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A Word to the Readers of the
Special Indian Edition

Data Structures 1s a subject of primary importance to the discipline of Computer Science and Engineering.
It is a logical and mathematical model of storing and organizing data in a particular way in a computer,
required for designing and implementing efficient algorithms and program development.

Different kinds of data structures like arrays, linked lists, stacks, queues, etc., are suited to different
kinds of applications. Some specific data structures are essential ingredients of many efficient algorithms,
and make possible the management of huge amounts of data, such as large databases and Internet indexing
services. For example, B-trees are particularly well-suited for implementation of databases, while compiler
implementations usually use hash tables to look up identifiers.

Nowadays, various programming languages like C, C++ and Java are used to implement the concepts
of Data Structures, of which C remains the language of choice for programmers across the world. This
book provides the implementation of algorithms and pseudocodes using C in every chapter, thereby,
making it easier for the readers to comprehend the theory. Muluiple-Choice Questions included in the
text are aimed to help students practice the learnt concepts. Thus, we hope that this book will be an
excellent self-teach and test-preparation matenial for beginners.

Salient Features

* Demonstrates the implementation of algorithms and procedures related to data-structure
concepts using the C programming language

= Offers simplified presentation for important topics—Arrays, Recursion, Linked Lists, Queues,
Trees, Graphs, Sorting and Searching Methods, Hashing

=  ADT representation of Arrays, Strings, Linked Lists, Stacks and Queues

* Provide apt discussions on notations of Algorithm complexity, Representation of polynomials
using arrays, and linked lists, Dynamic memory management, Josephus problem, Linked list and
queue operations, Application of stacks, queues and trees, Spanning trees. AVL-trees, m-way
trees, B-trees, B+-trees, Red-black trees, Sorting algorithm, Hash table

* Excellent pedagogical teatures:

180 Solved Examples

86 C Programs

175 Solved Problems

160 Supplementary Problems (unsolved)

100 Programming Problems

o 135 Mulnple-Choice Questions
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Chapter Highlights

Chapter 1 gives an overview of data structures and discusses classification of data structures, Abstract
Data types (ADT), algorithm complexity while mathematical and algorithmic notations, control structures,
subalgorithms, variables and datatypes are covered in Chapter 2.

String processing, string operations and strings as ADT are taken up in Chapter 3. Word or text
processing are also discussed in this chapter.

Chapter 4 explains arrays, records and pointers. Topics like arrays as ADT, storage representations,
representation of polynomials using arrays, addition of polynomials, dynamic memory management
pointers, records and matrices are covered in this chapter.

Chapter 5 is on linked lists. It includes linked lists as ADT, operations using linked lists, header
linked lists, doubly linked lists, circularly linked lists, garbage compaction, Josephus problem and its
solution, representation and manipulations polynomials using linked lists and buddy systems (in brief).

Stacks, queues and recursion and their applications are discussed in Chapter 6. Array, linked list and
ADT representation of stacks and queues, polish notations using stacks, queue operations, circular
queues, dequeues, priority queues, maze problem, simulation of queues, categorizing data and decimal
to binary conversion are dealt in this chapter.

Chapter 7 is on binary trees. It provides information on traversal of binary trees, threaded binary
trees, binary search trees, balanced binary trees, AVL search trees, m-way search trees, B-trees,
B+-trees, red-black trees and applications of trees (expression Trees; game Trees).

Chapter 8 presents the concepts of graphs and their applications. Spanning trees, Minimum spanning
tree algorithms—Prim’s and Kruskal's algorithms, Directed and bi-connected graphs are covered here.

Finally, sorting algorithms such as shell sort, K-way merge sort, balanced merge sort, polyphase
merge sort, two-way merge sort, and efficiency considerations in searching and sorting are discussed in

Chapter 9. Topics such as merging ordered and unordered files, sort order and sort stability, hash table
and hash functions are also covered in this chapter.

The Schaum’s Outlines Advantage

A high-performance study guide, Schaum’s Qutlines help you cut study time, hone problem-solving
skills and achieve your personal best in exams. They give you the information your teachers expect you
to know 1n a handy and succinct format-—without overwhelming you with unnecessary details. You get
a complete overview of the subject, plus plenty of practice exercises to test your skills. Schaum’s is
ideal for self-study at your own pace, equipping you to understand and recall all important facts that you

need to remember.
Acknowledgements

A number of experts have taken out time from their busy schedules to provide valuable feedback about
the book. Our heartfelt gratitude goes out to those whose names are given in the next page.
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Preface

The study of data structures 1s an essential part of virtually every undergraduate and graduate program
in computer science. This text, in presenting the more essential material, may be used as a textbook for
a formal course 1n data structures or as a supplement to almost all current standard texts.

The chapters are mainly organised in increasing degree of complexity. Chapter 1 is an introduction
and overview of the material, and Chapter 2 presents the mathematical background and notation for the
presentation and analysis of our algorithms. Chapter 3, on pattern matching, is independent and tangential
to the text and hence may be postponed or omitted on a first reading. Chapters 4 through 8 contain the
core material in any course on data structures. Specifically, Chapter 4 treats arrays and records,
Chapter 5 is on linked lists, Chapter 6 covers stacks and queues and includes recursion Chapter 7 is
on binary trees and Chapter 8 is on graphs and their applications. Although sorting and searching i1s
discussed throughout the text within the context of specific data structures (e.g., binary search with
linear arrays, quicksort with stacks and queues and heapsort with binary trees), Chapter 9, the last
chapter, presents additional sorting and searching algorithms such as merge-sort and hashing.

Algorithms are presented in a form which 1s machine and language independent. Moreover, they are
written using mainly IF-THEN-ELSE and REPEAT-WHILE modules for flow of control, and using an
indentation pattern for easier reading and understanding. Accordingly, each of our algorithms may be
readily translated into almost any standard programming language.

Adopting a deliberately elementary approach to the subject matter with many examples and diagrams,
this book should appeal to a wide audience, and is particularly suited as an effective self-study guide.
Each chapter contains clear statements of definitions and principles together with illustrative and other
descriptive material. This is followed by graded sets of solved and supplementary problems. The solved
problems illustrate and amplify the material, and the supplementary problems furnish a complete review
of the matenal in the chapter.

I wish to thank many friends and colleagues for invaluable suggestions and critical review of the
manuscript. I also wish to express my gratitude to the staff of the McGraw-Hill Schaum's Qutline Series,
especially Jeffrey McCartney, for their helpful cooperation. Finally, I join many other authors in explicitly
giving credit to Donald E. Knuth who wrote the first comprehensive treatment of the subject of data
structures, which has certainly influenced the writing of this and many other texts on the subject.

SEYMOUR LIpscHUTZ



Chapter 1

Introduction and Overview
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1.1 INTRODUCTION

This chapter introduces the subject of data structures and presents an overview of the content of
the text. Basic terminology and concepts will be defined and relevant examples provided. An
overview of data organization and certain data structures will be covered along with a discussion
of the different operations which are applied to these data structures. Last, we will introduce the
notion of an algorithm and its complexity, and we will discuss the time-space tradeotf that may
occur in choosing a particular algorithm and data structure for a given problem.

1.2 BASIC TERMINOLOGY; ELEMENTARY DATA ORGANIZATION

Data are simply values or sets of values. A dara irem refers to a single unit of values. Data stems
that are divided into subitems are called group items, those that are not arc cailed elementury
items. For example, an employee’s name may be divided into three subitems—{first name, middle
initial and last name-—but the social security number would normally be treated as a single #tem.

Collections of data are frequently organized inte a hierarchy of fields, records and files. In
- order to make these terms more precise, we introduce some additional terminology.

An entity i1s something that has certain attributes or properties which may be assigned vaiues.
The values themselves may be either numeric or nonnumeric. For example. the following are
possible attributes and their corresponding values for an entity, an employee of a given orgamzation:

Attributes: Name Age Sex Social Security Number
Values: ROHLAND, GAIL 34 F 134-24-5533

Entities with stmilar attributes (e.g., all the employees in an organization) form an enrity sel.
Each attribute of an entity set has a range of values, the set of all possible values that could be
assigned to the particular attribute,
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The term “information” is sometimes used for data with given attributes, or, in other words,
meaningful or processed data.

The way that data are organized into the hierarchy of fields, records and files reflects the
relationship between attributes, entities and entity sets. That is, a field is a single elementary unit
of information representing an attribute of an entity, a record is the collection of field values of a
given entity and a file is the collection of records of the entities in a given entity set.

Each record in a file may contain many field items, but the value in a certain field may umqucly
determine the record in the file. Such a field K is called a primary key, and the values &, k5, ... In
such a field are called keys or key values.

Example 1.1

(a) Suppose an automobile dealership maintains an inventory file where each record contains
the following data:

Serial Number, Type, Year, Price, Accessories

The Serial Number field can serve as a primary key for the file, since each automobile has a
unique serial number.
(b) Suppose anorganization maintainsa membership file where each record contains the following data:

Name, Address, Telephone Number, Dues Owed

Although there are four data items, Name and Address may be group items. Here the Name
field is a primary key. Note that the Address and Telephone Number fields may not serve as
primary keys, since some members may belong to the same family and have the same address
and telephone number.

Records may also be classified according to length. A file can have fixed-length records or
variable-length records. In fixed-length records, all the records contain the same data items with
the same amount of space assigned to each data item. In variable-length records, file records may
contain different lengths. For example, student records usually have variable lengths, since different
students take different numbers of courses. Usually, variable-length records have a minimum and a
maximum length.

The above organization of data into fields, records and files may not be complex enough to
maintain and efficiently process certain collections of data. For this reason, data are also organized
into more complex types of structures. The study of such data structures, which forms the subject
matter of this text, includes the following three steps:

1. Logical or mathematical description of the structure

2. Implementation of the structure on a computer

3. Quantitative analysis of the structure, which includes determining the amount of memory

needed to store the structure and the time required to process the structure.

The next section introduces us to some of these data structures.

Remark: The second and third of the steps in the study of data structures depend on whether the
data are stored (a) in the main (primary) memory of the computer or (b) in a secondary (external)
storage unit. This text will mainly cover the first case. This means that, given the address of a
memory location, the time required to access the content of the memory cell does not depend on
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the particular cell or upon the previous cell accessed. The second case, called file management or
data base management, 1s a subject unto itself and lies beyond the scope of this text.

1.3 DATA STRUCTURES

Data may be organized in many different ways: the logical or mathematical model of a particular
organization of data 1s called a dara structure. The choice of a particular data model depends on
two considerations. First, it must be rich enough in structure to mirror the actual relationships of
the data in the real world. On the other hand, the structure should be simple enough that one can
effectively process the data when necessary. This section will introduce us to some of the data
structures which will be discussed in detail later in the text.

Classification of Data Structures

Data structures are generally classified into primitive and non-primitive data structures. Basic data
types such as integer, real, character and boolean are known as primitive data structures. These data
types consist of characters that cannot be divided, and hence they are also called simple data types.

The simplest example of non-primitive data structure is the processing of complex numbers.
Very few computers are capable of doing arithmetic on complex numbers. Linked-lists, stacks,
queues, trees and graphs are examples of non-primitive data structures. Figure 1.1 shows the
classification of data structures.

Data Structures
|

' '

Primitive Dala Structures Non-Primitive Data Structures
B S
Integer Real Character Boolean Linear Data Non-linear Data
Structures Structures
- Arrays = Trees
— Linked List —» Graphs
—» Stacks
—- QuBues

Fig. 1.1 Classification of Data Structures

Based on the structure and arrangement of data, non-primitive data structures are further classi-
fied into lincar and non-linear.

A data structure 1s said to be linear if its elements form a sequence or a linear list. In linear data
structures, the data is arranged in a linear fashion although the way they are stored in memory need
not be sequential. Arrays, linked lists, stacks and queues are examples of linear data structures.

Conversely, a data structure is said to be non-linear if the data 1s not arranged in sequence. The
insertion and deletion of data is therefore not possible in a linear fashion. Trees and graphs are
examples of non-linear data structures.



Arrays

The simplest type of data structure is a linear (or one-dimensional) array. By a linear array, we
mean a list of a finite number n of similar data elements referenced respectively by a set of n
consecutive numbers, usually 1, 2, 3, ..., n. If we choose the name A for the array, then the
elements of A are denoted by subscript notation

a,, Gy, A3z, ..., G,
or by the parenthesis notation

A(l), A(2), A(3), ..., A(N)
or by the bracket notation

All], Al2], A[3], ..., A[N]

Regardless of the notation, the number K in A[K] is called a subscript and A[K] is called a
subscripted variable.

Remark: The parentheses notation and the bracket notation are frequently used when the array
name consists of more than one letter or when the array name appears in an algorithm. When using
this notation we will use ordinary uppercase letters for the name and subscripts as indicated above
by the A and N. Otherwise, we may use the usual subscript notation of italics for the name and
subscripts and lowercase letters for the subscripts as indicated above by the a and n. The former
notation follows the practice of computer-oriented texts whereas the latter notation follows the
practice of mathematics in print.

A linear array STUDENT consisting of the names of six students is pictured in
Fig. 1.2. Here STUDENT[1] denotes John Brown, STUDENT[2] denotes Sandra
Gold, and so on.

Linear arrays are called one-dimensional arrays because each element in
such an array is referenced by one subscript. A two-dimensional array is a
collection of similar data elements where each element is referenced by two
subscripts. (Such arrays are called matrices in mathematics, and tables in
business applications.) Multidimensional arrays are defined analogously. Arrays
will be covered in detail in Chapter 4. |

A chain of 28 stores, each store having 4 departments, may list its weekly sales (to the nearest
dollar) as in Fig. 1.3. Such data can be stored in the computer using a two-dimensional array in
which the first subscript denotes the store and the second subscript the department. If SALES is
the name given to the array, then

SALES[1, 1] = 2872, SALES[1, 2] = 805, SALES[1, 3] = 3211, ..., SALES[28, 4] = 982
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Dept. Z
Store ‘ ’
1 2872 805 3211 1560
2 2196 1223 2525 1744
3 3257 1017 3686 1951
28 2618 931 2333 982
Fig. 1.3
The size of this array is denoted by 28 x 4 (read 28 by 4), since it contains 28 rows (the

horizontal lines of numbers) and 4 columns (the vertical lines of numbers).

Linked Lists

Linked lists will be introduced by means of an example. Suppose
a brokerage firm maintains a file where each record contains a
customer’s name and his or her salesperson, and suppose the
file contains the data appearing in Fig. 1.4. Clearly the file
could be stored in the computer by such a table, i.e., by two
columns of nine names. However, this may not be the most
useful way to store the data, as the following discussion shows.

Another way of storing the data in Fig. 1.4 is to have a
separate array for the salespeople and an entry (called a
pointer) in the customer file which gives the location of each

customer’s salesperson. This is done in Fig. 1.5, where some
of the pointers are pictured by an arrow from the location of

the pointer to the location of the
corresponding salesperson. Practically
speaking, an integer used as a pointer
requires less space than a name; hence
this representation - saves space,
especially if there are hundreds of
customers for each salesperson.
Suppose the firm wants the list of
customers for a given salesperson. Using
the data representation in Fig. 1.5, the
firm would have to search through the
entire customer file. One way to
simplify such a search is to have the
arrows in Fig. 1.5 point the other way;
cach salesperson would now have a set

1

O o ~N O O A W N

Customer Salesperson

1 Adams Smith

2 Brown Ray

3 Clark Jones

- Drew Ray

5 Evans Smith

6 Farmer Jones

7 Geller Ray

8 Hill Smith

9 Iinfeld Ray

Fig. 1.4
Customer Pointer Salesperson
Adams 3 Jones 1
Brown 2 > Ray 2
Clark 1 Smith 3
Drew 2
Evans 3
Farmer 1
Geller 2
Hill 3
Infeld 2
Fig. 1.5
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of pointers giving the positions of his or her customers, as in Fig. Salesperson | Pointer
1.6. The main disadvantage of this representation is that each
salesperson may have many pointers and the set of pointers will 1 Jones 3,

change as customers are added and deleted.

Another very popular way to store the type of data in Fig. 1.4 is L
shown in Fig. 1.7. Here each salesperson has one pointer which points 3| Smith 1.5,8

2 Ray 2.4,7.9

to his or her first customer, whose pointer in turn points to the second
customer, and so on, with the salesperson’s last customer indicated by Fig. 1.6
a 0. This is pictured with arrows in Fig. 1.7 for the salesperson Ray.

Using this representation one -
can easily obtain the entire list Customer | Link Ssperecn | Pomier
of customers for a given Al s Jones 3 1
salesperson and, as we will see
i i L. 2| Brown ‘& ey 2 |2
in Chapter 5, one can easily .
insert and delete customers. 3 Clark 6 Smith ! 3
Th.e representation of the , Drew ,
data in Fig. 1.7 is an examp!2
of linked lists. Although the S Evans 8
terms “pointer” and “link™” are g Earmer 0
usually used synonymously,
: 7 Geller 8
we will try to use the term
“pointer” when an element in 8 Hill 0
one llS[‘ points to an element 5 Infeld 9 ‘
in a different list, and to

reserve the term “link” for the
case when an element in a list

points to an element in that same list.

Trees

Fig. 1.7

Data frequently contain a hierarchical relationship between various elements. The data structure
which reflects this relationship is called a rooted tree graph or, simply, a tree. Trees will be
defined and discussed in detail in Chapter 7. Here we indicate some of their basic properties by

means of two examples.

Example 1.4 Record Structure

Although a file may be maintained by means of one or more arrays, a record, where one indicates
both the group items and the elementary items, can best be described by means of a tree
structure. For example, an employee personnel record may contain the following data items:

Social Security Number, Name, Address, Age, Salary, Dependents

However, Name may be a group item with the subitems Last, First and MI (middle initial). Also, Address
may be a group item with the subitems Street address and Area address, where Area itself may be a
group item having subitems City, State and ZIP code number. This hierarchical structure is pictured
in Fg. 1.8(a). Another way of picturing such a tree structure is in terms of levels, as in Fig. 1.8(b).
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Employee
Soc. Sec. No. Name Address Age Salary Dependents

/IN /N

Last First M| Street Area

/N

City  State
(a)

01 Employee
02 Social Security Number
02 Name
03 Last
03 First

03 Middle Initial
02 Address

03 Street

03 Area -
04 City
04 State

04 ZIP
02 Age

02 Salary
02 Dependents

(b)
Fig. 1.8

Example 1.5 Algebraic Expressions
Consider the algebraic expression
(2x + y)(a - 7b)°

Using a vertical arrow (T) for exponentiation and an asterisk (*) for multiplication, we can
represent tile expression by the tree in Fig. 1.9. Observe that the order in which the operations
will be performed is reflected in the diagram: the exponentiation must take place after the
subtraction, and the multiplication at the top of the tree must be executed last.

There are data structures other than arrays, linked lists and trees which we shall study. Some of
these structures are briefly described below.

(a) Srack: A stack, also called a last-in first-out (LIFO) system, is a linear list in which insertions
and deletions can take place only at one end, called the rop. This structure is similar in its
operation to a stack of dishes on a spring system, as pictured in Fig. 1.10(a). Note that new
dishes are inserted only at the top of the stack and dishes can be deleted only from the top
of the stack.
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RN
2 /N

Fig. 1.9

(b) Queue: A queue, also called a first-in first-out (FIFO) system, is a linear list in which
deletions can take place only at one end of the list, the “front” of the list, and insertions can
take place only at the other end of the list, the “rear” of the list. This structure operates in
much the same way as a line of people waiting at a bus stop, as pictured in Fig. 1.10(b): the
first person in line is the first person to board the bus. Another analogy is with automobiles
waiting to pass through an intersection—the first car in line is the first car through.

(c) Graph: Data sometimes contain a relationship between pairs of elements which is not
necessarily hierarchical in nature. For example, suppose an airline flies only between the
cities connected by lines in Fig. 1.10(c). The data structure which reflects this type of
relationship is called a graph. Graphs will be formally defined and studied in Chapter 8.

(a) Stack of dishes (b) Queue waiting for a bus

Boston

_

Chicago e

Philadelphia

Los Angeles e

Miami

(c) Airline flights

Fig. 1.10

Remark: Many different names are used for the elements of a data structure. Some commonly used
names are “data element,” “data item,” “item aggregate,” “record,” “node” and “data object.” The
particular name that is used depends on the type of data structure, the context in which the
structure 1s used and the people using the name. Our preference shall be the term “data element,”
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but we will use the term “record” when discussing files and the term “node” when discussing
linked lists, trees and graphs.

1.4 DATA STRUCTURE OPERATIONS

The data appearing in our data structures are processed by means of certain operations. In fact, the
particular data structure that one chooses for a given situation depends largely on the frequency
with which specific operations are performed. This section introduces the reader to some of the
most frequently used of these operations.

The following four operations play a major role in this text:

I. Traversing: Accessing each record exactly once so that certain items in the record may be
processed. (This accessing and processing is sometimes called *“visiting” the record.)

2. Searching: Finding the location of the record with a given key value, or finding the locations
of all records which satisfy one or more conditions.

3. Inserting: Adding a new record to the structure.

4. Deleting: Removing a record from the structure.

Sometimes two or more of the operations may be used in a given situation; e.g., we may want to delete
the record with a given key, which may mean we first need to search for the location of the record.
The following two operations, which are used in special situations, will also be considered:

I. Sorting: Arranging the records in some logical order (e.g., alphabetically according to some
NAME key, or in numerical order according to some NUMBER key, such as social security
number or account number)

2. Merging: Combining the records in two different sorted files into a single sorted file

Other operations, e.g. copying and concatenation, will be discussed later in the text.

Example 1.6

An organization contains a membership file in which each record contains the following data for a
given member:

Name, Address, Telephone Number, Age, Sex

(a) Suppose the organization wants to announce a meeting through a mailing. Then one would
traverse the file to obtain Name and Address for each member.

(b) Suppose one wants to find the names of all members living in a certain area. Again one
would traverse the file to obtain the data.

(c) Suppose one wants to obtain Address for a given Name. Then one would search the file for
the record containing Name.

(d) Suppose a new person joins the organization. Then one would insert his or her record into
the file.

(e) Suppose a member dies. Then one would delete his or her record from the file.

(f) Suppose a member has moved and has a new address and telephone number. Given the name
of the member, one would first need to search for the record in the file., Then one would
perform the “update”—i.e., change items in the record with the new data.

(g) Suppose one wants to find the number of members 65 or older. Again one would traverse the
file, counting such members.
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1.5 ABSTRACT DATA TYPES (ADT)

An abstract data type (ADT) refers to a set of data values and associated operations that
are specified accurately, independent of any particular implementation. With an ADT, we
know what a specific data type can do, but how it actually does it is hidden. In broader terms, the
ADT consists of a set of definitions that allow us to use the functions while hiding the
implementation.

The properties of an abstract data type are emphasized through the following examples.

Consider a list L consisting of data items—1, 2, 3, 4, 5, 6, 7, 8, 9 as shown in Fig. 1.11(a). We

can use any of four data structures to support [—a linear list, a matrix, a tree, or a graph, as
given in Fig. 1.11(b), (c) and (d) respectively.

00000 000

(@) Linear List (b) Matrix

Fig. 1.11 Data structures which support a list

Assume that we place the list on an ADT. The users should not be aware of the structure that we
use, i.e,, whether it is a tree, or graph or something else. As long as they are able to insert and
retrieve data, it does not make a difference as to how we store the data.






