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Preface to the Sixth Edition

Data Structures and Algorithms in Java provides an introduction to data structures
and algorithms, including their design, analysis, and implementation. The major
changes in this sixth edition include the following:

We redesigned the entire code base to increase clarity of presentation and
consistency in style and convention, including reliance on fype inference, as
introduced in Java 7, to reduce clutter when instantiating generic types.

We added 38 new figures, and redesigned 144 existing figures.

We revised and expanded exercises, bringing the grand total to 794 exercises!
We continue our approach of dividing them into reinforcement, creativity,
and project exercises. However, we have chosen not to reset the number-
ing scheme with each new category, thereby avoiding possible ambiguity
between exercises such as R-7.5, C-7.5, P-7.5.

The introductory chapters contain additional examples of classes and inheri-
tance, increased discussion of Java’s generics framework, and expanded cov-
erage of cloning and equivalence testing in the context of data structures.

A new chapter, dedicated to the topic of recursion, provides comprehensive
coverage of material that was previously divided within Chapters 3, 4, and
9 of the fifth edition, while newly introducing the use of recursion when
processing file systems.

We provide a new empirical study of the efficiency of Java’s StringBuilder
class relative to the repeated concatenation of strings, and then discuss the
theoretical underpinnings of its amortized performance.

We provide increased discussion of iterators, contrasting between so-called
lazy iterators and snapshot iterators, with examples of both styles of imple-
mentation for several data structures.

We have increased the use of abstract base classes to reduce redundancy
when providing multiple implementations of a common interface, and the
use of nested classes to provide greater encapsulation for our data structures.
We have included complete Java implementations for many data structures
and algorithms that were only described with pseudocode in earlier editions.
These new implementations include both array-based and linked-list-based
queue implementations, a heap-based adaptable priority queue, a bottom-up
heap construction, hash tables with either separate chaining or linear probing,
splay trees, dynamic programming for the least-common subsequence prob-
lem, a union-find data structure with path compression, breadth-first search
of a graph, the Floyd-Warshall algorithm for computing a graph’s transitive
closure, topological sorting of a DAG, and both the Prim-Jarnik and Kruskal
algorithms for computing a minimum spanning tree.

\4



Preface

Prerequisites

We assume that the reader is at least vaguely familiar with a high-level program-
ming language, such as C, C++, Python, or Java, and that he or she understands the
main constructs from such a high-level language, including:

e Variables and expressions
Methods (also known as functions or procedures)
Decision structures (such as if-statements and switch-statements)
Iteration structures (for-loops and while-loops)

For readers who are familiar with these concepts, but not with how they are ex-
pressed in Java, we provide a primer on the Java language in Chapter 1. Still, this
book is primarily a data structures book, not a Java book; hence, it does not provide
a comprehensive treatment of Java. Nevertheless, we do not assume that the reader
is necessarily familiar with object-oriented design or with linked structures, such
as linked lists, for these topics are covered in the core chapters of this book.

In terms of mathematical background, we assume the reader is somewhat famil-
iar with topics from high-school mathematics. Even so, in Chapter 4, we discuss
the seven most-important functions for algorithm analysis. In fact, sections that use
something other than one of these seven functions are considered optional, and are
indicated with a star (%).

Online Resources

This book is accompanied by an extensive set of online resources, which can be
found at the following website:

www.wiley.com /college /goodrich

Included on this website is a collection of educational aids that augment the topics
of this book, for both students and instructors. For all readers, and especially for
students, we include the following resources:

e All Java source code presented in this book

e An appendix of useful mathematical facts

e PDF handouts of PowerPoint slides (four-per-page)

e A study guide with hints to exercises, indexed by problem number
For instructors using this book, we include the following additional teaching aids:

e Solutions to hundreds of the book’s exercises

e Color versions of all figures and illustrations from the book

e Slides in PowerPoint and PDF (one-per-page) format
The slides are fully editable, so as to allow an instructor using this book full free-
dom in customizing his or her presentations.


http://www.wiley.com/college/goodrich

Preface vii

Use as a Textbook

The design and analysis of efficient data structures has long been recognized as a
core subject in computing. We feel that the central role of data structure design and
analysis in the curriculum is fully justified, given the importance of efficient data
structures and algorithms in most software systems, including the Web, operating
systems, databases, compilers, and scientific simulation systems.

This book is designed for use in a beginning-level data structures course, or
in an intermediate-level introduction to algorithms course. The chapters for this
book are organized to provide a pedagogical path that starts with the basics of Java
programming and object-oriented design. We then discuss concrete structures in-
cluding arrays and linked lists, and foundational techniques like algorithm analysis
and recursion. In the main portion of the book we present fundamental data struc-
tures and algorithms, concluding with a discussion of memory management. A
detailed table of contents follows this preface, beginning on page x.

To assist instructors in designing a course in the context of the IEEE/ACM
2013 Computing Curriculum, the following table describes curricular knowledge
units that are covered within this book.

Knowledge Unit Relevant Material
AL/Basic Analysis Chapter 4 and Sections 5.2 & 12.1.4

o . Sections 5.3.3, 12.1.1, 13.2.1, 13.4.2, 13.5,
AL/Algorithmic Strategies 1462 & 14.7
AL/Fundamental Data Structures | Sections 3.1.2, 5.1.3, 9.3, 9.4.1, 10.2, 11.1,
and Algorithms 13.2, and Chapters 12 & 14

Sections 7.2.1,10.4,11.2-11.6,12.2.1, 13.3,

AL/Advanced Data Structures 1451 & 153
AR/Memory System Organization Chapter 15

and Architecture
DS/Sets, Relations, and Functions | Sections 9.2.2 & 10.5

DS/Proof Techniques Sections 4.4,5.2,7.2.3,9.3.4 & 12.3.1
DS/Basics of Counting Sections 2.2.3,6.2.2,8.2.2 & 12.1.4.
DS/Graphs and Trees Chapters 8 and 14

DS/Discrete Probability Sections 3.1.3,10.2, 10.4.2 & 12.2.1
PL/Object-Oriented Programming | Chapter 2 and Sections 7.3,9.5.1 & 11.2.1
SDF/Algorithms and Design Sections 2.1,4.3 & 12.1.1
SDF/Fundamental Programming Chapters 1 & 5

Concepts

SDF/Fundamental Data Structures | Chapters 3 & 6, and Sections 1.3,9.1 & 10.1
SDF/Developmental Methods Sections 1.9 & 2.4

SE/Software Design Section 2.1

Mapping the IEEE/ACM 2013 Computing Curriculum knowledge units to coverage
within this book.
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1.1

Chapter 1. Java Primer

Getting Started

Building data structures and algorithms requires that we communicate detailed in-
structions to a computer. An excellent way to perform such communication is
using a high-level computer language, such as Java. In this chapter, we provide an
overview of the Java programming language, and we continue this discussion in the
next chapter, focusing on object-oriented design principles. We assume that readers
are somewhat familiar with an existing high-level language, although not necessar-
ily Java. This book does not provide a complete description of the Java language
(there are numerous language references for that purpose), but it does introduce all
aspects of the language that are used in code fragments later in this book.

We begin our Java primer with a program that prints “Hello Universe!” on the
screen, which is shown in a dissected form in Figure 1.1.

all code ina Java curly brace for .
program must the opening of dTh's .mP‘ﬂwd
belong to a class the class body oesn 1 refurn
anything

this says anyone can the name of

run this program this_class the name of  the parameters passed to

this method this method (in this case the
arguements on the command

'/_‘J/' line as an array of strings)

anyone can | pUblic. class  Universe

run this
thod H . ST . . i
mete \;publlc: static | void ‘main(String[] args C”"'Zfbjszi“;ii‘zzebzg‘;”'"9
this method —————W """
belongs to the i System.out.printini("Hello Universe!");:<—— semicolon

class, not an
object (more
on this later)

indicating the end
\ \ of this statement

the name of the method we  the parameter passed to this

curly brace ... want to call (in this case the method (in this case the
closing the } method for printing strings string we want to print)
class PEgEn on the screen)

curly brace for closing
the method body

Figure 1.1: A “Hello Universe!” program.

In Java, executable statements are placed in functions, known as methods, that
belong to class definitions. The Universe class, in our first example, is extremely
simple; its only method is a static one named main, which is the first method to be
executed when running a Java program. Any set of statements between the braces
“{”” and “}” define a program block. Notice that the entire Universe class definition
is delimited by such braces, as is the body of the main method.

The name of a class, method, or variable in Java is called an identifier, which
can be any string of characters as long as it begins with a letter and consists of let-
ters, numbers, and underscore characters (where “letter” and ‘“number” can be from
any written language defined in the Unicode character set). We list the exceptions
to this general rule for Java identifiers in Table 1.1.
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Reserved Words

abstract default goto package  synchronized
assert do if private this
boolean double implements protected throw
break else import public throws
byte enum instanceof  return transient
case extends int short true
catch false interface static try

char final long strictfp void
class finally native super volatile
const float new switch while
continue for null

Table 1.1: A listing of the reserved words in Java. These names cannot be used as
class, method, or variable names.

Comments

In addition to executable statements and declarations, Java allows a programmer
to embed comments, which are annotations provided for human readers that are
not processed by the Java compiler. Java allows two kinds of comments: inline
comments and block comments. Java uses a “//” to begin an inline comment,
ignoring everything subsequently on that line. For example:

// This is an inline comment.

We will intentionally color all comments in blue in this book, so that they are not
confused with executable code.

While inline comments are limited to one line, Java allows multiline comments
in the form of block comments. Java uses a “/*” to begin a block comment and a
“*/” to close it. For example:

/*
* This is a block comment.

*/

Block comments that begin with “/**” (note the second asterisk) have a special
purpose, allowing a program, called Javadoc, to read these comments and automat-
ically generate software documentation. We discuss the syntax and interpretation
of Javadoc comments in Section 1.9.4.
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1.1.1 Base Types

For the most commonly used data types, Java provides the following base types
(also called primitive types):

boolean aboolean value: true or false

char 16-bit Unicode character

byte 8-bit signed two’s complement integer
short 16-bit signed two’s complement integer
int 32-bit signed two’s complement integer
long 64-bit signed two’s complement integer

float 32-bit floating-point number (IEEE 754-1985)
double  64-bit floating-point number (IEEE 754-1985)

A variable having one of these types simply stores a value of that type. Integer
constants, like 14 or 195, are of type int, unless followed immediately by an ‘L’
or ‘I, in which case they are of type long. Floating-point constants, like 3.1416
or 6.022e23, are of type double, unless followed immediately by an ‘F’ or ‘f’, in
which case they are of type float. Code Fragment 1.1 demonstrates the declaration,
and initialization in some cases, of various base-type variables.

boolean flag = true;

boolean verbose, debug; // two variables declared, but not yet initialized
char grade = 'A';

byte b = 12;

short s = 24;

inti, j, k = 257; // three variables declared; only k initialized
long | = 890L; // note the use of "L" here

float pi = 3.1416F; // note the use of "F" here

double e = 2.71828, a = 6.022¢23; // both variables are initialized

Code Fragment 1.1: Declarations and initializations of several base-type variables.

Note that it is possible to declare (and initialize) multiple variables of the same
type in a single statement, as done on lines 2, 6, and 9 of this example. In this code
fragment, variables verbose, debug, i, and j remain uninitialized. Variables declared
locally within a block of code must be initialized before they are first used.

A nice feature of Java is that when base-type variables are declared as instance
variables of a class (see next section), Java ensures initial default values if not ex-
plicitly initialized. In particular, all numeric types are initialized to zero, a boolean
is initialized to false, and a character is initialized to the null character by default.
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Classes and Objects

In more complex Java programs, the primary “actors” are objects. Every object is
an instance of a class, which serves as the fype of the object and as a blueprint,
defining the data which the object stores and the methods for accessing and modi-
fying that data. The critical members of a class in Java are the following:

o Instance variables, which are also called fields, represent the data associated
with an object of a class. Instance variables must have a fype, which can
either be a base type (such as int, float, or double) or any class type (also
known as a reference type for reasons we soon explain).

e Methods in Java are blocks of code that can be called to perform actions
(similar to functions and procedures in other high-level languages). Methods
can accept parameters as arguments, and their behavior may depend on the
object upon which they are invoked and the values of any parameters that are
passed. A method that returns information to the caller without changing any
instance variables is known as an accessor method, while an update method
is one that may change one or more instance variables when called.

For the purpose of illustration, Code Fragment 1.2 provides a complete def-
inition of a very simple class named Counter, to which we will refer during the
remainder of this section.

public class Counter {

private int count; // a simple integer instance variable
public Counter() { } // default constructor (count is 0)

public Counter(int initial) { count = initial; } // an alternate constructor
public int getCount() { return count; } // an accessor method
public void increment() { count++; } // an update method
public void increment(int delta) { count += delta; } // an update method
public void reset() { count = 0; } // an update method

}

Code Fragment 1.2: A Counter class for a simple counter, which can be queried,
incremented, and reset.

This class includes one instance variable, named count, which is declared at
line 2. As noted on the previous page, the count will have a default value of zero,
unless we otherwise initialize it.

The class includes two special methods known as constructors (lines 3 and
4), one accessor method (line 5), and three update methods (lines 6-8). Unlike
the original Universe class from page 2, our Counter class does not have a main
method, and so it cannot be run as a complete program. Instead, the purpose of the
Counter class is to create instances that might be used as part of a larger program.
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1.2.1 Creating and Using Objects

Before we explore the intricacies of the syntax for our Counter class definition, we
prefer to describe how Counter instances can be created and used. To this end,
Code Fragment 1.3 presents a new class named CounterDemo.

1 public class CounterDemo {
2 public static void main(String[ | args) {
3

Counter c; // declares a variable; no counter yet constructed
4 c = new Counter(); // constructs a counter; assigns its reference to ¢
5 c.increment(); // increases its value by one
6 c.increment(3); // increases its value by three more
7 int temp = c.getCount();  // will be 4
8 c.reset(); // value becomes 0
9 Counter d = new Counter(5);// declares and constructs a counter having value 5
10 d.increment(); // value becomes 6
11 Counter e = d; // assigns e to reference the same object as d
12 temp = e.getCount(); // will be 6 (as e and d reference the same counter)
13 e.increment(2); // value of e (also known as d) becomes 8
4}

15 }
Code Fragment 1.3: A demonstration of the use of Counter instances.

There is an important distinction in Java between the treatment of base-type
variables and class-type variables. At line 3 of our demonstration, a new variable c
is declared with the syntax:

Counter c;

This establishes the identifier, c, as a variable of type Counter, but it does not create
a Counter instance. Classes are known as reference types in Java, and a variable of
that type (such as c in our example) is known as a reference variable. A reference
variable is capable of storing the location (i.e., memory address) of an object from
the declared class. So we might assign it to reference an existing instance or a
newly constructed instance. A reference variable can also store a special value,
null, that represents the lack of an object.

In Java, a new object is created by using the new operator followed by a call to
a constructor for the desired class; a constructor is a method that always shares the
same name as its class. The new operator returns a reference to the newly created
instance; the returned reference is typically assigned to a variable for further use.

In Code Fragment 1.3, a new Counter is constructed at line 4, with its reference
assigned to the variable c. That relies on a form of the constructor, Counter( ), that
takes no arguments between the parentheses. (Such a zero-parameter constructor
is known as a default constructor.) At line 9 we construct another counter using a
one-parameter form that allows us to specify a nonzero initial value for the counter.
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Three events occur as part of the creation of a new instance of a class:

e A new object is dynamically allocated in memory, and all instance variables
are initialized to standard default values. The default values are null for
reference variables and O for all base types except boolean variables (which
are false by default).

e The constructor for the new object is called with the parameters specified.
The constructor may assign more meaningful values to any of the instance
variables, and perform any additional computations that must be done due to
the creation of this object.

e After the constructor returns, the new operator returns a reference (that is, a
memory address) to the newly created object. If the expression is in the form
of an assignment statement, then this address is stored in the object variable,
so the object variable refers to this newly created object.

The Dot Operator

One of the primary uses of an object reference variable is to access the members of
the class for this object, an instance of its class. That is, an object reference vari-
able is useful for accessing the methods and instance variables associated with an
object. This access is performed with the dot (“.”) operator. We call a method asso-
ciated with an object by using the reference variable name, following that by the dot
operator and then the method name and its parameters. For example, in Code Frag-
ment 1.3, we call c.increment() at line 5, c.increment(3) at line 6, c.getCount()
at line 7, and c.reset() at line 8. If the dot operator is used on a reference that is
currently null, the Java runtime environment will throw a NullPointerException.

If there are several methods with this same name defined for a class, then the
Java runtime system uses the one that matches the actual number of parameters
sent as arguments, as well as their respective types. For example, our Counter
class supports two methods named increment: a zero-parameter form and a one-
parameter form. Java determines which version to call when evaluating commands
such as c.increment( ) versus c.increment(3). A method’s name combined with the
number and types of its parameters is called a method’s signature, for it takes all
of these parts to determine the actual method to perform for a certain method call.
Note, however, that the signature of a method in Java does not include the type that
the method returns, so Java does not allow two methods with the same signature to
return different types.

A reference variable v can be viewed as a “pointer” to some object o. It is as if
the variable is a holder for a remote control that can be used to control the newly
created object (the device). That is, the variable has a way of pointing at the object
and asking it to do things or give us access to its data. We illustrate this concept in
Figure 1.2. Using the remote control analogy, a null reference is a remote control
holder that is empty.
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Figure 1.2: Illustrating the relationship between objects and object reference vari-
ables. When we assign an object reference (that is, memory address) to a reference
variable, it is as if we are storing that object’s remote control at that variable.

There can, in fact, be many references to the same object, and each reference to
a specific object can be used to call methods on that object. Such a situation would
correspond to our having many remote controls that all work on the same device.
Any of the remotes can be used to make a change to the device (like changing a
channel on a television). Note that if one remote control is used to change the
device, then the (single) object pointed to by all the remotes changes. Likewise, if
one object reference variable is used to change the state of the object, then its state
changes for all the references to it. This behavior comes from the fact that there are
many references, but they all point to the same object.

Returning to our CounterDemo example, the instance constructed at line 9 as
Counter d = new Counter(5);

18 a distinct instance from the one identified as c. However, the command at line 11,
Counter e = d;

does not result in the construction of a new Counter instance. This declares a new
reference variable named e, and assigns that variable a reference to the existing
counter instance currently identified as d. At that point, both variables d and e are
aliases for the same object, and so the call to d.getCount( ) behaves just as would
e.getCount( ). Similarly, the call to update method e.increment(2) is affecting the
same object identified by d.

It is worth noting, however, that the aliasing of two reference variables to the
same object is not permanent. At any point in time, we may reassign a reference
variable to a new instance, to a different existing instance, or to null.
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1.2.2 Defining a Class

Thus far, we have provided definitions for two simple classes: the Universe class
on page 2 and the Counter class on page 5. At its core, a class definition is a block
of code, delimited by braces “{” and “}” , within which is included declarations of
instance variables and methods that are the members of the class. In this section,
we will undertake a deeper examination of class definitions in Java.

Modifiers

Immediately before the definition of a class, instance variable, or method in Java,
keywords known as modifiers can be placed to convey additional stipulations about
that definition.

Access Control Modifiers

The first set of modifiers we discuss are known as access control modifiers, as they
control the level of access (also known as visibility) that the defining class grants
to other classes in the context of a larger Java program. The ability to limit access
among classes supports a key principle of object-orientation known as encapsula-
tion (see Section 2.1). In general, the different access control modifiers and their
meaning are as follows:

e The public class modifier designates that all classes may access the defined
aspect. For example, line 1 of of Code Fragment 1.2 designates

public class Counter {

and therefore all other classes (such as CounterDemo) are allowed to con-
struct new instances of the Counter class, as well as to declare variables and
parameters of type Counter. In Java, each public class must be defined in a
separate file named classname . java, where “classname” is the name of the
class (for example, file Counter. java for the Counter class definition).

The designation of public access for a particular method of a class allows
any other class to make a call to that method. For example, line 5 of Code
Fragment 1.2 designates

public int getCount() { return count; }
which is why the CounterDemo class may call c.getCount().
If an instance variable is declared as public, dot notation can be used to di-
rectly access the variable by code in any other class that possesses a reference
to an instance of this class. For example, were the count variable of Counter
to be declared as public (which it is not), then the CounterDemo would be
allowed to read or modify that variable using a syntax such as c.count.





