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Preface

Database management has evolved from a specialized computer application to a
central component of a modern computing environment, and, as a result, knowl-
edge about database systems has become an essential part of an education in
computer science. In this text, we present the fundamental concepts of database
management. These concepts include aspects of database design, database lan-
guages, and database-system implementation.

This text is intended for a first course in databases at the junior or senior
undergraduate, or first-year graduate, level. In addition to basic material for
a first course, the text contains advanced material that can be used for course
supplements, or as introductory material for an advanced course.

We assume only a familiarity with basic data structures, computer organi-
zation, and a high-level programming language such as Java, C, or Pascal. We
present concepts as intuitive descriptions, many of which are based on our run-
ning example of a university. Important theoretical results are covered, but formal
proofs are omitted. In place of proofs, figures and examples are used to suggest
why a result is true. Formal descriptions and proofs of theoretical results may
be found in research papers and advanced texts that are referenced in the biblio-
graphical notes.

The fundamental concepts and algorithms covered in the book are often
based on those used in existing commercial or experimental database systems.
Our aim is to present these concepts and algorithms in a general setting that is
not tied to one particular database system. Details of particular database systems
are discussed in Part 9, “Case Studies.”

In this, the sixth edition of Database System Concepts, we have retained the
overall style of the prior editions while evolving the content and organization to
reflect the changes that are occurring in the way databases are designed, managed,
and used. We have also taken into account trends in the teaching of database
concepts and made adaptations to facilitate these trends where appropriate.
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Organization

The text is organized in nine major parts, plus five appendices.

Overview (Chapter 1). Chapter 1 provides a general overview of the nature
and purpose of database systems. We explain how the concept of a database
system has developed, what the common features of database systems are,
what a database system does for the user, and how a database system in-
terfaces with operating systems. We also introduce an example database
application: a university organization consisting of multiple departments,
instructors, students, and courses. This application is used as a running ex-
ample throughout the book. This chapter is motivational, historical, and ex-
planatory in nature.

Part 1: Relational Databases (Chapters 2 through 6). Chapter 2 introduces
the relational model of data, covering basic concepts such as the structure
of relational databases, database schemas, keys, schema diagrams, relational
query languages, and relational operations. Chapters 3, 4, and 5 focus on the
most influential of the user-oriented relational languages: SQL. Chapter 6 cov-
ers the formal relational query languages: relational algebra, tuple relational
calculus, and domain relational calculus.

The chapters in this part describe data manipulation: queries, updates, in-
sertions, and deletions, assuming a schema design has been provided. Schema
design issues are deferred to Part 2.

Part 2: Database Design (Chapters 7 through 9). Chapter 7 provides an
overview of the database-design process, with major emphasis on database
design using the entity-relationship data model. The entity-relationship data
model provides a high-level view of the issues in database design, and of the
problems that we encounter in capturing the semantics of realistic applica-
tions within the constraints of a data model. UML class-diagram notation is
also covered in this chapter.

Chapter 8 introduces the theory of relational database design. The the-
ory of functional dependencies and normalization is covered, with emphasis
on the motivation and intuitive understanding of each normal form. This
chapter begins with an overview of relational design and relies on an intu-
itive understanding of logical implication of functional dependencies. This
allows the concept of normalization to be introduced prior to full coverage
of functional-dependency theory, which is presented later in the chapter. In-
structors may choose to use only this initial coverage in Sections 8.1 through
8.3 without loss of continuity. Instructors covering the entire chapter will ben-
efit from students having a good understanding of normalization concepts to
motivate some of the challenging concepts of functional-dependency theory.

Chapter 9 covers application design and development. This chapter empha-
sizes the construction of database applications with Web-based interfaces. In
addition, the chapter covers application security.
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¢ Part 3: Data Storage and Querying (Chapters 10 through 13). Chapter 10
deals with storage devices, files, and data-storage structures. A variety of
data-access techniques are presented in Chapter 11, including B*-tree indices
and hashing. Chapters 12 and 13 address query-evaluation algorithms and
query optimization. These chapters provide an understanding of the internals
of the storage and retrieval components of a database.

e Part 4: Transaction Management (Chapters 14 through 16). Chapter 14 fo-
cuses on the fundamentals of a transaction-processing system: atomicity,
consistency, isolation, and durability. It provides an overview of the methods
used to ensure these properties, including locking and snapshot isolation.

Chapter 15 focuses on concurrency control and presents several techniques
for ensuring serializability, including locking, timestamping, and optimistic
(validation) techniques. The chapter also covers deadlock issues. Alterna-
tives to serializability are covered, most notably the widely-used snapshot
isolation, which is discussed in detail.

Chapter 16 covers the primary techniques for ensuring correct transac-
tion execution despite system crashes and storage failures. These techniques
include logs, checkpoints, and database dumps. The widely-used ARIES al-
gorithm is presented.

¢ Part 5: System Architecture (Chapters 17 through 19). Chapter 17 covers
computer-system architecture, and describes the influence of the underly-
ing computer system on the database system. We discuss centralized sys-
tems, client—server systems, and parallel and distributed architectures in this
chapter.

Chapter 18, on parallel databases, explores a variety of parallelization
techniques, including I/0 parallelism, interquery and intraquery parallelism,
and interoperation and intraoperation parallelism. The chapter also describes
parallel-system design.

Chapter 19 covers distributed database systems, revisiting the issues
of database design, transaction management, and query evaluation and op-
timization, in the context of distributed databases. The chapter also cov-
ers issues of system availability during failures, heterogeneous distributed
databases, cloud-based databases, and distributed directory systems.

¢ Part 6: Data Warehousing, Data Mining, and Information Retrieval (Chap-
ters 20 and 21). Chapter 20 introduces the concepts of data warehousing
and data mining. Chapter 21 describes information-retrieval techniques for
querying textual data, including hyperlink-based techniques used in Web
search engines.
Part 6 uses the modeling and language concepts from Parts 1 and 2, but
does not depend on Parts 3, 4, or 5. It can therefore be incorporated easily
into a course that focuses on SQL and on database design.
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Part 7: Specialty Databases (Chapters 22 and 23). Chapter 22 covers object-
based databases. The chapter describes the object-relational data model,
which extends the relational data model to support complex data types, type
inheritance, and object identity. The chapter also describes database access
from object-oriented programming languages.

Chapter 23 covers the XML standard for data representation, which is seeing
increasing use in the exchange and storage of complex data. The chapter also
describes query languages for XML.

Part 8: Advanced Topics (Chapters 24 through 26). Chapter 24 covers ad-
vanced issues in application development, including performance tuning,
performance benchmarks, database-application testing, and standardization.
Chapter 25 covers spatial and geographic data, temporal data, multimedia
data, and issues in the management of mobile and personal databases.
Finally, Chapter 26 deals with advanced transaction processing. Top-
ics covered in the chapter include transaction-processing monitors, transac-
tional workflows, electronic commerce, high-performance transaction sys-
tems, real-time transaction systems, and long-duration transactions.

Part 9: Case Studies (Chapters 27 through 30). In this part, we present case
studies of four of the leading database systems, PostgreSQL, Oracle, IBM DB2,
and Microsoft SQL Server. These chapters outline unique features of each of
these systems, and describe their internal structure. They provide a wealth of
interesting information about the respective products, and help you see how
the various implementation techniques described in earlier parts are used
in real systems. They also cover several interesting practical aspects in the
design of real systems.

Appendices. We provide five appendices that cover material that is of histor-
ical nature or is advanced; these appendices are available only online on the
Web site of the book (http://www.db-book.com). An exception is Appendix A,
which presents details of our university schema including the full schema,
DDL, and all the tables. This appendix appears in the actual text.

Appendix B describes other relational query languages, including QBE
Microsoft Access, and Datalog.

Appendix C describes advanced relational database design, including the
theory of multivalued dependencies, join dependencies, and the project-join
and domain-key normal forms. This appendix is for the benefit of individuals
who wish to study the theory of relational database design in more detail,
and instructors who wish to do so in their courses. This appendix, too, is
available only online, on the Web site of the book.

Although most new database applications use either the relational model
or the object-relational model, the network and hierarchical data models are
still in use in some legacy applications. For the benefit of readers who wish to
learn about these data models, we provide appendices describing the network
and hierarchical data models, in Appendices D and E respectively.
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The Sixth Edition

The production of this sixth edition has been guided by the many comments and
suggestions we received concerning the earlier editions, by our own observatiohs
while teaching at Yale University, Lehigh University, and IIT Bombay, and by our
analysis of the directions in which database technology is evolving.

We have replaced the earlier running example of bank enterprise with a uni-
versity example. This example has an immediate intuitive connection to students
that assists not only in remembering the example, but, more importantly, in gain-
ing deeper insight into the various design decisions that need to be made.

We have reorganized the book so as to collect all of our SQL coverage together
and place it early in the book. Chapters 3, 4, and 5 present complete SQL coverage.
Chapter 3 presents the basics of the language, with more advanced features in
Chapter 4. In Chapter 5, we present JDBC along with other means of accessing
SQL from a general-purpose programming language. We present triggers and re-
cursion, and then conclude with coverage of online analytic processing (OLAP).
Introductory courses may choose to cover only certain sections of Chapter 5 or
defer sections until after the coverage of database design without loss of continu-
ity.

Beyond these two major changes, we revised the material in each chapter,
bringing the older material up-to-date, adding discussions on recent develop-
ments in database technology, and improving descriptions of topics that students
found difficult to understand. We have also added new exercises and updated
references. The list of specific changes includes the following:

® Earlier coverage of SQL. Many instructors use SQL as a key component of term
projects (see our Web site, www.db-book.com, for sample projects). In order to
give students ample time for the projects, particularly for universities and
colleges on the quarter system, it is essential to teach SQL as early as possible.
With this in mind, we have undertaken several changes in organization:

© A new chapter on the relational model (Chapter 2) precedes SQL, laying
the conceptual foundation, without getting lost in details of relational
algebra.

o Chapters 3,4, and 5 provide detailed coverage of SQL. These chapters also
discuss variants supported by different database systems, to minimize
problems that students face when they execute queries on actual database
systems. These chapters cover all aspects of SQL, including queries, data
definition, constraint specification, OLAP, and the use of SQL from within
a variety of languages, including Java/JDBC.

© Formal languages (Chapter 6) have been postponed to after SQL, and can
be omitted without affecting the sequencing of other chapters. Only our
discussion of query optimization in Chapter 13 depends on the relational
algebra coverage of Chapter 6.
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New database schema. We adopted a new schema, which is based on uni-
versity data, as a running example throughout the book. This schema is
more intuitive and motivating for students than the earlier bank schema, and
illustrates more complex design trade-offs in the database-design chapters.

More support for a hands-on student experience. To facilitate following
our running example, we list the database schema and the sample relation
instances for our university database together in Appendix A as well as
where they are used in the various regular chapters. In addition, we provide,
on our Web site http://www.db-book.com, SQL data-definition statements for the
entire example, along with SQL statements to create our example relation
instances. This encourages students to run example queries directly on a
database system and to experiment with modifying those queries.

Revised coverage of E-R model. The E-R diagram notation in Chapter 7 has
been modified to make it more compatible with UML. The chapter also makes
good use of the new university database schema to illustrate more complex
design trade-offs.

Revised coverage of relational design. Chapter 8 now has a more readable
style, providing an intuitive understanding of functional dependencies and
normalization, before covering functional dependency theory; the theory is
motivated much better as a result.

Expanded material on application development and security. Chapter 9 has
new material on application development, mirroring rapid changes in the
field. In particular, coverage of security has been expanded, considering its
criticality in today’s interconnected world, with an emphasis on practical
issues over abstract concepts.

Revised and updated coverage of data storage, indexing and query op-
timization. Chapter 10 has been updated with new technology, including
expanded coverage of flash memory.

Coverage of B*-trees in Chapter 11 has been revised to reflect practical
implementations, including coverage of bulk loading, and the presentation
has been improved. The BT-tree examples in Chapter 11 have now been
revised with n = 4, to avoid the special case of empty nodes that arises with
the (unrealistic) value of n = 3.

Chapter 13 has new material on advanced query-optimization techniques.

Revised coverage of transaction management. Chapter 14 provides full cov-
erage of the basics for an introductory course, with advanced details follow-
ing in Chapters 15and 16. Chapter 14 has been expanded to cover the practical
issues in transaction management faced by database users and database-
application developers. The chapter also includes an expanded overview of
topics covered in Chapters 15 and 16, ensuring that even if Chapters 15 and 16
are omitted, students have a basic knowledge of the concepts of concurrency
control and recovery.
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Chapters 14 and 15 now include detailed coverage of snapshot isolation,
which is widely supported and used today, including coverage of potential
hazards when using it.

Chapter 16 now has a simplified description of basic log-based recovery
leading up to coverage of the ARIES algorithm.

e Revised and expanded coverage of distributed databases. We now cover
cloud data storage, which is gaining significant interest for business appli-
cations. Cloud storage offers enterprises opportunities for improved cost-
management and increased storage scalability, particularly for Web-based
applications. We examine those advantages along with the potential draw-
backs and risks.

Multidatabases, which were earlier in the advanced transaction processing
chapter, are now covered earlier as part of the distributed database chapter.

¢ Postponed coverage of object databases and XML. Although object-oriented
languages and XML are widely used outside of databases, their use in data-
bases is still limited, making them appropriate for more advanced courses,
or as supplementary material for an introductory course. These topics have
therefore been moved to later in the book, in Chapters 22 and 23.

® QBE, Microsoft Access, and Datalog in an online appendix. These topics,
which were earlier part of a chapter on “other relational languages,” are now
covered in online Appendix C.

All topics not listed above are updated from the fifth edition, though their overall
organization is relatively unchanged.

Review Material and Exercises

Each chapter has a list of review terms, in addition to a summary, which can help
readers review key topics covered in the chapter.

The exercises are divided into two sets: practice exercises and exercises. The
solutions for the practice exercises are publicly available on the Web site of the
book. Students are encouraged to solve the practice exercises on their own, and
later use the solutions on the Web site to check their own solutions. Solutions
to the other exercises are available only to instructors (see “Instructor’s Note,”
below, for information on how to get the solutions).

Many chapters have a tools section at the end of the chapter that provides
information on software tools related to the topic of the chapter; some of these
tools can be used for laboratory exercises. SQL DDL and sample data for the
university database and other relations used in the exercises are available on the
Web site of the book, and can be used for laboratory exercises.
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instructor’s Note

The book contains both basic and advanced material, which might not be cov-
ered in a single semester. We have marked several sections as advanced, using
the symbol “**”. These sections may be omitted if so desired, without a loss of
continuity. Exercises that are difficult (and can be omitted) are also marked using
the symbol “**”.

It is possible to design courses by using various subsets of the chapters. Some

of the chapters can also be covered in an order different from their order in the
. book. We outline some of the possibilities here:

Chapter 5 (Advanced SQL) can be skipped or deferred to later without loss of
continuity. We expect most courses will cover at least Section 5.1.1 early, as
JDBC is likely to be a useful tool in student projects.

Chapter 6 (Formal Relational Query Languages) can be covered immediately
after Chapter 2, ahead of SQL. Alternatively, this chapter may be omitted from
an introductory course.

We recommend covering Section 6.1 (relational algebra) if the course also
covers query processing. However, Sections 6.2 and 6.3 can be omitted if
students will not be using relational calculus as part of the course.

Chapter 7 (E-R Model) can be covered ahead of Chapters 3, 4 and 5 if you so
desire, since Chapter 7 does not have any dependency on SQL.

Chapter 13 (Query Optimization) can be omitted from an introductory course
without affecting coverage of any other chapter.

Both our coverage of transaction processing (Chapters 14 through 16) and
our coverage of system architecture (Chapters 17 through 19) consist of an
overview chapter (Chapters 14 and 17, respectively), followed by chapters
with details. You might choose to use Chapters 14 and 17, while omitting
Chapters 15, 16, 18 and 19, if you defer these latter chapters to an advanced
course.

Chapters 20 and 21, covering data warehousing, data mining, and informa-
tion retrieval, can be used as self-study material or omitted from an introduc-
tory course.

Chapters 22 (Object-Based Databases), and 23 (XML) can be omitted from an
introductory course.

Chapters 24 through 26, covering advanced application development, spatial,
temporal and mobile data, and advanced transaction processing, are suitable
for an advanced course or for self-study by students.

The case-study Chapters 27 through 30 are suitable for self-study by students.
Alternatively, they can be used as an illustration of concepts when the earlier
chapters are presented in class.

Model course syllabi, based on the text, can be found on the Web site of the book.
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Web Site and Teaching Supplements

A Web site for the book is available at the URL: http://www.db-book.com. The Web
site contains:

¢ Slides covering all the chapters of the book.
® Answers to the practice exercises.

¢ The five appendices.

® An up-to-date errata list.

® Laboratory material, including SQL DDL and sample data for the university
schema and other relations used in exercises, and instructions for setting up
and using various database systems and tools.

The following additional material is available only to faculty:

® Aninstructor manual containing solutions to all exercises in the book.

® A question bank containing extra exercises.

For more information about how to get a copy of the instructor manual and the
question bank, please send electronic mail to customer.service@mcgraw-hill.com.
In the United States, you may call 800-338-3987. The McGraw-Hill Web site for
this book is http://www.mhhe.com/silberschatz.

Contacting Us

We have endeavored to eliminate typos, bugs, and the like from the text. But, as
in new releases of software, bugs almost surely remain; an up-to-date errata list
is accessible from the book’s Web site. We would appreciate it if you would notify
us of any errors or omissions in the book that are not on the current list of errata.

We would be glad to receive suggestions on improvements to the book. We
also welcome any contributions to the book Web site that could be of use to
other readers, such as programming exercises, project suggestions, online labs
and tutorials, and teaching tips.

Email should be addressed to db-book-authors@cs.yale.edu. Any other corre-
spondence should be sent to Avi Silberschatz, Department of Computer Science,
Yale University, 51 Prospect Street, P.O. Box 208285, New Haven, CT 06520-8285
USA.
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Lee, Joe H. C. Lu, Alex N. Napitupulu, H. K. Park, Jian Pei, Fernando Saenz
Perez, Donnie Pinkston, Yma Pinto, Rajarshi Rakshit, Sandeep Satpal, Amon
Seagull, Barry Soroka, Praveen Ranjan Srivastava, Hans Svensson, Moritz
Wiese, and Eyob Delele Yirdaw.

The following people offered suggestions and comments for the fifth and ear-
lier editions of the book. R. B. Abhyankar, Hani Abu-Salem, Jamel R. Alsab-
bagh, Raj Ashar, Don Batory, Phil Bernhard, Christian Breimann, Gavin M.
Bierman, Janek Bogucki, Haran Boral, Paul Bourgeois, Phil Bohannon, Robert
Brazile, Yuri Breitbart, Ramzi Bualuan, Michael Carey, Soumen Chakrabarti,
Tom Chappell, Zhengxin Chen, Y. C. Chin, Jan Chomicki, Laurens Damen,
Prasanna Dhandapani, Qin Ding, Valentin Dinu, J. Edwards, Christos Falout-
sos, Homma Farian, Alan Fekete, Frantisek Franek, Shashi Gadia, Hector
Garcia-Molina, Goetz Graefe, Jim Gray, Le Gruenwald, Eitan M. Gurari,
William Hankley, Bruce Hillyer, Ron Hitchens, Chad Hogg, Arvind Hulgeri,
Yannis Ioannidis, Jiaping Zheng, Randy M. Kaplan, Graham J. L. Kemp, Rami
Khouri, Hyoung-Joo Kim, Won Kim, Henry Korth (father of Henry F.), Carol
Kroll, Hae Choon Lee, Sang-Won Lee, Irwin Levinstein, Mark Llewellyn,
Gary Lindstrom, Ling Liu, Dave Maier, Keith Marzullo, Marty Maskarinec,
Fletcher Mattox, Sharad Mehrotra, Jim Melton, Alberto Mendelzon, Ami
Motro, Bhagirath Narahari, Yiu-Kai Dennis Ng, Thanh-Duy Nguyen, Anil
Nigam, Cyril Orji, Meral Ozsoyoglu, D. B. Phatak, Juan Altmayer Pizzorno,
Bruce Porter, Sunil Prabhakar, Jim Peterson, K. V. Raghavan, Nahid Rahman,
Rajarshi Rakshit, Krithi Ramamritham, Mike Reiter, Greg Riccardi, Odinaldo
Rodriguez, Mark Roth, Marek Rusinkiewicz, Michael Rys, Sunita Sarawagi,
N. L. Sarda, Patrick Schmid, Nikhil Sethi, S. Seshadri, Stewart Shen, Shashi
Shekhar, Amit Sheth, Max Smolens, Nandit Soparkar, Greg Speegle, Jeff
Storey, Dilys Thomas, Prem Thomas, Tim Wahls, Anita Whitehall, Christo-
pher Wilson, Marianne Winslett, Weining Zhang, and Zhenming Liu.
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