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Asymptotic Analysis

Asymptotic analysis of an algorithm refers to defining the mathematical
boundation/framing of its run-time performance. Using asymptotic analysis, we can very
well conclude the best case, average case, and worst case scenario of an algorithm.

Asymptotic analysis is input bound i.e., if there's no input to the algorithm, it is concluded to
work in a constant time. Other than the "input" all other factors are considered constant.

Asymptotic analysis refers to computing the running time of any operation in mathematical
units of computation. For example, the running time of one operation is computed as f(n) and
may be for another operation it is computed as g(nz). This means the first operation running
time will increase linearly with the increase in n and the running time of the second operation
will increase exponentially when n increases. Similarly, the running time of both operations
will be nearly the same if n is significantly small.

Usually, the time required by an algorithm falls under three types —

e Best Case — Minimum time required for program execution.
¢ Average Case — Average time required for program execution.

¢ Worst Case — Maximum time required for program execution.

Asymptotic Notations

Following are the commonly used asymptotic notations to calculate the running time
complexity of an algorithm.

¢ O Notation
¢ Q Notation
e 0O Notation

Big Oh Notation, O

The notation O(n) is the formal way to express the upper bound of an algorithm's
running time. It measures the worst case time complexity or the longest amount of time
an algorithm can possibly take to complete.
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For example, for a function f(n)

O(f(n)) = { g(n) : there exists ¢ > © and n@ such that g(n) < c.f(n) for all n
> no. }

Omega Notation, Q

The notation Q(n) is the formal way to express the lower bound of an algorithm's
running time. It measures the best case time complexity or the best amount of time an
algorithm can possibly take to complete.
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For example, for a function f(n)

Q(f(n)) 2 { g(n) : there exists ¢ > © and n@ such that g(n) < c.f(n) for all n
> no. }

Theta Notation, 6

The notation 6(n) is the formal way to express both the lower bound and the upper
bound of an algorithm's running time. It is represented as follows —

0(f(n)) = { g(n) if and only if g(n) = O0(f(n)) and g(n) = Q(f(n)) for all n >
noe.
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Common Asymptotic Notations

Following is a list of some common asymptotic notations:

Constant - 0(1)
Logarithmic - O(log n)
Linear - O(n)

nlogn - O(n log n)
Quadratic - o(n?)

Cubic - o(n?)
Polynomial — Nno()
Exponential — 20(n)
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Data Definition

Data Definition defines a particular data with the following characteristics.

¢ Atomic — Definition should define a single concept.
e Traceable — Definition should be able to be mapped to some data element.
e Accurate — Definition should be unambiguous.

¢ Clear and Concise — Definition should be understandable.

Data Object

Data Object represents an object having a data.

Data Type

Data type is a way to classify various types of data such as integer, string, etc. which
determines the values that can be used with the corresponding type of data, the type of
operations that can be performed on the corresponding type of data. There are two data
types —

e Built-in Data Type

e Derived Data Type

Built-in Data Type

Those data types for which a language has built-in support are known as Built-in Data
types. For example, most of the languages provide the following built-in data types.

e Integers
e Boolean (true, false)
e Floating (Decimal numbers)

e Character and Strings
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Derived Data Type

Those data types which are implementation independent as they can be implemented in one
or the other way are known as derived data types. These data types are normally built by the
combination of primary or built-in data types and associated operations on them.

For example —

o List

e Array
e Stack
e Queue

Basic Operations

The data in the data structures are processed by certain operations. The particular data
structure chosen largely depends on the frequency of the operation that needs to be
performed on the data structure.

e Traversing
e Searching

e Insertion

e Deletion
e Sorting
¢ Merging
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Arrays

Array is a container which can hold a fix number of items and these items should be of
the same type. Most of the data structures make use of arrays to implement their
algorithms. Following are the important terms to understand the concept of Array.

e Element — Each item stored in an array is called an element.

¢ Index — Each location of an element in an array has a numerical index, which is
used to identify the element.

Array Representation

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

int array [10] = { 35, 33, 42, 10, 14, 19, 27, 44, 26, 31 }

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

elements 35 | 33| 42 || 10 | 14 19 (27 | 44 || 26 | 31

index o 1 2 3 4 5 6 7 8 9

>
.

Size 110
As per the above illustration, following are the important points to be considered.

e Index starts with 0.

e Array length is 8 which means it can store 8 elements.

e Each element can be accessed via its index. For example, we can fetch an
element at index 6 as 9.
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Basic Operations

Following are the basic operations supported by an array.

¢ Traverse — Prints all the array elements one by one.

e Insertion — Adds an element at the given index.

e Deletion — Deletes an element at the given index.

e Search — Searches an element using the given index or by the value.
¢ Update — Updates an element at the given index.

In C, when an array is initialized with size, then it assigns defaults values to its elements
in following order.

Data Type Default Value
Bool false
Char 0
Int 0
Float 0.0
Double 0.0f
Void
wchar_t 0

Insertion Operation

Insert operation is to insert one or more data elements into an array. Based on the
requirement, a new element can be added at the beginning, end, or any given index of
array.

Here, we see a practical implementation of insertion operation, where we add data at the
end of the array —

Algorithm

Let Array be a linear unordered array of MAX elements.
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Example
Result

Let LA be a Linear Array (unordered) with N elements and K is a positive integer such that

K<=N. Following is the algorithm where ITEM is inserted into the Kth position of LA —

1. Start
2. Set J=N
3. Set N = N+1
4. Repeat steps 5 and 6 while J >= K
5. Set LA[J+1] = LA[J]
6. Set J = J-1
7. Set LA[K] = ITEM
8. Stop
Example

Following is the implementation of the above algorithm —

#tinclude <stdio.h>
main() {
int LA[] {1,3,5,7,8};

int item = 10, k = 3, n = 5;

inti =0, j =n;

printf("The original array elements are :\n");

for(i = 0; i<n; i++) {

printf("LA[%d] = %d \n", i, LA[i]);

while( j >= k){
LA[j+1] = LA[J];
j=3-1;

11
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LA[k] = item;

printf("The array elements after insertion :\n");

for(i = 0; i<n; i++) {

printf("LA[%d] = %d \n", i, LA[i]);

}

When we compile and execute the above program, it produces the following result —

The original array elements are :
LA[@]=1

LA[1]=3

LA[2]=5

LA[3]=7

LA[4]=8

The array elements after insertion :
LA[@]=1

LA[1]=3

LA[2]=5

LA[3]=10

LA[4]=7

LA[5]=8

For other variations of array insertion operation click here

Array Insertions

In the previous section, we have learnt how the insertion operation works. It is not
always necessary that an element is inserted at the end of an array. Following can be a

situation with array insertion —

¢ Insertion at the beginning of an array
e Insertion at the given index of an array
e Insertion after the given index of an array

¢ Insertion before the given index of an array

12
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Insertion at the Beginning of an Array

When the insertion happens at the beginning, it causes all the existing data items to
shift one step downward. Here, we design and implement an algorithm to insert an
element at the beginning of an array.

Algorithm

We assume A is an array with N elements. The maximum numbers of elements it can
store is defined by MAX. We shall first check if an array has any empty space to store
any element and then we proceed with the insertion process.

begin
IF N = MAX, return
ELSE

N=N+1

For All Elements in A

Move to next adjacent location

A[FIRST] = New_Element

end

Implementation in C

#include <stdio.h>

#tdefine MAX 5

void main() {
int array[MAX] = {2, 3, 4, 5},
int N = 4; // number of elements in array
int i = o; // loop variable

int value = 1; // new data element to be stored in array

// print array before insertion printf("Printing

array before insertion -\n");

13
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}

for(i = 0; 1 < N; i++) {
printf("array[%d] = %d \n", i, array[i]);

// now shift rest of the elements
downwards for(i = N; i >=0; i--) {

array[i+1l] = array[i];

// add new element at first

position array[@] = value;

// increase N to reflect number of

elements N++;

// print to confirm

printf("Printing array after insertion -\n");

for(i =0; 1 < N; i++) {

printf("array[%d] = %d\n", i, array[i]);

This program should yield the following output —

Printing array before insertion -

array[@] = 2
array[1] = 3
array[2] = 4
array[3] = 5

Printing array after insertion -

array[@] = ©

array[1l] = 2
array[2] = 3
array[3] = 4
array[4] = 5
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Insertion at the Given Index of an Array

In this scenario, we are given the exact location (index) of an array where a new data
element (value) needs to be inserted. First we shall check if the array is full, if it is not,
then we shall move all data elements from that location one step downward. This will
make room for a new data element.

Algorithm

We assume A is an array with N elements. The maximum numbers of elements it can
store is defined by MAX.

begin
IF N = MAX, return
ELSE

N=N+1

SEEK Location index

For All Elements from A[index] to A[N]

Move to next adjacent location

A[index] = New_Element

end

Implementation in C

#include <stdio.h>

#tdefine MAX 5

void main() {

int array[MAX] = {1, 2, 4, 5};

int N = 4; // number of elements in array int i

= 0; // loop variable

int index = 2; // index location to insert new value
int value = 3; // new data element to be inserted //
print array before insertion

printf("Printing array before insertion -\n");
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for(i = 0; 1 < N; i++) {
printf("array[%d] = %d \n", i, array[i]);

// now shift rest of the elements
downwards for(i = N; i >= index; i--) {

array[i+1l] = array[i];

// add new element at first

position array[index] = value;

// increase N to reflect number of

elements N++;

// print to confirm

printf("Printing array after insertion -\n");

for(i =0; 1 < N; i++) {

printf("array[%d] = %d\n", i, array[i]);

}

If we compile and run the above program, it will produce the following result —

Printing array before insertion -

array[@] =1
array[1l] = 2
array[2] = 4
array[3] = 5

Printing array after insertion -

array[@] =1

array[1l] = 2
array[2] = 3
array[3] = 4
array[4] = 5
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Insertion After the Given Index of an Array

In this scenario we are given a location (index) of an array after which a new data
element (value) has to be inserted. Only the seek process varies, the rest of the
activities are the same as in the previous example.

Algorithm

We assume A is an array with N elements. The maximum numbers of elements it can
store is defined by MAX.

begin
IF N = MAX, return
ELSE

N=N+1

SEEK Location index

For All Elements from A[index + 1] to A[N]

Move to next adjacent location

A[index + 1] = New_Element

end

Implementation in C

#include <stdio.h>
#define MAX 5

void main() {

int array[MAX] = {1, 2, 4, 5};

int N = 4; int // number of elements in array

i =0; int // loop variable

index = 1; int // index location after which value will be inserted
value = 3; // new data element to be inserted

// print array before insertion printf("Printing

array before insertion -\n");
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for(i = 0; 1 < N; i++) {

printf("array[%d] = %d \n", i, array[i]);

// now shift rest of the elements downwards
for(i = N; i >= index + 1; i--) {

array[i + 1] = array[i];

// add new element at first position

array[index + 1] = value;

// increase N to reflect number of

elements N++;

// print to confirm

printf("Printing array after insertion -\n");

for(i =0; 1 < N; i++) {

printf("array[%d] = %d\n", i, array[i]);

If we compile and run the above program, it will produce the following result —

Printing array before insertion -

array[@] =1
array[1] = 2
array[2] = 4
array[3] = 5

Printing array after insertion -

array[@] = 1
array[1l] = 2
array[2] = 3
array[3] = 4
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array[4] = 5

Insertion Before the Given Index of an Array

In this scenario we are given a location (index) of an array before which a new data
element (value) has to be inserted. This time we seek till index-1, i.e., one location
ahead of the given index. Rest of the activities are the same as in the previous example.

Algorithm

We assume A is an array with N elements. The maximum numbers of elements it can
store is defined by MAX.

begin
IF N = MAX, return
ELSE

N=N+1

SEEK Location index

For All Elements from A[index - 1] to A[N]

Move to next adjacent location

Alindex - 1] = New_Element

end

Implementation in C

#tinclude <stdio.h>

#tdefine MAX 5
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void main() {

int array[MAX] = {1, 2, 4, 5};

int N = 4; int // number of elements in array

i =0; int // loop variable

index = 3; int // index location before which value will be inserted
value = 3; // new data element to be inserted

// print array before insertion
printf("Printing array before insertion -\n");
for(i = 0; 1 < N; i++) {

printf("array[%d] = %d \n", i, array[i]);

// now shift rest of the elements downwards
for(i = N; i >= index + 1; i--) {

array[i + 1] = array[i];

// add new element at first

position array[index + 1] = value;

// increase N to reflect number of

elements N++;

// print to confirm

printf("Printing array after insertion -\n");

for(i =0; 1 < N; i++) {

printf("array[%d] = %d\n", i, array[i]);

}

If we compile and run the above program, it will produce the following result —

Printing array before insertion -
1
2

array[9]

array[1]

20
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1
N

array[2]
array[3] = 5

Printing array after insertion -

array[@] = 1
array[1l] = 2
array[2] = 4
array[3] = 5
array[4] = 3

Deletion Operation

Deletion refers to removing an existing element from the array and re-organizing all
elements of an array.

Algorithm
Consider LA is a linear array with N elements and K is a positive integer such that K<=N.

Following is the algorithm to delete an element available at the Kth position of LA.

1. Start
2. Set J=K
3. Repeat steps 4 and 5 while J < N
4. Set LA[J-1] = LA[J]
5. Set J = J+1
6. Set N = N-1
7. Stop
Example

Following is the implementation of the above algorithm —

#include <stdio.h>
main() {
int LA[] = {1,3,5,7,8};
intk = 3, n = 5;

inti, j;

printf("The original array elements are :\n");

21
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for(i = 0; i<n; i++) {

printf("LA[%d] = %d \n", i, LA[i]);

while( j < n){ LA[]-
1] = LA[J]; § =
i+ L

=

=n -1;

printf("The array elements after deletion :\n");

for(i = 0; i<n; i++) {

printf("LA[%d] = %d \n", i, LA[i]);

}

When we compile and execute the above program, it produces the following result —

The original array elements are :
LA[@]=1

LA[1]=3

LA[2]=5

LA[3]=7

LA[4]=8

The array elements after deletion :
LA[@]=1

LA[1]=3

LA[2]=7

LA[3]=8

Search Operation

You can perform a search for an array element based on its value or its index.
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Algorithm

Consider LA is a linear array with N elements and K is a positive integer such that K<=N.
Following is the algorithm to find an element with a value of ITEM using sequential search.

. Set J=0
. Repeat steps 4 and 5 while J < N

. Set J =37 +1

1
2
3
4. IF LA[J] is equal ITEM THEN GOTO STEP 6
5
6. PRINT J, ITEM

7

. Stop

Example

Following is the implementation of the above algorithm —

#include <stdio.h>

main() {

int LA[] = {1,3,5,7,8};
int item = 5, n = 5; int
i=90,J=20;

printf("The original array elements are :\n");
for(i = 0; i<n; i++) {

printf("LA[%d] = %d \n", i, LA[i]);

while( j < n){
if( LA[j] == item
){ break;

=3J+1;

printf("Found element %d at position %d\n", item, j+1);
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When we compile and execute the above program, it produces the following result —

The original array elements are :
LA[@]=1
LA[1]=3
LA[2]=5
LA[3]=7
LA[4]=8

Found element 5 at position 3

Update Operation

Update operation refers to updating an existing element from the array at a given index.

Algorithm

Consider LA is a linear array with N elements and K is a positive integer such that K<=N.

Following is the algorithm to update an element available at the Kth position of LA.

1. Start
2. Set LA[K-1] = ITEM
3. Stop

Example

Following is the implementation of the above algorithm —

#tinclude <stdio.h>

main() {
int LA[] = {1,3,5,7,8};
intk = 3, n =5, item = 10;
inti, j;
printf("The original array elements are :\n");
for(i = 0; i<n; i++) {
printf("LA[%d] = %d \n", 1, LA[i]);

LA[k-1] = item;

printf("The array elements after updation :\n");

24




Data Structures

for(i = 0; i<n; i++) {

printf("LA[%d] = %d \n", i, LA[i]);

When we compile and execute the above program, it produces the following result —

The original array elements are :
LA[0]=1

LA[1]=3

LA[2]=5

LA[3]=7

LA[4]=8

The array elements after updation :
LA[@]=1

LA[1]=3

LA[2]=10

LA[3]=7

LA[4]=8
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Linked List
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10. Linked List—Basics

A linked list is a sequence of data structures, which are connected together via links.

Linked List is a sequence of links which contains items. Each link contains a connection
to another link. Linked list is the second most-used data structure after array. Following
are the important terms to understand the concept of Linked List.

e Link — Each link of a linked list can store a data called an element.
¢ Next — Each link of a linked list contains a link to the next link called Next.

o Linked List — A Linked List contains the connection link to the first link called
First.

Linked List Representation

Linked list can be visualized as a chain of nodes, where every node points to the next
node.

Head Next Next Next
» Dataltems » Dataltems > Data ltems

~T1

NULL

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

e Linked List contains a link element called first.
e Each link carries a data field(s) and a link field called next.
e Each link is linked with its next link using its next link.

e Last link carries a link as null to mark the end of the list.

Types of Linked List

Following are the various types of linked list.

¢ Simple Linked List — Item navigation is forward only.

e Doubly Linked List — Items can be navigated forward and backward.

¢ Circular Linked List — Last item contains link of the first element as next and
the first element has a link to the last element as previous.
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Basic Operations

Following are the basic operations supported by a list.

e Insertion — Adds an element at the beginning of the list.
¢ Deletion — Deletes an element at the beginning of the list.
o Display — Displays the complete list.

e Search — Searches an element using the given key.

e Delete — Deletes an element using the given key.

Insertion Operation

Adding a new node in linked list is @ more than one step activity. We shall learn this with
diagrams here. First, create a node using the same structure and find the location where
it has to be inserted.

Head Next Next
» Dataltems —»p Dataltems

NULL

Next
Data ltems

Imagine that we are inserting a node B (NewNode), between A (LeftNode) and C
(RightNode). Then point B.next to C -

NewNode.next -> RightNode;

It should look like this —

Head Next Next
» Dataltems Data Items

NULL

Next
Data tems
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Now, the next node at the left should point to the new node.

LeftNode.next -> NewNode;

Head Next . Next
» Dataitems Data ltems

11
NULL
Next
Data Items

This will put the new node in the middle of the two. The new list should look like this —

Head Next Next Next
» Dataltems » Dataltems » Data ltems

11

NULL
Similar steps should be taken if the node is being inserted at the beginning of the list.

While inserting it at the end, the second last node of the list should point to the new
node and the new node will point to NULL.

Deletion Operation

Deletion is also a more than one step process. We shall learn with pictorial representation.
First, locate the target node to be removed, by using searching algorithms.

Head Next Next Next
5 Dataltems » Dataltems 5 Dataitems
NULL

The left (previous) node of the target node now should point to the next node of the target
node —

LeftNode.next -> TargetNode.next;

iy Ne"m Next
» Dataltems A . Data ltems 5 Dataltems

NULL
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This will remove the link that was pointing to the target node. Now, using the following
code, we will remove what the target node is pointing at.

TargetNode.next -> NULL;

Head Ne%L/////////’/——___——‘5;;::\\\\\‘ Next
Data ltems Data ltems Data Items

e

NULL

We need to use the deleted node. We can keep that in memory otherwise we can simply
deallocate memory and wipe off the target node completely.

Head Next Next

» Dataitems __» Dataltems

NULL

Reverse Operation

This operation is a thorough one. We need to make the last node to be pointed by the
head node and reverse the whole linked list.

Head Next Next

» Dataltems | Dataltems

NULL

First, we traverse to the end of the list. It should be pointing to NULL. Now, we shall
make it point to its previous node —

Head Next Next
» Dataitems % Dataltems

T —
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We have to make sure that the last node is not the lost node. So we'll have some temp

node, which looks like the head node pointing to the last node. Now, we shall make all
left side nodes point to their previous nodes one by one.

Head Next Next
. Data ltems . Data ltems
NULL

Except the node (first node) pointed by the head node, all nodes should point to their
predecessor, making them their new successor. The first node will point to NULL.

Head Next Next
Data ltems Data ltems

e e —C

We'll make the head node point to the new first node by using the temp node.

Next Next Head
Data ltems Data ltems

NULL

The linked list is now reversed. To see linked list implementation in C programming
language, please click here.

Linked List Program in C

A linked list is a sequence of data structures, which are connected together via links.
Linked List is a sequence of links which contains items. Each link contains a connection
to another link. Linked list is the second most-used data structure after array.

31


http://www.tutorialspoint.com/data_structures_algorithms/linked_list_program_in_c.htm

Data Structures

Implementation in C

#include <stdio.h>

#include <string.h>
#include <stdlib.h>
#include <stdbool.h>

struct node

{

int data;

int key;

struct node *next;
}s

struct node *head = NULL;

struct node *current = NULL;

//display the list
void printList()
{

struct node *ptr = head;
printf("\n[ ");

//start from the beginning

while(ptr != NULL)
{
printf("(%d,%d) ",ptr->key,ptr->data);
ptr = ptr->next;

printf(" 1");

//insert link at the first location

void insertFirst(int key, int data)

{

//create a link
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struct node *link = (struct node*) malloc(sizeof(struct
node)); link->key = key;
link->data = data;

//point it to old first

node link->next = head;

//point first to new first
node head = link;

//delete first item struct
node* deleteFirst()

{

//save reference to first link

struct node *tempLink = head;

//mark next to first link as
first head = head->next;

//return the deleted

link return templLink;

//is list empty

bool isEmpty()

{

return head == NULL;

int length()

{

int length = 0; struct

node *current;
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for(current = head; current != NULL; current =

{
length++;

}

return length;

//find a link with given key
struct node* find(int key){

//start from the first link

struct node* current = head;

//if list is empty
if(head == NULL)

{

return NULL;

//navigate through list
while(current->key != key){

//if it is last node
if(current->next == NULL){

return NULL;
}else {

//go to next link current

= current->next;

//if data found, return the current

Link return current;

current->next)
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//delete a link with given key
struct node* delete(int key){

//start from the first link
struct node* current = head;

struct node* previous = NULL;

//if list is empty
if(head == NULL){
return NULL;

//navigate through list
while(current->key != key){

//if it is last node
if(current->next == NULL){

return NULL;
}else {

//store reference to current
link previous = current;
//move to next link

current = current->next;

//found a match, update the

link if(current == head) {
//change first to point to next link
head = head->next;

}else {

//bypass the current link

previous->next = current->next;

}

return current;
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void sort(){

int i, j, k, tempKey, tempData ;
struct node *current;

struct node *next;

int size = length();

k = size ;

for (i=0; i< size -1 ; i++, k-- ) {
current = head ;

next = head->next ;

for (jJ =1; j<k; jr+ ) {

if ( current->data > next->data ) {
tempData = current->data ;
current->data = next->data;

next->data = tempData ;

tempKey = current->key;
current->key = next->key;

next->key = tempKey;

current = current->next;

next = next->next;

void reverse(struct node** head_ref)

{ struct node* prev = NULL;

struct node* current =
*head_ref; struct node* next;
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while (current != NULL) {
next = current->next;
current->next = prev;
prev = current;

current = next;

}

*head_ref = prev;
}
main() {

insertFirst(1,10);
insertFirst(2,20);
insertFirst(3,30);
insertFirst(4,1);

insertFirst(5,40);
insertFirst(6,56);

printf("Original List: ");

//print list
printList();

while(!isEmpty()){
struct node *temp = deleteFirst();
printf("\nDeleted value:");
printf("(%d,%d) ",temp->key,temp->data);

printf("\nList after deleting all items: ");
printList();

insertFirst(1,10);

insertFirst(2,20);

insertFirst(3,30);

insertFirst(4,1);
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insertFirst(5,40);

insertFirst(6,56);
printf("\nRestored List: ");
printList();

printf("\n");

struct node *foundLink = find(4);

if(foundLink != NULL){
printf("Element found: ");
printf("(%d,%d) ",foundLink->key,foundLink->data);
printf("\n");
}else {
printf("Element not found.");

delete(4);

printf("List after deleting an item: ");
printList();

printf("\n");

foundLink = find(4);

if(foundLink != NULL){
printf("Element found: ");
printf("(%d,%d) ",foundLink->key,foundLink->data);
printf("\n");
}else {
printf("Element not found.");

printf("\n");
sort();

printf("List after sorting the data: ");
printList();

reverse(&head);
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printf("\nList after reversing the data: ");

printList();

If we compile and run the above program, it will produce the following result —

Original List:

[ (6,56) (5,40) (4,1) (3,30) (2,20) (1,10) ]
Deleted value:(6,56)

Deleted value:(5,40)

Deleted value:(4,1)

Deleted value:(3,30)

Deleted value:(2,20)

Deleted value:(1,10)

List after deleting all items:
[]

Restored List:

[ (6,56) (5,40) (4,1) (3,30) (2,20) (1,10) ]
Element found: (4,1)

List after deleting an item:

[ (6,56) (5,40) (3,30) (2,20) (1,10) ]
Element not found.

List after sorting the data:

[ (1,10) (2,20) (3,30) (5,40) (6,56) ]

List after reversing the data:

[ (6,56) (5,40) (3,30) (2,20) (1,10) ]
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11. Doubly Linked List

Doubly Linked List is a variation of Linked list in which navigation is possible in both
ways, either forward and backward easily as compared to Single Linked List. Following
are the important terms to understand the concept of doubly linked list.

Link — Each link of a linked list can store a data called an element.

¢ Next — Each link of a linked list contains a link to the next link called Next.

e Prev — Each link of a linked list contains a link to the previous link called Prev.

o Linked List — A Linked List contains the connection link to the first link called
First and to the last link called Last.

Doubly Linked List Representation

NULL
Head L i Next ! a Nl Next
5 ¥ Prev - Prev = "1| Prev ’ ‘j
NULL

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

e Doubly Linked List contains a link element called first and last.
e FEach link carries a data field(s) and a link field called next.

e Each link is linked with its next link using its next link.

e Each link is linked with its previous link using its previous link.

e The last link carries a link as null to mark the end of the list.

Basic Operations

Following are the basic operations supported by a list.

¢ Insertion — Adds an element at the beginning of the list.

e Deletion — Deletes an element at the beginning of the list.

e Insert Last — Adds an element at the end of the list.

o Delete Last — Deletes an element from the end of the list.

40



Data Structures

e Insert After — Adds an element after an item of the list.
¢ Delete — Deletes an element from the list using the key.
o Display forward — Displays the complete list in a forward manner.

o Display backward — Displays the complete list in a backward manner.

Insertion Operation

Following code demonstrates the insertion operation at the beginning of a doubly linked
list.

//insert link at the first location

void insertFirst(int key, int data) {

//create a link

struct node *link = (struct node*) malloc(sizeof(struct

node)); link->key
link->data = data;

key;

if(isEmpty()) {
//make it the last link
last = link;

}else {

//update first prev link
head->prev = link;

//point it to old first
link link->next = head;

//point first to new first
link head = link;
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Deletion Operation

Following code demonstrates the deletion operation at the beginning of a doubly linked

list.

//delete first item
struct node* deleteFirst() {

//save reference to first link

struct node *tempLink = head;

//if only one link
if(head->next == NULL) {

last =
NULL; }else {

head->next->prev = NULL;

head = head->next;

//return the deleted
link return tempLink;

Insertion at the End of an Operation

Following code demonstrates the insertion operation at the last position of a doubly
linked list.

//insert link at the last location

void insertLast(int key, int data) {

//create a link

struct node *link = (struct node*) malloc(sizeof(struct
node)); link->key

key;
link->data = data;
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if(isEmpty()) {
//make it the last link
last = link;

}else {

//make link a new last

link last->next = link;

//mark old last node as prev of new link

link->prev = last;

//point last to new last

node last = 1link;

Doubly Linked List Program in C

Doubly Linked List is a variation of Linked list in which navigation is possible in both
ways, either forward and backward easily as compared to Single Linked List.

Implementation in C

#include <stdio.h>

#include <string.h>
#include <stdlib.h>
#include <stdbool.h>

struct node {
int data;

int key;

struct node *next;

struct node *prev;

}s
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//this link always point to first Link
struct node *head = NULL;

//this link always point to last Link
struct node *last = NULL;

struct node *current = NULL;

//1is list empty
bool isEmpty(){
return head == NULL;

int length(){

int length = 0; struct

node *current;

for(current = head; current != NULL; current = current->next){

length++;

return length;

//display the list in from first to last
void displayForward(){

//start from the beginning

struct node *ptr = head;

//navigate till the end of the
list printf("\n[ ");

while(ptr != NULL){

printf("(%d,%d) ",ptr->key,ptr->data);
ptr = ptr->next;
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printf(" 1%);

//display the list from last to first
void displayBackward(){

//start from the last

struct node *ptr = last;

//navigate till the start of the
list printf("\n[ ");

while(ptr != NULL){

//print data
printf("(%d,%d) ",ptr->key,ptr->data);

//move to next item

ptr = ptr ->prev;
printf(" ");

printf(" 1");

//insert link at the first location

void insertFirst(int key, int data){

//create a link

struct node *1ink

(struct node*) malloc(sizeof(struct

node)); link->key = key;
link->data = data;
if(isEmpty()){
//make it the last link
last = link;
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}else {
//update first prev link

head->prev = link;

//point it to old first

link link->next = head;

//point first to new first
link head = link;

//insert link at the last location

void insertLast(int key, int data){

//create a link

struct node *1ink

(struct node*) malloc(sizeof(struct

node)); link->key = key;

link->data = data;

if(isEmpty()){
//make it the last link
last = link;

}else {

//make link a new last

link last->next = link;

//mark old last node as prev of new link

link->prev = last;

//point last to new last
node last = 1link;
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//delete first item

struct node* deleteFirst(){ //save
reference to first link struct

node *tempLink = head;

//if only one link

if(head->next == NULL){
last =

NULL; }else {

head->next->prev = NULL;

head = head->next;
//return the deleted

link return templLink;

//delete link at the last location

struct node* deletelLast(){ //save
reference to last link struct

node *tempLink = last;

//if only one link
if(head->next == NULL){

head =
NULL; }else {

last->prev->next = NULL;

last = last->prev;

//return the deleted

link return tempLink;
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//delete a link with given key

struct node* delete(int key){

//start from the first link
struct node* current = head;

struct node* previous = NULL;

//if list is empty
if(head == NULL){
return NULL;

//navigate through list
while(current->key != key){
//if it is last node

if(current->next ==
NULL){ return NULL;

}else {

//store reference to current

link previous = current;

//move to next link

current = current->next;

//found a match, update the
link if(current == head) {

//change first to point to next link
head = head->next;

}else {
//bypass the current link
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current->prev->next = current->next;

}
if(current == last){

//change last to point to prev
link last = current->prev;

}else {

current->next->prev = current->prev;

return current;

bool insertAfter(int key, int newKey, int
data){ //start from the first link

struct node *current = head;

//if list is empty
if(head == NULL){

return false;

//navigate through list
while(current->key != key){

//if it is last node
if(current->next == NULL){

return false;
}else {

//move to next link

current = current->next;

//create a link

struct node *newLink = (struct node*) malloc(sizeof(struct node));
newLink->key = key;
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newlLink->data = data;

if(current == last) {
newlLink->next = NULL;
last = newlLink;

}else {
newLink->next = current->next;

current->next->prev = newlLink;

newLink->prev

current;

current->next

newlLink;

return true;

main() {

insertFirst(1,10);
insertFirst(2,20);
insertFirst(3,30);
insertFirst(4,1);

insertFirst(5,40);
insertFirst(6,56);

printf("\nList (First to Last):
"); displayForward();

printf("\n");

printf("\nList (Last to first):
"); displayBackward();

printf("\nList , after deleting first record:
"); deleteFirst();

displayForward();

printf("\nList , after deleting last record: ");
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deletelLast();
displayForward();

printf("\nList , insert after key(4) : ");
insertAfter(4,7, 13);

displayForward();

printf("\nList , after delete key(4) : ");
delete(4);

displayForward();
}

If we compile and run the above program, it will produce the following result —

List (First to Last):
[ (6,56) (5,40) (4,1) (3,30) (2,20) (1,10) ]

List (Last to first):

[ (1,10) (2,20) (3,30) (4,1) (5,40) (6,56) ]
List , after deleting first record:

[ (5,40) (4,1) (3,30) (2,20) (1,10) ]

List , after deleting last record:

[ (5,40) (4,1) (3,30) (2,20) ]

List , insert after key(4) :

[ (5,40) (4,1) (4,13) (3,39) (2,20) ]

List , after delete key(4) :

[ (5,40) (4,13) (3,30) (2,20) ]
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19: Circular Linked List

Circular Linked List is a variation of Linked list in which the first element points to the
last element and the last element points to the first element. Both Singly Linked List and
Doubly Linked List can be made into a circular linked list.

Singly Linked List as Circular

In singly linked list, the next pointer of the last node points to the first node.

Head Next Next Next
5 Dataltems » Dataltems » Dataltems

t

Doubly Linked List as Circular

In doubly linked list, the next pointer of the last node points to the first node and the
previous pointer of the first node points to the last node making the circular in both
directions.

Head Next Next Next
A = B = C

Prev Prev Prev

t

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

e The last link's next points to the first link of the list in both cases of singly as well
as doubly linked list.

e The first link's previous points to the last of the list in case of doubly linked list.

Basic Operations

Following are the important operations supported by a circular list.

e insert — Inserts an element at the start of the list.

e delete - Deletes an element from the start of the list.

e display — Displays the list.
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Insertion Operation

Following code demonstrates the insertion operation in a circular linked list based on
single linked list.

//insert link at the first location
void insertFirst(int key, int data) {
//create a link
struct node *1ink = (struct node*) malloc(sizeof(struct node));
link->key = key;
link->data= data;

if (isEmpty()) { head
= link; head->next
= head;
Yelse {
//point it to old first node

link->next = head;

//point first to new first

node head = link;

Deletion Operation

Following code demonstrates the deletion operation in a circular linked list based on
single linked list.

//delete first item

struct node * deleteFirst() {
//save reference to first link

struct node *tempLink = head;

if(head->next == head){
head = NULL;

return tempLink;
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//mark next to first link as

first head = head->next;

//return the deleted

link return templLink;

Display List Operation

Following code demonstrates the display list operation in a circular linked list.

//display the list
void printList() {

struct node *ptr = head;
printf("\n[ ");

//start from the beginning
if(head != NULL) {
while(ptr->next != ptr) {
printf("(%d,%d) ",ptr->key,ptr->data);
ptr = ptr->next;

printf(" 1");

Circular Linked List Program in C

Circular Linked List is a variation of Linked list in which the first element points to the
last element and the last element points to the first element. Both Singly Linked List and

Doubly Linked List can be made into a circular linked list.
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#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#include <stdbool.h>

struct node {
int data;

int key;

struct node *next;

}s

struct node *head = NULL;

struct node *current = NULL;

bool isEmpty(){
return head == NULL;

int length(){
int length = 0;

//if list is empty
if(head == NULL){

return 0;

current = head->next;

while(current != head){

length++;

current = current->next;
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return length;

//insert link at the first location

void insertFirst(int key, int data){

//create a link

struct node *link = (struct node*) malloc(sizeof(struct

node)); link->key = key;

link->data = data;

if (iseEmpty()) { head

link; head->next
= head;

}else {

//point it to old first node

link->next = head;

//point first to new first

node head = link;

//delete first item
struct node * deleteFirst(){

//save reference to first link

struct node *tempLink = head;

if(head->next == head){
head = NULL;

return tempLink;
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//mark next to first link as

first head = head->next;

//return the deleted
link return tempLink;

//display the list
void printList(){

struct node *ptr = head;
printf("\n[ ");

//start from the beginning
if(head != NULL){

while(ptr->next != ptr){

printf("(%d,%d) ",ptr->key,ptr->data);
ptr = ptr->next;

printf(" 1");

main() {

insertFirst(1,10);
insertFirst(2,20);
insertFirst(3,30);
insertFirst(4,1);

insertFirst(5,40);
insertFirst(6,56);
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printf("Original List: ");

//print list
printList();

while(!isEmpty()){
struct node *temp = deleteFirst();
printf("\nDeleted value:");
printf("(%d,%d) ",temp->key,temp->data);

printf("\nList after deleting all items: ");
printList();

If we compile and run the above program, it will produce the following result —

Original List:

[ (6,56) (5,40) (4,1) (3,30) (2,20) ]
Deleted value:(6,56)

Deleted value:(5,40)

Deleted value:(4,1)

Deleted value:(3,30)

Deleted value:(2,20)

Deleted value:(1,10)

List after deleting all items:
[]

58




