured, semi-structured or unstructured) large datasets. In addition, database and data mining

researchers and scholars in the many areas that apply database technologies, such as artificial intelligence, software

engineering, robotics and computer vision, machine learning, finance and marketing are expected to benefit from

the Encyclopedia.

We would like to thank the members of the Advisory Board, the Editorial Board, and the individual

contributors for their help in creating this Encyclopedia. The success of the Encyclopedia could not have been

achieved without the expertise and the effort of the many contributors. Our sincere thanks also go to Springer’s

editors and staff, including Jennifer Carlson, Susan Lagerstrom-Fife, Oona Schmid, and Susan Bednarczyk for

their support throughout the project.

Finally, we would very much like to hear from readers for any suggestions regarding the Encyclopedia’s content.

With a project of this size and scope, it is quite possible that we may have missed some concepts. It is also possible

that some entries may benefit from revisions and clarifications. We are committed to issuing periodic updates and

we look forward to the feedback from the community to improve the Encyclopedia.

Ling Liu

M. Tamer Özsu
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Zürich

Switzerland
Web Services and Service Oriented
Architectures

HANS-ARNO JACOBSEN

University of Toronto

Toronto, ON

Canada
Temporal Databases

CHRISTIAN JENSEN

Aalborg University

Aalborg

Denmark
Metadata Management

MANFRED JEUSFELD

Tilburg University

Tilburg

The Netherlands
Health Informatics Databases

VIPUL KASHYAP

Partners Health Care System

Wellesley, MA

USA



xviii Area Editors
Visual Data Mining

DANIEL KEIM

University of Konstanz

Konstanz

Germany
Data Replication

BETTINA KEMME

McGill University

Montreal, QC

Canada
Advanced Storage Systems
Storage Structures and Systems

MASARU KITSUREGAWA

The University of Tokyo

Tokyo

Japan
Views and View Management

YANNIS KOTIDIS

Athens University of Economics and Business

Athens

Greece
Semi-Structured Text Retrieval

MOUNIA LALMAS

University of Glasgow

Glasgow

UK
Information Quality

YANG LEE

Northeastern University

Boston, MA

USA



Area EditorsB xix
Relational Theory

LEONID LIBKIN

University of Edinburgh

Edinburgh

UK
Information Retrieval Evaluation
Measures

WEIYI MENG

State University of New York at Binghamton

Binghamton, NY

USA

Data Integration
No Photo

available
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University of Waterloo

Waterloo, ON

Canada

Esther Pacitti

University of Nantes

Nantes

France

Chris D. Paice

Lancaster University

Lancaster

UK
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University of Konstanz

Konstanz

Germany

Sebastian Schaffert

Salzburg Research

Salzburg

Austria



List of ContributorsB lvii
Ralf Schenkel

Max-Planck Institute for Informatics

Saarbrücken

Germany

Raimondo Schettini

University of Milano-Bicocca

Milan

Italy

Peter Scheuermann

Northwestern University

Evanston, IL

USA

Ulrich Schiel

Federal University of Campina Grande

Campina Grande

Brazil

Markus Schneider

University of Florida

Gainesville, FL

USA

Marc H. Scholl

University of Konstanz

Konstanz

Germany

Michel Scholl

Cedric-CNAM

Paris

France

Tobias Schreck

Darmstadt University of Technology

Darmstadt

Germany

Michael Schrefl

University of Linz

Linz

Austria

Matthias Schubert

Ludwig-Maximilians-University

Munich

Germany
Heiko Schuldt

University of Basel

Basel

Switzerland
Heidrun Schumann

University of Rostock

Rostock

Germany
Felix Schwagereit

University of Koblenz-Landau

Koblenz

Germany

Nicole Schweikardt

Johann Wolfgang Goethe-University

Frankfurt

Germany

Fabrizio Sebastiani

The Italian National Research Council

Pisa

Italy

Nicu Sebe

University of Amsterdam

Amsterdam

The Netherlands

University of Trento

Trento

Italy

Monica Sebillo

University of Salerno

Salerno

Italy

Thomas Seidl

RWTH Aachen University

Aachen

Germany

Manuel Serrano

University of Castilla – La Mancha

Ciudad Real

Spain



lviiiB List of Contributors
Amnon Shabo (Shvo)

IBM Research Lab-Haifa

Haifa

Israel

Mehul A. Shah

HP Labs

Palo Alto, CA

USA

Nigam Shah

Stanford University

Stanford, CA

USA

Cyrus Shahabi

University of Southern California

Los Angeles, CA

USA

Jayavel Shanmugasundaram

Yahoo Research!

Santa Clara, CA

USA

Marc Shapiro

INRIA Paris-Rocquencourt and LIP6

Paris

France

Mohamed A. Sharaf

University of Toronto

Toronto, ON

Canada

Mehdi Sharifzadeh

Google

Santa Monica, CA

USA

Jayant Sharma

Oracle Corporation

Nashua, NH

USA

Guy Sharon

IBM Research Labs-Haifa

Haifa

Israel
Dennis Shasha

New York University

New York, NY

USA

Carpendale Sheelagh

University of Calgary

Calgary, AB

Canada

Shashi Shekhar

University of Minnesota

Minneapolis, MN

USA

Dou Shen

Microsoft Corporation

Redmond, WA

USA

Heng Tao Shen

The University of Queensland

Brisbane, QLD

Australia

Jialie Shen

Singapore Management University

Singapore

Singapore

Rao Shen

Yahoo!

Sunnyvale, CA

USA

Xuehua Shen

Google, Inc.

Mountain View, CA

USA

Frank Y. Shih

New Jersey Institute of Technology

Newark, NJ

USA

Arie Shoshani

Lawrence Berkeley National Laboratory

Berkeley, CA

USA



List of ContributorsB lix
Pavel Shvaiko

University of Trento

Trento

Italy

Wolf Siberski

University of Hannover

Hannover

Germany

Ronny Siebes

VU University Amsterdam

Amsterdam

The Netherlands

Adam Silberstein

Yahoo! Research Silicon Valley

Santa Clara, CA

USA

Sonia Fernandes Silva

Etruria Telematica Srl

Siena

Italy

Fabrizio Silvestri

ISTI-CNR

Pisa

Italy

Alkis Simitsis

IBM Almaden Research Center

San Jose, CA

USA

Simeon J. Simoff

University of Western Sydney

Sydney, NSW

Australia

Radu Sion

Stony Brook University

Stony Brook, NY

USA

Mike Sips

Stanford University

Stanford, CA

USA
Cristina Sirangelo

University of Edinburgh

Edinburgh

UK

Yannis Sismanis

IBM Almaden Research Center

Almaden, CA

USA

Spiros Skiadopoulos

University of Peloponnese

Tripoli

Greece

Richard T. Snodgrass

University of Arizona

Tucson, AZ

USA

Cees Snoek

University of Amsterdam

Amsterdam

The Netherlands

Il-Yeol Song

Drexel University

Philadelphia, PA

USA

Ruihua Song

Microsoft Research Asia

Beijing

China

Stefano Spaccapietra

EPFL

Lausanne

Switzerland

Greg Speegle

Baylor University

Waco, TX

USA

Padmini Srinivasan

The University of Iowa

Iowa City, IA

USA



lx B List of Contributors
Venkat Srinivasan

Virginia Tech

Blacksburg, VA

USA

Divesh Srivastava

AT&T Labs–Research

Florham Park, NJ

USA

Steffen Staab

University of Koblenz-Landau

Koblenz

Germany

Maarten van Steen

VU University

Amsterdam

The Netherlands

Constantine Stephanidis

Foundation for Research and Technology – Hellas

(FORTH)

Heraklion

Greece

Robert Stevens

University of Manchester

Manchester

UK

Andreas Stoffel

University of Konstanz

Konstanz

Germany

Michael Stonebraker

Massachusetts Institute of Technology

Cambridge, MA

USA

Umberto Straccia

The Italian National Research Council

Pisa

Italy

Martin J. Strauss

University of Michigan

Ann Arbor, MI

USA
Diane M. Strong

Worcester Polytechnic Institute

Worcester, MA

USA

Jianwen Su

University of California-Santa Barbara

Santa Barbara, CA

USA

Kazimierz Subieta

Polish-Japanese Institute of Information Technology

Warsaw

Poland

V. S. Subrahmanian

University of Maryland

College Park, MD

USA

Dan Suciu

University of Washington

Seattle, WA

USA

S. Sudarshan

Indian Institute of Technology

Bombay

India

Torsten Suel

Yahoo! Research

Sunnyvale, CA

USA

Jian-Tao Sun

Microsoft Research Asia

Beijing

China

Subhash Suri

University of California-Santa Barbara

Santa Barbara, CA

USA

Stefan Tai

University of Karlsruhe

Karlsruhe

Germany



List of ContributorsB lxi
Kian-Lee Tan

National University of Singapore

Singapore

Singapore

Pang-Ning Tan

Michigan State University

East Lansing, MI

USA

Wang-Chiew Tan

University of California-Santa Cruz

Santa Cruz

CA, USA

Letizia Tanca

Politecnico di Milano University

Milan

Italy

Lei Tang

Arizona State University

Tempe, AZ

USA

Wei Tang

Teradata Corporation

El Segundo, CA

USA

Egemen Tanin

University of Melbourne

Melbourne, VIC

Australia

Val Tannen

University of Pennsylvania

Philadelphia, PA

USA

Abdullah Uz Tansel

Baruch College – CUNY

New York, NY

USA

Yufei Tao

Chinese University of Hong Kong

Hong Kong

China
Sandeep Tata

IBM Almaden Research Center

San Jose, CA

USA

Nesime Tatbul

ETH Zurich

Zurich

Switzerland

Christophe Taton

INPG – INRIA

Grenoble

France

Paolo Terenziani

University of Turin

Turin

Italy

Evimaria Terzi

IBM Almaden Research Center

San Jose, CA

USA

Bernhard Thalheim

Christian-Albrechts University Kiel

Kiel

Germany

Martin Theobald

Stanford University

Stanford, CA

USA

Sergios Theodoridis

University of Athens

Athens

Greece

Yannis Theodoridis

University of Piraeus

Piraeus

Greece

Alexander Thomasian

Thomasian and Associates

Pleasantville, NY

USA



lxiiB List of Contributors
Bhavani Thuraisingham

The University of Texas at Dallas

Richardson, TX

USA

Srikanta Tirthapura

Iowa State University

Ames, IA

USA

Wee Hyong Tok

National University of Singapore

Singapore

Singapore

David Toman

University of Waterloo

Waterloo, ON

Canada

Frank Wm. Tompa

University of Waterloo

Waterloo, ON

Canada

Rodney Topor

Griffith University

Nathan, QLD

Australia

Riccardo Torlone

University of Rome

Rome

Italy

Kristian Torp

Aalborg University

Aalborg

Denmark

Nicola Torpei

University of Florence

Florence

Italy

Nerius Tradišauskas
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