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Preface

Data Structures and Algorithms is an essential subject in any university curriculum for the computer
science stream. It provides an excellent tool for software engineers and plays a significant role in software
design and development. It is also becoming a must-have skill for many competitions and job interviews
in the software industry. Selection of appropriate data structures and algorithms makes the software
better. Software developers are always advised to use them appropriately to provide better solutions.
Understanding data structures and algorithms makes them better software developers and designers. The
book will benefit students in their university curriculum and open opportunities to enter and excel in the
software industry.

This book provides an extensive study of data structures and algorithms. The book has various topics -
algorithms analysis, arrays, linked lists, stacks and queues, recursion, trees, graphs, sorting, searching,
hashing, and storage management, to learn in-depth data structures and algorithms. The book provides a
good understanding of concepts with implementation. Each concept is explained with well-defined steps,
figures to understand it better, and immediate code samples to understand implementation for concepts.
Complete programs are provided for better understanding of concepts and implementation. The book
provides 500+ illustrations, examples, code samples, and problems to learn fundamentals and understand
concepts and implementation well. There are exercise problems that strengthen the learning of concepts
and implementation. The problems force the students to have a better thought process and solve the
problems using concepts, and develop multiple solutions. It also helps them have better problem-solving
skills and learn how to implement them. There is a comprehensive chapter that covers recursion in detail.
This allows students to develop a recursive approach to problem-solving and enhances their overall
thought process for solving problems.

The book is written in a straightforward language, carefully explaining concepts in a way that is easy to
understand for both students and experienced engineers. Anyone with a basic understanding of computer
science will be able to understand the Data Structures and Algorithms concepts. The implementation
requires a basic knowledge of object-oriented programming in C++. The book provides good learning
for students as well as experienced engineers. It is recommended that students begin with the first
chapter, as some concepts will be used in subsequent chapters. The practical learning process involves
first understanding the concept, then grasping its implementation, and finally applying each concept in a
program. At the end of each chapter, explore the exercise problems to strengthen your understanding of
concepts and implementation. The programs follow coding conventions and include comments to better
understand the code and logic. All the programs of the chapter and the exercise solutions are provided.
It is always suggested that the reader first try implementing the concepts and solving the exercises
independently, and only then refer to the provided programs and solutions.

Here is the brief information of all the chapters of the book:

Chapter 1: Introduction — This chapter introduces data structures, algorithms, and methods to analyze
the efficiency of algorithms

Chapter 2: Arrays — This chapter covers the array, its operations, and matrices.

Chapter 3: Linked Lists - This chapter discusses various linked lists and their operations in detail.
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Chapter 4: Stacks and Queues — This chapter explores stacks and queues and their applications.
Chapter 5: Recursion - This chapter explains recursion in detail with many problems.

Chapter 6: Trees - This chapter covers a variety of trees and their operations.

Chapter 7: Graphs - This chapter explores graphs and various graph algorithms.

Chapter 8: Sorting - This chapter covers different sorting algorithms in detail with their efficiency.
Chapter 9: Searching and Hashing - This chapter explains searching and hashing techniques.

Chapter 10: Storage Management - This chapter introduces storage management and its different
methods.

We hope the book will provide students with good learning opportunities and help them in their college
curriculum and software development.

Suresh Kumar Srivastava

Deepali Srivastava
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Introduction

Generally, any problem that has to be solved by the computer involves the use of data. If data is arranged
in some systematic way, then it gets a structure and becomes meaningful. This meaningful or processed
data is called information. It is essential to manage data in such a way that it can produce information.
There can be many ways in which data may be organized or structured. To provide an appropriate
structure to your data, you need to know about data structures. Data structures can be viewed as a
systematic way to organize data, so that it can be used efficiently. The choice of proper data structures
can greatly affect the efficiency of our program.

The process of program development generally requires us to represent the data efficiently and develop a
step-by-step procedure that performs a given task and can be used to implement a program.

Program Development

/\

Data Structures Algorithms

Figure 1.1 Program development

Representing the data efficiently needs the study of data structures, and the development of a step-by-
step procedure requires learning about algorithms.

1.1 Data Type

A data type defines a domain of allowed values and the operations that can be performed on those values.
For example, in C++, the int data type can take values in a range and operations that can be performed
are addition, subtraction, multiplication, division, bitwise operations etc. Similarly, the data type float
can take values in a particular range, and the operations allowed are addition, subtraction, multiplication,
division, and so on (% operation and bitwise operations are not allowed). These are built-in or primitive
data types and the values and operations for them are defined in the language.

If an application needs to use a data type other than the primitive data types of the language, i.c., a data
type for which values and operations are not defined in the language itself, then it is the programmer’s
responsibility to specify the values and operations for that data type and implement it. For example, there
is no built-in type for dates in C++, and if we need to process dates, we have to define and implement a
data type for date.

1.2 Abstract Data Types

Abstract Data Type (ADT) is a mathematical model or concept that defines a data type logically. It
specifies a set of data and a collection of operations that can be performed on that data. The definition
of ADT only mentions what operations are to be performed but not how these operations will be
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implemented. It does not specify how data will be organized in memory and what algorithms will be used
for implementing the operations. It is called “abstract” because it gives an implementation-independent
view. The process of providing only the essentials and hiding the details is known as abstraction.

The user of a data type need not know how the data type is implemented; for example, we have been
using int, float, char data types only with the knowledge of values that they can take and operations
that can be performed on them without any idea of how these types are implemented. So, a user only
needs to know what a data type can do but not how it will do it. We can think of ADT as a black box that
hides the inner structure and design of the data type. Now, we will define three ADTs, namely List ADT,
Stack ADT, and Queue ADT.

List ADT

A list contains elements of the same type arranged in sequential order and following operations can be
performed on the list:

e initialize( ): Initialize the list to be empty.

e get( ):Return an element from the list at any given position.

e insert( ):Insertanew element at any list position.

e remove ( ):Remove the first occurrence of any element from a non-empty list.

e removeAt ( ):Remove the element at a specified location from a non-empty list.
e replace( ):Replace an element at any position with another element.

e size( ):Return the number of elements in the list.

e isEmpty( ):Return true if the list is empty; otherwise, return false.

e isFull( ):Return true if the list is full otherwise return false.

Stack ADT

A stack contains elements of same type arranged in sequential order and following operations can be
performed on the stack:

e initialize( ): Initialize the stack to be empty.

e push( ):Insert an element at one end of the stack called top.

e pop( ):Remove and return the element at the top of the stack if it is not empty.

e peek( ):Return the element at the top of the stack without removing it if the stack is not empty.
e size( ):Return the number of elements in the stack.

e isEmpty( ):Return true if the stack is empty; otherwise, return false.

e isFull( ):Return true if no more elements can be pushed; otherwise, return false.

Queue ADT

A queue contains elements of the same type arranged in sequential order, and the following operations
can be performed on it:

e initialize( ): Initialize the queue to be empty.

e engueue ( ): Insert an element at the end of the queue.

e dequeue( ):Remove and return the first element of the queue if the queue is not empty.

e peek( ):Return the first element of the queue without removing it if the queue is not empty.
e size( ):Return the number of elements in the queue.

e isEmpty( ):Return true if the queue is empty; otherwise, return false.

e isFull( ):Return true if no more elements can be inserted; otherwise, return false.

From these definitions, we can clearly see that they do not specify how these ADTs will be represented or
how the operations will be carried out. There can be different ways to implement an ADT. For example,
the list ADT can be implemented using arrays, single linked lists, or double linked lists. Similarly, stack
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ADT and queue ADT can also be implemented using arrays or linked lists. The representation and
implementation details of these ADTs are in the subsequent chapters.

The different implementations of ADT are compared for time and space efficiency, and the implementation
best suited for the user’s requirements is used. For example, if someone wants to use a list in a program that
involves lots of insertions and deletions from the list, then it is better to use the linked list implementation
of the list.

1.3 Data Structures

Data structures are data representation methods that are used to organize data. It provides a way of
organizing data, so the program can use it effectively. Data structure is a programming construct used
to implement an ADT. It is the physical implementation of ADT. All operations specified in ADT are
implemented through functions in the physical implementation. A data structure implementing an ADT
consists of a collection of variables for storing the data specified in the ADT and the algorithms for
implementing the operations specified in ADT.

ADT is the logical view of data and the operations to manipulate it, while a data structure is the actual
representation of data and the algorithms to manipulate it.

ADT is a specification language for data structures. ADT is a logical description, while a Data Structure
is concrete. In other words, an ADT tells us what to do, while data structures tell us how to do it. The
actual storage or representation of data and implementation of algorithms is done in data structures.

A program that uses a data structure is generally called a client, and the program that implements it is
known as the implementation. The specification of ADT is called interface, and it is the only thing visible
to the client programs that use data structure. The client programs view data structure as ADT; i.e., they
have access only to the interface; the way data is represented, and operations are implemented is not
visible to the client. For example, if someone wants to use a stack in the program, he can simply use the
push and pop operations without any knowledge of how they are implemented. Some examples of clients
of stack ADT are programs of balanced parentheses, infix to postfix, postfix evaluation.

We may change the representation or algorithm, but the client code will not be affected if the ADT
interface remains the same. For example, if the implementation of the stack is changed from array to
linked list, the client program should work in the same way. This helps the user of a data structure focus
on his program rather than going into the details of the data structure.

Data structures can be nested; i.e., a data structure may be made up of other data structures, which may
be of primitive types or user-defined types. Some of the advantages of data structures are:

e Efficiency: Proper choice of data structures makes our program efficient. For example, suppose we
have some data, and we need to organize it properly and perform a search operation. If we organize
our data in an array, we will have to search element by element sequentially. If the item to be
searched is present at last, then we will have to visit all the elements before reaching that element.
So, the use of an array is not very efficient here. There are better data structures that can make
the search process efficient, like ordered arrays, binary search trees, or hash tables. Different data
structures give different efficiency.

e Reusability: Data structures are reusable, i.e., once we have implemented a particular data structure,
we can use it in any other place or requirement. Data structures can be formed as libraries that can
be used by different clients.

e Abstraction: We have seen that a data structure is specified by an ADT, which provides a level of
abstraction. The client program uses the data structure through the interface only without getting
into the implementation details.
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Some common operations that are performed on Data structures are-

e Insertion

e Deletion

e Traversal

e Search

There can be other operations also and the details of these operations depend on data structures.
Learning about different data structures is very important because the choice of proper data structure can

significantly affect the efficiency of our program.

1.3.1 Linear and Non-Linear Data Structures

A data structure is linear if all the elements are arranged in a linear order. In a linear data structure, each
element has only one successor and only one predecessor. The only exceptions are the first and last
elements; the first element does not have a predecessor, and the last element does not have a successor.
Examples of linear data structures are arrays, strings, linked lists, stacks, and queues.

A nonlinear data structure has no linear order in the arrangement of the elements. Examples of nonlinear
data structures are trees and graphs.

1.3.2 Static and Dynamic Data Structures

In a static data structure, the memory is allocated at compilation time only. Therefore, the maximum size
is fixed and it cannot be changed at run time. Static data structures allow fast access to elements, but
insertion and deletion are expensive. Array is an example of static data structure.

In a dynamic data structure, the memory is allocated at run time. Therefore, these data structures have
flexible sizes. Dynamic data structures allow fast insertion and deletion of elements but access to
elements is slow. Linked list is an example of dynamic data structure.

1.4 Algorithms

An algorithm is a procedure that contains well-defined steps for solving a particular problem. Algorithms
and data structures are closely related. When we implement an algorithm, we have to choose a particular
representation of data; i.e., we have to decide which data structure to use, and for using data structures,
we have to develop efficient algorithms for various operations on these data structures, like searching,
sorting, traversal, etc.

Solution & Algorithm A
é Sclution B Algorithm B

Problem — Mozt efficient
Solution C Algorithm D

Figure 1.2 Different algorithms to solve a problem
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Given a problem, there can be many ways to solve it, and these solutions are in the form of different
algorithms. Hence, there can be many algorithms to solve a particular problem.

For example, there are many ways in which data can be sorted, and so we have various sorting algorithms.
When we have more than one algorithm to choose from, we would like to use the most efficient algorithm
or the best suited for our requirements. To decide which algorithm is best for us, we should be able to
compare the algorithms and identify the most efficient one.

The efficiency of an algorithm mainly depends on these two factors:
e Running time of the algorithm
e  Memory occupied by it

An efficient algorithm is one that takes less running time and occupies less memory. There can be
other measures of efficiency also, like network usage or disk usage, but running time and space are the
two factors which are most important. We are generally more concerned about the running time of the
algorithm.

Some of the common approaches to algorithm design are explained next.

1.4.1 Greedy Algorithm

A greedy algorithm works by taking a decision that appears best at the moment, without thinking about
the future. The decision, once taken, is never reconsidered. This means that a local optimum is chosen
at every step in hope of getting a global optimum at the end. It is not necessary that a greedy algorithm
always produce an optimal solution. Some examples where the greedy approach produces optimal
solutions are Dijkstra’s algorithm for single source shortest paths, Prim’s and Kruskal’s algorithm for
minimum spanning tree, and Huffman algorithm.

1.4.2 Divide and Conquer Algorithm

A divide-and-conquer algorithm solves a problem by dividing it into smaller and similar subproblems.
The solutions of these smaller problems are then combined to get the solution of the given problem.
Examples of divide and conquer algorithms are merge sort, quick sort, and binary search.

1.4.3 Backtracking

In some problems we have several options, and any one of them might lead to the solution. We will
take an option and try, and if we do not reach the solution, we will undo our action and select another
one. The steps are retraced if we do not reach the solution; it is a trial-and-error process. An example of
backtracking is the Eight Queens problem.

1.4.4 Randomized Algorithms

In a randomized algorithm, random numbers are used to make some decisions. The running time of such
algorithms depends on the input as well as the random numbers that are generated. The running time
may vary for the same input data. An example of randomized algorithm is a version of quick sort where
a random number is chosen as the pivot.

1.5 Analysis of Algorithms

There may be many algorithms for solving any problem, and obviously, we would like to use the most
efficient one. Analysis of algorithms is required to compare these algorithms and recognize the best one.
As discussed previously, algorithms are generally analyzed on their time and space requirements.



