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UNIT 1 

Data Structure 

Introduction 

Data Structure can be defined as the group of data elements which provides an efficient way 

of storing and organising data in the computer so that it can be used efficiently. Some 

examples of Data Structures are arrays, Linked List, Stack, Queue, etc. Data Structures are 

widely used in almost every aspect of Computer Science i.e. Operating System, Compiler 

Design, Artifical intelligence, Graphics and many more. 

Data Structures are the main part of many computer science algorithms as they enable the 

programmers to handle the data in an efficient way. It plays a vitle role in enhancing the 

performance of a software or a program as the main function of the software is to store and 

retrieve the user's data as fast as possible 

Basic Terminology 

Data structures are the building blocks of any program or the software. Choosing the 

appropriate data structure for a program is the most difficult task for a programmer. 

Following terminology is used as far as data structures are concerned 

Data: Data can be defined as an elementary value or the collection of values, for example, 

student's name and its id are the data about the student. 

Group Items: Data items which have subordinate data items are called Group item, for 

example, name of a student can have first name and the last name. 

Record: Record can be defined as the collection of various data items, for example, if we talk 

about the student entity, then its name, address, course and marks can be grouped together to 

form the record for the student. 

File: A File is a collection of various records of one type of entity, for example, if there are 60 

employees in the class, then there will be 20 records in the related file where each record 

contains the data about each employee. 

Attribute and Entity: An entity represents the class of certain objects. it contains various 

attributes. Each attribute represents the particular property of that entity. 
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Field: Field is a single elementary unit of information representing the attribute of an entity. 

Need of Data Structures 

As applications are getting complexed and amount of data is increasing day by day, there may 

arrise the following problems: 

Processor speed: To handle very large amout of data, high speed processing is required, but 

as the data is growing day by day to the billions of files per entity, processor may fail to deal 

with that much amount of data. 

Data Search: Consider an inventory size of 106 items in a store, If our application needs to 

search for a particular item, it needs to traverse 106 items every time, results in slowing down 

the search process. 

Multiple requests: If thousands of users are searching the data simultaneously on a web 

server, then there are the chances that a very large server can be failed during that process 

in order to solve the above problems, data structures are used. Data is organized to form a 

data structure in such a way that all items are not required to be searched and required data 

can be searched instantly. 

Advantages of Data Structures 

Efficiency: Efficiency of a program depends upon the choice of data structures. For example: 

suppose, we have some data and we need to perform the search for a particular record. In that 

case, if we organize our data in an array, we will have to search sequentially element by 

element. hence, using array may not be very efficient here. There are better data structures 

which can make the search process efficient like ordered array, binary search tree or hash 

tables. 

Reusability: Data structures are reusable, i.e. once we have implemented a particular data 

structure, we can use it at any other place. Implementation of data structures can be compiled 

into libraries which can be used by different clients. 

Abstraction: Data structure is specified by the ADT which provides a level of abstraction. 

The client program uses the data structure through interface only, without getting into the 

implementation details. 

Data Structure Classification 
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Linear Data Structures: A data structure is called linear if all of its elements are arranged in 

the linear order. In linear data structures, the elements are stored in non-hierarchical way 

where each element has the successors and predecessors except the first and last element. 

Types of Linear Data Structures are given below: 

Arrays: An array is a collection of similar type of data items and each data item is called an 

element of the array. The data type of the element may be any valid data type like char, int, 

float or double. 

The elements of array share the same variable name but each one carries a different index 

number known as subscript. The array can be one dimensional, two dimensional or 

multidimensional. 

The individual elements of the array age are: 

age[0], age[1], age[2], age[3],......... age[98], age[99]. 

Linked List: Linked list is a linear data structure which is used to maintain a list in the 

memory. It can be seen as the collection of nodes stored at non-contiguous memory locations. 

Each node of the list contains a pointer to its adjacent node. 

Stack: Stack is a linear list in which insertion and deletions are allowed only at one end, 

called top. 

A stack is an abstract data type (ADT), can be implemented in most of the programming 

languages. It is named as stack because it behaves like a real-world stack, for example: - piles 

of plates or deck of cards etc. 
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Queue: Queue is a linear list in which elements can be inserted only at one end 

called rear and deleted only at the other end called front. 

It is an abstract data structure, similar to stack. Queue is opened at both end therefore it 

follows First-In-First-Out (FIFO) methodology for storing the data items. 

Non Linear Data Structures: This data structure does not form a sequence i.e. each item or 

element is connected with two or more other items in a non-linear arrangement. The data 

elements are not arranged in sequential structure. 

Types of Non Linear Data Structures are given below: 

Trees: Trees are multilevel data structures with a hierarchical relationship among its elements 

known as nodes. The bottommost nodes in the herierchy are called leaf node while the 

topmost node is called root node. Each node contains pointers to point adjacent nodes. 

Tree data structure is based on the parent-child relationship among the nodes. Each node in 

the tree can have more than one children except the leaf nodes whereas each node can have 

atmost one parent except the root node. Trees can be classfied into many categories which 

will be discussed later in this tutorial. 

Graphs: Graphs can be defined as the pictorial representation of the set of elements 

(represented by vertices) connected by the links known as edges. A graph is different from 

tree in the sense that a graph can have cycle while the tree can not have the one. 

 

 

Operations on data structure 

1) Traversing: Every data structure contains the set of data elements. Traversing the data 

structure means visiting each element of the data structure in order to perform some specific 

operation like searching or sorting. 

Example: If we need to calculate the average of the marks obtained by a student in 6 different 

subject, we need to traverse the complete array of marks and calculate the total sum, then we 

will devide that sum by the number of subjects i.e. 6, in order to find the average. 

2) Insertion: Insertion can be defined as the process of adding the elements to the data 

structure at any location. 
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If the size of data structure is n then we can only insert n-1 data elements into it. 

3) Deletion:The process of removing an element from the data structure is called Deletion. 

We can delete an element from the data structure at any random location. 

If we try to delete an element from an empty data structure then underflow occurs. 

4) Searching: The process of finding the location of an element within the data structure is 

called Searching. There are two algorithms to perform searching, Linear Search and Binary 

Search. We will discuss each one of them later in this tutorial. 

5) Sorting: The process of arranging the data structure in a specific order is known as 

Sorting. There are many algorithms that can be used to perform sorting, for example, insertion 

sort, selection sort, bubble sort, etc. 

6) Merging: When two lists List A and List B of size M and N respectively, of similar type of 

elements, clubbed or joined to produce the third list, List C of size (M+N), then this process is 

called merging 

 

Algorithm 

An algorithm is a procedure having well defined steps for solving a particular problem. 

Algorithm is finite set of logic or instructions, written in order for accomplish the certain 

predefined task. It is not the complete program or code, it is just a solution (logic) of a problem, 

which can be represented either as an informal description using a Flowchart or Pseudo code. 

The major categories of algorithms are given below: 

o Sort: Algorithm developed for sorting the items in certain order. 

o Search: Algorithm developed for searching the items inside a data structure. 

o Delete: Algorithm developed for deleting the existing element from the data structure. 

o Insert: Algorithm developed for inserting an item inside a data structure. 

o Update: Algorithm developed for updating the existing element inside a data structure. 

The performance of algorithm is measured on the basis of following properties: 

o Time complexity: It is a way of representing the amount of time needed by a program to 

run to the completion. 
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o Space complexity: It is the amount of memory space required by an algorithm, during a 

course of its execution. Space complexity is required in situations when limited memory 

is available and for the multi user system. 

Each algorithm must have: 

o Specification: Description of the computational procedure. 

o Pre-conditions: The condition(s) on input. 

o Body of the Algorithm: A sequence of clear and unambiguous instructions. 

o Post-conditions: The condition(s) on output. 

Example: Design an algorithm to multiply the two numbers x and y and display the result in z. 

o Step 1 START 

o Step 2 declare three integers x, y & z 

o Step 3 define values of x & y 

o Step 4 multiply values of x & y 

o Step 5 store the output of step 4 in z 

o Step 6 print z 

o Step 7 STOP 

. Alternatively the algorithm can be written as ? 

o Step 1 START MULTIPLY 

o Step 2 get values of x & y 

o Step 3 z← x * y 

o Step 4 display z 

o Step 5 STOP 

Characteristics of an Algorithm 

An algorithm must follow the mentioned below characteristics: 

o Input: An algorithm must have 0 or well defined inputs. 

o Output: An algorithm must have 1 or well defined outputs, and should match with the 

desired output. 

o Feasibility: An algorithm must be terminated after the finite number of steps. 

o Independent: An algorithm must have step-by-step directions which is independent of 

any programming code. 
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o Unambiguous: An algorithm must be unambiguous and clear. Each of their steps and 

input/outputs must be clear and lead to only one meaning. 

next →← prev 

Asymptotic Analysis 

In mathematical analysis, asymptotic analysis of algorithm is a method of defining the mathematical 

boundation of its run-time performance. Using the asymptotic analysis, we can easily conclude about the 

average case, best case and worst case scenario of an algorithm. 

It is used to mathematically calculate the running time of any operation inside an algorithm. 

Example: Running time of one operation is x(n) and for another operation it is calculated as f(n2). It refers to 

running time will increase linearly with increase in 'n' for first operation and running time will increase 

exponentially for second operation. Similarly the running time of both operations will be same if n is 

significantly small. 

Usually the time required by an algorithm comes under three types: 

Worst case: It defines the input for which the algorithm takes the huge time. 

Average case: It takes average time for the program execution. 

Best case: It defines the input for which the algorithm takes the lowest time. 

 

Asymptotic Notations 

The commonly used asymptotic notations used for calculating the running time complexity of an algorithm is 

given below: 

o Big oh Notation (Ο) 

o Omega Notation (Ω) 

o Theta Notation (θ) 

 

Big oh Notation (O) 

https://www.javatpoint.com/data-structure-pointer
https://www.javatpoint.com/data-structure-pointer
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It is the formal way to express the upper boundary of an algorithm running time. It measures the worst case 

of time complexity or the longest amount of time, algorithm takes to complete their operation. It is 

represented as shown below: 

 

For example: If f(n) and g(n) are the two functions defined for positive integers, then f(n) is O(g(n)) 

 as f(n) is big oh of g(n) or f(n) is on the order of g(n)) if there exists constants c and no such that: 

F(n)≤cg(n) for all n≥no 

This implies that f(n) does not grow faster than g(n), or g(n) is an upper bound on the function f(n). 

Omega Notation (Ω) 

It is the formal way to represent the lower bound of an algorithm's running time. It measures the best amount 

of time an algorithm can possibly take to complete or the best case time complexity. 

If we required that an algorithm takes at least certain amount of time without using an upper bound, we use 

big- Ω notation i.e. the Greek letter "omega". It is used to bound the growth of running time for large input 

size. 

If running time is Ω (f(n)), then for the larger value of n, the running time is at least k?f(n) for constant (k). It 

is represented as shown below: 
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Theta Notation (?) 

It is the formal way to express both the upper bound and lower bound of an algorithm running time. 

Consider the running time of an algorithm is θ (n), if at once (n) gets large enough the running time is at 

most k2-n and at least k1 ?n for some constants k1 and k2. It is represented as shown below: 

 

Common Asymptotic Notations 

constant - ?(1) 

linear - ?(n) 

logarithmic - ?(log n) 

n log n - ?(n log n) 
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exponential - 2?(n) 

cubic - ?(n3) 

polynomial - n?(1) 

quadratic - ?(n2) 
 

 

ARRAY 

An array is a collection of homogeneous (same type) data items stored in contiguous 

memory locations. For example if an array is of type “int”, it can only store integer 

elements and cannot allow the elements of other types such as double, float, char etc. 

 

 

Arrays can be declared in various ways in different languages. For illustration, let's take C array 

declaration. 

 

As per the above illustration, following are the important points to be considered. 

 Index starts with 0. 

 Array length is 10 which means it can store 10 elements. 

 Each element can be accessed via its index. For example, we can fetch an element at 

index 6 as 9. 

Properties of the Array 

 Each element is of same data type and carries a same size i.e. int = 4 bytes. 
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 Elements of the array are stored at contiguous memory locations where the first element 

is stored at the smallest memory location. 

 Elements of the array can be randomly accessed since we can calculate the address of 

each element of the array with the given base address and the size of data element. 

Basic Operations 

Following are the basic operations supported by an array. 

 Traverse − print all the array elements one by one. 

 Insertion − Adds an element at the given index. 

 Deletion − Deletes an element at the given index. 

 Search − Searches an element using the given index or by the value. 

 Update − Updates an element at the given index. 

 

Complexity of Array operations 

Time and space complexity of various array operations are described in the following table. 

 

 

 

Time Complexity 

Algorithm Average Case Worst Case 

Access O(1) O(1) 

Search O(n) O(n) 

Insertion O(n) O(n) 

Deletion O(n) O(n) 

Space Complexity 

In array, space complexity for worst case is O(n). 
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Advantages of Array 

o Array provides the single name for the group of variables of the same type therefore, it is 

easy to remember the name of all the elements of an array. 

o Traversing an array is a very simple process, we just need to increment the base address 

of the array in order to visit each element one by one. 

o Any element in the array can be directly accessed by using the index. 

 

AXIOMATIZATION 
It is appropriate that we begin our study of data structures with the array. The 

array is often the only means for structuring data which is provided in a programming 

language. Therefore it deserves a significant amount of attention. If one asks a group of 

programmers to define an array, the most often quoted saying is: a consecutive set of 

memory locations. This is unfortunate because it clearly reveals a common point of 

confusion, namely the distinction between a data structure and its representation. It is true 

that arrays are almost always implemented by using consecutive memory, but not always. 

Intuitively, an array is a set of pairs, index and value. For each index which is defined, 

there is a value associated with that index. In mathematical terms we call this a 

correspondence or a mapping. However, as computer scientists we want to provide a 

more functional definition by giving the operations which are permitted on this data 

structure. For arrays this means we are concerned with only two operations which 

retrieve and store values. Using our notation this object can be defined as: 

o structure ARRAY(value, index) 

o declare CREATE( )  array 

o RETRIEVE(array,index)  value 

o STORE(array,index,value)  array; 

o for all A  array, i,j  index, x  value let 

o RETRIEVE(CREATE,i) :: = error 

o RETRIEVE(STORE(A,i,x),j) :: = 

o if EQUAL(i,j) then x else RETRIEVE(A,j) 

o end 

o end ARRAY 

o The function CREATE produces a new, empty array. RETRIEVE takes as input an array 

and an index, and either returns the appropriate value or an error. STORE is used to enter 

new index-value pairs. The second axiom is read as "to retrieve the j-th item where x has 

already been stored at index i in A is equivalent to checking if i and j are equal and if 

so, x, or search for the j-th value in the remaining array, A." This axiom was originally 

given by J. McCarthy. Notice how the axioms are independent of any representation 
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scheme. Also, i and j need not necessarily be integers, but we assume only that an 

EQUAL function can be devised. 

o If we restrict the index values to be integers, then assuming a conventional random access 

memory we can implement STORE and RETRIEVE so that they operate in a constant 

amount of time. If we interpret the indices to be n-dimensional, (i1,i2, ...,in), then the 

previous axioms apply immediately and define n-dimensional arrays. In section 2.4 we 

will examine how to implement RETRIEVE and STORE for multi-dimensional arrays 

using consecutive memory locations. 

 

The Ordered List Abstract Data Type 
A type of list known as an ordered list. For example, if the list of integers shown above 

were an ordered list (ascending order), then it could be written as 17, 26, 31, 54, 77, and 93. 

Since 17 is the smallest item, it occupies the first position in the list. Likewise, since 93 is the 

largest, it occupies the last position. 

The structure of an ordered list is a collection of items where each item holds a relative 

position that is based upon some underlying characteristic of the item. The ordering is typically 

either ascending or descending and we assume that list items have a meaningful comparison 

operation that is already defined. Many of the ordered list operations are the same as those of the 

unordered list. 

 OrderedList() creates a new ordered list that is empty. It needs no parameters and 

returns an empty list. 

 add(item) adds a new item to the list making sure that the order is preserved. It needs 

the item and returns nothing. Assume the item is not already in the list. 

 remove(item) removes the item from the list. It needs the item and modifies the list. 

Assume the item is present in the list. 

 search(item) searches for the item in the list. It needs the item and returns a boolean 

value. 

 isEmpty() tests to see whether the list is empty. It needs no parameters and returns a 

boolean value. 

 size() returns the number of items in the list. It needs no parameters and returns an 

integer. 

 index(item) returns the position of item in the list. It needs the item and returns the 

index. Assume the item is in the list. 

 pop() removes and returns the last item in the list. It needs nothing and returns an 

item. Assume the list has at least one item. 

 pop(pos) removes and returns the item at position pos. It needs the position and 

returns the item. Assume the item is in the list. 
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Sparse Matrix and its representations 

A matrix is a two-dimensional data object made of m rows and n columns, therefore 

having total m x n values. If most of the elements of the matrix have 0 value, then it is called a 

sparse matrix. 

 

Why to use Sparse Matrix instead of simple matrix ? 

 Storage: There are lesser non-zero elements than zeros and thus lesser memory can be 

used to store only those elements. 

 Computing time: Computing time can be saved by logically designing a data structure 

traversing only non-zero elements.. 

Example: 

0 0 3 0 4             

0 0 5 7 0 

0 0 0 0 0 

0 2 6 0 0 

Representing a sparse matrix by a 2D array leads to wastage of lots of memory as zeroes in the 

matrix are of no use in most of the cases. So, instead of storing zeroes with non-zero elements, 

we only store non-zero elements. This means storing non-zero elements with triples- (Row, 

Column, value). 

Sparse Matrix Representations can be done in many ways following are two common 

representations: 

 

1. Array representation 

2. Linked list representation 

 

 

 

 

Method 1: Using Arrays 

2D array is used to represent a sparse matrix in which there are three rows named as 

 Row: Index of row, where non-zero element is located 

 Column: Index of column, where non-zero element is located 

 Value: Value of the non zero element located at index – (row,column) 

https://www.geeksforgeeks.org/data-structures/#Matrix
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Method 2: Using Linked Lists 

In linked list, each node has four fields. These four fields are defined as: 

 Row: Index of row, where non-zero element is located 

 Column: Index of column, where non-zero element is located 

 Value: Value of the non zero element located at index – (row,column) 

 Next node: Address of the next node 

 

 

 

 

 

List of Lists (LIL) 

 

 

One of the possible representation of sparse matrix is List of Lists (LIL). Where one list is used 

to represent the rows and each row contains the list of triples: Column index, Value(non – zero 

element) and address field, for non – zero elements. For the best performance both lists should 

be stored in order of ascending keys. 

https://media.geeksforgeeks.org/wp-content/uploads/Sparse-Matrix-Array-Representation1.png
https://media.geeksforgeeks.org/wp-content/uploads/Sparse-Matrix-Linked-List-22.png
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https://media.geeksforgeeks.org/wp-content/uploads/Sparse-Matrix-List-of-Lists2.png
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UNIT 2 

STACK 

Stack is a linear data structure which follows a particular order in which the 

operations are performed. The order may be LIFO(Last In First Out) or FILO(First In 

Last Out). Stack is an abstract data type with a bounded(predefined) capacity. It is a 

simple data structure that allows adding and removing elements in a particular order. 

Every time an element is added, it goes on the top of the stack and the only element that 

can be removed is the element that is at the top of the stack, just like a pile of 

objects.  

Basic features of Stack 

1. Stack is an ordered list of similar data type. 

2. Stack is a LIFO(Last in First out) structure or we can say FILO(First in Last out). 

3. push() function is used to insert new elements into the Stack and pop() function is used to 

remove an element from the stack. Both insertion and removal are allowed at only one 

end of Stack called Top. 

4. Stack is said to be in Overflow state when it is completely full and is said to be 

in Underflow state if it is completely empty. 

Applications of Stack 
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1. Recursion 

2. Expression evaluations and conversions 

3. Parsing 

4. Browsers 

5. Editors 

6. Tree Traversals 

Basic Operations 

Stack operations two primary operations − 

Push Operation 

1. Push : Adding an element onto the stack 

The process of putting a new data element onto stack is known as a Push Operation. Push 

operation involves a series of steps − 

 Step 1 − Checks if the stack is full. 

 Step 2 − If the stack is full, produces an error and exit. 

 Step 3 − If the stack is not full, increments top to point next empty space. 

 Step 4 − Adds data element to the stack location, where top is pointing. 

 Step 5 − Returns success. 

 

 

 

2. Pop : Removing an element from the stack 

 pop() actually removes data element and deallocates memory space. 

A Pop operation may involve the following steps − 

 Step 1 − Checks if the stack is empty. 

 Step 2 − If the stack is empty, produces an error and exit. 
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 Step 3 − If the stack is not empty, accesses the data element at which top is pointing. 

 Step 4 − Decreases the value of top by 1. 

 Step 5 − Returns success. 

 

 

 

 

To use a stack efficiently, we need to check the status of stack as well.  

 

 peek() − get the top data element of the stack, without removing it. 

 

 isFull() − check if stack is full. 

 isEmpty() − check if stack is empty. 

Top Pointer and its value : 

Top position Status of stack 

-1 Empty 

0 Only one element in the stack 

N-1 Stack is full 

N Overflow 
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Analysis of Stack Operations 

Below mentioned are the time complexities for various operations that can be performed on the 

Stack data structure. 

 Push Operation : O(1) 

 Pop Operation : O(1) 

 Top Operation : O(1) 

 Search Operation : O(n) 

Implement a stack in C using an array 

 Stack is a linear data structure that follows the Last in, First out principle (i.e. the last 

added elements are removed first). 

This abstract data type can be implemented in C in multiple ways. One such way is by 

using an array. 

Pro of using an array: 

 No extra memory required to store the pointers. 

Con of using an array: 

 The size of the stack is pre-set so it cannot increase or decrease. 

 The C Program is written for implementation of STACK using Array, the 

basic operations of stack are PUSH(), POP() and DISPLAY(). PUSH 

function in the code is used to insert an element to the top of stack, POP 

function used to remove the element from the top of stack. Finally display 

function used to print the values at any time. All stack functions are 

implemented in C Code. 

 

Implement a stack using singly linked list 

Implement a stack using single linked list concept. all the single linked list operations 

perform based on Stack operations LIFO(last in first out) and with the help of that knowledge we 

are going to implement a stack using single linked list. using single linked lists so how to 

implement here it is linked list means what we are storing the information in the form of nodes 

and we need to follow the stack rules and we need to implement using single linked list nodes so 

http://www.geeksforgeeks.org/stack-data-structure/
http://www.geeksforgeeks.org/data-structures/linked-list/


23 
 

what are the rules we need to follow in the implementation of a stack a simple rule that is last in 

first out and all the operations we should perform so with the help of a top variable only with the 

help of top variables are how to insert the elements  
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A stack can be easily implemented through the linked list. In stack Implementation, a 

stack contains a top pointer. which is “head” of the stack where pushing and popping items 

happens at the head of the list. first node have null in link field and second node link have first 

node address in link field and so on and last node address in “top” pointer. 

The main advantage of using linked list over an arrays is that it is possible to implements 

a stack that can shrink or grow as much as needed. In using array will put a restriction to the 

maximum capacity of the array which can lead to stack overflow. Here each new node will be 

dynamically allocate. so overflow is not possible. 

Operator Precedence and Associatively in C 

Operator precedence determines which operator is performed first in an expression with more 

than one operators with different precedence. 

For example: Solve 
10 + 20 * 30 

 
 

10 + 20 * 30 is calculated as 10 + (20 * 30) 

and not as (10 + 20) * 30 

 

 

Operators Associativity is used when two operators of same precedence appear in an 

expression. Associativity can be either Left to Right or Right to Left. 

For example: ‘*’ and ‘/’ have same precedence and their associativity is Left to Right, so the 

expression “100 / 10 * 10” is treated as “(100 / 10) * 10”. 

 

https://media.geeksforgeeks.org/wp-content/uploads/20190708163349/Operators-Precedence.jpg
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Operators Precedence and Associativity are two characteristics of operators that determine the 

evaluation order of sub-expressions in absence of brackets 

For example: Solve 
100 + 200 / 10 - 3 * 10 

 

 

https://media.geeksforgeeks.org/wp-content/uploads/20190708164646/Operators-Associativity-1.jpg
https://media.geeksforgeeks.org/wp-content/uploads/20190708173715/Operator-Precedence-and-Associativity-2.jpg
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1) Associativity is only used when there are two or more operators of same precedence. 
The point to note is associativity doesn’t define the order in which operands of a single operator 

are evaluated. For example, consider the following program, associativity of the + operator is left 

to right, but it doesn’t mean f1() is always called before f2(). The output of the following 

program is in-fact compiler dependent. See this for details. 

 

2) All operators with the same precedence have same associativity 
This is necessary, otherwise, there won’t be any way for the compiler to decide evaluation order 

of expressions which have two operators of same precedence and different associativity. For 

example + and – have the same associativity. 

 

3) Precedence and associativity of postfix ++ and prefix ++ are different 

Precedence of postfix ++ is more than prefix ++, their associativity is also different. 

Associativity of postfix ++ is left to right and associativity of prefix ++ is right to left. 

See this for examples. 

 

4) Comma has the least precedence among all operators and should be used carefully For 

example  

5) There is no chaining of comparison operators in C 
 

 

Tree Traversals 

 

Traversal is a process to visit all the nodes of a tree and may print their values too. Because, 

all nodes are connected via edges (links) we always start from the root (head) node. That is, we 

cannot randomly access a node in a tree. There are three ways which we use to traverse a tree − 

 In-order Traversal 

 Pre-order Traversal 

 Post-order Traversal 

Generally, we traverse a tree to search or locate a given item or key in the tree or to print all the 

values it contains. 

In-order Traversal 

In this traversal method, the left subtree is visited first, then the root and later the right sub-tree. 

We should always remember that every node may represent a subtree itself. 

If a binary tree is traversed in-order, the output will produce sorted key values in an ascending 

order. 

Algorithm 

Until all nodes are traversed − 

Step 1 − Recursively traverse left subtree. 

https://www.geeksforgeeks.org/evaluation-order-of-operands/
https://www.geeksforgeeks.org/difference-between-p-p-and-p/
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Step 2 − Visit root node. 

Step 3 − Recursively traverse right subtree. 

 

 

We start from A, and following in-order traversal, we move to its left subtree B. B is also 

traversed in-order. The process goes on until all the nodes are visited. The output of inorder 

traversal of this tree will be − 

D → B → E → A → F → C → G 

public void inorderTraversal(TreeNode root) { 

  if (root != null) { 

   inorderTraversal(root.left); 

   System.out.print(root.data + " "); 

   inorderTraversal(root.right); 

  } 

 } 

 

Pre-order Traversal 

In this traversal method, the root node is visited first, then the left subtree and finally the right 

subtree. 

Algorithm 

Until all nodes are traversed − 

Step 1 − Visit root node. 

Step 2 − Recursively traverse left subtree. 

Step 3 − Recursively traverse right subtree.  
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We start from A, and following pre-order traversal, we first visit A itself and then move to its 

left subtree B. B is also traversed pre-order. The process goes on until all the nodes are visited. 

The output of pre-order traversal of this tree will be − 

A → B → D → E → C → F → G 

public void preorderTraversal(TreeNode root) { 

  if (root != null) { 

   System.out.print(root.data + " "); 

   preorderTraversal(root.left); 

   preorderTraversal(root.right); 

  } 

 } 

 

Post-order Traversal 

In this traversal method, the root node is visited last, hence the name. First we traverse the left 

subtree, then the right subtree and finally the root node. 

Algorithm 

Until all nodes are traversed − 

Step 1 − Recursively traverse left subtree. 

Step 2 − Recursively traverse right subtree. 

Step 3 − Visit root node. 
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We start from A, and following Post-order traversal, we first visit the left subtree B. B is also 

traversed post-order. The process goes on until all the nodes are visited. The output of post-

order traversal of this tree will be − 

D → E → B → F → G → C → A 

 

public void postorderTraversal(TreeNode root) { 

  if (root != null) { 

   postorderTraversal(root.left); 

   postorderTraversal(root.right); 

   System.out.print(root.data + " "); 

  } 

 } 

 

 

Arithmetic Expression (Infix) Evaluation using Stack 
          

  

There are a few important points to note: 

1. We will keep the program simple and will only evaluate expressions with +. -

, * and / operators. 

2. Parenthesis changes everything. It divides a simple linear expression into sections to be 

solved separately. So we will have to deal with opening and closing parenthesis carefully. 
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3. Operator precedence is another tricky factor here. Although it will be easier for us as 

we are writing the algorithm for only 4 operators, specified in point 1. 

4. We will be using two stacks, one for operators and parenthesis, and the other one to store 

the numerical values. 

Here is the algorithm for solving an arithmetic expression using Stacks. 

1. We will start iterating the expression from left to right. 

2. If we encounter an opening parenthesis (, we will push it in the operator stack. 

3. If we encounter any numeric value, we have to push it in the values stack. 

o But, what if the number is a two digit or three digit number, we first have to form 

the complete number. So when we encounter a numeric value, we look for 

consecutive members of the expression, if we find another number, we append it 

to existing number. 

o We will do this, until we encounter token other than a number. 

o For example: If we have expression (22+2)*4, in this case our expression is 

made of following tokens ['(','2','2','+','2',')','*','4'], hence on encountering the 

first 2, we should look for consecutive tokens, if its a number, which in this case 

is, we append it to existing number to make it 22 

4. If we encounter a closing parenthesis ), we pop an operator from the operator stack and 

two data elements from the value stack and apply the operator to the numeric values and 

store the result in the value stack. 

5. If we encounter an operator, we will push it in the operator stack. 

o If operator stack is not empty and the operator present in the stack has higher 

precedence than the current operator, then we pop the operator with high 

precedence, and two values from the value stack, apply the operator to the values 

and store the result in the value stack. 

o And, push the current iterated operator in the operator stack. 

6. Once we have iterated the entire expression, we pop one operator from the operator stack 

and two values from the value operator and apply the operator to the values, store the 

result in the value stack, and keep on repeating this, until we have just a single value left 

in the value stack. 

7. The last value in the value stack will be the result. 
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QUEUE 

 Queue is a linear data structure where the first element is inserted from one end 

called REAR and deleted from the other end called as FRONT. 

 Front points to the beginning of the queue and Rear points to the end of the queue. 

 Queue follows the FIFO (First - In - First Out) structure. 

 According to its FIFO structure, element inserted first will also be removed first. 

 In a queue, one end is always used to insert data (enqueue) and the other is used to delete 

data (dequeue), because queue is open at both its ends. 

 The enqueue() and dequeue() are two important functions used in a queue. 

 

Queue is also an abstract data type or a linear data structure, just like stack data structure, in 

which the first element is inserted from one end called the REAR(also called tail), and the 

removal of existing element takes place from the other end called as FRONT(also called head). 

https://www.studytonight.com/data-structures/stack-data-structure


33 
 

This makes queue as FIFO(First in First Out) data structure, which means that element inserted 

first will be removed first. 

Which is exactly how queue system works in real world. If you go to a ticket counter to buy 

movie tickets, and are first in the queue, then you will be the first one to get the tickets. Right? 

Same is the case with Queue data structure. Data inserted first, will leave the queue first. 

The process to add an element into queue is called Enqueue and the process of removal of an 

element from queue is called Dequeue. 

Basic Operations of Queue 

A queue is an object or more specifically an abstract data structure(ADT) that allows 

the following operations: 

 Enqueue: 

Add an element to the end of the queue 

 Dequeue: 

Remove an element from the front of the queue 

 IsEmpty: 

Check if the queue is empty 

 IsFull: 

Check if the queue is full 

 Peek: Get 

the value of the front of the queue without removing it 

Queue operations work as follows: 

 two pointers FRONT and REAR 

 FRONT track the first element of the queue 

 REAR track the last elements of the queue 

 initially, set value of FRONT and REAR to -1 

Applications of Queue Data Structure 

 CPU scheduling, Disk Scheduling 
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 When data is transferred asynchronously between two processes. The queue is 

used for synchronization. eg: IO Buffers, pipes, file IO, etc 

 Handling of interrupts in real-time systems. 

 Call Center phone systems use Queues to hold people calling them in an order 

Enqueue Operation 

Queues maintain two data pointers, front and rear. Therefore, its operations are comparatively 

difficult to implement than that of stacks. 

The following steps should be taken to enqueue (insert) data into a queue − 

 Step 1 − Check if the queue is full. 

 Step 2 − If the queue is full, produce overflow error and exit. 

 Step 3 − If the queue is not full, increment rear pointer to point the next empty space. 

 Step 4 − Add data element to the queue location, where the rear is pointing. 

 Step 5 − return success. 

 

Algorithm for enqueue operation 

procedure enqueue(data)       

    

   if queue is full 

      return overflow 

   endif 

    

   rear ← rear + 1 
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   queue[rear] ← data 

   return true 

    

end procedure 

Dequeue Operation 

Accessing data from the queue is a process of two tasks − access the data where front is 

pointing and remove the data after access. The following steps are taken to 

perform dequeue operation − 

 Step 1 − Check if the queue is empty. 

 Step 2 − If the queue is empty, produce underflow error and exit. 

 Step 3 − If the queue is not empty, access the data where front is pointing. 

 Step 4 − Increment front pointer to point to the next available data element. 

 Step 5 − Return success. 

 

Algorithm for dequeue operation 

procedure dequeue 

    

   if queue is empty 

      return underflow 

   end if 

 

   data = queue[front] 

   front ← front + 1 

   return true 
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end procedure 

Implementation of Queue Data Structure 
Queue can be implemented using an Array, Stack or Linked List. The easiest way of 

implementing a queue is by using an Array. 

Initially the head(FRONT) and the tail(REAR) of the queue points at the first index of the array 

(starting the index of array from 0). As we add elements to the queue, the tail keeps on moving 

ahead, always pointing to the position where the next element will be inserted, while 

the head remains at the first index. 

 

When we remove an element from Queue, we can follow two possible approaches (mentioned 

[A] and [B] in above diagram). In [A] approach, we remove the element at head position, and 

then one by one shift all the other elements in forward position. 
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In approach [B] we remove the element from head position and then move head to the next 

position. 

In approach [A] there is an overhead of shifting the elements one position forward every time 

we remove the first element. 

In approach [B] there is no such overhead, but whenever we move head one position ahead, after 

removal of first element, the size on Queue is reduced by one space each time. 

Complexity Analysis of Queue Operations 

Just like Stack, in case of a Queue too, we know exactly, on which position new element will be 

added and from where an element will be removed, hence both these operations requires a single 

step. 

 Enqueue: O(1) 

 Dequeue: O(1) 

 Size: O(1) 

Types of Queue 

A queue is a useful data structure in programming. It is similar to the ticket queue 

outside a cinema hall, where the first person entering the queue is the first person 

who gets the ticket. 

There are four different types of queue in data structure. Let's discuss them below. 

Simple Queue 

In a simple queue, insertion takes place at the rear and removal occurs at the front. It 

strictly follows FIFO rule. 

Simple Queue Representation 

https://www.programiz.com/dsa/queue


38 
 

Circular Queue 

In a circular queue, the last element points to the first element making a circular link. 

Circular Queue 

Representation 

The main advantage of a circular queue over a simple queue is better memory 

utilization. If the last position is full and the first position is empty then, an element 

can be inserted in the first position. This action is not possible in a simple queue. 

Priority Queue 

A priority queue is a special type of queue in which each element is associated with a 

priority and is served according to its priority. If elements with the same priority 

occur, they are served according to their order in the queue. 

Priority Queue 

Representation 

Insertion occurs based on the arrival of the values and removal occurs based on 

priority. 

Deque (Double Ended Queue) 
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Double Ended Queue is a type of queue in which insertion and removal of elements 

can be performed from either from the front or rear. Thus, it does not follow FIFO 

rule (First In First Out). 

Deque Representation 

Circular Queue 
In a Linear queue, once the queue is completely full, it's not possible to insert more elements. 

Even if we dequeue the queue to remove some of the elements, until the queue is reset, no new 

elements can be inserted. You must be wondering why? 

 

When we dequeue any element to remove it from the queue, we are actually moving the front of 

the queue forward, thereby reducing the overall size of the queue. And we cannot insert new 

elements, because the rear pointer is still at the end of the queue. 

 

The only way is to reset the linear queue, for a fresh start. 

 

Circular Queue is also a linear data structure, which follows the principle of FIFO(First In First Out), 

but instead of ending the queue at the last position, it again starts from the first position after the last, 

hence making the queue behave like a circular data structure. 
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Basic features of Circular Queue 

1. In case of a circular queue, Front pointer will always point to the front of the queue, 

and Rear pointer will always point to the end of the queue. 

2. Initially, the Front and the Rear pointers will be pointing to the same location, this would mean 

that the queue is empty. 

 

3. New data is always added to the location pointed by the tail pointer, and once the data is 

added, tail pointer is incremented to point to the next available location. 

 

4. In a circular queue, data is not actually removed from the queue. Only the head pointer is 

incremented by one position when dequeue is executed. As the queue data is only the data 

between head and tail, hence the data left outside is not a part of the queue anymore, hence 

removed. 
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5. The head and the tail pointer will get reinitialised to 0 every time they reach the end of the queue. 

 

6. Also, the head and the tail pointers can cross each other. In other words, head pointer can be 

greater than the tail. Sounds odd? This will happen when we dequeue the queue a couple of times 

and the tail pointer gets reinitialised upon reaching the end of the queue. 
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Going Round and Round 

Another very important point is keeping the value of the tail and the head pointer within the 

maximum queue size. 

In the diagrams above the queue has a size of 8, hence, the value of tail and head pointers will 

always be between 0 and 7. 

This can be controlled either by checking everytime whether tail or head have reached 

the maxSize and then setting the value 0 or, we have a better way, which is, for a value x if we 

divide it by 8, the remainder will never be greater than 8, it will always be between 0 and 0, 

which is exactly what we want. 

So the formula to increment the head and tail pointers to make them go round and 

round over and again will be, head = (head+1) % maxSize or tail = (tail+1) % 
maxSize 
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Application of Circular Queue 
Below we have some common real-world examples where circular queues are used: 

1. Computer controlled Traffic Signal System uses circular queue. 

2. CPU scheduling and Memory management. 

 

Implementation of Circular Queue 
Below we have the implementation of a circular queue: 

1. Initialize the queue, with size of the queue defined (maxSize), and head and tail pointers. 

2. enqueue: Check if the number of elements is equal to maxSize - 1: 

o If Yes, then return Queue is full. 

o If No, then add the new data element to the location of tail pointer and increment 

the tail pointer. 

3. dequeue: Check if the number of elements in the queue is zero: 

o If Yes, then return Queue is empty. 

o If No, then increment the head pointer. 

4. Finding the size: 

o If, tail >= head, size = (tail - head) + 1 

o But if, head > tail, then size = maxSize - (head - tail) + 1 

 

Priority Queue 

A priority queue is a special type of queue in which each element is associated with a 

priority and is served according to its priority. If elements with the same priority 

occur, they are served according to their order in the queue. 
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Generally, the value of the element itself is considered for assigning the priority. 

For example, The element with the highest value is considered as the highest priority 

element. However, in other cases, we can assume the element with the lowest value as 

the highest priority element. In other cases, we can set priorities according to our 

needs. 

Removing Highest Priority 

Element 

 

Difference between Priority Queue and Normal Queue 

In a queue, the first-in-first-out rule is implemented whereas, in a priority queue, the 

values are removed on the basis of priority. The element with the highest priority is 

removed first. 

 

Implementation of Priority Queue 
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Priority queue can be implemented using an array, a linked list, a heap data structure, 

or a binary search tree. Among these data structures, heap data structure provides an 

efficient implementation of priority queues. 

Hence, we will be using the heap data structure to implement the priority queue in this 

tutorial. A max-heap is implement is in the following operations. If you want to learn 

more about it, please visit max-heap and mean-heap. 
 

1. Inserting an Element from the Priority Queue 

Inserting an element into a priority queue (max-heap) is done by the following steps. 

 Insert the new element at the end of the 

tree.  

 Insert an element at the end of the queue 

 Heapify the tree.  

https://www.programiz.com/dsa/heap-sort#heap
https://www.programiz.com/dsa/heap-data-structure#heapify
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 Heapify after insertion 

Algorithm for insertion of an element into priority queue (max-heap) 

If there is no node,  

  create a newNode. 

else (a node is already present) 

  insert the newNode at the end (last node from left to right.) 

   

heapify the array 

For Min Heap, the above algorithm is modified so that parentNode is always smaller 

than newNode. 

 

2. Deleting an Element from the Priority Queue 

Deleting an element from a priority queue (max-heap) is done as follows: 



47 
 

 Select the element to be deleted.  

 Select the element to be deleted 

 Swap it with the last element.  

 Swap with the last leaf node element 

 Remove the last element.  

 Remove the last element leaf 
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 Heapify the tree.  

 Heapify the priority queue 

 

Priority Queue Applications 

Some of the applications of a priority queue are: 

 Dijkstra's algorithm 

 for implementing stack 

 for load balancing and interrupt handling in an operating system 

 for data compression in Huffman code 

Deque Data Structure 

Deque or Double Ended Queue is a type of queue in which insertion and removal of 

elements can be performed from either from the front or rear. Thus, it does not follow 

FIFO rule (First In First Out). 

https://www.programiz.com/dsa/queue
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Representation of Deque 

 

Types of Deque 

 Input Restricted Deque 

In this deque, input is restricted at a single end but allows deletion at both the ends. 

 Output Restricted Deque 

In this deque, output is restricted at a single end but allows insertion at both the ends. 

 

Operations on a Deque 

Below is the circular array implementation of deque. In a circular array, if the array is 

full, we start from the beginning. 

But in a linear array implementation, if the array is full, no more elements can be 

inserted. In each of the operations below, if the array is full, "overflow message" is 

thrown. 

Before performing the following operations, these steps are followed. 

1. Take an array (deque) of size n. 

2. Set two pointers at the first position and set front = -1 and rear = 0. 

https://www.programiz.com/dsa/circular-queue
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Initialize an array and pointers for deque 

1. Insert at the Front 

This operation adds an element at the front. 

1. Check the position of front.  

2. Check the position of front 

3. If front < 1, reinitialize front = n-1 (last 

index). Shift front to the end 

4. Else, decrease front by 1.  
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5. Add the new key 5 into array[front]. 

6. Insert the element at Front 

 

 

2. Insert at the Rear 

This operation adds an element to the rear. 

1. Check if the array is full.  

2. Check if deque is full 

3. If the deque is full, reinitialize rear = 0. 

4. Else, increase rear by 1.  

5. Increase the rear 

6. Add the new 

key 5 into array[rear].  
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7. Insert the element at rear 

 

 

3. Delete from the Front 

The operation deletes an element from the front. 

1. Check if the deque is 

empty.  

2. Check if deque is empty 

3. If the deque is empty (i.e. front = -1), deletion cannot be performed (underflow 

condition). 

4. If the deque has only one element (i.e. front = rear), set front = -1 and rear = -1. 

5. Else if front is at the end (i.e. front = n - 1), set go to the front front = 0. 

6. Else, front = front + 1.  

7. Increase the front 

 

4. Delete from the Rear 

This operation deletes an element from the rear. 
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1. Check if the deque is 

empty.  

2. Check if deque is empty 

3. If the deque is empty (i.e. front = -1), deletion cannot be performed (underflow 

condition). 

4. If the deque has only one element (i.e. front = rear), set front = -1 and rear = -1, else 

follow the steps below. 

5. If rear is at the front (i.e. rear = 0), set go to the front rear = n - 1. 

6. Else, rear = rear - 1.  

7. Decrease the rear 

 

5. Check Empty 

This operation checks if the deque is empty. If front = -1, the deque is empty. 

6. Check Full 

This operation checks if the deque is full. If front = 0 and rear = n - 1, the deque 

is full. 
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Data Structures - Multiple Stack 

When a stack is created using single array, we can not able to store large 

amount of data, thus this problem is rectified using more than one stack in the same 

array of sufficient array. This technique is called as Multiple Stack.  

When an array of STACK[n] is used to represent two stacks, say Stack A and 

Stack B. Then the value of n is such that the combined size of both the Stack[A] and 

Stack[B] will never exceed n. Stack[A] will grow from left to right, whereas Stack[B] 

will grow in opposite direction ie) right to left. 

 

 

 

 

 

 

UNIT - 3 

Linked List 

o Linked List can be defined as collection of objects called nodes that are randomly stored 

in the memory. 

o A node contains two fields i.e. data stored at that particular address and the pointer which 

contains the address of the next node in the memory. 

o The last node of the list contains pointer to the null. 

 

Uses of Linked List 
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o The list is not required to be contiguously present in the memory. The node can reside 

any where in the memory and linked together to make a list. This achieves optimized 

utilization of space. 

o list size is limited to the memory size and doesn't need to be declared in advance. 

o Empty node can not be present in the linked list. 

o We can store values of primitive types or objects in the singly linked list. 

Advantages of Linked Lists 

 They are a dynamic in nature which allocates the memory when required. 

 Insertion and deletion operations can be easily implemented. 

 Stacks and queues can be easily executed. 

 Linked List reduces the access time. 

 

Disadvantages of Linked Lists 

 The memory is wasted as pointers require extra memory for storage. 

 No element can be accessed randomly; it has to access each node sequentially. 

 Reverse Traversing is difficult in linked list. 

 

Applications of Linked Lists 

 Linked lists are used to implement stacks, queues, graphs, etc. 

 Linked lists let you insert elements at the beginning and end of the list. 

 In Linked Lists we don't need to know the size in advance. 

Types of Linked Lists 
There are 3 different implementations of Linked List available, they are: 

1. Singly Linked List 

2. Doubly Linked List 
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3. Circular Linked List 

Singly Linked List 

Singly linked lists contain nodes which have a data part as well as an address part i.e. next, 

which points to the next node in the sequence of nodes. 

The operations we can perform on singly linked lists are insertion, deletion and traversal. 

 

Doubly Linked List 

In a doubly linked list, each node contains a data part and two addresses, one for 

the previous node and one for the next node. 

 

Circular Linked List 

In circular linked list the last node of the list holds the address of the first node hence forming a 

circular chain. 
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Difference between Array and Linked 

List 

Linked List vs. Array 
Array is a datatype which is widely implemented as a default type, in almost all the modern 

programming languages, and is used to store data of similar type. 

But there are many usecases, like the one where we don't know the quantity of data to be stored, 

for which advanced data structures are required, and one such data structure is linked list. 

Let's understand how array is different from Linked list. 

ARRAY LINKED LIST 

Array is a collection of elements of similar data 

type. 

Linked List is an ordered collection of elements 

of same type, which are connected to each other 

using pointers. 

Array supports Random Access, which means 

elements can be accessed directly using their 

index, like arr[0] for 1st element, arr[6] for 7th 

element etc. 

Hence, accessing elements in an array is fast with 

a constant time complexity of O(1). 

Linked List supports Sequential Access, which 

means to access any element/node in a linked list, 

we have to sequentially traverse the complete 

linked list, upto that element. 

To access nth element of a linked list, time 

complexity is O(n). 

In an array, elements are stored in contiguous 

memory location or consecutive manner in the 

memory. 

In a linked list, new elements can be stored 

anywhere in the memory. 

Address of the memory location allocated to the 

new element is stored in the previous node of 

linked list, hence formaing a link between the two 

nodes/elements. 

In array, Insertion and Deletion operation takes 

more time, as the memory locations are 

consecutive and fixed. 

In case of linked list, a new element is stored at 

the first free and available memory location, with 

only a single overhead step of storing the address 

of memory location in the previous node of linked 

list. 
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Insertion and Deletion operations are fast in 

linked list. 

Memory is allocated as soon as the array is 

declared, at compile time. It's also known 

as Static Memory Allocation. 

Memory is allocated at runtime, as and when a 

new node is added. It's also known as Dynamic 

Memory Allocation. 

In array, each element is independent and can be 

accessed using it's index value. 

In case of a linked list, each node/element points 

to the next, previous, or maybe both nodes. 

Array can single dimensional, two 

dimensional or multidimensional 

Linked list can 

be Linear(Singly), Doubly or Circular linked 

list. 

Size of the array must be specified at time of 

array decalaration. 

Size of a Linked list is variable. It grows at 

runtime, as more nodes are added to it. 

Array gets memory allocated in the Stack section. Whereas, linked list gets memory allocated 

in Heap section. 

 

SINGLE LINKED LIST 

Linear Linked list is the default linked list and a linear data structure in which data is not stored 

in contiguous memory locations but each data node is connected to the next data node via a 

pointer, hence forming a chain. 

Node Creation 
1. struct node    

2. {   

3.     int data;    

4.     struct node *next;   

5. };   

6. struct node *head, *ptr;    

7. ptr = (struct node *)malloc(sizeof(struct node *));   

 

 

There are three different possibilities for inserting a node into a linked list. These three 

possibilities are: 

1. Insertion at the beginning of the list. 

2. Insertion at the end of the list 
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3. Inserting a new node except the above-mentioned positions. 

In the first case, we make a new node and points its next to the head of the existing list and then 

change the head to the newly added node. It is similar to picture given below. 

 

So, the steps to be followed are as follows: 

1. Make a new node 

2. Point the ‘next’ of the new node to the ‘head’ of the linked list. 

3. Mark new node as ‘head’. 

Thus, the code representing the above steps is: 

struct node* front(struct node *head,int value) 

{ 

 struct node *p; 

 p=malloc(sizeof(struct node)); 

 p->data=value; 

 p->next=head; 

 return (p); 

} 

main funtion will be something like: 

main() 

{ 

    head=front(head,10); 

} 

https://media.geeksforgeeks.org/wp-content/cdn-uploads/gq/2013/03/Linkedlist_insert_at_start.png
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The code is very simple to understand. We just made a new node in these three lines of the code: 

struct node *p; 

p=malloc(sizeof(struct node)); 

p->data=value; 

p->next=head – In this line, we have followed the second step which is to point the ‘next’ of the 

new node to the head of the linked list. 

return (p); 

head=front(head,10); 

These two lines are the part of marking the new node as ‘head’. We are returning the new node 

from our function and making it head in the main function. 

The second case is the simplest one. We just add a new node at the end of the existing list. It is 

shown in the picture given below: 

 

So, the steps to add the end if a linked list are: 

1. Make a new node 

2. Point the last node of the linked list to the new node 

And the code representing the above steps are: 

end(struct node *head,int value) 

{ 

    struct node *p,*q; 

    p=malloc(sizeof(struct node)); 

    p->data=value; 

    p->next=NULL; 

    q=head; 

    while(q->next!=NULL) 

    { 

https://media.geeksforgeeks.org/wp-content/cdn-uploads/gq/2013/03/Linkedlist_insert_last.png
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        q = q->next; 

    } 

    q->next = p; 

} 

/* 

    main function will contain something like: 

    end(head,20); 

*/ 

p=malloc(sizeof(struct node)); 

p->data=value; 

p->next=NULL; 

The above-mentioned lines are just creating a new node. 

while(q->next!=NULL) 

{ 

 q = q->next; 

} 

We are traversing to the end of the list using the above lines of code to make ‘q’ the last element 

of the list. 

Now ‘q’  is the last element of the list, so we can add the new node next to it and we are doing 

the same by the code written after the while loop: 

q = q->next 

The third and the last case is a little bit complicated. To insert a node in between a linked list, we 

need to first break the existing link and then create two new links. It will be clear from the 

picture given below. 
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The steps for inserting a node after node ‘a’ (as shown in the picture) are: 

1. Make a new node  

2. Point the ‘next’ of the new node to the node ‘b’ (the node after which we have to insert 

the new node). Till now, two nodes are pointing the same node ‘b’, the node ‘a’ and the 

new node. 

 

Point the ‘next’ of ‘a’ to the new node. 

The code for the above steps is: 

p = malloc(sizeof(struct node)); 

p->data = value; 

We are creating a new node using the above lines. 

p->next = a->next – We are making the ‘next’ of the new node to point to the node after which 

insertion is to be made. See the comments for better understanding. 

a->next = p – We are pointing the ‘next’ of a to the new node. 

 

 (Deleting a node) 
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To delete a node from linked list, we need to do following steps. 

1) Find previous node of the node to be deleted. 

2) Change the next of previous node. 

3) Free memory for the node to be deleted. 

 

 

The steps to be followed for deletion of the node ‘B’ from the linked list A → B → C are as 

follows: 

1. Create a temporary pointer to the node ‘B’. 

 

2. Connect node ‘A’ to ‘B’. 

 

3. Free the node ‘B’. 

 

The code representing the above steps is: 

del (struct node *before_del) 

{ 

    struct node *temp; 

    temp = before_del->next; 

    before_del->next = temp->next; 

https://media.geeksforgeeks.org/wp-content/cdn-uploads/gq/2014/05/Linkedlist_deletion.png
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    free(temp); 

} 

Here, ‘before_node’ is the predecessor of the node to be deleted. 

temp = before_del->next – We are making a temporary pointer to the node to be deleted. 

before_del->next = temp->next – Connecting the predecessor of the node to be deleted with 

the successor of the node to be deleted. 

free(temp) – Making the ‘temp’ free. 

 

Double Linked List 

In a single linked list, every node has a link to its next node in the sequence. So, we can traverse 

from one node to another node only in one direction and we can not traverse back. We can solve 

this kind of problem by using a double linked list. A double linked list can be defined as 

follows... 

Double linked list is a sequence of elements in which every element has links to its previous 

element and next element in the sequence. 

In a double linked list, every node has a link to its previous node and next node. So, we can 

traverse forward by using the next field and can traverse backward by using the previous field. 

Every node in a double linked list contains three fields and they are shown in the following 

figure... 

 
Here, 'link1' field is u sed to s tore the address of the previous node in  the sequence, 'link2' field is u sed to s tore the address of the next  node in the sequence and 'data ' field is used to store the actual value of that node.  

Example 

 
 

 Importent Points to be Remembered 
  In double linked list, the first node must be always pointed by head. 

  Always the previous field of the first node must be NULL. 

  Always the next field of the last node must be NULL. 
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Operations on Double Linked List 

In a double linked list, we perform the following operations... 

1. Insertion 

2. Deletion 

3. Display 

Insertion 

In a double linked list, the insertion operation can be performed in three ways as follows... 

1. Inserting At Beginning of the list 

2. Inserting At End of the list 

3. Inserting At Specific location in the list 

Inserting At Beginning of the list 

We can use the following steps to insert a new node at beginning of the double linked list... 

 Step 1 - Create a newNode with given value and newNode → previous as NULL. 

 Step 2 - Check whether list is Empty (head == NULL) 

 Step 3 - If it is Empty then, assign NULL to newNode → next and newNode to head. 

 Step 4 - If it is not Empty then, assign head to newNode → next and newNode to head. 
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Inserting At End of the list 

We can use the following steps to insert a new node at end of the double linked list... 

 Step 1 - Create a newNode with given value and newNode → next as NULL. 

 Step 2 - Check whether list is Empty (head == NULL) 

 Step 3 - If it is Empty, then assign NULL to newNode → 

previous and newNode to head. 

 Step 4 - If it is not Empty, then, define a node pointer temp and initialize with head. 

 Step 5 - Keep moving the temp to its next node until it reaches to the last node in the list 

(until temp → next is equal to NULL). 

 Step 6 - Assign newNode to temp → next and temp to newNode → previous. 
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Inserting At Specific location in the list (After a Node) 

We can use the following steps to insert a new node after a node in the double linked list... 

 Step 1 - Create a newNode with given value. 

 Step 2 - Check whether list is Empty (head == NULL) 

 Step 3 - If it is Empty then, assign NULL to both newNode → previous & newNode → 

next and set newNode to head. 

 Step 4 - If it is not Empty then, define two node pointers temp1 & temp2 and 

initialize temp1 with head. 

 Step 5 - Keep moving the temp1 to its next node until it reaches to the node after which 

we want to insert the newNode (until temp1 → data is equal to location, here location is 

the node value after which we want to insert the newNode). 

 Step 6 - Every time check whether temp1 is reached to the last node. If it is reached to 

the last node then display 'Given node is not found in the list!!! Insertion not 

possible!!!' and terminate the function. Otherwise move the temp1 to next node. 

 Step 7 - Assign temp1 → next to temp2, newNode to temp1 → 

next, temp1 to newNode → previous, temp2 to newNode → 

next and newNode to temp2 → previous. 

 

 



68 
 

Deletion 

In a double linked list, the deletion operation can be performed in three ways as follows... 

1. Deleting from Beginning of the list 

2. Deleting from End of the list 

3. Deleting a Specific Node 

Deleting from Beginning of the list 

We can use the following steps to delete a node from beginning of the double linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 

 Step 2 - If it is Empty then, display 'List is Empty!!! Deletion is not possible' and 

terminate the function. 

 Step 3 - If it is not Empty then, define a Node pointer 'temp' and initialize with head. 

 Step 4 - Check whether list is having only one node (temp → previous is equal to temp 

→ next) 

 Step 5 - If it is TRUE, then set head to NULL and delete temp (Setting Empty list 

conditions) 

 Step 6 - If it is FALSE, then assign temp → next to head, NULL to head → 

previous and delete temp. 

 

 

Deleting from End of the list 

We can use the following steps to delete a node from end of the double linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 

 Step 2 - If it is Empty, then display 'List is Empty!!! Deletion is not possible' and 

terminate the function. 

 Step 3 - If it is not Empty then, define a Node pointer 'temp' and initialize with head. 

 Step 4 - Check whether list has only one Node (temp → previous and temp → 

next both are NULL) 

 Step 5 - If it is TRUE, then assign NULL to head and delete temp. And terminate from 

the function. (Setting Empty list condition) 
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 Step 6 - If it is FALSE, then keep moving temp until it reaches to the last node in the 

list. (until temp → next is equal to NULL) 

 Step 7 - Assign NULL to temp → previous → next and delete temp. 

 

 

Deleting a Specific Node from the list 

We can use the following steps to delete a specific node from the double linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 

 Step 2 - If it is Empty then, display 'List is Empty!!! Deletion is not possible' and 

terminate the function. 

 Step 3 - If it is not Empty, then define a Node pointer 'temp' and initialize with head. 

 Step 4 - Keep moving the temp until it reaches to the exact node to be deleted or to the 

last node. 

 Step 5 - If it is reached to the last node, then display 'Given node not found in the list! 

Deletion not possible!!!' and terminate the fuction. 

 Step 6 - If it is reached to the exact node which we want to delete, then check whether list 

is having only one node or not 

 Step 7 - If list has only one node and that is the node which is to be deleted then 

set head to NULL and delete temp (free(temp)). 

 Step 8 - If list contains multiple nodes, then check whether temp is the first node in the 

list (temp == head). 

 Step 9 - If temp is the first node, then move the head to the next node (head = head → 

next), set head of previous to NULL (head → previous = NULL) and delete temp. 

 Step 10 - If temp is not the first node, then check whether it is the last node in the list 

(temp → next == NULL). 

 Step 11 - If temp is the last node then set temp of previous of next to NULL (temp → 

previous → next = NULL) and delete temp (free(temp)). 

 Step 12 - If temp is not the first node and not the last node, then 

set temp of previous of next to temp of next (temp → previous → next = temp → 

next), temp of next of previous to temp of previous (temp → next → previous = temp 

→ previous) and delete temp (free(temp)). 
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Displaying a Double Linked List 

We can use the following steps to display the elements of a double linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 

 Step 2 - If it is Empty, then display 'List is Empty!!!' and terminate the function. 

 Step 3 - If it is not Empty, then define a Node pointer 'temp' and initialize with head. 

 Step 4 - Display 'NULL <--- '. 

 Step 5 - Keep displaying temp → data with an arrow (<===>) until temp reaches to the 

last node 

 Step 6 - Finally, display temp → data with arrow pointing to NULL (temp → data ---> 

NULL). 

 

Circular Linked List 

In single linked list, every node points to its next node in the sequence and the last node points 

NULL. But in circular linked list, every node points to its next node in the sequence but the last 

node points to the first node in the list. 

A circular linked list is a sequence of elements in which every element has a link to its next 

element in the sequence and the last element has a link to the first element. 

That means circular linked list is similar to the single linked list except that the last node points 

to the first node in the list 

Example 
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Operations 

In a circular linked list, we perform the following operations... 

1. Insertion 

2. Deletion 

3. Display 

Before we implement actual operations, first we need to setup empty list. First perform the following steps 

before implementing actual operations. 

 Step 1 - Include all the header files which are used in the program. 

 Step 2 - Declare all the user defined functions. 

 Step 3 - Define a Node structure with two members data and next 

 Step 4 - Define a Node pointer 'head' and set it to NULL. 

 Step 5 - Implement the main method by displaying operations menu and make suitable function calls 

in the main method to perform user selected operation. 

Insertion 

In a circular linked list, the insertion operation can be performed in three ways. They are as follows... 

1. Inserting At Beginning of the list 
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2. Inserting At End of the list 

3. Inserting At Specific location in the list 

Inserting At Beginning of the list 

We can use the following steps to insert a new node at beginning of the circular linked list... 

 Step 1 - Create a newNode with given value. 

 Step 2 - Check whether list is Empty (head == NULL) 

 Step 3 - If it is Empty then, set head = newNode and newNode→next = head . 

 Step 4 - If it is Not Empty then, define a Node pointer 'temp' and initialize with 'head'. 

 Step 5 - Keep moving the 'temp' to its next node until it reaches to the last node (until 'temp → 

next == head'). 

 Step 6 - Set 'newNode → next =head', 'head = newNode' and 'temp → next = head'. 

 

 

Inserting At End of the list 

We can use the following steps to insert a new node at end of the circular linked list... 
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 Step 1 - Create a newNode with given value. 

 Step 2 - Check whether list is Empty (head == NULL). 

 Step 3 - If it is Empty then, set head = newNode and newNode → next = head. 

 Step 4 - If it is Not Empty then, define a node pointer temp and initialize with head. 

 Step 5 - Keep moving the temp to its next node until it reaches to the last node in the list (until temp 

→ next == head). 

 Step 6 - Set temp → next = newNode and newNode → next = head. 

 

 

Inserting At Specific location in the list (After a Node) 
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We can use the following steps to insert a new node after a node in the circular linked list... 

 Step 1 - Create a newNode with given value. 

 Step 2 - Check whether list is Empty (head == NULL) 

 Step 3 - If it is Empty then, set head = newNode and newNode → next = head. 

 Step 4 - If it is Not Empty then, define a node pointer temp and initialize with head. 

 Step 5 - Keep moving the temp to its next node until it reaches to the node after which we want to 

insert the newNode (until temp1 → data is equal to location, here location is the node value after 

which we want to insert the newNode). 

 Step 6 - Every time check whether temp is reached to the last node or not. If it is reached to last node 

then display 'Given node is not found in the list!!! Insertion not possible!!!' and terminate the 

function. Otherwise move the temp to next node. 

 Step 7 - If temp is reached to the exact node after which we want to insert the newNode then check 

whether it is last node (temp → next == head). 

 Step 8 - If temp is last node then set temp → next = newNode and newNode → next = head. 

 Step 8 - If temp is not last node then set newNode → next = temp → next and temp → 

next = newNode. 
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Deletion 

In a circular linked list, the deletion operation can be performed in three ways those are as follows... 

1. Deleting from Beginning of the list 

2. Deleting from End of the list 

3. Deleting a Specific Node 

Deleting from Beginning of the list 

We can use the following steps to delete a node from beginning of the circular linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 

 Step 2 - If it is Empty then, display 'List is Empty!!! Deletion is not possible' and terminate the 

function. 

 Step 3 - If it is Not Empty then, define two Node pointers 'temp1' and 'temp2' and initialize both 

'temp1' and 'temp2' with head. 

 Step 4 - Check whether list is having only one node (temp1 → next == head) 

 Step 5 - If it is TRUE then set head = NULL and delete temp1 (Setting Empty list conditions) 
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 Step 6 - If it is FALSE move the temp1 until it reaches to the last node. (until temp1 → 

next == head ) 

 Step 7 - Then set head = temp2 → next, temp1 → next = head and delete temp2. 

 

 

Deleting from End of the list 

We can use the following steps to delete a node from end of the circular linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 
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 Step 2 - If it is Empty then, display 'List is Empty!!! Deletion is not possible' and terminate the 

function. 

 Step 3 - If it is Not Empty then, define two Node pointers 'temp1' and 'temp2' and initialize 'temp1' 

with head. 

 Step 4 - Check whether list has only one Node (temp1 → next == head) 

 Step 5 - If it is TRUE. Then, set head = NULL and delete temp1. And terminate from the function. 

(Setting Empty list condition) 

 Step 6 - If it is FALSE. Then, set 'temp2 = temp1 ' and move temp1 to its next node. Repeat the 

same until temp1 reaches to the last node in the list. (until temp1 → next == head) 

 Step 7 - Set temp2 → next = head and delete temp1. 

 

 

Deleting a Specific Node from the list 

We can use the following steps to delete a specific node from the circular linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 
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 Step 2 - If it is Empty then, display 'List is Empty!!! Deletion is not possible' and terminate the 

function. 

 Step 3 - If it is Not Empty then, define two Node pointers 'temp1' and 'temp2' and initialize 'temp1' 

with head. 

 Step 4 - Keep moving the temp1 until it reaches to the exact node to be deleted or to the last node. 

And every time set 'temp2 = temp1' before moving the 'temp1' to its next node. 

 Step 5 - If it is reached to the last node then display 'Given node not found in the list! Deletion not 

possible!!!'. And terminate the function. 

 Step 6 - If it is reached to the exact node which we want to delete, then check whether list is having 

only one node (temp1 → next == head) 

 Step 7 - If list has only one node and that is the node to be deleted then set head = NULL and 

delete temp1 (free(temp1)). 

 Step 8 - If list contains multiple nodes then check whether temp1 is the first node in the list (temp1 

== head). 

 Step 9 - If temp1 is the first node then set temp2 = head and keep moving temp2 to its next node 

until temp2 reaches to the last node. Then set head = head → next, temp2 → next = head and 

delete temp1. 

 Step 10 - If temp1 is not first node then check whether it is last node in the list (temp1 → next == 

head). 

 Step 1 1- If temp1 is last node then set temp2 → next = head and delete temp1 (free(temp1)). 

 Step 12 - If temp1 is not first node and not last node then set temp2 → next = temp1 → next and 

delete temp1 (free(temp1)). 
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Displaying a circular Linked List 

We can use the following steps to display the elements of a circular linked list... 

 Step 1 - Check whether list is Empty (head == NULL) 

 Step 2 - If it is Empty, then display 'List is Empty!!!' and terminate the function. 

 Step 3 - If it is Not Empty then, define a Node pointer 'temp' and initialize with head. 

 Step 4 - Keep displaying temp → data with an arrow (--->) until temp reaches to the last node 

 Step 5 - Finally display temp → data with arrow pointing to head → data. 

 

 

Polynomials 

A polynomial looks like this: 
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example of a polynomial 

this one has 3 terms 

Polynomial comes from poly- (meaning "many") and -nomial (in this case meaning "term") ... so 

it says "many terms" 

A polynomial can have: 

constants (like 3, −20, or ½) 

variables (like x and y) 

exponents (like the 2 in y2), but only 0, 1, 2, 3, ... etc are allowed 

that can be combined using addition, subtraction, multiplication and division ... 

... except ... 

... not division by a variable (so something like 2/x is right out) 

So: 

A polynomial can have constants, variables and exponents, 

but never division by a variable. 

Also they can have one or more terms, but not an infinite number of terms. 

Polynomial or Not? 

https://www.mathsisfun.com/algebra/definitions.html
https://www.mathsisfun.com/algebra/definitions.html
https://www.mathsisfun.com/exponent.html
https://www.mathsisfun.com/numbers/infinity.html
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These are polynomials: 

 3x 

 x − 2 

 −6y2 − (79)x 

 3xyz + 3xy2z − 0.1xz − 200y + 0.5 

 512v5 + 99w5 

 5 

(Yes, "5" is a polynomial, one term is allowed, and it can be just a constant!) 

  

These are not polynomials 

 3xy-2 is not, because the exponent is "-2" (exponents can only be 0,1,2,...) 

 2/(x+2) is not, because dividing by a variable is not allowed 

 1/x is not either 

 √x is not, because the exponent is "½" (see fractional exponents) 

  

But these are allowed: 

 x/2 is allowed, because you can divide by a constant 

 also 3x/8 for the same reason 

 √2 is allowed, because it is a constant (= 1.4142...etc) 

Monomial, Binomial, Trinomial 

There are special names for polynomials with 1, 2 or 3 terms: 

https://www.mathsisfun.com/algebra/exponent-fractional.html
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There is also quadrinomial (4 terms) and quintinomial (5 terms), 

but those names are not often used. 

Variables 

Polynomials can have no variable at all 

Example: 21 is a polynomial. It has just one term, which is a constant. 

Or one variable 

Example: x4 − 2x2 + x   has three terms, but only one variable (x) 

Or two or more variables 

Example: xy4 − 5x2z   has two terms, and three variables (x, y and z) 

 Special About Polynomials 

Because of the strict definition, polynomials are easy to work with. 

For example we know that: 

 If you add polynomials you get a polynomial 

 If you multiply polynomials you get a polynomial 

So you can do lots of additions and multiplications, and still have a polynomial as the result. 

Also, polynomials of one variable are easy to graph, as they have smooth and continuous lines. 

https://www.mathsisfun.com/algebra/polynomials-adding-subtracting.html
https://www.mathsisfun.com/algebra/polynomials-multiplying.html
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Example: x4−2x2+x 

 

See how nice and 

smooth the curve is? 

You can also divide polynomials (but the result may not be a polynomial). 

Degree 

The degree of a polynomial with only one variable is the largest exponent of that variable. 

Example: 

 

The Degree is 3 (the largest exponent of x) 

For more complicated cases, read Degree (of an Expression). 

Standard Form 

The Standard Form for writing a polynomial is to put the terms with the highest degree first. 

Example: Put this in Standard Form: 3x2 − 7 + 4x3 + x6 

The highest degree is 6, so that goes first, then 3, 2 and then the constant last: 

x6 + 4x3 + 3x2 − 7 

 

Types of Polynomial Functions 

There are various types of polynomial functions based on the degree of the polynomial. The most 

common types are: 

https://www.mathsisfun.com/algebra/polynomials-dividing.html
https://www.mathsisfun.com/algebra/degree-expression.html
https://www.mathsisfun.com/algebra/standard-form.html
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 Zero Polynomial Function: P(x) = a = ax0 

 Linear Polynomial Function: P(x) = ax + b 

 Quadratic Polynomial Function: P(x) = ax2+bx+c 

 Cubic Polynomial Function: ax3+bx2+cx+d 

 Quartic Polynomial Function: ax4+bx3+cx2+dx+e 

 

Adding and Subtracting Polynomials 

A polynomial to add polynomials we simply add any like terms together ... 

Like Terms 

Like Terms are terms whose variables (and their exponents such as the 2 in x2) are the same. 

In other words, terms that are "like" each other. 

Note: the coefficients (the numbers you multiply by, such as "5" in 5x) can be different. 

Example: 

7x X -2x πx 

are all like terms because the variables are all x 

Example: 

(1/3)xy2 -2xy2 6xy2 xy2/2 

are all like terms because the variables are all xy2 

Example: These are NOT like terms because the variables and/or their exponents are different: 

2x 2x2 2y 2xy 

Adding Polynomials 

Two Steps: 

 Place like terms together 

 Add the like terms 

https://www.mathsisfun.com/algebra/like-terms.html
https://www.mathsisfun.com/exponent.html
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Example: Add   2x2 + 6x + 5   and   3x2 - 2x - 1 

  

Start with:2x2 + 6x + 5   +   3x2 − 2x − 1 

Place like terms together:2x2+3x2   +   6x−2x   +   5−1 

Which is:(2+3)x2  +   (6−2)x   +   (5−1) 

Add the like terms:5x2  +   4x   +   4 

Here is an animated example: 

 

(Note: there was no "like term" for the -7 in the other polynomial, so we didn't have to add 

anything to it.) 

Adding in Columns 

We can also add them in columns like this: 

 

Adding Several Polynomials 
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We can add several polynomials together like that. 

Example: Add     (2x2 + 6y + 3xy)  ,   (3x2 - 5xy - x)   and   (6xy + 5) 

Line them up in columns and add: 

2x2 + 6y + 3xy 

3x2          - 5xy - x 

                  6xy     + 5 

5x2 + 6y + 4xy - x + 5 

Using columns helps us to match the correct terms together in a complicated sum. 

Subtracting Polynomials 

To subtract Polynomials, first reverse the sign of each term we are subtracting (in other words 

turn "+" into "-", and "-" into "+"), then add as usual. 

Like this: 

 

 

Dynamic memory allocation 

Linked lists are inherently dynamic data structures; they rely 

on new  and delete  (or malloc  and free ) for their operation. Normally, dynamic memory 

management is provided by the C/C++ standard library, with help from the operating system. 

However, nothing stops us from writing our own allocator, providing the same services 

as malloc  and free . 
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Differences between C++ and C 

In C++, to dynamically allocate memory, we write newtype  or newtype[size]  for an array, 

and we get back a pointer, a type* . Internally, both of these boil down to a request for a 

contiguous chunk of memory of a certain size ( sizeof(type) * size ). In C, this is provided 

directly: malloc(bytes)  takes a number of bytes as a parameter and returns a void*  (a generic 

pointer) to a contiguous region of memory. Similarly, when we do delete p  we are passing the 

pointer p  to the allocator to inform it that the memory is not needed. In C, this is done 

via free(p) . I’ll use the C versions, as they are more low level. 

In C++, most standard library classes which need dynamic memory ( string , vector , etc.) take 

a compile-time allocator parameter, which allows a different allocator to be “plugged in” to the 

class. In C, the standard allocator can only be replaced globally, by linking with a different 

allocator library. 

Restrictions 

When we’re writing an allocator, we must bear in mind that we are responsible for handling 

dynamic memory requests. This means that the allocator code should itself try to be as efficient 

in terms of memory as possible, and of course, the allocator cannot use any dynamic memory! 

Thus, although they would be useful, normal implementations of things like linked lists, trees, 

etc. are not possible in an allocator. We will see that something like linked lists can be used, with 

some care as to where the “nodes” are placed. 

Fragmentation 

Fragmentation refers to the tendency of the heap to go from one large available block at the 

beginning to many small available blocks. It may be possible that, while the total amount of 

memory is larger than the amount requested, no single block is big enough to satisfy it. For 

example, suppose we have a heap of size 20, and the following memory requests: 

void* a = malloc(5); 

void* b = malloc(5); 

void* c = malloc(5); 

void* d = malloc(5); 

free(b); 

free(d); 

There are theoretically 10 bytes of memory available, but the largest malloc  we can handle is of 

size 5! This particular example is called external fragmentation, fragmentation where the 

available memory is broken into many small blocks rather than a few large ones.. There’s 

relatively little an allocator can do about external fragmentation, partly because we are not 

allowed to move existing blocks (this would require finding every pointer into that block and 

updating it to the block’s new location, something that is not possible in either C or C++). 
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(Internal fragmentation occurs when an allocator reserves more space per-block than is actually 

requested.) 

Basic allocator functionality 

The allocator maintains some internal state to keep track of free/in-use memory and responds to 

two kinds of requests: 

 malloc(n)  – A request for n bytes of contiguous memory. The allocator should return a 

pointer to such a block, if it has one available, or a null pointer if it does not. The block of 

memory should be marked as “in-use” in the allocators internal state. (Secure allocators might 

zero memory before giving it over, to ensure that existing data is not “leaked”.) 

 free(p)  – An offer to release the memory pointed to by p . The allocator should mark 

the memory used by p  as not in-use. (Error-checking allocators might fill the memory with a 

recognizable byte pattern so that use-after-free errors are easy to detect.) 

We assume that once a given region has been given to us (as a pointer returned from malloc ) 

the allocator will not later give us a pointer to the same region; that is, blocks of memory 

returned by malloc  are required to not overlap each other. Similarly, when we release a block 

with free , we expect that only that block will be affected. The allocator has access to a large 

region of memory (the heap section), which it may be able to expand via operating system 

request, but which is otherwise reserved entirely for the allocator’s use. 

No-free allocation 

The simplest possible allocator is one where we simply add each allocated block of memory 

immediately after the end of the previous allocation. That is, if we have the following three 

requests: 

void* p1 = malloc(12); 

void* p2 = malloc(3); 

void* p3 = malloc(7); 

then we have the following memory layout: 

Block p1 p2 p3 

Addresses 0-11 12-14 15-21 
 

When memory is free -d, we do nothing. Allocated memory is never released, until the program 

ends. The reason why we make this choice is that keeping track of which blocks of memory are 

in-use and which are not requires a fair bit of complexity, so we avoid it by not doing it at all.  

This allocator’s internal state is simply a pointer fp  to the next free address (e.g., in the above, 

this would point to address 22). The implementation of malloc  is thus: 
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void* fp = 0; // Starting address 

 

void* malloc(size_t n) { 

    fp += n;       // Reserve n bytes 

    return fp - n; // Start of block 

} 

while free  is just 

void free(void* p) { 

    // Does nothing 

} 

The only advantages to this allocator are that both allocation and deallocation run 

in O(1)O(1) time. Despite its simplicity, this “never-free” allocator can be quite useful for 

structures which are partially dynamic, but which are created once, at program startup, and then 

not freed until program end. 

Note that while we can’t free individual blocks, we can free the entire heap, all at once, and 

revert to a state where nothing has been allocated. 

Stack-based allocation 

Looking at the previous allocator, we can see that there always one block of memory which we 

could free easily: the last one. If a free  is received for the most-recently allocated block, we can 

deallocate it by simply decrementing fp  by the size of the block. Note that we do not above 

store the size of the blocks anywhere, so we will need to add some extra information. At 

the end of each block, just after the last byte, we will write a pointer to the beginning of the 

block, and similarly, before the beginning of the block, we will write a pointer to the end. This 

allows us to navigate through the blocks as if they were a doubly-linked list. 

Each block now looks like this: 

Purpose Size Block Start 

Address p-8 P p + size 

Given a pointer to a block, we can find its starting record (containing its size) by simply going 

back 8 bytes (1 qword), and then we can find its ending record by adding the size to the pointer. 

Malloc must be implemented to maintain these structures: 

void* fp = 0; 
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void* malloc(size_t n) { 

    void* block = fp + 8; // Address of block 

    *fp = n;              // Write size record     

    *(block + n) = fp;    // Write start record 

    fp += 8 + n;  

    return block; 

} 

free  looks at the block being released and checks to see if it is the last block allocated; this will 

be the case if fp  points to the address immediately after the start record of the block. 

void free(void* p) { 

    size_t n = *(p - 8); 

    if(p + n == fp) { 

        // Last block 

        fp = p - 8;  

    } 

    else { 

        // Not last block 

        // Do nothing. 

    } 

} 

This allocator can free all the memory allocated, provided that calls to free  arrive in 

the opposite of the order of their corresponding malloc s. If this order is not maintained, then 

some memory will be lost. 

With a simple modification, we can allow out-of-order free s to at least partially free their 

memory. We will add a one-bit flag to the size record at the beginning of every block set to 0 if 

the block is unused, or 1 if it is used. (Although pointers are 64-bit on x86-64, the system 

actually only supports addresses up to 40 bits in length; thus, the high 24 bits of every pointer are 

available for us to use for other purposes.) When we free a block, we perform the following 

steps: 

 If it is not the last block then we simply mark it as unused (set its in-use flag to 0). 

 If it is the last block, then we free it as above, and then we repeatedly check for not-in-use 

blocks before it, and free those as well. 
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Thus, a chain of not-in-use blocks at the end of the heap will all be freed at once. Note that we 

still do not reuse the memory of not-in-use blocks, unless they are “really” freed. A block’s 

memory is only really freed if every block after it has also been freed. 

A general-purpose allocator 

Using the idea of blocks arranged into a linked-list-like structure, with a flag on each block for 

“in-use” or not, we can generalize the above to a general-purpose allocator which correctly frees 

memory on every free , not just those that are in the right order. This is called a free list. 

Initially, we set things up so that the entire heap is treated as a single entry in the free-list, 

marked as not in use. Because we’re not treating the list in a stack-like manner, there’s no need 

for the “backwards” pointers, so each block has a small record before the beginning which 

consists of a pointer to the next free block. Because the list only contains free blocks, there’s no 

need to record whether an entry is free or in-use. 

To malloc  a block, we search through the list for a block whose size is at least as big as 

requested. Of all these blocks, we have a choice as to which one to use, determined by 

the allocation strategy: 

 First Fit: use the first block in the list which fits 

 Best Fit: use the block in the list whose size is closest to the requested size. 

 Use the most/least recently free -d block (LIFO, FIFO). 

If the size of the block chosen is larger than the requested size, then we split the block; part of it 

becomes used, and the remainder is still free. If the size of the block exactly matches the 

requested size, then the block is removed from the free list entirely. 

When a block is freed , we add it to the list. This can be done in several ways: 

 Add to the front of the list. (When used with first-fit, this results in LIFO-like behavior). 

 Add to the back of the list. (FIFO) 

 Insert it into the list so that the list is always ordered by address. This is most common, as 

the structure of the list mirrors the structure of the memory layout. 

Insert-in-memory order has the advantage that it makes it relatively easy to coalesce free blocks 

which are physically adjacent to each other. E.g., if the free list contains an entry for a block 10-

19, and an entry for a block 20-49, these should be removed and replaced with a single entry 10-

49. This is easiest to detect if the blocks in the list are address-ordered. 

Eager coalescing refers to coalescing done during free . Deferred coalescing is done later, either 

during a malloc  (if no block of sufficient size is found), or perhaps during a later free . 

The main disadvantage to this allocator is speed: requests for memory must traverse the list, 

making them run in O(m)O(m) time, where r is the number of malloc  calls so far. Calls 

to free  run in O(1)O(1), as in the worst case, only three blocks will need to be examined and 

coalesced. 
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Fixed-size allocator 

If we know that every allocation request will be for a block of the same size (or we know 

that they will all be ≤ some maximum size, and we don’t mind wasting space), we can build a 

specialized version of any of the above allocators where the block size is hard-coded. We can 

avoid storing the block size in the records around each block, so these records become either 

much smaller or, in some cases, non-existent. (E.g., finding the next/previous block is easy if 

they all have the same size.) A fixed-size allocator is sometimes called an object pool (or 

memory pool), because a typical use of it is storing objects all of the same type (and hence, 

having the same size). 

An object pool also has the advantage that an allocation for k objects takes the same amount of 

time as for 1 object, again, because the size of the objects is fixed. 

Some allocators reserve a section of the heap for “small” object allocations, and use a fixed-size 

allocator only in this region, while using a more general method for the rest of the heap. 

It’s also possible to reserve several regions, each dedicated to a particular size; if a free space 

cannot be found in a smaller-sized region, we proceed to search the next larger region. 

 

Garbage collection and compaction 
 

Garbage collection: Marking unreachable memory blocks (garbage) as 

free. Compaction: Moving reachable memory blocks close together, so that there are not free 

memory blocks between them. The garbage collector will release any garbage memory, 

without any need to actively free memory like C programmers do. 

Garbage Collection. In computer science, garbage collection is a type of memory 

management. It automatically cleans up unused objects and pointers in memory, allowing the 

resources to be used again. Garbage collection may also be done at compile-time, when a 

program's source code is compiled into an executable program. 

Subsequently, question is, what is garbage collection in Python? The process by 

which Python periodically frees and reclaims blocks of memory that no longer are in use is 

called Garbage Collection. Python's garbage collector runs during program execution and is 

triggered when an object's reference count reaches zero. 

garbage compaction 

Waste compaction is the process of compacting waste, reducing it in 

size. Garbage compactors and waste collection vehicles compress waste so that more of it can 

be stored in the same space. Waste is compacted again, more thoroughly, at the landfill to 

conserve valuable airspace and to extend the landfill's life span. 

garbage data 
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Garbage is data that a software program stores in computer RAM (memory) that is no 

longer needed by that program. This garbage data is often removed through a process 

called garbage collection to free up memory space. 

Types of garbage collectors, 

 Serial Garbage Collector. 

 Parallel Garbage Collector. 

 CMS Garbage Collector. 

 G1 Garbage Collector. 

It works 
Garbage collection is a mechanism provided by Java Virtual Machine to reclaim heap 

space from objects which are eligible for Garbage collection. Garbage collection relieves Java 

programmer from memory management which is an essential part of C++ programming and 

gives more time to focus on business logic. 

  

Heap memory 

The heap is a memory used by programming languages to store global variables. By 

default, all global variable are stored in heap memory space. It supports 

Dynamic memory allocation. The heap is not managed automatically for you and is not as 

tightly managed by the CPU. It is more like a free-floating region of memory. 

  

Garbage man called 

A waste collector, also known as a sanitation worker, dustman, binman (in the 

UK), garbageman or trashman (in the USA) is a person employed by a public or private 

enterprise to collect and dispose of waste (refuse) and recyclables from residential, commercial, 

industrial or other collection site for further processing 

  

Garbage collection needed 

It is the task of garbage collection (GC) in the Java virtual machine (JVM) to 

automatically determine what memory is no longer being used by a Java application and to 

recycle this memory for other uses. Because unreferenced objects are automatically removed 

from the heap memory, GC makes Java memory-efficient. 
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Purpose of garbage collection 

Garbage Collection is process of reclaiming the runtime unused memory automatically. 

In other words, it is a way to destroy the unused objects. To do so, we were using 

free() function in C language and delete() in C++. But, in java it is performed automatically. 

  

Compaction ratio 

The amount this volume is reduced by is called the compaction ratio. Divide the volume 

of the loose trash by the volume of the compacted trash to achieve the compaction ratio. As an 

example, 16 cubic feet of loose trash compacted into a 4 cubic feet volume would have 

a ratio of four, or four to one. 

  

Vibratory compactor 

A vibratory compactor is a mechanism or machine that is used to reduce the size of 

waste material or soil through compaction. For instance, a trash compactor is often used by 

businesses and homes to reduce the volume of trash. 

  

Compacting process 

The compacting process is the compressing of fine-sized powders between a 

roll compactor. The compacted material is then typically reduced in size and screened to 

specification. The compacting process includes these steps. Feed materials are then pressed 

together into compacts by roll compactors. 

  

Compactors work 

Trash compactors are very easy to operate and employ relatively simple components — 

the metal ram that compresses the waste, a bin to contain that waste and an electrical switch that 

powers the unit. Place your waste items into the bin, and when the bin is full, close the receptacle 

and turn on the compactor. 

  

Compaction in data structure 

In telecommunication, data compaction is the reduction of the number of data elements, 

bandwidth, cost, and time for the generation, transmission, and storage of data without loss of 

information by eliminating unnecessary redundancy, removing irrelevancy, or using special 

coding. 
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UNIT 4 

Trees  

In linear data structure data is organized in sequential order and in non-linear data structure data is organized in 

random order. A tree is a very popular non-linear data structure used in a wide range of applications. In tree 

data structure, every individual element is called as Node. Node in a tree data structure stores the actual data of 

that particular element and link to next element in hierarchical structure. 

 

In a tree data structure, if we have N number of nodes then we can have a maximum of N-1 number of links. 

Tree is a non-linear data structure which organizes data in a hierarchical structure and this is a 

recursive definition. 

OR 

A tree is a connected graph without any circuits. 

OR 

If in a graph, there is one and only one path between every pair of vertices, then graph is called as a 

tree. 
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Properties- 

  

The important properties of tree data structure are- 

 There is one and only one path between every pair of vertices in a tree. 

 A tree with n vertices has exactly (n-1) edges. 

 A graph is a tree if and only if it is minimally connected. 

 Any connected graph with n vertices and (n-1) edges is a tree. 

 

Terminology 

In a tree data structure, we use the following terminology... 

 



97 
 

 

 

1. Root 

In a tree data structure, the first node is called as Root Node. Every tree must have a root node. We can say 

that the root node is the origin of the tree data structure. In any tree, there must be only one root node. We 

never have multiple root nodes in a tree. 

 

2. Edge 
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In a tree data structure, the connecting link between any two nodes is called as EDGE. In a tree with 'N' 

number of nodes there will be a maximum of 'N-1' number of edges. 

 

3. Parent 

In a tree data structure, the node which is a predecessor of any node is called as PARENT NODE. In simple 

words, the node which has a branch from it to any other node is called a parent node. Parent node can also be 

defined as "The node which has child / children". 

 

4. Child 

In a tree data structure, the node which is descendant of any node is called as CHILD Node. In simple words, 

the node which has a link from its parent node is called as child node. In a tree, any parent node can have any 

number of child nodes. In a tree, all the nodes except root are child nodes. 



99 
 

 

5. Siblings 

In a tree data structure, nodes which belong to same Parent are called as SIBLINGS. In simple words, the 

nodes with the same parent are called Sibling nodes. 

 

6. Leaf 

In a tree data structure, the node which does not have a child is called as LEAF Node. In simple words, a leaf 

is a node with no child. 

 

In a tree data structure, the leaf nodes are also called as External Nodes. External node is also a node with no 

child. In a tree, leaf node is also called as 'Terminal' node. 
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7. Internal Nodes 

In a tree data structure, the node which has atleast one child is called as INTERNAL Node. In simple words, 

an internal node is a node with atleast one child. 

 

In a tree data structure, nodes other than leaf nodes are called as Internal Nodes. The root node is also said 

to be Internal Node if the tree has more than one node. Internal nodes are also called as 'Non-Terminal' 

nodes. 

 

8. Degree 
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In a tree data structure, the total number of children of a node is called as DEGREE of that Node. In simple 

words, the Degree of a node is total number of children it has. The highest degree of a node among all the 

nodes in a tree is called as 'Degree of Tree' 

 

9. Level 

In a tree data structure, the root node is said to be at Level 0 and the children of root node are at Level 1 and 

the children of the nodes which are at Level 1 will be at Level 2 and so on... In simple words, in a tree each 

step from top to bottom is called as a Level and the Level count starts with '0' and incremented by one at each 

level (Step). 

 

10. Height 
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In a tree data structure, the total number of edges from leaf node to a particular node in the longest path is 

called as HEIGHT of that Node. In a tree, height of the root node is said to be height of the tree. In a 

tree, height of all leaf nodes is '0'. 

 

11. Depth 

In a tree data structure, the total number of egdes from root node to a particular node is called as DEPTH of 

that Node. In a tree, the total number of edges from root node to a leaf node in the longest path is said to 

be Depth of the tree. In simple words, the highest depth of any leaf node in a tree is said to be depth of that 

tree. In a tree, depth of the root node is '0'. 

 

12. Path 
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In a tree data structure, the sequence of Nodes and Edges from one node to another node is called 

as PATH between that two Nodes. Length of a Path is total number of nodes in that path. In below 

example the path A - B - E - J has length 4. 

 

13. Sub Tree 

In a tree data structure, each child from a node forms a subtree recursively. Every child node will form a 

subtree on its parent node. 

 

 

Tree Representations 

A tree data structure can be represented in two methods. Those methods are as follows... 
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1. List Representation 

2. Left Child - Right Sibling Representation 

Consider the following tree... 

 

1. List Representation 

In this representation, we use two types of nodes one for representing the node with data called 'data node' and 

another for representing only references called 'reference node'. We start with a 'data node' from the root node 

in the tree. Then it is linked to an internal node through a 'reference node' which is further linked to any other 

node directly. This process repeats for all the nodes in the tree. 

The above example tree can be represented using List representation as follows... 

 

2. Left Child - Right Sibling Representation 

In this representation, we use a list with one type of node which consists of three fields namely Data field, Left 

child reference field and Right sibling reference field. Data field stores the actual value of a node, left 

reference field stores the address of the left child and right reference field stores the address of the right sibling 

node. Graphical representation of that node is as follows... 
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In this representation, every node's data field stores the actual value of that node. If that node has left a child, 

then left reference field stores the address of that left child node otherwise stores NULL. If that node has the 

right sibling, then right reference field stores the address of right sibling node otherwise stores NULL. 

The above example tree can be represented using Left Child - Right Sibling representation as follows... 

 

 

 

Binary Tree Data structure 

In a normal tree, every node can have any number of children. A binary tree is a special type of tree data 

structure in which every node can have a maximum of 2 children. One is known as a left child and the other 

is known as right child. 

A tree in which every node can have a maximum of two children is called Binary Tree. 

In a binary tree, every node can have either 0 children or 1 child or 2 children but not more than 2 children. 
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Example 

 

There are different types of binary trees and they are... 

1. Strictly Binary Tree 

In a binary tree, every node can have a maximum of two children. But in strictly binary tree, every node should 

have exactly two children or none. That means every internal node must have exactly two children. A strictly 

Binary Tree can be defined as follows... 

A binary tree in which every node has either two or zero number of children is called Strictly Binary 

Tree 

 

Strictly binary tree is also called as Full Binary Tree or Proper Binary Tree or 2-Tree 
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Strictly binary tree data structure is used to represent mathematical expressions. 

Example 

 

2. Complete Binary Tree 

In a binary tree, every node can have a maximum of two children. But in strictly binary tree, every node should 

have exactly two children or none and in complete binary tree all the nodes must have exactly two children and 

at every level of complete binary tree there must be 2level number of nodes. For example at level 2 there must be 

22 = 4 nodes and at level 3 there must be 23 = 8 nodes. 

A binary tree in which every internal node has exactly two children and all leaf nodes are at same level 

is called Complete Binary Tree. 
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Complete binary tree is also called as Perfect Binary Tree 

 

 

3. Extended Binary Tree 

A binary tree can be converted into Full Binary tree by adding dummy nodes to existing nodes wherever 

required. 

The full binary tree obtained by adding dummy nodes to a binary tree is called as Extended Binary 

Tree. 

 

In above figure, a normal binary tree is converted into full binary tree by adding dummy nodes (In pink 

colour). 

 

 

Binary Tree Representations 

A binary tree data structure is represented using two methods. Those methods are as follows... 

1. Array Representation 
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2. Linked List Representation 

Consider the following binary tree... 

 

1. Array Representation of Binary Tree 

In array representation of a binary tree, we use one-dimensional array (1-D Array) to represent a binary tree. 

Consider the above example of a binary tree and it is represented as follows... 

 

To represent a binary tree of depth 'n' using array representation, we need one dimensional array with a 

maximum size of 2n + 1. 

2. Linked List Representation of Binary Tree 

We use a double linked list to represent a binary tree. In a double linked list, every node consists of three 

fields. First field for storing left child address, second for storing actual data and third for storing right child 

address. 

In this linked list representation, a node has the following structure... 
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The above example of the binary tree represented using Linked list representation is shown as follows... 

 

 

Binary Tree Traversals 

When we wanted to display a binary tree, we need to follow some order in which all the nodes of that binary 

tree must be displayed. In any binary tree, displaying order of nodes depends on the traversal method. 

Displaying (or) visiting order of nodes in a binary tree is called as Binary Tree Traversal. 

There are three types of binary tree traversals. 

1. In - Order Traversal 

2. Pre - Order Traversal 

3. Post - Order Traversal 

Consider the following binary tree... 
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1. In - Order Traversal ( leftChild - root - rightChild ) 

In In-Order traversal, the root node is visited between the left child and right child. In this traversal, the left 

child node is visited first, then the root node is visited and later we go for visiting the right child node. This in-

order traversal is applicable for every root node of all subtrees in the tree. This is performed recursively for all 

nodes in the tree. 

In the above example of a binary tree, first we try to visit left child of root node 'A', but A's left child 'B' is a 

root node for left subtree. so we try to visit its (B's) left child 'D' and again D is a root for subtree with nodes D, 

I and J. So we try to visit its left child 'I' and it is the leftmost child. So first we visit 'I' then go for its root 

node 'D' and later we visit D's right child 'J'. With this we have completed the left part of node B. Then 

visit 'B' and next B's right child 'F' is visited. With this we have completed left part of node A. Then visit root 

node 'A'. With this we have completed left and root parts of node A. Then we go for the right part of the node 

A. In right of A again there is a subtree with root C. So go for left child of C and again it is a subtree with root 

G. But G does not have left part so we visit 'G' and then visit G's right child K. With this we have completed 

the left part of node C. Then visit root node 'C' and next visit C's right child 'H' which is the rightmost child in 

the tree. So we stop the process. 

 

 

That means here we have visited in the order of I - D - J - B - F - A - G - K - C - H using In-Order Traversal. 

In-Order Traversal for above example of binary tree is 
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I - D - J - B - F - A - G - K - C - H 

2. Pre - Order Traversal ( root - leftChild - rightChild ) 

In Pre-Order traversal, the root node is visited before the left child and right child nodes. In this traversal, the 

root node is visited first, then its left child and later its right child. This pre-order traversal is applicable for 

every root node of all subtrees in the tree. 

In the above example of binary tree, first we visit root node 'A' then visit its left child 'B' which is a root for D 

and F. So we visit B's left child 'D' and again D is a root for I and J. So we visit D's left child 'I' which is the 

leftmost child. So next we go for visiting D's right child 'J'. With this we have completed root, left and right 

parts of node D and root, left parts of node B. Next visit B's right child 'F'. With this we have completed root 

and left parts of node A. So we go for A's right child 'C' which is a root node for G and H. After visiting C, we 

go for its left child 'G' which is a root for node K. So next we visit left of G, but it does not have left child so 

we go for G's right child 'K'. With this, we have completed node C's root and left parts. Next visit C's right 

child 'H' which is the rightmost child in the tree. So we stop the process. 

 

 

That means here we have visited in the order of A-B-D-I-J-F-C-G-K-H using Pre-Order Traversal. 

Pre-Order Traversal for above example binary tree is 

 

A - B - D - I - J - F - C - G - K - H 

3. Post - Order Traversal ( leftChild - rightChild - root ) 

In Post-Order traversal, the root node is visited after left child and right child. In this traversal, left child node 

is visited first, then its right child and then its root node. This is recursively performed until the right most node 

is visited. 

 

Here we have visited in the order of I - J - D - F - B - K - G - H - C - A using Post-Order Traversal. 

Post-Order Traversal for above example binary tree is 

 

I - J - D - F - B - K - G - H - C - A 

 

 

Threaded Binary Trees 

A binary tree can be represented using array representation or linked list representation. When a binary tree is 

represented using linked list representation, the reference part of the node which doesn't have a child is filled 

with a NULL pointer. In any binary tree linked list representation, there is a number of NULL pointers than 
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actual pointers. Generally, in any binary tree linked list representation, if there are 2N number of reference 

fields, then N+1 number of reference fields are filled with NULL ( N+1 are NULL out of 2N ). This NULL 

pointer does not play any role except indicating that there is no link (no child). 

 

A. J. Perlis and C. Thornton have proposed new binary tree called "Threaded Binary Tree", which makes use 

of NULL pointers to improve its traversal process. In a threaded binary tree, NULL pointers are replaced by 

references of other nodes in the tree. These extra references are called as threads. 

Threaded Binary Tree is also a binary tree in which all left child pointers that are NULL (in Linked list 

representation) points to its in-order predecessor, and all right child pointers that are NULL (in Linked 

list representation) points to its in-order successor. 

 

If there is no in-order predecessor or in-order successor, then it points to the root node. 

 

Consider the following binary tree... 

 

To convert the above example binary tree into a threaded binary tree, first find the in-order traversal of that 

tree... 

In-order traversal of above binary tree... 
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H - D - I - B - E - A - F - J - C - G 

When we represent the above binary tree using linked list representation, nodes H, I, E, F, J and G left child 

pointers are NULL. This NULL is replaced by address of its in-order predecessor respectively (I to D, E to B, 

F to A, J to F and G to C), but here the node H does not have its in-order predecessor, so it points to the root 

node A. And nodes H, I, E, J and G right child pointers are NULL. These NULL pointers are replaced by 

address of its in-order successor respectively (H to D, I to B, E to A, and J to C), but here the node G does not 

have its in-order successor, so it points to the root node A. 

 

Above example binary tree is converted into threaded binary tree as follows. 

 

Binary Search Tree 

1. Binary Search tree can be defined as a class of binary trees, in which the nodes are 

arranged in a specific order. This is also called ordered binary tree. 

2. In a binary search tree, the value of all the nodes in the left sub-tree is less than the value 

of the root. 

3. Similarly, value of all the nodes in the right sub-tree is greater than or equal to the value 

of the root. 

4. This rule will be recursively applied to all the left and right sub-trees of the root. 
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To enhance the performance of binary tree, we use a special type of binary tree known as Binary 

Search Tree. Binary search tree mainly focuses on the search operation in a binary tree. Binary 

search tree can be defined as follows... 

Binary Search Tree is a binary tree in which every node contains only smaller values in its 

left subtree and only larger values in its right subtree. 

In a binary search tree, all the nodes in the left subtree of any node contains smaller values and 

all the nodes in the right subtree of any node contains larger values as shown in the following 

figure... 

 

Example 

In this tree, left subtree of every node contains nodes with smaller values and right subtree of 

every node contains larger values. 

 

  

Every binary search tree is a binary tree but every binary tree need not to be binary search 

tree. 
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Advantages of using binary search tree 

1. Searching become very efficient in a binary search tree since, we get a hint at each step, 

about which sub-tree contains the desired element. 

2. The binary search tree is considered as efficient data structure in compare to arrays and 

linked lists. In searching process, it removes half sub-tree at every step. Searching for an 

element in a binary search tree takes o(log2n) time. In worst case, the time it takes to 

search an element is 0(n). 

3. It also speed up the insertion and deletion operations as compare to that in array and 

linked list. 

Q. Create the binary search tree using the following data elements. 

43, 10, 79, 90, 12, 54, 11, 9, 50 

1. Insert 43 into the tree as the root of the tree. 

2. Read the next element, if it is lesser than the root node element, insert it as the root of the 

left sub-tree. 

3. Otherwise, insert it as the root of the right of the right sub-tree. 

The process of creating BST by using the given elements, is shown in the image below. 
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A binary tree has the following time complexities... 

1. Search Operation - O(n) 

2. Insertion Operation - O(1) 

3. Deletion Operation - O(n) 

Operations on a Binary Search Tree 

The following operations are performed on a binary search tree... 

1. Search 

2. Insertion 

3. Deletion 
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Search Operation in BST 

In a binary search tree, the search operation is performed with O(log n) time complexity. The 

search operation is performed as follows... 

 Step 1 - Read the search element from the user. 

 Step 2 - Compare the search element with the value of root node in the tree. 

 Step 3 - If both are matched, then display "Given node is found!!!" and terminate the 

function 

 Step 4 - If both are not matched, then check whether search element is smaller or larger 

than that node value. 

 Step 5 - If search element is smaller, then continue the search process in left subtree. 

 Step 6- If search element is larger, then continue the search process in right subtree. 

 Step 7 - Repeat the same until we find the exact element or until the search element is 

compared with the leaf node 

 Step 8 - If we reach to the node having the value equal to the search value then display 

"Element is found" and terminate the function. 

 Step 9 - If we reach to the leaf node and if it is also not matched with the search element, 

then display "Element is not found" and terminate the function. 

Insertion Operation in BST 

In a binary search tree, the insertion operation is performed with O(log n) time complexity. In 

binary search tree, new node is always inserted as a leaf node. The insertion operation is 

performed as follows... 

 Step 1 - Create a newNode with given value and set its left and right to NULL. 

 Step 2 - Check whether tree is Empty. 

 Step 3 - If the tree is Empty, then set root to newNode. 

 Step 4 - If the tree is Not Empty, then check whether the value of newNode 

is smaller or larger than the node (here it is root node). 

 Step 5 - If newNode is smaller than or equal to the node then move to its left child. If 

newNode is larger than the node then move to its right child. 

 Step 6- Repeat the above steps until we reach to the leaf node (i.e., reaches to NULL). 
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 Step 7 - After reaching the leaf node, insert the newNode as left child if the newNode 

is smaller or equal to that leaf node or else insert it as right child. 

Deletion Operation in BST 

In a binary search tree, the deletion operation is performed with O(log n) time complexity. 

Deleting a node from Binary search tree includes following three cases... 

 Case 1: Deleting a Leaf node (A node with no children) 

 Case 2: Deleting a node with one child 

 Case 3: Deleting a node with two children 

Case 1: Deleting a leaf node 

We use the following steps to delete a leaf node from BST... 

 Step 1 - Find the node to be deleted using search operation 

 Step 2 - Delete the node using free function (If it is a leaf) and terminate the function. 

Case 2: Deleting a node with one child 

We use the following steps to delete a node with one child from BST... 

 Step 1 - Find the node to be deleted using search operation 

 Step 2 - If it has only one child then create a link between its parent node and child node. 

 Step 3 - Delete the node using free function and terminate the function. 

Case 3: Deleting a node with two children 

We use the following steps to delete a node with two children from BST... 

 Step 1 - Find the node to be deleted using search operation 

 Step 2 - If it has two children, then find the largest node in its left subtree (OR) 

the smallest node in its right subtree. 

 Step 3 - Swap both deleting node and node which is found in the above step. 

 Step 4 - Then check whether deleting node came to case 1 or case 2 or else goto step 2 

 Step 5 - If it comes to case 1, then delete using case 1 logic. 

 Step 6- If it comes to case 2, then delete using case 2 logic. 

 Step 7 - Repeat the same process until the node is deleted from the tree. 
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UNIT 5 

Graph 

 A graph can be defined as group of vertices and edges that are used to connect these 

vertices. A graph can be seen as a cyclic tree, where the vertices (Nodes) maintain any complex 

relationship among them instead of having parent child relationship. Graph is an abstract data 

type. 

 It is a pictorial representation of a set of objects where some pairs of objects are 

connected by links. 

 Graph is used to implement the undirected graph and directed graph concepts from 

mathematics. 

 It represents many real life application. Graphs are used to represent the networks. 

Network includes path in a city, telephone network etc. 

 It is used in social networks like Facebook, LinkedIn etc. 

 

Graph consists of two following components: 

1. Vertices 

2. Edges 

 Graph is a set of vertices (V) and set of edges (E). 

 V is a finite number of vertices also called as nodes. 

 E is a set of ordered pair of vertices representing edges. 

 For example, in Facebook, each person is represented with a vertex or a node. Each node 

is a structure and contains the information like user id, user name, gender etc. 

A graph G can be defined as an ordered set G(V, E) where V(G) represents the set of vertices 

and E(G) represents the set of edges which are used to connect these vertices. 

A Graph G(V, E) with 5 vertices (A, B, C, D, E) and six edges ((A,B), (B,C), (C,E), (E,D), 

(D,B), (D,A)) is shown in the following figure. 

 

 

 
 

Directed Graph 

 If a graph contains ordered pair of vertices, is said to be a Directed Graph. 

 If an edge is represented using a pair of vertices (V1, V2), the edge is said to be directed 

from V1 to V2. 
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 The first element of the pair V1 is called the start vertex and the second element of the 

pair V2 is called the end vertex. 

 

 
 

Set of Vertices V = {1, 2, 3, 4, 5, 5} 

Set of Edges W = {(1, 3), (1, 5), (2, 1), (2, 3), (2, 4), (3, 4), (4, 5)} 

 

 

Undirected Graph 

 If a graph contains unordered pair of vertices, is said to be an Undirected Graph. 

 In this graph, pair of vertices represents the same edge. 

 

 
 

Set of Vertices V = {1, 2, 3, 4, 5} 

Set of Edges E = {(1, 2), (1, 3), (1, 5), (2, 1), (2, 3), (2, 4), (3, 4), (4, 5)} 

 In an undirected graph, the nodes are connected by undirected arcs. 

 It is an edge that has no arrow. Both the ends of an undirected arc are equivalent, there is 

no head or tail. 

 

Graph Terminology 

Path 

A path can be defined as the sequence of nodes that are followed in order to reach some 

terminal node V from the initial node U. 

Closed Path 

A path will be called as closed path if the initial node is same as terminal node. A path 

will be closed path if V0=VN. 

Simple Path 
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If all the nodes of the graph are distinct with an exception V0=VN, then such path P is 

called as closed simple path. 

Cycle 

A cycle can be defined as the path which has no repeated edges or vertices except the 

first and last vertices. 

Connected Graph 

A connected graph is the one in which some path exists between every two vertices (u, v) 

in V. There are no isolated nodes in connected graph. 

Complete Graph 

A complete graph is the one in which every node is connected with all other nodes. A 

complete graph contain n(n-1)/2 edges where n is the number of nodes in the graph. 

Weighted Graph 

In a weighted graph, each edge is assigned with some data such as length or weight. The 

weight of an edge e can be given as w(e) which must be a positive (+) value indicating the cost 

of traversing the edge. 

Digraph 

A digraph is a directed graph in which each edge of the graph is associated with some 

direction and the traversing can be done only in the specified direction. 

Loop 

An edge that is associated with the similar end points can be called as Loop. 

Adjacent Nodes 

If two nodes u and v are connected via an edge e, then the nodes u and v are called as 

neighbours or adjacent nodes. 

Degree of the Node 

A degree of a node is the number of edges that are connected with that node. A node with 

degree 0 is called as isolated node. 

Graph Representation 



123 
 

By Graph representation, we simply mean the technique which is to be used in order to 

store some graph into the computer's memory. There are two ways to store Graph into the 

computer's memory.  

1. Sequential Representation 

In sequential representation, we use adjacency matrix to store the mapping represented by 

vertices and edges. In adjacency matrix, the rows and columns are represented by the graph 

vertices. A graph having n vertices, will have a dimension n x n. 

An entry Mij in the adjacency matrix representation of an undirected graph G will be 1 if 

there exists an edge between Vi and Vj. An undirected graph and its adjacency matrix 

representation. 

 

 
 

There exists different adjacency matrices for the directed and undirected graph. In 

directed graph, an entry Aij will be 1 only when there is an edge directed from Vi to Vj. A 

directed graph and its adjacency matrix representation. 

 

 
 

Representation of weighted directed graph is different. Instead of filling the entry by 1, the Non- 

zero entries of the adjacency matrix are represented by the weight of respective edges. 

The weighted directed graph along with the adjacency matrix representation is shown in the 

following figure. 
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Advantages of Adjacency Matrix 

 Adjacency matrix representation of graph is very simple to implement. 

 Adding or removing time of an edge can be done in O(1) time. Same time is required to 

check, if there is an edge between two vertices. 

 It is very convenient and simple to program. 

 

Disadvantages of Adjacency Matrix 

 It consumes huge amount of memory for storing big graphs. 

 It requires huge efforts for adding or removing a vertex. If you are constructing a graph 

in dynamic structure, adjacency matrix is quite slow for big graphs. 

 

Linked Representation 

In the linked representation, an adjacency list is used to store the Graph into the 

computer's memory. Consider the undirected graph shown in the following figure and check the 

adjacency list representation. 

 

 
 

An adjacency list is maintained for each node present in the graph which stores the node 

value and a pointer to the next adjacent node to the respective node. If all the adjacent nodes are 

traversed then store the NULL in the pointer field of last node of the list. The sum of the lengths 

of adjacency lists is equal to the twice of the number of edges present in an undirected graph. 
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In a directed graph, the sum of lengths of all the adjacency lists is equal to the number of edges 

present in the graph. 

In the case of weighted directed graph, each node contains an extra field that is called the weight 

of the node. The adjacency list representation of a directed graph is  

 

 

 

Disadvantages of Adjacency List 

 It is not easy for adding or removing an edge to/from adjacent list. It does not allow to 

make an efficient implementation, if dynamically change of vertices number is required. 

 

Graph Types and Applications 

A graph G = (V, E) consists of a set of vertices V = { V1, V2, . . . } and set of edges E = 

{ E1, E2, . . . }. The set of unordered pairs of distinct vertices whose elements are called edges of 

graph G such that each edge is identified with an unordered pair (Vi, Vj) of vertices. 

The vertices (Vi, Vj) are said to be adjacent if there is an edge Ek which is associated to Vi and 

Vj. In such a case Vi and Vj are called end points and the edge Ek is said to be connect/joint of 

Vi and Vj. 
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Types of Graph: 

 Finite Graphs: A graph is said to be finite if it has finite number of vertices and finite 

number of edges 

 

 
 

 Infinite Graph: A graph is said to be infinite if it has infinite number of vertices as well 

as infinite number of edges. 

 

 

 
 Trivial Graph: A graph is said to be trivial if a finite graph contains only one vertex and 

no edge. 

 

 
 Simple Graph: A simple graph is a graph which does not contains more than one edge 

between the pair of vertices. A simple railway tracks connecting different cities is an 

example of simple graph. 
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 Multi Graph: Any graph which contain some parallel edges but doesn’t contain any self-

loop is called multi graph. For example A Road Map. 

 
 

 

 Parallel Edges: If two vertices are connected with more than one edge than such 

edges are called parallel edges that is many roots but one destination. 

 Loop: An edge of a graph which join a vertex to itself is called loop or a self-

loop. 

 Null Graph: A graph of order n and size zero that is a graph which contain n number of 

vertices but do not contain any edge. 

 
 Complete Graph: A simple graph with n vertices is called a complete graph if the 

degree of each vertex is n-1, that is, one vertex is attach with n-1 edges. A complete graph is 
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also called Full Graph. 

 

 

 Pseudo Graph: A graph G with a self loop and some multiple edges is called pseudo 

graph. 

 

 
 Regular Graph: A simple graph is said to be regular if all vertices of a graph G are of 

equal degree. All complete graphs are regular but vice versa is not possible. 
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 Bipartite Graph: A graph G = (V, E) is said to be bipartite graph if its vertex set V(G) 

can be partitioned into two non-empty disjoint subsets. V1(G) and V2(G) in such a way that 

each edge e of E(G) has its one end in V1(G) and other end in V2(G). 

The partition V1 U V2 = V is called Bipartite of G. 

Here in the figure: 

V1(G)={V5, V4, V3} 

V2(G)={V1, V2} 

 

 Labelled Graph: If the vertices and edges of a graph are labelled with name, data or 

weight then it is called labelled graph. It is also called Weighted Graph. 

 
 Digraph Graph: A graph G = (V, E) with a mapping f such that every edge maps onto 

some ordered pair of vertices (Vi, Vj) is called Digraph. It is also called Directed Graph. 

Ordered pair (Vi, Vj) means an edge between Vi and Vj with an arrow directed from Vi to 

Vj. 

Here in the figure: 

e1 = (V1, V2) 

e2 = (V2, V3) 

e4 = (V2, V4) 

 

 Subgraph: A graph G = (V1, E1) is called subgraph of a graph G(V, E) if V1(G) is a 

subset of V(G) and E1(G) is a subset of E(G) such that each edge of G1 has same end 
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vertices as in G. 

 
 

Types of Subgraph: 

 

 Vertex disjoint subgraph: Any two graph G1 = (V1, E1) and G2 = (V2, E2) are 

said to be vertex disjoint of a graph G = (V, E) if V1(G1) intersection V2(G2) = null. In 

figure there is no common vertex between G1 and G2. 

 Edge disjoint subgraph: A subgraph is said to be edge disjoint if E1(G1) 

intersection E2(G2) = null. In figure there is no common edge between G1 and G2. 

Note: Edge disjoint subgraph may have vertices in common but vertex disjoint graph cannot 

have common edge, so vertex disjoint subgraph will always be an edge disjoint subgraph. 

 
 Connected or Disconnected Graph: A graph G is said to be connected if for any pair of 

vertices (Vi, Vj) of a graph G are reachable from one another. Or a graph is said to be 

connected if there exist atleast one path between each and every pair of vertices in graph G, 

otherwise it is disconnected. A null graph with n vertices is disconnected graph consisting of 
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n components. Each component consist of one vertex and no edge. 

 
 Cyclic Graph: A graph G consisting of n vertices and n> = 3 that is V1, V2, V3- – – – – 

– – – Vn and edges (V1, V2), (V2, V3), (V3, V4)- – – – – – – – — -(Vn, V1) are called 

cyclic graph. 

 
Application of Graphs: 

 Computer Science: In computer science, graph is used to represent 

networks of communication, data organization, computational devices etc. 

 Physics and Chemistry: Graph theory is also used to study molecules in 

chemistry and physics. 

 Social Science: Graph theory is also widely used in sociology. 

 Mathematics: In this, graphs are useful in geometry and certain parts of 

topology such as knot theory. 

 Biology: Graph theory is useful in biology and conservation efforts. 

Graph Traversal 

Graph traversal is a technique used for a searching vertex in a graph. The graph traversal 

is also used to decide the order of vertices is visited in the search process. A graph traversal finds 

the edges to be used in the search process without creating loops. That means using graph 
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traversal we visit all the vertices of the graph without getting into looping path. 

 

There are two graph traversal techniques and they are as follows... 

1. DFS (Depth First Search) 

2. BFS (Breadth First Search) 

 

 

DFS (Depth First Search)  

DFS traversal of a graph produces a spanning tree as final result. Spanning Tree is a graph 

without loops. We use Stack data structure with maximum size of total number of vertices in 

the graph to implement DFS traversal. 

 

We use the following steps to implement DFS traversal... 

 Step 1 - Define a Stack of size total number of vertices in the graph. 

 Step 2 - Select any vertex as starting point for traversal. Visit that vertex and push it on 

to the Stack. 

 Step 3 - Visit any one of the non-visited adjacent vertices of a vertex which is at the top 

of stack and push it on to the stack. 

 Step 4 - Repeat step 3 until there is no new vertex to be visited from the vertex which is 

at the top of the stack. 

 Step 5 - When there is no new vertex to visit then use back tracking and pop one vertex 

from the stack. 

 Step 6 - Repeat steps 3, 4 and 5 until stack becomes Empty. 

 Step 7 - When stack becomes Empty, then produce final spanning tree by removing 

unused edges from the graph 

 

Back tracking is coming back to the vertex from which we reached the current vertex. 
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Example 

 



134 
 

 



135 
 

 

 

 

Graph Traversal  

Graph traversal is a technique used for searching a vertex in a graph. The graph traversal is also 

used to decide the order of vertices is visited in the search process. A graph traversal finds the 

edges to be used in the search process without creating loops. That means using graph traversal 

we visit all the vertices of the graph without getting into looping path. 

 

There are two graph traversal techniques and they are as follows... 

1. DFS (Depth First Search) 

2. BFS (Breadth First Search) 

BFS (Breadth First Search) 

BFS traversal of a graph produces a spanning tree as final result. Spanning Tree is a graph 

without loops. We use Queue data structure with maximum size of total number of vertices in 

the graph to implement BFS traversal. 

 

We use the following steps to implement BFS traversal... 

 Step 1 - Define a Queue of size total number of vertices in the graph. 

 Step 2 - Select any vertex as starting point for traversal. Visit that vertex and insert it 

into the Queue. 

 Step 3 - Visit all the non-visited adjacent vertices of the vertex which is at front of the 

Queue and insert them into the Queue. 

 Step 4 - When there is no new vertex to be visited from the vertex which is at front of the 

Queue then delete that vertex. 

 Step 5 - Repeat steps 3 and 4 until queue becomes empty. 
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 Step 6 - When queue becomes empty, then produce final spanning tree by removing 

unused edges from the 
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graph  
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Spanning tree 

A spanning tree is a sub-graph of an undirected connected graph, which includes all the 

vertices of the graph with a minimum possible number of edges. If a vertex is missed, then it is 

not a spanning tree. 

The edges may or may not have weights assigned to them. 

The total number of spanning trees with n vertices that can be created from a complete graph is 

equal to n(n-2) 

If we have n = 4, the maximum number of possible spanning trees is equal to 44-2 = 16. Thus, 16 

spanning trees can be formed from a complete graph with 4 vertices. 
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Example of a Spanning Tree 

Let's understand the spanning tree with examples below: 

Let the original graph be: 

Normal graph 

Some of the possible spanning trees that can be created from the above graph are: 

A spanning tree A spanning 

tree A spanning tree A spanning 

tree A spanning tree A spanning tree 
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Minimum Spanning Tree 

A minimum spanning tree is a spanning tree in which the sum of the weight of the edges is as 

minimum as possible. 

Example of a Spanning Tree 

Let's understand the above definition with the help of the example below. 

The initial graph is: 

Weighted graph 

The possible spanning trees from the above graph are: 
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Minimum spanning tree - 1 Minimum 

spanning tree - 2 Minimum spanning tree - 

3 Minimum spanning tree - 4 

The minimum spanning tree from the above spanning trees is: 
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Minimum spanning tree 

The minimum spanning tree from a graph is found using the following algorithms: 

1.Prim's Algorithm 

2.Kruskal's Algorithm 

Spanning Tree Applications 

 Computer Network Routing Protocol 

 Cluster Analysis 

 Civil Network Planning 

Minimum Spanning tree Applications 

 To find paths in the map 

 To design networks like telecommunication networks, water supply networks, 

and electrical grids. 

Prim's Algorithm 

Prim's algorithm is a minimum spanning tree algorithm that takes a graph as input and finds the 

subset of the edges of that graph which 

 form a tree that includes every vertex 

 has the minimum sum of weights among all the trees that can be formed from the graph 

How Prim's algorithm works 

It falls under a class of algorithms called greedy algorithms that find the local optimum in the 

hopes of finding a global optimum. 

We start from one vertex and keep adding edges with the lowest weight until we reach our goal. 

The steps for implementing Prim's algorithm are as follows: 

1. Initialize the minimum spanning tree with a vertex chosen at random. 

2. Find all the edges that connect the tree to new vertices, find the minimum and add it to 

the tree 

https://www.programiz.com/dsa/prim-algorithm
https://www.programiz.com/dsa/kruskal-algorithm
https://www.programiz.com/dsa/spanning-tree-and-minimum-spanning-tree#minimum-spanning
https://www.programiz.com/dsa/greedy-algorithm
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3. Keep repeating step 2 until we get a minimum spanning tree 

Example of Prim's algorithm 

 

Start with a weighted graph 

 

 

 

Choose a vertex 

 

Choose the shortest edge from this vertex and add it 

 

Choose the nearest vertex not yet in the solution 

 

Choose the nearest edge not yet in the solution, if there are multiple choices, choose one at 

random 
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Prim's Algorithm Complexity 

The time complexity of Prim's algorithm is O(E log V). 

 

Prim's Algorithm Application 

 Laying cables of electrical wiring 

 In network designed 

 To make protocols in network cycles 

 

Kruskal's Algorithm 

Kruskal's algorithm is a minimum spanning tree algorithm that takes a graph as input and finds 

the subset of the edges of that graph which 

 form a tree that includes every vertex 

 has the minimum sum of weights among all the trees that can be formed from the graph 

 

How Kruskal's algorithm works 

It falls under a class of algorithms called greedy algorithms that find the local optimum in the 

hopes of finding a global optimum. 

We start from the edges with the lowest weight and keep adding edges until we reach our goal. 

The steps for implementing Kruskal's algorithm are as follows: 

1. Sort all the edges from low weight to high 

2. Take the edge with the lowest weight and add it to the spanning tree. If adding the edge 

created a cycle, then reject this edge. 

3. Keep adding edges until we reach all vertices. 

Example of Kruskal's algorithm 

https://www.programiz.com/dsa/spanning-tree-and-minimum-spanning-tree#minimum-spanning
http://www.personal.kent.edu/~rmuhamma/Algorithms/MyAlgorithms/Greedy/greedyIntro.htm
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Start with a weighted graph 

 

Choose the edge with the least weight, if there are more than 1, choose anyone 

 

Choose the next shortest edge and add it 

 

Choose the next shortest edge that doesn't create a cycle and add it 

 

Choose the next shortest edge that doesn't create a cycle and add it 
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Kruskal's Algorithm Complexity 

The time complexity Of Kruskal's Algorithm is: O(E log E). 

 

Kruskal's Algorithm Applications 

 In order to layout electrical wiring 

 In computer network (LAN connection) 

 

Strongly Connected Components 

A strongly connected component is the portion of a directed graph in which there is a 

path from each vertex to another vertex. It is applicable only on a directed graph. 

For example: 

Let us take the graph below. 

 

Initial graph 

The strongly connected components of the above graph are: 

 

https://www.programiz.com/dsa/graph
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Strongly connected components 

You can observe that in the first strongly connected component, every vertex can reach the other 

vertex through the directed path. 

These components can be found using Kosaraju's Algorithm. 

 

Kosaraju's Algorithm 

Kosaraju's Algorithm is based on the depth-first search algorithm implemented twice. 

Three steps are involved. 

1. Perform a depth first search on the whole graph. 

 

Let us start from vertex-0, visit all of its child vertices, and mark the visited vertices as done. If a 

vertex leads to an already visited vertex, then push this vertex to the stack. 

 

For example: Starting from vertex-0, go to vertex-1, vertex-2, and then to vertex-3. Vertex-3 

leads to already visited vertex-0, so push the source vertex (ie. vertex-3) into the stack. 

 
2. DFS on the graph 

Go to the previous vertex (vertex-2) and visit its child vertices i.e. vertex-4, vertex-5, vertex-6 

and vertex-7 sequentially. Since there is nowhere to go from vertex-7, push it into the 

stack.  

3. DFS on the graph 

Go to the previous vertex (vertex-6) and visit its child vertices. But, all of its child vertices are 

visited, so push it into the stack. 

https://www.programiz.com/dsa/graph-dfs
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4. Stacking 

Similarly, a final stack is created.  

5. Final Stack 

6. Reverse the original graph. 

 

7. DFS on reversed graph 

8. Perform depth-first search on the reversed graph. 

 

Start from the top vertex of the stack. Traverse through all of its child vertices. Once the already 

visited vertex is reached, one strongly connected component is formed. 

 

For example: Pop vertex-0 from the stack. Starting from vertex-0, traverse through its child 

vertices (vertex-0, vertex-1, vertex-2, vertex-3 in sequence) and mark them as visited. The child 

of vertex-3 is already visited, so these visited vertices form one strongly connected component. 

 
9. Start from the top and traverse through all the vertices 

Go to the stack and pop the top vertex if already visited. Otherwise, choose the top vertex from 

the stack and traverse through its child vertices as presented above. 



149 
 

 
Pop the top vertex if already visited 

 
Strongly connected component 

10. Thus, the strongly connected components are: 

 

 

Strongly Connected Components Applications 

 Vehicle routing applications 

 Maps 

 Model-checking in formal verification 
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