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Welcome to the fourth edition of Data Structures and Abstractions with Java, a book for an introductory
course in data structures, typically known as CS-2.

I wrote this book with you in mind—whether you are an instructor or a student—based upon my
experiences during more than three decades of teaching undergraduate computer science. | wanted my book
to be reader friendly so that students could learn more easily and instructors could teach more effectively.
To this end, you will find the material covered in small pieces—I call them “segments”—that are easy to
digest and facilitate learning. Numerous examples that mimic real-world situations provide a context for
the new material and help to make it easier for students to learn and retain abstract concepts. Many simple
figures illustrate and clarify complicated ideas. Included are over 60 video tutorials to supplement the
instruction and help students when their instructor is unavailable.

I am pleased and excited to welcome my co-author and colleague, Dr. Timothy Henry, to this edition.
Together we have given a fresh update to this work, while retaining the topics and order of the previous edi-
tion. You will find a greater emphasis on our design decisions for both specifications and implementations
of the various data structures, as well as a new introduction to safe and secure programming practices. The
new features in this edition are given on the next page.

We hope that you enjoy reading this book. Like many others before you, you can learn—or teach—
data structures in an effective and sustainable way.

Warm regards,

Frankt M. Carrane
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Organization and Structure

This book’s organization, sequencing, and pace of topic coverage make learning and teaching easier by
focusing your attention on one concept at a time, by providing flexibility in the order in which you can cover
topics, and by clearly distinguishing between the specification and implementation of abstract data types, or
ADTs. To accomplish these goals, we have organized the material into 29 chapters, composed of small, num-
bered segments that deal with one concept at a time. Each chapter focuses on either the specification and use
of an ADT or its various implementations. You can choose to cover the specification of an ADT followed by
its implementations, or you can treat the specification and use of several ADTs before you consider any im-
plementation issues. The book’s organization makes it easy for you to choose the topic order that you prefer.

Table of Contents at a Glance

The following brief table of contents shows the overall composition of the book. Notice the new Prelude
and nine Java Interludes. Further details—including a chapter-by-chapter description—are given later in this
preface. Note that some of the appendixes and the glossary are available online.

Introduction Organizing Data Java Interlude 6 Mutable and Immutable Objects
Prelude Designing Classes Chapter 16 Sorted Lists
Chapter 1 Bags Java Interlude 7 Inheritance
Java Interlude 1 Generics Chapter 17 Inheritance and Lists
Chapter 2 Bag Implementations Chapter 18 Searching
That Use Arrays Java Interlude 8 Generics Once Again
Java Interlude 2 Exceptions Chapter 19 Dictionaries
Chapter 3 A Bag Implementation Chapter 20 Dictionary Implementations
That Links Data Chapter 21 Introducing Hashing
Chapter 4 The Efficiency of Chapter 22 Hashing as a Dictionary
Algorithms Implementation
Chapter 5 Stacks Chapter 23 Trees
Chapter 6 Stack Implementations Chapter 24 Tree Implementations
Chapter 7 Recursion Java Interlude 9  Cloning
Java Interlude 3~ More About Generics Chapter 25 A Binary Search Tree
Chapter 8 An Introduction to Sorting Implementation
Chapter 9 Faster Sorting Methods Chapter 26 A Heap Implementation
Java Interlude 4  More About Exceptions Chapter 27 Balanced Search Trees
Chapter 10 Queues, Deques, and Chapter 28 Graphs
Priority Queues Chapter 29 Graph Implementations
Chapter 11 Queue, Deque, and Priority Appendix A Documentation and
Queue Implementations Programming Style
Chapter 12 Lists Appendix B Java Basics (online)
Chapter 13 A List Implementation That Appendix C Java Classes (online)
Uses an Array Appendix D Creating Classes from Other
Chapter 14 A List Implementation That Classes
Links Data Appendix E File Input and Output (online)
Java Interlude 5  Iterators Glossary (online)

Chapter 15 Iterators for the ADT List



What's New?

While the chapters are in the same order and cover the same topics as in the previous edition, reader
feedback convinced us to move some material from the appendixes or online into the main portion of the
book. Other changes are motivated by reader suggestions and our own desire to improve the presentation.
Here are the significant changes in this edition:

A new Prelude follows the Introduction and precedes Chapter 1 to discuss how to design classes. This
material was in Appendix D of the previous edition.

Relevant aspects of Java have been extracted from either the appendixes or the chapters themselves
and placed into new Java Interludes that occur throughout the book and as needed. By doing so, we
increase the distinction and separation between concepts and Java-specific issues. The titles of these
interludes follow, and you can see their placement between chapters on the previous page:

Java Interlude 1 Generics

Java Interlude 2 Exceptions

Java Interlude 3 More About Generics

Java Interlude 4 More About Exceptions

Java Interlude 5 Iterators

Java Interlude 6 Mutable and Immutable Objects
Java Interlude 7 Inheritance

Java Interlude 8 Generics Once Again

Java Interlude 9 Cloning

Safe and secure programming is a new topic that is introduced in Chapter 2, discussed in new Security
Notes, and reflected in the Java code that implements the ADTs.

Beginning with stacks in Chapter 5, most ADT methods now indicate failure by throwing an excep-
tion. Methods only return nu11 when it cannot be a data value within a collection.

Expanded coverage of generics treats generic methods and bounded types.

Immutable, mutable, and cloneable objects are covered in Java Interludes instead of the online
Chapter 30 of the previous edition.

Additional Design Decisions continue to present the options one has when specifying and imple-
menting particular ADTs and provide the rationale behind our choices.

Illustrations have been revised to show objects specifically instead of as values within nodes or array
elements.

Vector-based implementations of the ADT list and queue are no longer covered, but are left as
programming projects.

Line numbers appear in program listings.

Java code is Java 8 compliant.

Supplements now include a test bank.

Here are the significant changes to specific chapters:

Chapter 1 introduces the ADT set in addition to the bag.

Chapter 2 introduces safe and secure programming. The code changes suggested here are integrated
into all ADT implementations in subsequent chapters.

Chapters 5 and 6 use exceptions in the specification and implementations of the ADT stack.
Chapters 8 and 9 replace some Java code for sorting methods with pseudocode.
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Chapters 10 and 11 use exceptions in the specification and implementations of the ADTs queue, deque,
and priority queue.

Chapter 11 no longer covers the vector-based implementation of the ADT queue; it is left as a program-
ming project.

Chapters 12, 13, and 14 use exceptions in the specification and implementations of the ADT list.
Chapter 13 changes the array-based implementation of the ADT list by ignoring the array element at
index 0. The vector-based implementation of the ADT list is no longer covered, but is left as a program-
ming project.

Chapter 15 covers only iterators for the ADT list. The concepts of an iterator in Java are treated in the
preceding Java Interlude 5 instead of in this chapter.

Chapter 20 no longer covers the vector-based implementation of the ADT dictionary; it is left as a
programming project.

Chapter 23 defines balanced binary trees, which previously was in Chapter 25.

Chapter 24 no longer defines an interface for a binary node, and the class BinaryNode no longer
implements one.



The topics that we cover in this book deal with the various ways of organizing data so that a given
application can access and manipulate data in an efficient way. These topics are fundamental to your future
study of computer science, as they provide you with the foundation of knowledge required to create com-
plex and reliable software. Whether you are interested in designing video games or software for robotic
controlled surgery, the study of data structures is vital to your success. Even if you do not study all of the
topics in this book now, you are likely to encounter them later. We hope that you will enjoy reading the
book, and that it will serve as a useful reference tool for your future courses.

After looking over this preface, you should read the Introduction. There you will quickly see what this
book is about and what you need to know about Java before you begin. The Prelude discusses class design
and the use of Java interfaces. We use interfaces throughout the book. Appendixes A through E review
javadoc comments, Java basics, classes, inheritance, and files. New Java Interludes occur throughout the
book and cover advanced aspects of Java as they are needed. Note that at the end of the book you will
find Java’s reserved words, its primitive data types, the precedence of its operators, and a list of Unicode
characters.

Please be sure to browse the rest of this preface to see the features that will help you in your studies.

Data Structures and Abstractions with JavaTM

FOURTH EDITION

Frank M. Carrano * Timothy M. Henry
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ALWAYS LEARNING PEARSON

70
s’
c
Q)
)
=
-
D
@)
-
Q)
-
@)
Z,
<




Features to Enhance Learning

Each chapter begins with a table of contents, a list of prerequisite portions of the book that you should
have read, and the learning objectives for the material to be covered. Other pedagogical elements appear
throughout the book, as follows:

Notes Important ideas are presented or summarized in highlighted paragraphs and are meant
to be read in line with the surrounding text.

Security Notes Aspects of safe and secure programming are introduced and highlighted in
this new feature.

A Problem Solved Large examples are presented in the form of “A Problem Solved,” in which
a problem is posed and its solution is discussed, designed, and implemented.

Design Decisions To give readers insight into the design choices that one could make when
formulating a solution, “Design Decision” elements lay out such options, along with the
rationale behind the choice made for a particular example. These discussions are often in the
context of one of the “A Problem Solved” examples.
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Examples Numerous examples illuminate new concepts.

Programming Tips Suggestions to improve or facilitate programming are presented as soon
as they become relevant.

Self-Test Questions Questions are posed throughout each chapter, integrated within the text,
that reinforce the concept just presented. These “self-test” questions help readers to understand
BEEET  he material, since answering them requires pause and reflection. Solutions to these questions
are provided at the end of each chapter.

°~ (B ) @

VideoNotes Online tutorials are a Pearson feature that provides visual and audio support to
n the presentation given throughout the book. They offer students another way to recap and
videoNote  reinforce key concepts. VideoNotes allow for self-paced instruction with easy navigation,
including the ability to select, play, rewind, fast-forward, and stop within each video. Unique
VideoNote icons appear throughout this book whenever a video is available for a particular
concept or problem. A detailed list of the VideoNotes for this text and their associated loca-
tions in the book can be found on page 26. VideoNotes are free with the purchase of a new
textbook. To purchase access to VideoNotes, please go to

www . pearsonglobaleditions.com/Carrano

Exercises and Programming Projects Further practice is available by solving the exercises
and programming projects at the end of each chapter. Unfortunately, we cannot give readers the
answers to these exercises and programming projects, even if they are not enrolled in a class.
Only instructors who adopt the book can receive selected answers from the publisher. For help
with these exercises and projects, you will have to contact your instructor.




Accessing Instructor and Student Resource Materials

The following items are available on the publisher’s website at www. pearsonglobaleditions.com/Carrano:

e Java code as it appears in the book
e Alink to any misprints that have been discovered since the book was published
e Links to additional online content, which is described next

Instructor Resources

The following protected material is available to instructors who adopt this book by logging onto Pearson’s
Instructor Resource Center, accessible from www.pearsonglobaleditions.com/Carrano:

PowerPoint lecture slides
Instructor solutions manual
Figures from the book
Test bank

Additionally, instructors can access the book’s Companion Website for the following online premium
content, also accessible from www.pearsonglobaleditions.com/Carrano:

e [Instructional VideoNotes
e Appendixes B, C, and E
e Aglossary of terms

Student Resources

The following material is available to students by logging onto the Companion Website accessible from
www . pearsonglobaleditions.com/Carrano:

e Instructional VideoNotes
e Appendixes B, C, and E
e Aglossary of terms

Students must use the access card located in the front of the book to register for and then enter the Companion
Website.
Note that the Java Class Library is available at docs.oracle.com/javase/8/docs/api/.
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Content Overview

Readers of this book should have completed a programming course, preferably in Java. The appendixes
cover the essentials of Java that we assume readers will know. You can use these appendixes as a review or
as the basis for making the transition to Java from another programming language. The book itself begins
with the Introduction, which sets the stage for the data organizations that we will study.

Prelude: At the request of readers of the previous edition, we have moved the introduction to class
design from the appendix to the beginning of the book. Most of the material that was in Appendix D of
the third edition is now in the Prelude, which follows the Introduction.

Chapters 1 through 3: We introduce the bag as an abstract data type (ADT). By dividing the mate-
rial across several chapters, we clearly separate the specification, use, and implementation of the bag.
For example, Chapter 1 specifies the bag and provides several examples of its use. This chapter also
introduces the ADT set. Chapter 2 covers implementations that use arrays, while Chapter 3 introduces
chains of linked nodes and uses one in the definition of a class of bags.

In a similar fashion, we separate specification from implementation throughout the book when
we discuss various other ADTs. You can choose to cover the chapters that specify and use the ADTs
and then later cover the chapters that implement them. Or you can cover the chapters as they appear,
implementing each ADT right after studying its specification and use. A list of chapter prerequisites
appears later in this preface to help you plan your path through the book.

Chapter 2 does more than simply implement the ADT bag. It shows how to approach the imple-
mentation of a class by initially focusing on core methods. When defining a class, it is often useful
to implement and test these core methods first and to leave definitions of the other methods for later.
Chapter 2 also introduces the concept of safe and secure programming, and shows how to add this
protection to your code.

Java Interludes 1 and 2: The first Java interlude introduces generics, so that we can use it with our
first ADT, the bag. This interlude immediately follows Chapter 1. Java Interlude 2 introduces excep-
tions and follows Chapter 2. We apply this material, which was formerly in an appendix, to the imple-
mentations of the ADT bag.

Chapter 4: Here we introduce the complexity of algorithms, a topic that we integrate into future
chapters.

Chapters 5 and 6: Chapter 5 discusses stacks, giving examples of their use, and Chapter 6 implements
the stack using an array, a vector, and a chain.

Chapter 7: Next, we present recursion as a problem-solving tool and its relationship to stacks.
Recursion, along with algorithm efficiency, is a topic that is revisited throughout the book.

Java Interlude 3: This interlude provides the Java concepts needed for the sorting methods that we
are about to present. It introduces the standard interface Comparable, generic methods, bounded type
parameters, and wildcards.

Chapters 8 and 9: The next two chapters discuss various sorting techniques and their relative com-
plexities. We consider both iterative and recursive versions of these algorithms.

Java Interlude 4: This Java interlude shows how the programmer can write new exception classes. In
doing so, it shows how to extend an existing class of exceptions. It also introduces the final1y block.
Chapters 10 and 11: Chapter 10 discusses queues, deques, and priority queues, and Chapter 11 con-
siders their implementations. It is in this latter chapter that we introduce circularly linked and doubly
linked chains. Chapter 11 also uses the programmer-defined class EmptyQueueException.

Chapters 12, 13, and 14: The next three chapters introduce the ADT list. We discuss this collection
abstractly and then implement it by using an array and a chain of linked nodes.

Java Interlude 5 and Chapter 15: The coverage of Java iterators that was formerly in Chapter 15
now appears before the chapter in Java Interlude 5. Included are the standard interfaces Iterator,



Iterable, and ListIterator. Chapter 15 then shows ways to implement an iterator for the ADT list.
It considers and implements Java’s iterator interfaces Iterator and ListIterator.

Java Interlude 6: This interlude discusses mutable and immutable objects, material that previously
was in the online Chapter 30.

Chapters 16 and 17 and Java Interlude 7: Continuing the discussion of a list, Chapter 16 intro-
duces the sorted list, looking at two possible implementations and their efficiencies. Chapter 17 shows
how to use the list as a superclass for the sorted list and discusses the general design of a superclass.
Although inheritance is reviewed in Appendix D, the relevant particulars of inheritance—including
protected access, abstract classes, and abstract methods—are presented in Java Interlude 7 just before
Chapter 17.

Chapter 18: We then examine some strategies for searching an array or a chain in the context of a list
or a sorted list. This discussion is a good basis for the sequence of chapters that follows.

Java Interlude 8: Before we get to the next chapter, we quickly cover in this interlude situations
where more than one generic data type is necessary.

Chapters 19 through 22: Chapter 19 covers the specification and use of the ADT dictionary.
Chapter 20 presents implementations of the dictionary that are linked or that use arrays. Chapter 21
introduces hashing, and Chapter 22 uses hashing as a dictionary implementation.

Chapters 23 and 24 and Java Interlude 9: Chapter 23 discusses trees and their possible uses.
Included among the several examples of trees is an introduction to the binary search tree and the heap.
Chapter 24 considers implementations of the binary tree and the general tree. Java Interlude 9 dis-
cusses cloning, a topic that was previously online. We clone an array, a chain of linked nodes, and a
binary node. We also investigate a sorted list of clones. Although this material is important, you can
treat it as optional, as it is not required in the following chapters.

Chapters 25 through 27: Chapter 25 focuses on the implementation of the binary search tree.
Chapter 26 shows how to use an array to implement the heap. Chapter 27 introduces balanced search
trees. Included in this chapter are the AVL, 2-3, 2-4, and red-black trees, as well as B-trees.

Chapters 28 and 29: Finally, we discuss graphs and look at several applications and two
implementations.

Appendixes A through E: The appendixes provide supplemental coverage of Java. As we mentioned
earlier. Appendix A considers programming style and comments. It introduces javadoc comments
and defines the tags that we use in this book. Appendix B reviews Java up to but not including classes.
However, this appendix also covers the Scanner class, enumerations, boxing and unboxing, and
the for-each loop. Appendix C discusses Java classes, Appendix D expands this topic by looking at
composition and inheritance, and Appendix E discusses files.
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