DATA STRUCTURES (CS2102PC)

UNIT- 1

Introduction to Data Structures, abstract data types, Linear list ¢ singly linked list
implementation, insertion, deletion and searchingoperationson linear list, Stacks Operations,
array and linked representationsof stacks,stackapplications,Queues operations, array and
linked representations.

Data Structure
Introduction

Data Structurecanbe definedasthe group of dataelementswhich providesan efficient way of

storing andorganizing 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 i
almost every aspect of Computer Science i.e. Operating System, Compilgn,Désificial
intelligence,Graphicsand many more.

Data Structures are the main part of many computer science algorithms as they enable thi
programmers to handle the data in an efficient way. It plays a vital roenhancing the
performance of a softave or a program as the main function of the software is to storetaieste
theuser'sdataasfastas possible.

BasicTerminology

Data structures are the building blocks of any program or the software. Choosing the appropriatg
datastructurefor a programis the mostdifficult taskfor a programmerFollowing terminology
is used adar asdata structureareconcerned.

Data: Data can be defined as an elementary value or the collection of values, for estundplat's
nameand itsid arethedata about thetudent.

Group Items: Data items which have subordinate data items are called Group item, for example,
nameof astudentcan havdirst nameand thdastname.

Record: Record can be defined as the collection of various data itemexdonple, if we talk
about the student entity, then its name, address, course and marks can be grouped ttayether to
therecord for thestudent.

File: A File is a collection of various records of one type of entity, for example, if there are 60
employes in the class, then there will be 20 recordshie related file where each recaahtains
thedata aboueach employee.
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Attribute and Entity: An entity representshe class of certain objects.it containsvarious
attributes Each attributeepresents thparticularproperty ofthatentity.

Field: Fieldis asingleelementaryunit of informationrepresentinghe attributeof anentity.

Needof DataStructures

As applications are getting complex and amount of data is increasing day by day, tharesenay
thefollowing problems:

Processor speedio handle very large amount 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
thatmuch amount of data.

Data Search:Consider an inventory size of 106 items in a store, If our application nesels th
for a particular item, it needs to traverse 106 items every time, results in slowing deear tie
process.

Multiple requests: If thousands of users areasehing the data simultaneously on a web server,
thentherearethe chanceghatavery largeservercan befailed during thaprocess

in order to solve the above problems, data structures are used. Data is organized to form a da
structure in such avay that all items are not required to be searched and required data can be
searchednstantly.

Advantage®f DataStructures

Efficiency: Efficiency of a program depends upon the choice of data structures. For example:
suppose, we have some data ancheed to perform the search for a particular record. IrcHss,

if we organize our data in an array, we will have to search sequentially element by élencent.
using array may not be very efficient here. There are better statatures which camake the
search processfficient like orderedarray, binarysearchtreeor hashtables.

Reusability: Data structuresare reusable,i.e. once we have implementeda particular data
structurewe can use it any other placemplementation of datstructures can be compilédo
librarieswhich can baised 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
implementatiordetails.
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DataStructureClassification
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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 datstructures, the elements are stored in-ni@narchical way where each
elementhas thesuccessorand predecessors excépefirst andlastelement.

Linear Data Structures

If adata structure organizesthe data in sequentialorder, then that data structure is called
a Linear DataStructure.
Example

1. Arrays

2. List (Linked List)

3. Stack

4. Queue

Typesof 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 tharray. 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 variabl®e but each one carries a different inglexber
knownassubscriptThe arraycanbe onedimensionalfwo dimersionalor multidimensional.
Theindividual elements ofhe arrayageare:age[0],age[l],age[2l,age [ 3] , égefPe.[ 98] ,
Linked List: Linked list is a linear data structure which is used to maintain a list in the memaory.
It canbe seenasthe collectionof nodesstoredat non-contiguousmemorylocations.Eachnode

of thelist contains a pointer to idjacent node.
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Stack: Stackis a linearlist in whichinsertionanddeletionsare allowedonly at one end,called
top.

A stackis anabstractiata type (ADT)gcanbe implemented imostof the programmin¢ganguages.
It is named as stack because it behaves like avadd stack, for example: piles of platesor
deck of cards etc.

Queue: Queue is a linear list in which elements canrserted only at one end callegar and
deletedonly at the otheend calledront.

It is an abstract data structure, similar to stack. Queue is opened at both end therefore it follow
FirstIn-First-Out (FIFO) methodologyor storingthedata items.

Non Linear Data Structures:
This data structure does not form a sequence i.e. each item or element is connected with two ¢
more other items in a ndmear arrangement. The data elements are not arranged in sequential

structure.

Non- LinearDataStructures

If adata structure organizesthe data in random order, then that data structure is called as
Non-Linear Data Structure.

Example
1. Tree
2. Graph
3. Dictionaries
4. Heaps
5. Tries,Etc.,
Typesof Non Linear Data Structures are given below

Trees: Trees are multilevel data structures with a hierarchical relationship among its elements
known as nodes. TH®ttom moshodes in thdierarchyare calledeaf nodewhile the topmost

nodeis calledroot node. Eachnodecontains pointert pointadjacent nodes.

Tree data structure is based on the pachiitl relationship among the nodes. Each node in the

tree can have more than one children except the leaf nodes whereas each node can have atmjpst
one parent except the root node. Trees cawclésified into many categories which will be
discussedater in thistutorial.

Graphs: Graphs can be defined as the pictorial representation of the set of elements (representef
by vertices) connected by the links known as edges. A graph is different framttreesenséat
agraph can haveycle whilethetreecan nothavethe one.
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Operation®n datastructure

1) Traversing: Everydatastructurecontainghesetof dataelementsTraversinghedatastructure
means visiting each element of the data structure in order to perform some gpec#itonike
searchingpr sorting.

Example: If we need to calculate the average of the marks obtained by a student in 6 different
subject, we need to traverde complete array of marks and calculate the total sum, then we will
devidethat sum by theumber ofsubjects i.e. Gn order to find thewverage.

2) Insertion: Insertion can be defined as the process of adding the elements to the data structur
atany Iccation.
If thesizeof data structurés n then wecan onlyinsertn-1 dataelements intat.

3) Deletion:The process of removing an element from the data structure is called Deletion. We
candeletean element fronthedata structurat anyrandomlocation.
If wetry to deleteanelementfrom anemptydata structuréhenunderflow occurs.

4) Searching: The processof finding the location of an elementwithin the data structureis
called Searching. There are two algorithms to perfeanching, Linear Search and Bin&eaarch.
We will discuss each onef them lateiin 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 persaming, for example, insertion sort,
selectionsort,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 thisprisce
calledmerging

Abstract Data Type:

An abstract data type, sometimes abbreviated ADT, is a logical description of how we view the
data and the operations that are allowed without regard to how they will be implemented. This
means that we are concedonly with what data is representing and not with how iteviintually

be constructedBy providing this level of abstractionwe are creating an encapsulatioraround
thedata.Theideais that by encapsulatinghe detailsof themplementation, we are hiding them
from the userdés view. T h i implementatioradf dnealostract datao r
type, often referred to as a data structure, will require thatrexedea physicalview of thedata
usingsomecollectionof programmingconstructsandorimitive data types.
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Linked List

Linked List canbe definedascollectionof objectscallednodesthatarerandomlystored
in thememory.

A nodecontaingwo fieldsi.e. datastoredat that particularaddress anthe pointemwhich
containgheaddres®f the next node ithe memory.

Thelast nodeof thelist contains pointeto thenull

Head data link

| s

x (End of the list)
Node

Usesof Linked List

The list is not required to be contiguously present inniieenory. The node can reside
anywhere in the memory and linked together to make a list. This achieves optimized
utilization of space.

list sizeis limited to thememory sizeanddoesn'needto bedeclared iradvance.
Emptynodec a n Optesebirethe linked list.
We can storevaluesof primitive typesor objectsn thesingly linked list.

Why uselinked list over array?

Till now, we were using array data structure to organize the group of elements that a®tede
individually in the memoryHowever, Array has several advantages and disadvantaggsmust
be known in order to decide the data structure which will be used throughquognam.

Array containsfollowing limitations:

1. Thesizeof arraymust be known imdvanceéeforeusing itin theprogram.

2. Increasingsizeof thearrayis atime taking processilt is almostimpossibleto expandthe
sizeof the arrayat run time.

. All theelementsn thearrayneedto be contiguouslystoredin the memory.Insertingany
elementn the arrayneedsshifting of allits predecessors.

Linked list is the datastructurewhich canovercomeall the limitations of anarray.Usinglinked
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list is useful because,

1. It allocates the memory dynamically. All the nodes of linked listremecontiguously
storedin thememoryandlinked together wittihe help of pointers.

. Sizing is no longer a problem since we do not need to define its size at the time of
declaration. List grows as per the program's demand and limited to the availableymemor

space.

Differencesbetweenthe array and linked list in a tabular form.

ARRAYS

LINKED LISTS

An arrayis a collection of elementsof a
similar data type.

A linked list is a collectionof objectsknownas
a node where node consistsof two parts,i.e.,
dataandaddress

Array elementsstorein a contiguousmemory
location

Linked list elementscanbe storedanywherein
thememoryor randomlystored

Array works with a static memory. Here sta
memory means that the memory size is fi
andcannot be changed tite run time.

The Linked list works with dynamic memor
Here, dynamic memory means that the men
sizecanbe changedattheruntime according tg
ourrequirements.

Array elementsareindependentf eachother.

Linked list elementsare dependenton each
other. As each node contains the address o
next nodesoto accesghe next node,we need
to accessts previousnode.

Array takesmore time while performingany
operationlike insertion,deletion,etc.

Linked list elementsare dependenton each
other. As each node contains the address o
next nodesoto accesghe next node,we need
to accessts previousnode.

Accessingany elementin an arrayis fasteras
theelementn anarraycanbe directly
accessethrough the index

Accessingan elementin a linked list is slower
asit startstraversingfrom the first elementof
the linked list.

In the caseof anarray,memoryis allocatedat
compiletime

In the caseof alinked list, memoryis allocated
atrun time

Memory utilization is inefficient in the arra)
For example, if the size of the array is 6, ¢
array consistsof 3 elementsonly thentherest

of thespacewill beunused.

Memory utilization is efficient in the case of
linked list as the memory can be allocated
deallocatedt theruntime accordingto our
requirement
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Typesof Linked List

The following are the typesof linked list:

1. Singly linked list
2. Doubly linked list
3. Circular linked list

Singly Linked list

It is the commonly used linked list in programs. If we are talking about the linked list, it means it

is a singly linked list. The singly linked list is a data structure that contains twoigartene is

the data part, and the other one is the address part, which contains the address of the next or fpe
successonode. Theaddresgart in anodeis alsoknown asa pointer.

Suppose we have three nodes, and the addresses of these threaredd#3 200 and 300
respectivelyTherepresentationf threenodesasalinked list is shownin thebelow figure:

ENED ENET BNl
r 100 200 300

head

We can observe in the above figure that there are three different nodes having address 100, 2(fC
and 300 respectively. The first node @ins the address of the next node, i.e., 200, the second
node contains the address of the last node, i.e., 300, and the third node contains the NULL valup
in its address part as it does not point to any node. The pointer that holds the address @il the initi
nodeis known asa headpointer.

The linked list, which is shown in the above diagram, is known as a singly linked lisbataiins

only a single link. In this list, only forward traversal is possible; we cannot travehsshimckward

direction ast hasonly onelink in thelist.

Representationof the nodein a singly linked list

structnode

{

int data;
structnode*next;

}
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In the above representation, we have defined adefered structure namedrede containing
two members, the first one is data of integer type, and the other one is the pointer (next) of the
nodetype.

Doubly linked list

As the name suggests, the dgubiked list contains two pointers. We can define the dolufked

list as a linear data structure with three parts: the data part and the other two addiesstpart.
words, a doubly linked list is a list that has three parts in a single nodejeschne datzart,a
pointer to itsprevious node, andinter to the nextode.

Suppose we have three nodes, and the address of these nodes are 100, 200 and 300, respecti
Therepresentation of thesmdesn a doublylinked listis shownbelow

[ nun {1 | 200 DR 100 | 2 | 00 PR 200 | s [wuui]
100 200 300

head

As we canobservein the abovefigure, the nodein a doublylinked list hastwo addresgarts;
one part stores theddress of the nexwhile the other part of the node stores phevious node's
address The initial node in the doubly linked list has tREILL value in the address part, which
providesthe addressf theprevious node.

Representationof the nodein a doubly linked list

structnode
{
int data;
struct node *next;
structnode*prev;
}
In the above representation, we have defined adefared structure nameal nodewith three
members, one idata of integer type, and the other two are the pointersnieat,and prevof the
node type. Thenext pointer variable holds the addressof the next node, and the prev
pointer holdstheaddres®f thepreviousnode. The typef boththe pointers,i.e.,next andprev
is struct node asboththe pointersare storing the addressof the node of thestructnodetype.
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Circular linked list

A circular linked list is a variation of a singly linked list. The only difference betweesirigty

linked list and acircular linked list is that the last node does not point to any node in a singly
linked list, so its link part contains a NULL valuen@he other hand, the circular linked list is a

list in which the last nodeconnectgo the first node,so the link part of the last nodeholdsthe

first node's address. The circular linked list has no starting and ending node. We can traverse i
any direction, i.e., either backward or forward. The diagrammatic representation of the circular
linked list is shownbelow:

structnode
{
int data;
structnode*next;
}
A circular linked list is a sequence of elements in which each node has a linkéxtmadeand
the last node is having a link to the first node. The representation of the circular linkel bst
similar to thesingly linked list, ashownbelow:

100 300

head

Singly linked list

Singly linked list can be defined as the collectionoadered set of elements. The number of
elements may vary according to need of the program. A node in the singly linked list consist of
two parts: data part and link part. Data part of the node stores actual information that is to be
represented by the nodehile the link part of the node stores the address of its immediate
Successor.

One way chain or singly linked list can be traversed only in one direction. In other words, we can
say that each node contains only next pointer, therefore we can not tthedlisein the reverse
direction.

Consider an example where the marks obtained by the student in three subjects are stored in
linked list as showrnn thefigure.
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L za

In the above figure, the arrovepresents the links. The data part of every modé¢ains thenarks
obtained by the student in the different subject. The last node in the list is identifiechbly the
pointer which is present in the address part of the last node. We can have as many elements
require, in thalata part othe list.

Operationson Singly Linked List

There are various operations which can be performed on singly linked list. A list of all such
operationss given below.

Node Creation

structnode
{
int data;
structnode*next;
I3
structnode*head,*ptr;
ptr = (structnode*)malloc(sizeof(struct nod¥));
Insertion
The insertiorinto a singlylinked listcanbe performedht differentpositions.Basedon the
positionof thenewnodebeinginsertedtheinsertionis categorizednto thefollowing categories.
1. Insertingat Beginning
2. Insertingatthe Endof theLlIst
3. Insertingafterspecified node

Insertion in singly linked list at beginning
Insertinga new elementinto a singly linked list at beginningis quite simple. We just needto

make a few adjustmentsin the node links. There are the following stepswhich needto be
followedin order toinseranewnodein thelist at beginning.
1. Allocate the space for the new node and store data into the data part of the node. This wil
bedoneby thefollowing statements.
ptr = (struct node *) malloc(sizeof(struct node *));
ptrY d & item
2. Make the link part of the new node pointing to the existing first node of the list. This will
bedoneby using the following statement.

ptr->next= head
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3. At thelast,we needto makethe newnodeasthefirst nodeof thelist this will bedoneby
usingthe following statement.

head= ptr;

old link

ptr -> next = head

head = ptr

Algorithm
o Stepl:IFPTR=NULL
Write OVERFLOW
Goto Step 7
[END OFIF]

Step2: SETNEW_NODE=PTR

Step3: SETPTR=PTRY NEXT

Step4: SETNEW_NODEY DATA =VAL
Step5: SETNEW_NODEY NEXT = HEAD
Step6: SETHEAD = NEW_NODE

Step7: EXIT

Function for inserting elementat beginning of the list
void beginsert()

{
structnode*ptr;
int item;
ptr = (structnode*) malloc(sizeof(struchode?*));
if (ptr == NULL)
{

printf("\n memoryinsufficientto allocate);

}

else

{
printf("\nEnter valug");
scanf(%d",&item);
ptr->data= item;
ptr->next=head; head=ptr;
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printf("\nNodeinserted};

}
}

2.Inserting at the End of the List

In orderto insertanode athelast, therearetwo following scenariosvhich needto be
mentioned.

1. Thenodeis being addetb an empty list(CASE 1)

2. The node is being added to the end of the linked list(CASE?2)

in thefirst case,(CASEL)

o The condition (head == NULL) gets satisfied. Hence, we just need to allocate the space
for the nodeby usingmallocstatemenin C. Data andhe link part ofthenodeareset up
by using the following statements.
ptr->data= item;

ptr->next= NULL,
Since,ptr is the only node that will be inserted in the list hence, we need to make this
node pointed by the head pointer of the list. This will be done by using the following
Statements.
Head= ptr
In thesecond cas€CASE(2):

o TheconditionHead = NULL wouldfail, sinceHeadis notnull. Now, we needo declare
a temporary pointer temp in order to traverse through thédiap is made to point the
first nodeof thelist.

Temp= head
Then,traversahroughtheentirelinked list using thestatements:
while(t empY next ! = NULL)
temp=t emp Y next ;
At theendof theloop, thetempwill be pointingto thelastnodeof thelist. Now, allocate
the space for the new node, and assign the item to its data part. Since, ttoelaésy
going to be the last node of the list hence, the next part of this node needs to be pointing
to thenull. Weneed to makéhe next part o
o If thetempnode (whichs currentlythe lastnode of thdist) pointto thenewnode(ptr)
.temp=head;
while (temp-> next!= NULL)
{
temp =temp-> next;
}
temp>next = ptr;
ptr->next= NULL,;
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new node

temp -> next = ptr
ptr -> next = NULL

Inserting node at the last into a non-empty list

Algorithm
Stepl: IF PTR= NULL Write OVERFLOW

Goto Step 1

[END OF IF]
Step2: SETNEW_NODE=PTR
Step3: SETPTR=PTR- >NEXT
Step 4:SET NEW_NODE- > DATA = VAL
Step5: SETNEW_NODE- > NEXT = NULL
Step6: SET PTR HEAD
Step7: Repeat Step whilePTR- > NEXT != NULL
Step8: SETPTR=PTR->NEXT
[END OF LOOP]
Step9: SETPTR->NEXT = NEW_NODE
Step10: EXIT

Function for inserting elementat the end of the list

void lastinsert()

{

structnode*ptr,*temp;
int item;
ptr = (structnode*)malloc(sizeof(struatode));
if (ptr == NULL)
{
printf("\NnOVERFLOW";

}

else

{
printf("\nEntervalue?n"); scanf(%d",&item);
ptr->data Stem;
if(head ==NULL)
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{
ptr -> next= NULL;
head= ptr;
printf("\nNodeinserted);

}

else

{
temp= head;
while (temp-> next '=NULL)

{

temp=temp-> next;

}

temp>next = ptr;
ptr->next= NULL,
printf("\nNodeinserted);

Insertion in singly linked list after specifiedNode
o In order to insert an element after the specified number of nodes into the linked list, we
need to skip the desired number of elements in the list to move the pointer at the positio

afterwhichthenodewill beinserted Thiswill bedoneby usingthe following statements.
emp=head;
for (i=0;i<loc;i++)

{

temp= temp>next;
if temp ==NULL)
{
return;
}
}

o Allocate the space for the new node and add the item to the data part of it. This will be

doneby using the following statements.

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

ptr->data= item;
Now, we just need to make a few more link adjustments and our node at will be iaserted
the specified position. Since, at the end of the loop, the loop pointer temp woualicthey
to the node aftewhich the new node will be inserted. Therefore, the next ptre obw
nodeptr mustcontainthe addresf the next partof the temp(since,ptr will be

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

in betweentemp and the next of the temp). This will be done by using the following
statements.
pt rnakt=t emp Y next
now, we just needto makethe next part of the temp, point to the new nodeptr. This will insert
thenewnodeptr, at thespecified position.
temp->next =ptr;

head

old link

new link new link
new node

ptr -> next = temp -> next
temp ->next = ptr

Algorithm

o STEP 1:IF PTR = NULL

WRITE OVERFLOW

GOTOSTEP 12

END OF IF
STEP2: SETNEW_NODE=PTR
STEP3:NEW_ NOD BATX = VAL
STEP4: SETTEMP =HEAD
STEP 5:SET I1=0
STEP6: REPEATSTEPS AND 6 UNTIL I<loc< li=""></loc<>
STEP7: TEMP=TEMPY NEXT
STEPS8: IF TEMP =NULL
WRITE"DESIREDNODENOT PRESENT"

GOTOSTEP 12

END OF IF
END OFLOOP
STEP9: PTRY NEXT=TEMPY NEXT
STEP10: TEMPY NEXT =PTR
STEP11: SETPTR=NEW_NODE
STEP12: EXIT

C Function
void randominsert()

{

inti,loc,item;
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structnode*ptr, *temp;
ptr = (structnode*) malloc(sizeof(struchode));
if(ptr == NULL)
{
printf("\nOVERFLOW");

}

else
{
printf("\nEnterelementvalue™);
scanf("%d",&item);
ptr->data= item;
printf("\nEnter the location after which you want to insert ");
scanf(in%d",&loc);
temp=head,
for(i=1;i<loc;i++)
{
temp=temp->next;
if(temp==NULL)
{
printf("\ncan't inseknh");
return;

}
}
ptr ->next = temp>next;
temp->next = ptr;
printf("\nNodeinserted");
}
}

Deletion
The Deletion of a node from a singly linked list carpbeormed at different positions. Based on
the positionof thenodebeingdeleted, th@perationis categorizednto thefollowing categories.

1. Deletingat Beginning

2. Deletingat the Endbf theList

3. Deleting after specified node

Deletionin singly linked list at beginning

Deleting a node from the beginning of the list is the simplest operation of all. It just need a few
adjustments in the node pointers. Since the first node of the list is to be deleted, therefore, we jug
need to make the head, pointthe next of the head. This will be done by using the following
statements

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

ptr = head;
head= ptr->next;

Now, free the pointerptr which waspointing to the headnodeof the list. This will be doneby
usingthe following statement.
free(ptr)

new link

old link

ptr = head
head = ptr -> next
free(ptr)

Deleting a node from the beginning

Algorithm
o Step 1:IF HEAD = NULL
Write UNDERFLOW
Goto Step 5
[END OFIF]

Step2: SETPTR=HEAD

Step3: SET HEAD=HEAD -> NEXT
Step4: FREEPTR

Step5: EXIT

C function
void begdelete()
{
structnode*ptr;
if(head ==NULL)
{
printf("\nList isempty");
}
else
{
ptr = head;
head= ptr->next;
free(ptr);
printf("\n Nodedeletedrom thebegining ...
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Deletionin singly linked list at the end

Herearetwo scenariotn which, anodeis deletedirom theendof thelinked list.
1. Thereis only onenodein the listand thaneeds tdedeleted.

2. Therearemorethan onenodein thelist and thdast nodeof thelist will be deleted.
In the first scenario,

theconditionheadY next= NULL will surviveandthereforethe only nodeheadof the
list will be assignetb null. Thiswill be doneby using thefollowing statements.
ptr = head
head= NULL
free(ptr)
In the secondscenariq
The condition head Y next = NULL woaeded
in order to reach thiastnodeof thelist.
For this purpose, just declare a temporary pointer temp and assign it to head ofWe list.
also need to keep track of the second last node of the list. For this purpgseintecs ptr
and ptrl will be used where ptr will point teetlast node and ptrl will poitd thesecond
last node of the list.
this all will be done by using the following statements.
ptr = head;
while(ptr->next!= NULL)
{
ptrl =ptr;
ptr = ptr ->next;
}
Now, we justneed tamake the pointer ptrl poitd theNULL and the lastnode of thést
that is pointed by ptr will become frdéwill be done by usinghe followingstatements.
ptrl->next = NULL;
free(ptr);

Deleted Node

=
., o
,q‘&\.

ptri -> next = Null
free(ptr)

Deleting a node from the last

Algorithm
o Step 1:IF HEAD = NULL
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Write UNDERFLOW
Go to Step 8
[END OFIF]
Step2: SETPTR=HEAD
Step3: RepeatSteps4 and5 while PTR-> NEXT!= NULL
Step4: SETPREPTR PTR
Step5: SETPTR=PTR-> NEXT
[END OFLOOP]
Step6: SETPREPTR-> NEXT = NULL
Step7: FREEPTR
Step8: EXIT

C Function
void end_delete()
{
structnode*ptr,*ptrl;
if(head ==NULL)
{
printf("\nlistis empty");
}
elseif (head-> next==NULL)
{
head= NULL;
free(head);
printf("\nOnly nodeof thelist deleted...");
}

else
{
ptr = head;
while(ptr->next!= NULL)
{
ptrl =ptr; ptr = ptr ->next;
}
ptrl->next = NULL;
free(ptr);
printf("\n DeletedNodefrom thelast...");
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}

Deletionin singly linked list after the specifiednode
In order to delete the node, which is present after the specified node, we need to skip the desire
number ofnodes to reach the node after which the node will be deleted. We need to keep track o
the two nodes. The one which is to be deleted the other one if the node which is presetitdiefore
node. For this purpose, two pointers ased:ptr and ptrl.
Use thefollowing statements to do so.
ptr=head,;
for (i=0;i<loc;i++)
{
ptrl = ptr;
ptr = ptr->next;

if (ptr == NULL)

{
printf("\nTherearelessthan %delementsn thelist..",loc);
return;

}
}

Now, our taskis almostdone,we just needto makea few pointeradjustmentsMake the next of
ptrl (pointsto the specifiednode) point tdhe nextof ptr (thenodewhichis to bedeleted).
Thiswill bedoneby usingthefollowing statements.

(

new link

old link
-

ptri -> next = ptr -> next
free(ptr)

Deletion a node from specified position

Algorithm
o STEP1:IFHEAD =NULL

WRITE UNDERFLOW
GOTOSTEP 10
END OFIF

o STEP2: SETTEMP=HEAD
o STEP3:SETI=0
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STEP4: REPEATSTEPS TO 8 UNTIL I<loc< li=""></loc<>
STEP5: TEMP1 =TEMP
STEP6: TEMP=TEMPY NEXT
STEP7: IF TEMP =NULL
WRITE"DESIREDNODENOT PRESENT"
GOTOSTEP 12
END OFIF
STEPS8:1=1+1
END OF LOOP
STEP9: TEMP1Y NEXT=TEMPY NEXT
STEP 10: FREETEMP
STEP11: EXIT

Searchingin singly linked list

Searching is performed in order to find the location of a particular element in the list. Searching
any element in the list needs traversing thiotinge list and make the comparison of evagment

of the list with the specified element. If the element is matched with any of tleéelsenthen

the locationof the element iseturned fronthefunction.

Algorithm
o Stepl: SETPTR=HEAD
o Step2:Setl=0
o STEP3:IFPTR =NULL

WRITE"EMPTY LIST"
GOTOSTEP 8
END OFIF

STEP 4: REPEATSTEP5 TO 7 UNTIL PTR!= NULL
STEPS5:ifpt r Y=itdhat a

write i+1
Endof IF

STEPG:I=1+1
STEP7: PTR=PTRY NEXT

[END OF LOOP]

o STEPS8: EXIT

C Function
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void search()
{
struct node *ptr;
int item,i=0,flag;
ptr = head;
if (otr == NULL)
{
printf("\nEmptyList\n");
}
else
{
printf("\nEnter item which you want to searui?;
scanf("%d",&item);
while (ptr!=NULL)
{
if (ptr->data== item)
{
printf("item found at location %d ",i+1);
flag=0;
}
else
{
flag=1,;
}
i++;
ptr = ptr -> next;
}
if (flag==1)
{
printf("ltem not foundn");
}
}

Traversing in singly linked list
Traversing is the most common operation that is performed in almostseesrgrio of singljinked
list. Traversing means visiting each node of the list once in order to perform some opatithgbn
This will be dondyy using the following statements.
ptr = head,;
while (ptr'=NULL)
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ptr = ptr -> next;

}

Algorithm
o STEP1: SETPTR=HEAD
o STEP 2:IF PTR = NULL
WRITE "EMPTY LIST"
GOTOSTEP 7
END OF IF
STEP4: REPEAT STEP AND 6 UNTIL PTR !=NULL
STEP5: PRINTP T R DATA
STEP6: PTR=PTRY NEXT
[END OF LOOP]
STEP7: EXIT

SINGLY LINKED LIST ADVANTAGE

1) InsertionsandDeletionscanbedoneeasily.

2) It doesnot need movemerdf elements fomsertionanddeletion.

3) It spacds notwasted asve cangetspaceaccordingto our requirements.
4) Its sizeis notfixed.

5) It canbeextendedr reducedaccordingo requirements.

6) Elementanayor maynot bestored inconsecutivenemoryavailable
7) It is lessexpensive

DISADVANTAGE

1) It requiresmorespace apointersarealsostoredwith information.

2) Differentamountof time is requiredto acces®ach element.

3) If we haveto goto aparticularelementhenwe haveto go throughall those elementdhat
comebeforethat element.

4) we can nottraversdt from last &only fromthebeginning.

5) It is not easyto sortthe elementsstoredin thelinearlinked list.

Applications of Linked Lists
Graphs,gqueuesandstackscanbe implementedoy using Linked List.

DOUBLEINKERIST
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Doubly linked list is a complex type of linked list in which a node contains a pointergoetieus
as well as the next nodetime sequence. Therefore, in a doubly linked list, a wodsists of three
parts: node data, pointer to the next node in sequence (next pointer) , pdimegureviousnode
(previouspointer). A samplenodein a doubly linked list is shownin thefigure.

head

Node

A doubly linked list containingthree nodeshaving numbersfrom 1 to 3 in their datapart, is
shownin thefollowing image.

Doubly Linked List
In C, structureof anode indoublylinked list canbegivenas:

structnode

{

structnode*prev;
int data;
structnode*next;

}

Theprev partof thefirst nodeandthe next partof thelastnodewill alwayscontainnull
indicatingend in each direction.

In a singly linked list, we could traverseonly in one direction, becauseeachnode contains
addresf the nextnodeandit doesn'thaveany recordof its previousnodes.However,doubly
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linked list overcome this limitation of singly linked list. Due to the fact that, each node of the list
contains the addss of its previous node, we can find all the details about the previous node as
well by using thepreviousaddresstored insidehe previous part oéach node.

Memory Representationof a doubly linked list
Memory Representation of a doubly linked issshown in the following image. Generaldigubly

linked list consumes more space for every node and therefore, causes more expsisive
operations such as insertion and deletion. However, we can easily manipulate the elethents
list sincethelist maintaingpointers inboth thedirections (forwardand backward).

In the following image, the first element of the list that is i.e. 13 stored at address 1. The head
pointer points to the starting address 1. Since this is the first elementdulad to the list
thereforetheprev of thelist containsnull. Thenextnodeof thelist residesataddress4 therefore

the first nodecontains 4 in it;ext pointer.

We can traverséhe list inthis way untilwe find any nodecontainingnull or -1 in its next part.

Head

1

|

1
2
3
Fil
5
6
7
8

Memory Representation of a Doubly linked list

Operations on doubly linked list

Thefollowing operationsareperformedon doublelinked list
1) Insertion

1 Insertionatbeginning
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1 Insertionat End
1 Insertionat specifiedposition
1) Deletion
1 Deletionfrom theBeginning
1 Deletionfrom theEnd
1 Deletionof thenodehaving specifiediata
2) Searching
3) Traversing

Node Creation
structnode
{
structnode*prev;
int data;
structnode*next;
2

structnode*head;

INSERTION
Insertion in doubly linked list at beginning

As in doubly linked list, each node of the list contain double pointers therefore we naa@tain
morenumberof pointers in doublyinked listascompareto singly linked list.
Therearetwo scenario®f insertingany elementinto doubly linked list. Eitherthe list is empty
or it contains at least one element. Perform the following steps to insert a node in doubly linked
list at beginning.
o Allocate thespace for the new node in the memory. This will be done by using the
following statement.
ptr = (struct node’)malloc(sizeof(struct node));
Check whether the list is empty or not. The list is empty if the condition head == NULL
holds. In that case, the noavill be inserted as the only node of the list and therefore the
prev and the next pointer of the node will point to NULL and the head pointer willtpoint
thisnode.
ptr->next = NULL,;
ptr->prev=NULL,
ptr->data=item;
head=ptr;
o In the secondscenariothe conditionhead == NULL becomefalseandthe nodewill be
insertedin beginning.The next pointerof the nodewill pointto the existingheadpointer
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of the node. The prev pointer of the existing headwill point to the new node being
inserted.
Thiswill bedoneby usingthe followingstatements.
ptr->next =head,;
headVYprev=ptr;
Since, the node being inserted is the first node of the list and therefore it must contain
NULL in its prev poinéer. Hence assign null to its previous part and make the head point
to thisnode.
ptr Y pNUkly
head-= ptr
Algorithm :
o Stepl: IF ptr=NULL
Write OVERFLOW
Goto Step 9
[END OF IF]
: SETNEW_NODE-= ptr
: SETptr=ptr-> NEXT
: SETNEW_NODE->DATA = VAL
: SETNEW_NODE-> PREV=NULL
: SETNEW_NODE-> NEXT = START
: SEThead-> PREV=NEW_NODE
: SEThead= NEW_NODE
CEXIT

(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]

old link

><

Ptr -= prewv = MNULL
Ptr -=> next = head

head->prewv = ptr
x | head = ptr

newvw link

Insertion into doubly linked list at beginning

C Function
void insertbeginning()

{
structnode*ptr = (struct node)malloc(sizeof(struchode));
int item;
pri nt ftheviaelnu ed) ;
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scanf (A%do, &i t em) ;
if (jptr == NULL)
{

printf("\nOVERFLOW?";

}

else
{
If(head==NULL)
{
ptr->next = NULL,;
ptr->prev=NULL,
ptr->data=item;
head=ptr;

ptr->data=item;
ptr->prev=NULL;
ptr->next = head;
head>prev=ptr;
head=ptr;

}

Insertion in doubly linked list at the end
In order to insert a node in doubly linked list at the end, we must make sure whethe
the list iempty or it contains any element. Use tf@lowing steps in order to insert

the node in doubliinkedlist at the end.
o Allocate the memory for the new node. Make the poiptepoint to the new node being
inserted.

ptr = (struct node) malloc(sizeof(struct node));
o Check whether the list is empty or not. The list is empty if the condiganl ==

NULL holds. In that case, the node will be inserted as the only node of the list and
thereforethe prevandthe nextpointerof thenodewill pointto NULL and thehead
pointer will point to thisnode.

ptr->next = NULL,;

ptr->prev=NULL,;

ptr->data=item;

head=ptr;
In thesecond scenarithecondition head= NULL becomefalse.Thenewnodewill be
insertedasthe lastnodeof thelist. For thispurpose, wéaveto traverseéhewholelist in
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orderto reach thdastnodeof thelist. Initialize the pointetemp to headandtraversehe
list by using thigointer.
Temp= head;
while (temp '=NULL)
{ o
temp=tempY next;
}
the pointer temp point to the last node at the end of this while loop. Now, we just need to make &
few pointeradjustmentso insertthe newnodeptr tothelist. First, makethe nextpointerof temp
pointto thenewnodebeing inserted i.eptr.
t emp Y Aparx t
make the previous pointer of the node ptr point to the existing last node of the list i.e. temp.
ptrY pr éeemp; =
makethe nextpointerof the nodeotr pointto thenull asit will bethenewlastnodeof thelist.
ptryY n e NWLL

Algorithm

0 Step 1: IF PTR= NULL

Write OVERFLOW

Goto Step 11

[END OF IF]
Step 2: SETNEW_NODE= PTR
Step 3: SETPTR= PTR-> NEXT
Step 4: SETNEW_NODE-> DATA = VAL
Step 5: SETNEW_NODE-> NEXT= NULL
Step 6: SETTEMP= START
Step 7: Repeat Step 8 while TEMP-> NEXT!= NULL
Step 8: SET TEMP = TEMP> NEXT

[END OF LOOP]
Step 9: SETTEMP-> NEXT= NEW_NODE
Step 10C: SETNEW_NODE> PREV= TEMP
Step 11: EXIT
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new link

temp -> next = ptr
ptr -> prev = temp new link
ptr -> next = null
new node

Insertion into doubly linked list at the end

C Program

void insertlast()
{
structnode*ptr = (structnode*) malloc(sizeof(struchode));
int item;
printf(fienter the valueo),;
scanf (A%do, &i t em) ;
structnode*temp;
if (ptr == NULL)
{
printf("\nOVERFLOW");

}

else
{
ptr->data=item;
if(head ==NULL)
{
ptr->next = NULL;
ptr->prev = NULL;
head= ptr;
}
elsq
temp= head,
while(temp->next!=NULL)
{

temp=temp->next;

}

temp>next= ptr;
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ptr ->prev=temp;
ptr->next= NULL,
}
printf("\nNodelnsertedin");
}

}
Insertion in doubly linked list after Specifiednode
In order to insert a node after the specified node in the list, we need to skip the requiredofiumber
nodes in order to reach the mentioned node and then make the pointer adjustments a&Jssquired.
thefollowing steps for thipurpose.
o Allocate the memory for the new node. Use the following statements for this.
ptr = (structnode*)malloc(sizeof(struchode));
o Traverse the list by using the pointemp to skip the required number of nodes in order
to reach thespecified node.
temp=head,;
for (i=0;i<loc;i++)
{
temp=temp>next;
if (temp == NULL) // the temp will be //null if the list doesn't last long //up to mentio
nedlocation
{
return;;
}
}
o The temp would point to the specified node at the end dbtheop. Tre new nodeeeds
to be inserted after this node therefore we need to make a fer pointer adjustenents
Makethe next pointeof ptr point to thenext node ofemp.
ptrY nefempY next ;
maketheprev of thenewnodeptr pointto temp.
ptrY pr éemp; =
makethe next pointer oftemppoint to thenewnodeptr.
tempY n & ptt;
make thegorevious pointer of the next node of temp point to the new node.
tempY né&xtpr ety =
Algorithm
o Stepl:IFPTR=NULL
Write OVERFLOW
Goto Stepl5
[END OF IF]
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Step2: SETNEW_NODE=PTR
Step3: SETPTR=PTR->NEXT
Step4: SETNEW_NODE-> DATA =VAL
Step5: SET TEMP=START
Step6: SET 1=0
Step7: REPEATS8 to 10 until I<="" [i="">
Step8: SETTEMP = TEMP -> NEXT
STEPO9: IF TEMP =NULL
STEP 10: WRITE "LESSTHAN DESIREDNO. OFELEMENTS"
GOTO STEP 15
[END OF IF]
[END OFLOOP]
Step11: SETNEW_NODE-> NEXT = TEMP -> NEXT
Step12: SETNEW_NODE-> PREV=TEMP
Step13: SETTEMP -> NEXT = NEW_NODE
Step14: SETTEMP -> NEXT -> PREV= NEW_NODE
Step15: EXIT

O O O O O o o o o

temp
old link

X

: * | ‘
o linka ptr ptr -> next = temp -> next

ptr -> prev = temp
temp -> next = ptr
temp -> next -> prev = ptr

New Node
Insertion into doubly linked list after specified node

C Function

void insert_specified(t item)
{
structnode*ptr = (struct node)malloc(sizeof(struchode));
structnode*temp;
int i, loc;
if (ptr == NULL)
{
printf("\n OVERFLOW");
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else
{
printf("\nEnter the locatiom");
scanf(%d",&loc);
temp=head,
for (i=0;i<loc;i++)
{
temp=temp>next;
if temp==NULL)
{
printf("\ncan'tinsertn”);
return;

}

}

ptr->data= item;

ptr->next=temp>next;

ptr -> prev = temp;

temp>next= ptr;

temp>next>prev=ptr,

printf("Nodelnsertedn”);
}

}
DELETION OPERATION
Deletion at beginning

Deletionin doublylinked list atthe beginnings the simplesbperation We just needto copythe
headpointer to pointer ptr and shift tieadpointer to itsnext.
Ptr=head,;
head=h e a dhexly
now make the prev of this new headnode point to NULL. This will be done by using the
following statements.
headY prev=NULL
Now free the pointer ptr by using thee function.
free(ptr)
Algorithm
0 STEP1: IFHEAD= NULL

WRITEUNDERFLOW
GOTO STER

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

STEP2: SETPTR= HEAD

STEP3: SETHEAD= HEAD NEXT
STEP4: SETHEAD PREV= NULL
STEP5: FREEPTR

STEPG: EXIT

new link

deleted node

ptr = head

head = head -> next
head -> prev = NULL
free (ptr)

Deletion in doubly linked list from beginning
C FUNCTION
void beginning_delete()

{
structnode*ptr;
if(head ==NULL)
{
printf("\n UNDERFLOWnN");

}
elseif (head>next== NULL)

{
head= NULL;
free(head);
printf("\nNodeDeletedn");
}

else

{
ptr = head,;
head = heae> next;
head-> prev = NULL;
free(ptr);
printf("\nNodeDeletedn");

}
}
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Deletion in doubly linked list at the end

Deletionof thelastnodein adoublylinked list needgraversingthelist in orderto reachthe last
nodeof thelist and themmakepointer adjustmentat thatposition.

In orderto deletethelastnodeof thelist, we needto follow thefollowing steps.

o Ifthe listis already empty then thendition head == NULL will become true atiatrefore
the operation can not be carried on.
I f there is only one node in the | itrget t hifen
In this case, we just need to assign the head of the list to NULL ankdei@eleinorderto
completely delet¢he list.
Otherwise, just traverse the list to reach the last node of the list. This will be dosiady
the following statements.
ptr = head;
if (ptr->next!= NULL)
{

ptr =ptr -> next;

}

The ptr would point to the last nodeof the ist at the end of the for loop. Justmakethe
nextpointerof theprevious nodef ptr to NULL .
ptrY prYe wn eNWLL

freethepointer aghisthenodewhichis tobedeleted.

free(ptr)
ALGORITHM
o Stepl: IFHEAD = NULL

Write UNDERFLOW
Goto Step 7
[END OFIF]

Step2: SETTEMP =HEAD
Step3: REPEATSTEP4 WHILE TEMP->NEXT != NULL
Step4: SETTEMP = TEMP->NEXT

[END OF LOOP]

Step5: SETTEMP ->PREV-> NEXT = NULL
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o Step6: FREETEMP
o Step7: EXIT

deleted node

temp->prev->next = NULL
free(temp)

Deletion in doubly linked list at the end
C PROGRAM

void last_delete()
{
structnode*ptr;
if(head ==NULL)
{
printf("\n UNDERFLOWnN");

}
elseif(head>next== NULL)

{
head= NULL;
free(head);
printf("\nNodeDeletedn");
}

else
{
ptr = head;
if (ptr->next!= NULL)
{
ptr = ptr -> next;
}
ptr-> prev-> next = NULL,;
free(ptr);
printf("\nNodeDeletedn");
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Deletion in doubly linked list after the specified node

In orderto deletethe nodeafterthe specifieddata, weneedto performthe following steps.
o Copy the head pointer into a temporary pointer temp.

temp= head

Traverseahelist until we find thedesireddatavalue.
while(temp-> data != val)
temp=temp-> next;

Checkif this is thelastnodeof thelist. If it is so thenwe can'tperform deletion.
if (temp-> next==NULL)
{

}
Checkif the nodewhich is to be deleted,s the last nodeof thelist, if it sothenwe have
to makethe next pointerof this nodepoint to null sothatit canbe the newlast nodeof
the list.

if (temp-> next-> next== NULL)

{
}

Otherwise, make the pointer ptr point to the node which is to be deleted. Make the next of
temp point to the next of ptr. Make the previous of next node of ptr pdietip. free the

ptr.

return;

temp->next= NULL,

ptr = temp-> next;
temp-> next = ptr-> next;
ptr -> next-> prev = temp;
free(ptr);

Algorithm

o Step 1:IF HEAD =NULL

Write UNDERFLOW

Goto Step 9

[END OFIF]
o Step2: SETTEMP=HEAD
o Step3: RepeatStep4 whileTEMP -> DATA = ITEM
o Step 4:SET TEMP = TEMR> NEXT

[END OFLOOP]
o Step5: SETPTR=TEMP ->NEXT
o Step6: SET TEMP-> NEXT = PTR->NEXT

o Step7: SETPTR->NEXT ->PREV=TEMP
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o Step8: FREEPTR
o Step9: EXIT

new link

HEAD
{ deleted node
>< old link old link

ptr

temp -> next = ptr -> next
ptr ->next -> prev = temp
free(ptr)

Deletion of a specified node in doubly linked list
C FUNCTION

void delete_specified)

{
struct node *ptr, *temp;
int val;
printf("Enter the value");
scanf("%d",&val);
temp= head;
while(temp-> data != va)
temp = temp> next;
if(temp->next==NULL)
{

printf("\nCan'tdeletén");

}

elseif(temp -> next-> next== NULL)
{
temp->next = NULL,
printf("\nNodeDeletedn");
}

else

{
ptr = temp-> next;
temp-> next = ptr-> next;
ptr -> next-> prev =temp;
free(ptr);
printf("\nNodeDeletedn");
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}
}

Searching for a specific node in Doubly Linked List

We just needtraversethe list in orderto searchfor a specific elementin the list. Perform
following operations in order to searalspecificoperation.
o Copyheadpointerinto atemporarypointervariableptr.
ptr = head
declare a local variable | and assign it to O.
i=0
Traversethe list until the pointer ptr becomesull. Keep shifting pointerto its nextand
increasing by +1.
Comparezachelementof thelist with theitemwhichis tobesearched.
If the item matchedwith anynodevaluethenthelocationof thatvaluel will bereturned
from thefunction elseNULL is returned.

Algorithm

o Step 1:IF HEAD == NULL
WRITE "UNDERFLOW"
GOTOSTEP 8
[END OF IF]
Step2: Set PTR=HEAD
Step3: Seti =0
Step4: Repeattep5 to 7 while PTR!= NULL
Step5: IF PTRY data =item
return i
[END OF IF]
Step6:i=i+1
Step7: PTR=PTRY next
Step8: Exit

C FUNCTION
void search()

{
struct node *ptr;
int item,i=0,flag;
ptr = head,;
If (ptr == NULL)
{
printf("\nEmptyList\n");
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}

else
{
printf("\nEnteritem which youwantto searchth");
scanf(%d",&item);
while (ptr'=NULL)
{
If (ptr->data==item)
{
printf("\nitem found at location %di+1);
flag=0;
break;

}

else
{
flag=1;
J
i++:
ptr = ptr -> next;
i}f (flag==1)
{ printf("\nltemnot foundn);
}
}

Traversing in doubly linked list

Traversingis the mostcommonoperationin caseof eachdatastructure.For this purpose copy
thehead pointer in any of ttemporary pointer ptr.
Ptr=head
then, traversethrough the list by using while loop. Keep shifting value of pointer
variableptr until we find the lashode. Thdast nodecontainsnull in its next part.
while(ptr I= NULL)
{
printf("%ad\n",ptr->data);
ptr=ptr->next;
}
Although, traversingmeansvisiting eachnodeof the list onceto performsomespecific
operationHere, weareprinting the data associatedth eachnodeof thelist.
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Algorithm

o Stepl:IF HEAD == NULL
WRITE "UNDERFLOW"
GOTOSTEP 6
[END OF IF]

Step2: Set PTR= HEAD

Step3: Repeastep4 and5 while PTR!= NULL
Step4: Write PTRY dat a

Step5: PTR=PTRY next

Step6: Exit

C Function

int traverse()
{
structnode*ptr;
if(head ==NULL)
{
printf("\nEmptyList\n");
}
else
{

ptr = head;

while(ptr != NULL)

{
printf("%d\n",ptr->data);
ptr=ptr>next;

}

}
}

DifferencesbetweenSingly linked list and Doubly linked list

Singly linked list (SLL) Doubly linked list (DLL)

SLL nodescontains2 field -datafield DLL nodescontains3 fields -datafield, a previous
andnextlink field. link field anda nextlink field.
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Singly linked list (SLL) Doubly linked list (DLL)

In SLL, thetraversalcanbe done In DLL, thetraversalcanbe doneusingthe
usingthe nextnodelink only. Thus previousnodelink or the nextnodelink. Thus
traversalis possiblein onedirection  traversalis possiblein both directions(forward and
only. backward).

The SLL occupiedessmemorythan  The DLL occupiesmorememorythanSLL asit
DLL asit hasonly 2 fields. has3 fields.
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3.Write aprogram that usesfunctions to perform the following operationson circular linked list:
i) Creation ii) Insertion iii) Deletion iv) Traversal

Circular Singly Linked List
In acircular Singlylinked list, thelastnodeof thelist containsa pointerto thefirst nodeof thelist.

We traverse aircularsingly linked list until wereach the sameode where wetarted. The circularsingly
liked list has no beginning and eading. There is no null value present in the next part of atheafodes.

Thefollowing imageshowsa circularsingly linked list.

Circular Singly Linked List

Circular linked list are mostly used in task maintenance in operating systems. There are many example
where circulatinked list are being used in computer science including browser surfing where a record of
pages visited in the past by the user, is maintained in the form of circular linked lists and can be accessejj
againon clicking the previous button.
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Write a program that usesfunctions to perform the following operationson circular linked list:
i) Creation ii) Insertion iii) Deletioniv) Traversal

i)Creation

#include<stdio.h>
#include<stdlib.h>
void createint);
structnode
{
int data;
structnode*next;
h
structnode*head;
void main()
{
int choice,item;
do
{
printf("1.Append Listn2.Exitn3.Enter your choice?");
scanf("%d",&choice);
switch(choice)
{
casel:
printf("\nEntertheitem\n");
scanf("%d",&item);
create(item);
break;
casez:
exit(0);
break;
default:
printf("\nPleasentervalid choican™);

}

}while(choicel= 3);

}

void createint item)

{

struct node *ptr = (struct nodgmalloc(sizeof(struct node));
struct node *temp;
if (ptr == NULL)

printf("\nOVERFLOW");
}

else

{

ptr -> data= item;
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if(head== NULL)
{
head= ptr;
ptr -> next= head;

}

else

{
temp= head,;
while(temp>next != head)

temp=temp>next;

ptr->next = head;
temp-> next = ptr;
head-= ptr;

printf("\nNodelnsertedn");

}
}

i) Insertion

Insertioninto circularsingly linked list at beginning

HEAD

| old link

new link
old link

new link temp -> next = ptr
new node ptr -> next = head
head = ptr

T o

Insertion into circular singly linked list at beginning
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Insertion into circular singly linked list at the end

ptr

ptr -> next = head
old link temp -> next = ptr

new link

Insertion into circular singly linked list at end

#include<stdio.h>
#include<stdlib.h>
structnode

int data;
structnode*next;
|3
struct node *head;
void beginsert ();
void lastinsert ();
void display();
void main ()
{
int choice=0;
while(choicel= 4)
{
printf("\n*********lvlain Menu********* \n")’
printf("\nChooseoneoptionfrom thefollowing list ..\n");
printf("\n ====== = =");
printf("\nl.Insert in begining?2.Insert atastin3.displayn4.Exitn");
printf("\nEnter yourchoice’®™");
scanf(\n%d",&choice);
switch(choice)
{
case 1:
beginsert();
break;
case 2:
lastinsert();
break;
case 3:
display();
cased:
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exit(0);

break;

default:

printf("Pleaseentervalid choice.."”);}

}

void beginsert()
{
struct node *ptr,*temp;
int item;
ptr = (struct node *)malloc(sizeof(struct node));
if(ptr == NULL)

printf("\nOVERFLOW");
}

else
{
printf("\nEnterthe nodedata?");
scanf("%d",&item);
ptr -> data = item;
if(head==NULL)
{
head= ptr;
ptr -> next= head;
}
else
{
temp= head,;
while(temp>next!= head)
temp=temp->next;
ptr->next = head;
temp-> next = ptr;
head= ptr;

printf("\nnodeinsertedn”);

}

void lastinsert()
{
struct node *ptr,*temp;
int item;
ptr = (struct node *)malloc(sizeof(struct node));
if(ptr == NULL)

printf("\nOVERFLOWnN");
}

else

printf("\nEnterData?");
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canf("%d",&item);
ptr->data =iem;
if(head==NULL)
{

head= ptr;

ptr -> next= head,;

}

else

{
temp= head,;
while(temp-> next!= head)

{

temp=temp-> next;

}
temp-> next = ptr;
ptr -> next= head;

}

printf("\nnodeinsertedn");

}

void display()
{

struct node *ptr;
ptr=head,
if(head==NULL)

printf("\nnothingto print");
}

else

{

printf("\n printing values...\n");

while(ptr-> next !=head)

{

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

}
printf("%d\n", ptr -> data);
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Deletionin circular singly linked list at beginning

new link
HEAD

i old link

old link

new link

old link

pir -> next = head -> next
free head
head = ptr -> next

Deletion in circular singly linked list at beginning

Deletionin Circular singly linked list at the end

old link deleted node

preptr
new link

old link

preptr -> next = head
free ptr

Deletion in circular singly linked list at end

iii) Deletion
#include<stdio.h>
#include<stdlib.h>
structnode
{
int data;
structnode*next;
|3
struct node *head;
void create();
void begin_delete();
void last_delete();
void display();
void main ()
{
int choice=0;
while(choicel= 5)
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prlntf( \n*********Main Menu********* \n )
printf(" \nChoose)neoptlonfromthefollowmg list..\n");
printf("\n == = =),
printf("\nl.createn2.Delete from Beglnnmgs Delete from lasn4.Shown5.Exitn");
printf("\nEnter yourchoice’™");
scanf(\n%d",&choice);
switch(choce)
{ casel:

create();

break;

casez:

begin_delete();

break;

case3:

last_delete();

break;

cased:

display();

break;

caseb:

exit(0);

break;

default:

printf("Pleaseentervalid choice..");

void create()
{
struct node *ptr,*temp;
int item;
ptr = (struct node *)malloc(sizeof(struct node));
if(ptr == NULL)

printf("\nOVERFLOWnN");
}

else
{
printf("\nEnter Data?");
scanf("%d",&item);
ptr->data = item;
if(head==NULL)
{
head= ptr;
ptr -> next= head;

}

else
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temp= head,;
while(temp-> next!= head)
{
temp=temp-> next;
}
temp-> next = ptr;
ptr -> next= head;
}
printf("\nnodeinsertedn™);

}

void begin_delete()
{
struct node *ptr;
if(head==NULL)

printf("\nUNDERFLOW");

elseif(head>next== head)
{
head = NULL;
free(head);
printf("\nnodedeletedn");

}

else

{ ptr=head,;
while(ptr-> next != head)

ptr = ptr-> next;

ptr->next= head>next;
free(head);
head = pt>next;
printf("\nnodedeletedn™);

}

void last_delete()

{
structnode*ptr, *preptr;
if(head==NULL)
printf("\nUNDERFLOW");
elseif (head->next==head)

head = NULL;
free(head);
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printf("\nnodedeletedn”);

}

else
{
ptr = head,;
while(ptr->next!= head)
{
preptr=ptr;
ptr = ptr->next;
}
preptr>next= ptr -> next;
free(ptr);
printf("\nnodedeletedn™);

}
}

void display()
{

struct node *ptr;
ptr=head;
if(head== NULL)

printf("\nnothingto print");
}

else

{

printf("\n printing values...\n");

while(ptr-> next !=head)

{

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

}
printf("%d\n", ptr -> data);
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iv) Traversal
#include<stdio.h>
#include<stdlib.h>
void createint);
void traverse();
structnode
{
int data;
structnode*next;
3
structnode*head:;
void main()
{
int choice,item;
do
{
printf("1.AppendList\n2. Traverse3.Exiln4.Enteryour choice?");
scanf("%d",&choice);
switch(choice)
{
casel:
printf("\nEntertheitem\n");
scanf("%d",&item);
create(item);
break;
case2:
traverse();
break;
case3:
exit(0);
break;
default:
printf("\nPleasentervalid choican™);

}

}while(choice!= 3);

}

void createint item)

{

struct node *ptr = (struct node *)malloc(sizeof(struct node));
struct node *temp;
if (ptr == NULL)

printf("\nOVERFLOW");
}

else

{

ptr -> data= item;
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if(head==NULL)

{
head= ptr;
ptr -> next= head;

}

else

{
temp= head,;
while(temp>next = heademp=

temp>next;

ptr->next = headtemp->
next = ptrhead= ptr;

}

printf("\nNodelnsertedn™);

}
}

void traverse()

{

struct node *ptr;
ptr=head,
if(head== NULL)

printf("\nnothingto print");
}

else

{

printf("\n printing values...\n");

while(ptr -> next !=head)

{

printf("%ad\n", ptr-> data)ptr =
ptr -> next;

printf("%d\n", ptr -> data);
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Stack

A Stack is linear data structure. A stack is a list of elements in which an element may be inserted
only at one end, called thep of the stack Stack principle i1IFO (last in, first out). Which eleme
insertedaston to thestack thaelement deleted first from trstack.

As the items can be added or removed only from the top i.e. the last item to be added to a stack
itemto beremoved.

Reallife examplef stacksare:

R ﬂiﬂ

m

: = r ~\ /
—

=
PR gl—

Stack of books

P

Operations on stack:

Thetwo basicoperations associatedth stacks are:
1. Push
2.Pop

While performingpushandpop operationtghefollowing testmust beconductedn the stack.
a) Stackis emptyor not b) stackis full or not

1. Push: Pushoperationis usedto add new elementdn to the stack.At thetime of additionfirst check
thestack isfull or not. If the stackis full it generatesin errormessagéstackoverflow".

2. Pop: Popoperationis usedto deleteelementdrom the stack.At the time of deletionfirst checkthe
stackis emptyor not.If thestackis empty itgeneratesan errormessagéstack underflow".

changes as elements are added and removed. The most accessible element is the top anddes
element ighebottom of thestack.
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Representationof Stack (or) Implementation of stack:

Thestackshouldberepresentedh two ways:
1. Stackusingarray
2. Stackusinglinked list

1. Stackusingarray:

Let us consider a stack withedements capacity. This is called as the size of the stack. The nunjber
elements to be added should not exceed the maximum size of the stack. If we attempt to add nejv ele
beyond the maximum size, we will encountestack overflowcondition. Similary, you cannot remo\E
elementdeyondthe baseof thestack.If suchis thecasewe will reacha stackunderflow condition.

1.push():When an elementis addedto a stack,the operationis performedby push().Below Figure
showsthe creation of stackandaddition of elements usingush().

33

22 22

11 11 11

Emipiy Imsert Ins=rt Ins=rt
Stack 11 22 33

Figure Push operations on stack

Initially top=-1, we can insert an element in to the stack, increment the top vatopitep+l. We ca
insert an element in to the stack first check the condition is stack is full or nop*>=esize1l. Otherwise
addthe element in to thstack.

Algorithm: Procedurefor push():

Stepl: START

Step2: if top>=sizel then
Write AiStackisOv er f | owo
Step3: Otherwise
3.1:readdatav al ue 06x 0
3.2: top=top+1,;
3.3: stack[top]=x;
Step 4: END

A
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2.Pop(): When an elementis takenoff from the stack,the operationis performedby pop(). Below

=T =3

Empty
Sota ok

Figure Pop operadons on stadk

figure showsa stackinitially with threeelements andhowsthe deletionof elementsisingpop().

We caninsertanelementfrom the stack,decrementhetop valuei.e top=top-1.
We candelete arelementfrom the stackfirst checkthe conditionis stackis emptyor not.
i.etop==-1. Otherwise removéheelementrom thestack.

Algorithm: procedure pop():
Stepl: START
Step2: if top==-1 then
Writei St sdkder f |l owo
Step3: otherwise
3.1:printii d e leelteende nt O
3.2: top=top1,
Step4: END
3.display(): This operation performed display the elements in the stack. We display the elemefft in 1
stackcheck the condition is stack is empty or not i.e tofi=Gtherwise display the list of elementy in
thestack.

=

33 ==

22 ==

i1 - B

= =
2 =
i a
O O
= After Drisplay

Before Displ

Algorithm: procedure pop():
Stepl: START
Step2: if top==-1then

Writei St sdkder f | owo
Step3: otherwise

3.1l printii Di sgemanym r e 0

3.2: fortop to O

Print6 st ack|[i] 6
Step4d: END
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StackImplementation Using Arrays

#include<stdio.h>
int stack[100],i,j,choice=0,n,top%;
void push();
void pop();
void display();
void main ()
{
printf("Enter the number of elements in the stack ");
scanf("%d",&n);
printf("******xStack operations using arrayn* e e,
while(choicel= 4)
{
printf("Chose one from the below options);
printf("\n1.Pusin2.Popn3.Shown4.Exit");
printf("\n Erter your choican");
scanf("%d",&choice);
switch(choice)
{
casel:
{
push();
break;

}

casez:

{
pop();
break;

}

cases:

{
display();
break;

}

cased:

{
printf("Exiting...");
break;

}

default;

{
printf("PleaseEntervalid choice™);

j
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void push ()
{
int val,
if (top ==n)
printf("\n StackOverflow");
else

{
printf("Enterthevalue?");
scanf("%d",&val);
top = top +1;
stack[top]=val;

}

}
void pop (X
if(top ==-1)
printf("Stack Underflow");
else
top = top-1,;

}
void display()

{
if(top ==-1)

printf("Stackis empty");

printf("stackelementsarén ")
for (i=top;i>=0;i--)
{

}
}

OUTPUT:
Enterthe numberof elements in thetack 5
*eekkkekkStack  operationgusingarray*rrrrakix

printf(" %d",stack([i]);

Choseonefrom thebelowoptions...
1.Push

2.Pop

3.Show

4. Exit

Enter your choice

5
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PleaseéEntervalid choice Chosenefrom the belowoptions...

1.Push
2.Pop
3.Show
4. Exit

Enter your choice
1
Enterthevalue?12
Chose one from thieelow options...
1.Push

2.Pop

3.Show
4. Exit

Enter your choice
3
stackelementsare
12

Chose one from the below options...

1.Push

2.Pop

3.Show

4 Exit

Enter your choice
1
Enterthevalue?12

Chose one from the below options...

1.Push

2.Pop

3.Show

4 Exit

Enter your choice
3
stackelementsare
12

12

Chose one from the below options...

1.Push

2.Pop

3.Show

4. Exit

Enter your choice
4

Exiting....
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licati : ]
Application of Stack:

1 RecursiveFunction.
1 ExpressiorEvaluation.
1 ExpressiorConversion.
U Infix to postfix
0 Infix to prefix
Postfix to infix
Postfixto prefix
Prefix to infix
U Prefixto postfix
1 Reversea Data
1 ProcessindrunctionCalls

ions:
An expressions acollectionof operatorandoperandghatrepresentsa specificvalue.

Operatoiis a symbolwhich performsa particulartasklike arithmeticoperationor logical
operationor conditionaloperatioretc.,

Operandsarethe valueson which the operatorscan performthe task. Here operandcan
beadirect valueor variable oaddres®f memorylocation

Expressiontypes:
Basedon the operatomosition,expressionsredividedinto THREEtypes.Theyareasfollows.

A Infix Expression

A Ininfix expressionpperatoris usedin betweeroperands.

A Syntax: operandloperatoroperand?

Example

Operand1 Operator Operand2

(a+b)
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A Postfix Expression

A In postfix expression, operator is used after operands. We can s4laator
follows the Operands".

A Syntax: operandloperanddperator

A Example:

Operandl Opgrand?2 Operator
\

- '/
A Prefix Expression

A In prefix expressionpperatoris usedbeforeoperandsWe cansaythat"Operands
follows the Operator".

A Syntax: operatoroperandloperand?

A Example:

Operator Operand’l Operand2

> z
T-ab

Infix_to postfix conversionusing stack:
A Proceduréo convertfrom infix expressiorio postfix expressioris asfollows:
Scantheinfix expressiorfrom left to right.
If thescannedymbolis left parenthesigyushit ontothe stack.
If thescannedymbolis anoperandthenplacedirectly in thepostfix expressiorfoutput).

If the symbol scanned is a right parenthesis, then go on popping all the items fedackhe
andplacethemin the postfix expressionill we getthe matchingleft parenthesis.

If the scanned symbol is an operator, then go on removing all the operators from the stac
and place them in the postfix expression, if and only if the precedence of the ophreltor

is on the top of the stack is greater thandreater than or equal) to the precedehtee
scanned operator and push the scanned operator onto the stack otherwise Soasinéue
operator onto thetack.
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Example-1

Fostfidx
Expressicomn

Recadincg
Crharacter

Iiticalily

No opaercaticon
Simnce ".A" is OFER.AMND

rNo opaercaticon
Simnce "B is OFER.AMNID

> call elerments Till
e re>cac (O

oo e
<P (T

ErAMPETY

—rcator

S>ercaticorm
COFER. A ML

>

sricority”
s>

> <all elaerments
e recach .

= ts Till

T
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Convert (A7 (B+C)) * D)y (E + F) infix expressionto postfix form:

SYMBOL

POSTFIXSTRING

STACK REMARKS

(

(

(

((

A

A

((

A

((-

A

((-(

AB

((-(

AB

((-(+

ABC

((-(+

ABC+

((-

ABC +-

¥~ |~ O +| T|—~

ABC+-

(*

ABC+-D

(*

ABC+-D*

ABC+-D*

ABC+-D*

ABC+-D*E

ABC+-D*E

| +| M| ~|<|—| O

ABC+-D*EF

)

ABC+-D*EF+

A~

y

End of
String

ABC+-D*EF +y

The input is now empty. Pop the output symbols
from thestackuntil it is empty.

Example3

Converta+ b * c+ (d * e +f) * g theinfix expression into postfix form.

SYMBOL

POSTFIXSTRING

STACK REMARKS

a

a

ab

ab
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abc*+

abc*+d

abc*+d

abc*+de

abc*+de*

+(+

abc*+de*f

+(+

abc*+de*f+

+

abc*+de*f+

+*

G

abc*+de*f+g

+*

End of
String

abc*+de*f+g*+

The input is now empty. Pop the output symbols
from thestackuntil it is empty.

Example 3:

Convertthe following infix expressionA + B * C 1 D / E * H into its equivalentpostfix

expression.

SYMBOL

POSTFIXSTRING

STACK

REMARKS

A

A

A

AB

AB

ABC

ABC*+

ABC*+D

ABC*+D

ABC*+DE

ABC*+DE/

ABC*+DE/H

ABC*+DE/H* -

The input is now empty. Pop the output symbolg
from the stackuntil it is empty.
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Example 4:

Convertthefollowing infix expressiorA+(B *Ci (D/EyF)*G)*H into its equivalentpostfix
expression.

SYMBOL [POSTFIXSTRING STACK REMARKS

A

A

A

AB

AB

ABC

ABC*

ABC*

ABC*D

ABC*D

ABC*DE

ABC*DE

ABC*DEF

ABC*DEFy/

ABC*DEFy/

ABC*DEF;/G

ABC*DEF;/G*-

ABC*DEFy/G*-

ABC*DEFy/G*-H [+*

The input is now empty. Pop the output symbolg

ABC*DEFy/G*-H*+
from the stachuntil it is empty.
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Evaluationof postfix expression:

A Thepostfix expressions evaluated easilipy the useof a stack.

A Whenanumber isseenjt is pushed ontthe stack;

A whenanoperatotis seenthe operatolis appliedto thetwo numberghatarepoppedirom
thestack and theesult is pushednto thestack.

A When an expression is given in postfix notation, there is no need to know any
precedenceules.

Example 1:

Evaluatethe postfix expressio® 5 23 + 8* + 3+ *

OPERAND
SYMBOL . OPERAND |VALUE |STACK |REMARKS

The first four symbols are place|
on the stack.

bSEG I WbQ A&
popped from the stack and their
sumb5, is pushed

Next8 ispushed

Now aWf Q A 48 afdS &g/ !
popped as8 * 5=40ispushed

Next,a W tis Qeen, sd0 and5 are
poppedand40+5=45ispushed

Now, 3 ispushed

Next,Wb Q 3kiid3and
pushesA5+3=48ispushed

Finally} Wr Qand48and6S
are popped, the result 6 * 48 =
288 is pushed
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Example2

INnfix Expression

5 - =32) - ;] - 2)
Postfix Expression 5 = - = 2
Above Postfix Expression can be evaluated by using Stack Data Structure as follows...

— -

i Evaluated
Inmnitially Stack

Ppushs)

Ppush(3)

Nothing

valuel ropO: /7 3
valuel ropO valuez = popO: // S
valueZ2 = pop O
result = valueZ + valuel

prprush¢tresult)

result = S + 3 /7 8
Push S )

=5 + =)

5 =+ .3)

push)

5 +~ 3)

wvaluel popO: /75 =2
valuel propr O
value2 PropQO
result = valueZ - valuel

wvalueZ = popQ: /7o s
push(result)

reswuit =

s - 2: /57 6
Push( 6 )

(= = |
5 - =2) . (8- 2>

valuel = popQO

value2

= PpopO: //r s
value>
rPopPO
: result = value22

valuel =

= pop: SIS s
resualt — 8 ~ 6; J/ 48
Push{ 48 )
valuel
push(result)

(& ~ &)

5 + 3) ~ (8 - 2)

Nnd of Expressio

INnfix Expression (5 + =)

=

A
Postfix Expression 5 =3 + S 2
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Example3:

Evaluatethe followingpostfix expression623+-382/ +*2m 3+

SYMBOL |OPERAND |OPERAND |VALUE

6

2

Reversea Data:

To reversea given setof data,we needto reorderthe dataso thatthe first andlast elementsare
exchangedthe secondandsecondastelementareexchangedandsoon for all otherelements.

Example: Supposeve havea stringWelcome thenon reversingt would be Emoclew.

There are different reversing applications:
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o Reversingastring

o Converting Decimal to Binary

Reverse String

A Stack can be used to reverse the characters of a string. This can be achieved by simply pushirjg
one by one each character onto the Stack, which later can be popped from the Stack one by on.
Because of théast in first out property of the Stack, the first character of the Stack is on the
bottom of the Stack and the last character of the String is on the Top of the Stack and afte
performingthe popoperation inthe Stack, theStack returnshe String inReverseorder.

Pop Operations

/ﬂ EMOCLEW

ProcessingFunction Calls:

Stack plays an important role in programs that call several functions in succession. Suppose w
have a program containing three functions: A, B, and C. function A invokes function B, which

invokesthe function C.

Function call
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When we invoke function A, which contains a call to function B, then its processing will not be
completed untifunction B has completed its execution and returned. Similarly for fun&iand

C. So we observe that function A will only be completed after function B is completéahatidn

B will only be completed after function C is completed. Therefore, function A is fibst started

and last to be completed. To conclude, the alfometion activity matches the last finst out
behavior anadtaneasilybe handled usin§tack.

Consider addrA, addrB, addrC be the addresses of the statements to which control isatéurned
completing the function AB, andC, respectively.

addrC

addrB addrB

addrA addrA addrA

When funtion A When funtion B When funtion C
is called is called is called

Different states of stack

The above figure showthat return addresses appear in the Stack in the reverse order irthvehich

functions were called. After each function is completed, the pop operatperfemed, and
execution continues at the address removed from the Stack. Thus the program that calls sever
functions in succession can be handled optimally by the stack data structure. Control returns t
eachfunctionat acorrectplace,whichis the reerseorderof thecalling sequence.
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QUEUE
A queue is linear data structure and collection of elements. A queue is another special kind of listenvsre

are inserted at one end called the rear and deleted at the other end called the front. TreeqigueEpés a
AFl OO fiRkfirst-cudt O .

Queue is an abstract data structure. A queue is a useful data structure in programming. It is similekegjthe
queue outside a cinema hall, where the first person entering the queue is geedostwho gets thieket.

A realworld exampleof queuecanbeasinglelaneoneway road,wherethevehicle enteréirst, exitsfirst.

FIRST IN
FIRST OUT

- — | : ‘ |
OO oo EHENG e

More reatworld examples can be seen as queues at the ticket windows astdjiiand our colledibrary.

The operations for a queue are analogues to those for a stack; the difference is that the insertion§§ go «
endof the list, rathethan the beginning.

Operationson QUEUE:
A queueis an object or more specifically an abstractdata structure (ADT) that allows the following
operations:

1 Enqueueor insertion: whichinsertsan elemenattheendof the queue.

1 Dequeueor deletion: which deletesanelementat the startof the queue.

Representationof Queue(or) Implementation of Queue:
Thequeue camerepresentedh two ways:
1. QueueusingArray
2. QueueusingLinked List
1.QueueusingArray:
Let us consider a queue, which can hold maximum of five elements. Initially the queue is empljy.
Now, insert 11 to the queu&hen queustatuswill be:
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REAR = REAR = 1

11 FRONT = 0

t 1

Next, insert22 to thequeue.Thenthe queuestatusis:

0 1 2 3 4

11 22

!

F R
Againinsertanotherelement33to thequeue.Thestatusof thequeues:
0 1 2 3 4

11 | 22 | 33 REAR = REAR + 1 = 3

FRONT = 0

F R
Now, deletean element.The elementdeletedis the elementat the front of the queue.Sdhe

statusofthe queuss:

REAR =23
FRONT = FRONT +1 =1

Again, deletean element.The elementto be deletedis alwayspointedto by the FRONT

pointer.So22is deleted. Thgueuestatuss asfollows:
0 1 2 3 4

REAR = 3

3 FRONT = FRONT +1 =2

t 1

F R

Now,insert newelements 44 and 55 into the queueThe queue status is:

o 1 3

R
F

REAR = 5
FRONT = 2

T

R
xt insert another element, say 66 to the queue. We cannot6éstertthe queue as thear
crossed the maximum size of the queue (i.e., 5). There will be queue full signgudies
statuss asfollows:
Now it is not possile to insert an element 66 even though there are two vacant positions in
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the linear queue. To overcome this problem the elements of the queue are to btoslafts
the beginning of the queue so that it creates vacant position at the redhenthe FRONT

and REAR are to be adjusted properly. The element 66 can be insertecear thied. After
this operationthe queuestatuss asfollows:

I |
+ +

F R

This difficulty can overcome if we treat queue position with index O as a position that comes
afterposition withindex4 i.e., wetreatthe queueasacircular queue.

Algorithm to insert any element in a queue

Checkif the queueis alreadyfull by comparingrearto max- 1. if so,thenreturnan overflow
error

If theitem is to beinsertedasthefirst elementin thelist, in thatcasesetthe value of front and
rearto O and insert thelement at theear end.

Otherwisekeepincreasingthe value of rearandinserteachelementone by one havingrearas
the index.

Algorithm

o Step 1: IF REAR = MAX - 1
Write OVERFLOW
Go to step
[END OF IF]

Step 2: IF FRONT = -1 and REAR = -1
SET FRONT = REAR =0

ELSE

SET REAR = REAR + 1

[END OF IF]

o Step 3: Set QUEUE[REAR] = NUM

o Step 4: EXIT
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Algorithm to deletean elementfrom the queue
If, the valueof frontis -1 or valueof front is greaterthanrear, write an underflowmessageand
exit.

Otherwise keepincreasingthe value of front and returnthe item storedat the front end of the
gueueat each time

Algorithm

o Step 1: IF FRONT = -1 or FRONT > REAR
Write UNDERFLOW
ELSE
SET VAL = QUEUE[FRONT]
SET FRONT = FRONT + 1
[END OF IF]

o Step 2: EXIT

display() - Displaysthe elementsof a Queue

We canusethefollowing stepso displaythe elementf aqueue...

Step1l - Checkwhetherqueueis EMPTY .

Step 2 - If it isEMPTY , thendisplay"Queue is EMPTY!!!" andterminatethe
function.

Step3-If itisNOT EMPTY , thendefineanintegervariable'i' andset'i = front'.

Step 4 - Display 'queue]i] valueandincrementi' valueby one (i++). Repeatthe same
until i' valuereachedo rear (i <=rear)

QueudmplementatiorusingArrays
#include<stdio.h>
#include<stdlib.h>
#definemaxsizes
void insert();
void delete();
void display();
int front=-1,rear=-1;
int queue[maxsize];
void main ()
{
int choice;
while(choicel= 4)

{
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p rl ntf(' ! \n************************* M al n

M en u*****************************

printf("\n
:::\n");
printf("\nl.insert an elemem2.Delete an elemanB.Display the quelie4.Exitn");
printf("\nEnteryour choice?");
scanf("%d",&choice);
switch(choice)
{
casel:
insert();
break;
casez:
delete();
break;
case3:
display();
break;
cased:
exit(0);
break;
default:
printf("\nEntervalid choice?™");

}
}
}
void insert()
{
int item;
printf("\nEnter the elemewt");
scanf(\n%d",&item);
if(rear == maxsizel)
{
printf("\nOVERFLOWnN");
return;
}
if(front == -1 && rear ==-1)
{
front=0;
rear =0;
}
else
{
rear=rear+1,

}
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gueuefrear] = item;
printf("\nValueinserted');

}
void delete()

{
int item;
if (front ==-1 ||front >rear)
{
printf("\nUNDERFLOWnN");
return;

}

else
{
item = queue(front];
if(front ==rear)
{
front=-1;
rear=-1;
}

else

{

front = front +1;

}

printf("\nvaluedeleted");

}

void display()
{
inti;
if(rear==-1)
{
printf("\nEmptyqueuén™);
}
else
{ printf("\nprintingvalues....\n");
for(i=front;i<=rear;i++)

{

}
}
}

printf("\n%dn",queueli]);
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Drawback of array implementation of Queue

Although, the technique afreating a queue is easy, but there are some drawbacks of using this
techniqueo implement ajueue.

o Memory wastage :The space of the array, which is used to store queue elements, can
never be reused to store the elements of that queue because thesekameonly be
inserted at front end and the value of front might be so high so that, all the space before
that,can never be filled.

deleted deleted | deleted deleted deleted 10

0 1 2 3 4 5

limitation of array representation of queue

The above figure shows how the memory space is wasted in the array representation of queue.
the above figure, a quewf size 10 having 3 elements, is shown. The value of the front variable
is 5, therefore, we can not reinsert the values in the place of already deleted element before thE
position of front. That much space of the array is wasted and can not be usetlitaréh (forthis
queue).

o Decidingthe array size

One of the most common problem with array implementation is the size of the arrayevpichs
to be declared in advance. Due to the fact that, the queue can be extended atdepemdieng
upon theproblem, the extension in the array size is a time taking process and iapassible to
be performed at runtime since a lot of reallocations take place. Due to this reasam declare
the array large enough so that we can store queue elementsugh asgoossibleut the main
problem with this declaration is that, most of the array slots (nearly half) canbenarsed it
will againleadto memory wastage

Typesof Queues

Thereare fourtypes of Queues
1. LinearQueue
2. CircularQueue
3. Priority Queue
4. Deque
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1. Linear Queue
In Linear Queue, an insertion takes place from one end while the deletion occurs fromearahther

The end at which the insertion takes place is known as the rear entthea@od at which the
deletion takes place is known as front end. It strictly follows the FIFO rule. The linear Queue can

berepresentecasshownin thebelow
figure:

KNI -

front rear

The above figure shows that the elements are inserted from the rear end, and drivaons
elements in a Queue, then the rear value gets incremented on every insertion. If we want to sho

thedeletion, then it can bepresenteds:

front rear

In the above figure, we can observe that the front pointer points to the next element, and the
elementwhich waspreviouslypointed by thdront pointer wasleleted.

The major drawbackof usinga linearQueueis that insertionis doneonly from the rearend. If

the first three elements are deleted fromGheue, we cannot insert more elements even though
the spaceis availablein a Linear Queue. In this case, the linear Queue showshe
overflow condition agherear is pointingo thelast elemenof theQueue
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2. Circular Queue

In Circular Queue, all the nodes are represented as circular. It is similar to the lineaegnegpie
that the last elementof the queueis connectedto the first element.It is also knownas Ring
Buffer asall theendsareconnectedo anotherend.Thecircularqueuecan berepresenteds:

he drawback that occurs in a linear queue is overcome by using the circular queue. If the empt
Front

Rear
space is available in a circular queue, the new element can be added in an empty space by simg

incrementinghevalue ofrear.
3. Priority Queue

A priority queue is another special type of Queue data structure in which each element has so
priority associated with it. Based on the priority of the element, the elements are arranged in 3
priority queue. If the elements ocawith the same priority, then they are served according to the
FIFO principle.

In priority Queue, the insertion takes place based on the arrival while the deletion occumbased
the priority. Thepriority Queuecanbe shownas:

The above figure showihatthe highespriority elementomes firseand the elementsf thesame
priority arearranged based dfiFO structure.

4. Deque

Both the Linear Queue and Deque are different as the linear queue folldwE@principlewhereas,
deque does not follow the FIFO principle. In Deque, the insertion and deletion cainamodath ends.
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UNIT I
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UNIT - 11
Dictionaries: linear listrepresentation, skip list representation, operationsertion, deletion
andsearching.
Hash Table Representationhash functions, collision resoluticseparate chaining, open
addressinginearprobing,quadratigorobing,doublehashing rehashingexterdible hashing.
DICTIONARIES:
Dictionary is a collection of pairs of key and value where every value is associated with the
correspondingcey.

Basicoperationghatcanbe performedon dictionaryare:

1. Insertionof value inthedictionary

2. Deletionof particularvaluefrom dictionary

3. Searchingf a specificvaluewith the help of key

A dictionaryis ageneralpurposedatastructure foistoringa groupof objects.

A dictionaryhas aset ofkeysand eaclkey hasa single associatechlue.

Whenpresentedvith akey thedictionarywill returntheassociatedalue.

A dictionaryis alsocalled ahash,amap,a hashmajn differentprogrammindanguages.

The keys in a dictionary must be simple types (such as integers or strings) while the values
canbe ofanytype.

Differentlanguage&nforcedifferenttyperestrictionson keysandvaluesin adictionary.
Dictionariesareoftenimplementedashashtables.

Keys in a dictionary must be unique an attempt to create a duplicate key will typically
overwritethe existing value for thiey.

Dictionary is an abstract data structure that supports the following operétions:

search(Kkey) (returnghevalue associated witihe giverkey)
insert(Kkey, V value)i delete(Kkey)

AEachelementstored ina dictionaryis identified by akey oftypeK.

ADictionary represents.mappingfrom keysto values.

Dictionaries havenumerousapplications.
i contactbookAkey: name ofpersonyalue:i telephonenumber

--tableof programvariableidentiersikey: identier;value:addressn memory
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i propertyvaluecollectionAkey: propertyname value:associatedaluei

--naturallanguagedictionaryAkey: word in languageX; value:wordin languageY i etc

operationson dictionaries
Dictionariestypically supportseverabperations:

i retrieve a value (depending on language, attempting to retrieve a missing key may give a
defaultvalue or throwmanexception)

T insert or update a value (typically, if the key does not exist iditfti®nary, the keyalue pair
is insertedjf the keyalreadyexists,its correspondingalueis overwrittenwith the newone)

I removea key-valuepair
I testfor existenceof akey

Notethatitemsin adictionaryareunorderedsoloopsoverdictionarieswill returnitemsin an
arbitraryorder.

Linear List Representation The dictionary can be represented as a linear list. The linear list is a
collectionof pair andvalue. There arevo method ofepresentindinear list.

Structure of linear listfor dictionary:

To Representhedictionarywith linearlist , eachnodecontainthe 3 fields : thosearekey,
valueand pointer to the next node

Thebelowis thenodestructure:

Key value Pointer to the next node

Example:

Structnode
{
Int key;
Int value;
Structnode*next;
h

structnode*head;
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Insertion of newnodein Dictionary

Considetthatinitially dictionaryis emptythenhead= NULL
We will createanewnodewith somekey andvaluecontainedn it.

New

10 NULL

Now as head is NULLthis new node becomes head. Hence the dictionary contains only one
record. this node wil!/ be oO6currdé and ¢ a
visiting node and oOoprev6oé will al wayseipoaly nt o]
onenodeinthe i st mar k aass &dpcruervr60 mooddee
Insertarecord,key=4andvalue=20,
New

L 20 NULL

Compare the key val ue o-Pkeyo>Curr>kepthea attdch Newadey 6 nfp d «
to 6currdé node.

prev/head New curr->next=New
prev=curr

10 20 NULL

Add a newnode then

head/prev

10

If we insert then we have to search for it proper position by comparing key value>keyrx
New->key)is false.Hence else pawtill get executed.

10 : 20
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The deleteoperation:

Caseldl nitially assign O6headd node teesoddwhichig 6 0 C
to be deleted.Thenstartingfrom headnodekey value of eachjode is ckedand comparedwith

the desired nodeds key value. We wil/|l get njjod
given by wvariabl e d&qpr evvod ek eod p 6 cturuadc kn oadfe . p rFefu i

value 4then

/

R

Case?2: If the nodeto be deletedis headnodei.e.. if(curr==head)Then, simply makeé h e a d 6
nodeas nexnode and delet@ c ur r 0

head

15

Hence the listbecomes

head

SKIP LIST REPRESENTATION

A skip list is a data structure that is used for storing a sorted list of items with a help of hierarchy
of linked lists that connect increasingly sparse subsequences of the items. A skip list allows thd
process of item look up in efficiembtanner. The skip list data structure skips over many of the
itemsof the full list inone stept h at 6 3s knewnyas skip list.

Skip list is a variant list for the linked list. Skip lists are made up of a series of nodes connected
oneaftertheother Eachnodecontainsa key andvaluepair aswell as oneor morereferences, or
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pointers, to nodes further along in the list. The number of references each node contains i
determinedandomly.This givesskip liststheir probabilisticnature andthenumber of references

a node contains is called its node level. There are two special nodes in the skijslistatd@ode
which is thestarting node ofhe listand tail nodas the lashode ofthelist.

1 - 7
head tail
node node

The skip list is an efficient implementatiohdictionary using sorted chain. This is becausip
list each nodeonsists oforwardreference®f more tharone node ad time.

Skip list structure
It is built in two layers:ThelowestlayerandTop layer.

The lowest layer of the skip list common sorted linked list, and the top layers of the skip list
arelike an"expresdine" where theslements arskipped.

You can see in the example that 47 does not exist in the express line, so you search for a node [pf
less than 47, which is 40. Nowpy go to the normal line with the help of 40, and search the 47,
asshown inthe diagram.

Express line ’—|
10 40 60 70
‘ _

W — 16 — 20 —>» 1 — 40 —>» 42 —>» 47 —» 56 —> 5 —> 60 —» 62 —» 65 — 67 —» 70

Normal line

Skip List BasicOperations

Therearethefollowing typesof operationsn theskip list.

o Insertion operation: It is used to add a new node tpaticular location in a specific
situation.

o Deletionoperation: It is usedto deleteanodein aspecificsituation.

o SearchOperation: Thesearchoperations usedto searcha particularnodein a skiplist
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The individual node looks like this:

value array of pointer

E

Element

Example 1: Createaskip list, we wantto insertthesefollowing keysin theempty skiplist.
. 6 with level1.
. 29 with level 1.
. 22 with level 4.

. 9 with level 3.
. 17 with level 1.
. 4 with level 2.

Ans:
Step1: Insert 6 with level 1

Header

Step2: Insert 29 with level 1
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Header

Key

Step3: Insert 22 with level 4

Header

Key

Step4: Insert 9 with level 3

Header

-

29
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Step5: Insert 17 with level 1

Header

Key

Step6: Insert 4 with level 2

Header

Example 2: Considerthis examplewhere we wantto searchfor key 17.

Header
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Header

INSERTION IN SKIP LIST
We will start from highest level in the list and compare key of next node of the current node with

thekey to be inserted. Basidea is Ifi
1. Key of nextnode isessthankey tobe insertedhen wekeepon moving forwardn the

sameevel
2. Key of nextnodeis greater thathe key to be insertedhenwe storethe pointer tocurrent

nodeand move one level down and continue seairch.
At the level 0, we will definitely find a position to insert given key.
Considetthis examplevhere we wanto insertkey 171

Search path

update[ i ] -> forward [ ]

elalanl?

Original list, 17 to be updated
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SEARCH IN SKIP LIST

Searchinganelements very similarto approacHor searchinga spotfor insertingan element
in Skip list. The basiadea isif 1
1. Key of next nodds lessthan searckey therwe keepon movingforward onthe same
level.
Key of next node is greater than the key to be inserted then we store the pointer to
currentnodeand move one level dowand continue ousearch.

At the lowest level (0), if the element next to the rightmost element haegky to the search
key, then wehave found key otherwise failure.

EXAMPLE:

Considetthis examplewherewe wantto searchor key 17-

by
i
Y.
o

) ;

Deleting an elementfrom the Skip list

Deletion of an element k is preceded by locating element in theliSkiysing above mentioned
search algorithm. Once the element is located, rearrangement of pointers is done telemave

form listjust likewedo insingly linkedlist. Westart from lowest level ando rearrangementintil
element nexis not k.

After deletion of element there could be levels with no elements, so we will remove these levels
aswell by decrementinghe level ofSkip list.

Considetrthis examplewherewe wantto deleteelements
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Here at level 3, there is no element (arrow in red) after deleting element 6. So we will decremen
level ofskiplist by 1.

Advantagesof the Skip list

1 If you want to insert a new node in the skip list, then it will insert the node very fast
because¢here are naotations inthe skiplist.
The skip list is simple to implement as compared to the hash table and the binary search
tree.
It is very simpleto find anodein thelist becausét storesthenodesn sortedform.
The skip list algorithm can beodified very easily in a more specific structure, such as
indexableskip lists,trees, or prioritygueues.
Theskiplist is a robustandreliablelist.
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Disadvantagesof the Skip list

1. It requiresmorememorythanthebalancedree.
2. Reversesearchings notallowed.
3. Theskiplist searchethenodemuch slowethanthe linkedlist.

Applications of the Skip list

It is used in distributed applications, and it represents the pointers and system in the
distributedapplications.

It is usedto implementa dynamic elasticoncurrengueuewith low lock contention.
Theindexingof the skiplist is used inrunningmedianproblems.

Theskip list is usedfor thedeltaencodingpostingin theLucenesearch.

Hash Table Representationhash functions, collision resoluticseparate chaining, open
addressindjinearprobing,quadratigprobing,doublehashing rehashingextendiblehashing.

HASHING

1 Thereareseverakearchingechniques likdinearsearchpinary search, seartireesetc.

1 In these techniques, time taken to search any particular element depends on the total
numberof elements.
Linear Search takes O(n) time to perform the search in unsorted arrays consisting of n
elements.
Binary SearchtakesO(logn)time to performthe searchin sortedarraysconsistingof n
elements.
It takesO(logn)time to performthesearchin Binary Searchlreeconsistingof n
elements

Drawbacks
Themaindrawbackof thesetechniquess-
1 Asthenumberof elementsncreasestime takerto performthe searchalsoincreases.

[ This becomegproblematiovhentotal numberof elementdecomeoolarge.
Hashingin Data Structure

In datastructures,
1 Hashing is a welknown technique to search any particular element arsengral
elements.
1 It minimizesthe numberof comparisonsvhile performingthesearch.
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Advantages
Unlike othersearchingechniques,
1 Hashingis extremelyefficient.
1 Thetimetakenby it to performthe searchdoesnot dependuponthetotal numberof
elements.
It completeghe searchwith constantime complexityO(1).

Hashing Mechanism

In hashing,
1 An arraydatastructurecalledasHashtableis usedto storethe datatems.
1 Basedonthehashkeyvalue,dataitemsareinsertednto the hashtable.

Hashing is a technique that is used to uniquely identify a specific object from a group of similar
objects.Some examples dfow hashing is usenh ourlivesinclude:

1 In universities, each student is assigned a unique roll number that caed® retrieve
informationaboutthem.

1 In libraries, each book is assigneda unique numberthat can be usedto determine
information aboutthe book, suchasits exactpositionin the library or the usersit has
been issuetb etc.

In boththeseexampleghe studentandbookswerehashedo a uniguenumber.

Assume that you have an object and you want to assign a key to it to make searchingstasy. To
the key/valuepair, you canusea simple array like a datastructurewherekeys (integers¢an be
used directly as an index to store values. However, in cases where the keys are lasgmaind
be used directlgs an index, you should usashing

In hashing,large keys are convertedinto small keys by using hash functions. The valuesare

then stored in a data structure calleash table The idea of hashing is to distribute entries
(key/value pairs) uniformly across an array. Each element is assigned a key (converted key). B
using that key you can access the elemer®(h) time. Using tle key, the algorithm (hash
function)computes an indethatsuggests wheran entrycanbefound orinserted.

Hash function

A hash function is any function that can be used to map a data set of an arbitrary size to a data gt
of a fixed size, which fallfnto the hash table. The values returned by a hash function are called
hashvalueshash coded)ash sumsyr simply hashes.
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To achieve a good hashing mechanism, It is important to have a gooduhasbn with the
following basic requirements:

1 Easy to compute: It should be easy to compute and must not become an algatgéti in

2. Uniform distribution: It should provide a uniform distribution across the hash table and
shouldnot resultin clusterng.

Less collisions: Collisions occur when pairs of elements are mapped to the same has
value.Theseshould beavoided.

Note: Irrespective of how good a hash function is, collisions are bound to occur. Therefore, to
maintain the performance of a hash égbt is important to manage collisions through various
collisionresolutiontechniques.

Needfor a goodhashfunction

Let us understand the need for a good hash function. Assume that you have to store strings in th
hashtable byusing thehashingechniquegl i a b ¢ d e f Of, ¢ diebfcadbedfga ca,b c 0

To compute thendexfor storingthe strings,usea hashfunctionthatstates théollowing:

The index for a specific string will be equal to the sum of the ASCII values of the characters
modulo 599.

As 599 is a prime number, it will reduce the possibility of indexing different strings (collisions).
It is recommended that you use prime numbers in case of modulo. The ASCII values of a, b, ¢, d
e, and f are 97, 98, 99, 100, 101, and 102 respectivelge Sith the strings contain the same
charactersvith differentpermutations, the sumill 599.

The hash function will compute the same index for all the strings and the strings will be stored in
the hash table in the following format. As the index of algtrings is the same, you can create a
list onthat index and insert athe strings irthatlist.
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Hash Table

bcdefa cdefab

Letbés try a different hash function. The
valuesof charactergnultiplied by their respectiveorderin the string after which it is modulo
with 2069 (primenumber).

String Hash function Index
abcdef (971 + 982 + 993 + 1004 + 1015 + 1026)%2069 38
bcdefa (981 + 992 + 1003 + 1014 + 1025 + 976)%2069 23
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cdefab (991 + 1002 + 1013 + 1024 + 975 + 986)%2069 14
defabc (1001 +1012+1023 + 974 + 985 + 996)%206911

Hash Table

defabc

cdefab

bcdefa

Hashtable

A hash table is a data structure that is used to store keys/value pairs. Ihaskd$unction to
compute an index into an array in which an element will be inserted or searched. By using a
good hash function, hashing can work well. Under reasonable assumptions, the average time
requiredto search for aelement in dashtable isO(1).

Let us consider string S. You are required to count the frequency of all the characters in this
string.

stringS=Aababcdo

The simplest way to do this is to iterate over all the possible characters and count their frequenc
one by one. The time complexity of this approadd({@6*N) whereN is the size of the stringnd
there are 26 possible characters.

Let us apply hashing to this problem. Take an array frequency of size 26 and hasthéra@eérs
with indices of the arsaby using the hash function. Then, iterate over the stringraneasehe
valuein the frequencyat the correspondingndex for each character. The complexity of this
approach i©(N) whereN is the size othestring

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

Hash Table

Index Value Index Value

0
1]
2
3
4

TYPES OF HASH FUNCTION
Therearevarioustypes ofhashfunctions thatreusedto placetherecordin the hashtable

1. Division Method:
2. Mid Square:
3. Digit Folding:

Division Method: The hash function depends upon the remainder of
division.Typicallythe divisor is tabléength.
Foreg;If therecord 54,72, 89,37 is placedin thehash tableand ifthetable sizas 10then

hikey) = record %o table size

54%010=24
T2210=2
89%2010=9
3T7210=7

OO hbh WKeD
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Mid Square:

In the mid square method, the key is squared and the middle or mid pantesiuthe
is used as the index. If the key is a strindjas to be preprocessedpimducea
number.

Considerthatif we wantto placearecord 311then

311P =9678321

for the hash table of size
1000H(3111)=783(the
middle 3 digits)

Digit Folding:

The key is divided into separate parts and usomge simple operation these
partsarecombined to produce the hash key.

For eg; consider a record 12365412 then it is divided into separate parts as 123
65412 and theseare added together

H(key) = 123+654+12=789

Therecordwill be placedatlocation789

COLLISION

The hash function is a function that returns the key value using which the record can be placed i
the hash table. Thus this function helps us in placing the record in the hash table at appropriatp
position and due to this we can retrieve the record directly from that location. This function

need to be designed very carefully and it should not return the same hash key address for t
differentrecords. This i&n undesirable situatian hashing.

~ Definition: The situation in whih the hash function returns the same hash key (-
bucket) formore than one record is called collision and two same hash keys retu}
differentrecords is called synonym.

Similarly when there is no room for a new pair in the hash tablesti@na situation is called
overflow. Sometimes when we handle collision it may lead to overflow conditions. Collision and
overflow showthe poorhash functions
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EXAMPLE

For example,

Consider a hash function.

H{key) =recordkey?10 having the hash table size of 10

The record keys to be placed are

131, 44, 43, 78, 19, 36, 57 and 77
131%10=1

44%10=4

43%10=3

78%10=8

19%10=9

36%10=6

57%10=7

T7%10=7

if we try to place 77 in the hash table then we get the hash key tar at index 7 already the
record key 57 is placed. This situation is calbedlision. From the index 7 if we look for next
vacant position at subsequent indices 8.9 then we find that there is no room to place 77 in the hag
table.This situation is call@overflow.

COLLISION RESOLUTION TECHNIQUES

Collision Resolution Techniques are the techniques used for resolving or handling the collision.
Collisionresolutiontechniques are classified-as

Collision Resolution Technigues

I
1 1

Separate Chainimg O pen Addressing

(Open Hashing) (Closed Hashimng)

N

T

——

1. Separat€haining
2. OpenAddressing
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SeparateChaining-

To handlethecollision,
1 Thistechniquecreatesalinked list to the slot for which collisionoccurs.
1 Thenewkeyis theninsertedn thelinked list.
1 Thesdinked liststo theslotsappeatike chains.
1 Thatis why, thistechniques calledasseparatechaining.
For Searching
1 Inworstcaseall thekeysmight map tahesame bucketf the hashtable.
1 Insuchacaseall thekeys will be presenin asinglelinkedist.
1 Sequentiakearchwill haveto beperformedon thelinked list to performthesearch.
1 So,timetakenfor searchingn worstcases O(n).
For Deletion-
1 Inworstcase, thé&ey mighthaveto besearchedirst andthendeleted.
1 In worstcasetime takenfor searchings O(n).
1 So,timetakenfor deletion inworstcases O(n).
Load Factor ( U)

Loadfactor( Us)definedas

If Loadfactor( Ue)constantthentime complexityof Insert,SearchPelete=U ( 1)

EXAMPLE:
Usingthehashfunctiono k enp d 7 0 thefollowisgesequence dfeysin thehash table
50,700, 76, 85, 92, 73 and 101
Useseparatehainingtechniquefor collision resolution.

Thegivensequencef keyswill be insertedn thehashtable as

Step-01:

1 Drawanemptyhash table.
1 Forthegivenhash functionthe possiblerangeof hashvaluesis [0, 6].
1 So,drawan emptyhash tableonsisting of7/ bucketsas
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O 0 b W NSO

Step02:

Insertthe givenkeysin the hasttableoneby one.

Thefirst keyto beinserted irnthehash table= 50.

Bucketof the hashableto which key50 maps=50mod7 =1.
So,key 50 will be insertedn bucketl of the hastiableas

Step03:

1 Thenextkey tobeinserted irthe hash table= 700.
T Bucketof the hashableto which key700maps= 700 mod7 = 0.
1 So,key700will be insertedn bucketO of the hashableas

Step04:

1 Thenextkeyto beinserted inthe hashtable=76.
1 Bucketof the hastableto which key76 maps= 76 mod7 =6.
1 So,key 76 will be insertedn bucket6 of the hastiableas
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Step-05:

Thenextkeyto beinserted irnthehashtable= 85.

Bucketof the hashableto which key85 maps=85mod7 =1.
Sincebucketl is already occupiedsocollision occurs.
Separatehaininghandleghe collision by creatinga linked list to bucket1.
So,key 85 will be insertedn bucketl of the hastiableas

Step06:

Thenextkeyto beinserted irnthe hashtable=92.

Bucketof the hashableto which key92 maps=92mod7 =1.
Sincebucketl is already occupiedocollision occurs.
Separatehaininghandleghe collision by creatingalinked list to bucket1.
So,key 92 will be insertedn bucketl of the hashableas
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Step07:

1 Thenextkeyto beinserted inthe hashtable=73.
1 Bucketof the hastableto which key73 maps=73mod7 =3.
1 So,key 73 will be insertedn bucket3 of the hashableas

Step-08:

Thenextkey tobeinserted inthehash table= 101.

Bucketof the hashableto which key101maps= 101 mod7 = 3.
Sincebucket3 is already occupiedocollision occurs.
Separatehaininghandleghe collision by creatinga linked list to bucket3.
So,key 101 will be insertedn bucket3 of the hashableas
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Theadvantagesof separatehaininghashingareasfollows 1

1 Separatehainingtechniques not sensitiveto thesizeof thetable.
1 Theideaandtheimplementatioraresimple.

Thedisadvantagesof separatehaininghashingareasfollows 1

1 Keysarenotevenlydistributedin separatehaining.
1 Separatehainingcanleadto emptyspacesn thetable.
1 Thelist in thepositions carbeverylong.

OpenAddressing

In openaddressing,
1 Unlike separatehaining,all the keysarestoredinsidethe hashtable.
1 Nokeyis storedoutsidethe hashable.
Techniquesusedfor openaddressingare-
T LinearProbing
1 Quadratid’robing
1 DoubleHashing

Operationsin Open Addressing
Let usdiscusshow operationsareperformedn openaddressing

Insert Operation-
T Hashfunctionis usedo computethe hashvaluefor a keyto beinserted.
T Hashvalueis thenusedasan indexto storethekey inthe hashable.
In caseof collision,
1 Probingis performeduntil anemptybucketis found.
1 Onceanemptybucketis found,thekey s inserted.
1 Probingis performedn accordancevith thetechniqueusedfor openaddressing.
SearchOperation-
To searchanyparticularkey,
1 Its hashvalueis obtainedusingthe hash functiorused.
1 Usingthehashvalue,thatbucketof the hashableis checked.
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If therequired keys found,thekeyis searched.
Otherwise the subsequentucketsarecheckeduntil therequiredkey or anemptybucket
is found.
Theemptybucketindicatesthatthe key is not presenin the hashtable.
DeleteOperation-
1 Thekeyisfirst searchedndthendeleted.
1 After deletingthekey, thatparticularbucketis markedasfii d e | et e d o0 .

NOTE-
Duringinsertion,thebucketsmarkedasii d e | arétreadedike anyotherempty

bucket.
During searchinghe search is not terminated on encountering the bucket marked

afidel et edo.
Thesearchterminateonly aftertherequiredkey or anemptybucket isfound.

Linear Probing
Using the hash function O60key mod 76,
50, 700, 76, 85, 92, 73 and 101
Uselinearprobingtechniquédor collisionresolution.
Step-01:
1 Drawanemptyhash table.
1 Forthegiven hasHunction,the possibleangeof hashvaluesis [0, 6].
1 So,drawan emptyhash tableonsisting of7 bucketsas

1 Insertthegivenkeysin the hashiableoneby one.

T Thefirst keyto beinserted inthe hash table= 50.

1 Bucketof the hashableto which key50 maps=50mod7 =1.
1 So,key50will be insertedn bucketl of the hashableas

Step-03:
1 Thenextkey tobeinserted inthe hash table= 700.

T Bucketof the hashableto which key700maps= 700 mod7 = 0.
1 So,key700will be insertedn bucketO of the hashableas
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Step-04:
1 Thenextkeyto beinserted irnthe hashtable=76.

1 Bucketof the hashableto which key76 maps= 76 mod7 =6.
1 So,key 76 will beinserted inbucket6 ofthehash tablas

Thenextkeyto beinserted irnthe hashtable= 85.

Bucketof the hashableto which key85maps=85mod7 =1.

Sincebucketl is already occupiedsocollision occurs.

To handlethe collision, linear probingtechniquekeepsprobinglinearly until anempty
bucketis found.

Thefirst empty buckets bucket2.
So,key 85 will be insertedn bucket2 of the hashableas
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o a0k W N =2 0

92

tep-06:
Thenextkeyto beinserted inthe hashtable=92.

Bucketof the hashableto which key92 maps=92mod7 =1.

Sincebucketl is already occupiedsocollision occurs.

To handlethecollision, linear probingtechniquekeepsprobinglinearly until anempty
bucketis found.

Thefirst empty buckets bucket3.

So,key 92 will beinserted irbucket3 ofthehhash tablas

Thenextkeyto beinserted inthe hashtable=73.

Bucketof the hashableto which key73maps= 73 mod7 =3.

Sincebucket3 is already occupiedso collision occurs.

To handlethecollision, linear probingtechniquekeepsprobinglinearly until anempty
bucketis found.

Thefirst empty buckets bucket4.
So,key 73 will be insertedn bucket4 of the hashableas
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Step-08:

Thenextkey tobeinserted irthehash table= 101.

Bucketof the hashableto which keyl101maps= 101 mod7 = 3.

Sincebucket3 is already occupiedsocollision occurs.

To handlethecollision, linear probingtechniquekeepsprobinglinearly until anempty
bucketis found.

Thefirst empty buckets bucket5.

So,key 101 will be insertedn bucket5 of the hashableas

O
1
2
3
2l
5
(57

Theadvantagesof linearprobingareas followsi
1 Linearprobingrequiresverylessmemory.
1 Itislesscomplexandis simplerto implement.
Thedisadvantageof linear probingareasfollows 1
1 Linearprobingcauses scenariccalled"primary clustering“in which therearelarge
blocksof occupied cellsvithin the hashable.
1 Thevaluesin linearprobingtendto clusterwhich makesthe probesequencéongerand
lengthier.
1
QUADRATIC PROBING:

Quadratigorobingoperatesy takingthe original hashvalueandaddingsuccessivealuesof an
arbitraryquadratigopolynomialto the startingvalue. This methodusesfollowing formula.

H(key)=(Hash(key)+1%) % m)

- 1
wherem can betable sizeor any prime number.
for eg; If we haveto insertfollowing elementsn the hashtablewith tablesize10:
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37.90,55, 2,17, 49,87

Now if we want to place 17 a collision wdkccur as 17%10 = 7 and bucket 7 has already an
element37. Hencewe will applyquadratigorobingto insertthis recordin the hashable.

Hi (key) = (Hash(key) +%) % m

Considen =0 then

(17+0®) % 10=7

(17 + 1%) % 10 = 8, wheri =1

The bucket 8 empty hence we will place the element at index 8.
ThencomesA9 which will beplacedat index 9.

49% 10=9

L=T - I R - R R P =)
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Now to place 87 we will use quadratic probing.

37+D)%1[l =7
7+1)% 10 = &... but already occupied
87+29)%10= 1 already occupied

87+3)%10= 6

It 18 observed that 1f we want place all the necessary elements in
the hash table the size of divisor (m) should be twice as large as

total number of elements.

(
(8
(
(

N = N =]

WO 20

Theadvantagesof quadratigorobingis asfollows 1
T Quadratic probing is less likely to have the problem of princargtering and is easier to
implementthan DoubleHashing.
Thedisadvantagesf quadratigprobingareasfollows 1
T Quadratic probing has secondary clustering. This occurs when 2 keys hash to the sam
location, they have the same probe sequence. So, itakaymany attempts before an
insertionis beingmade.
Also probesequences daot probe alllocationsin thetable.

Double hashing

DoubleHashingis a hashingcollision resolutiontechniqguenvherewe use2 hashfunctions.
Double Hashing HashFunction 1
hi= ( Hash(X)+ F(i) ) % Table Size
where
F(i) =i * hash(X)
X is theKey or the Numberfor whichthe hashings done
i is the " time that hashing is done for the same value. Hashing is repeated only when
collisionoccurs
Tablesizeis thesizeof thetable inwhich hashing iglone
This F(i) will generate the sequencesuch as hash(X), 2 * hash(X) and so on.
DoubleHashing- HashFunction2
We use second hash function as
hash(X) = R- (X mod R)
where
Ris the prime numbermwhichis slightly smallerthanthe TableSize.
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T X is the Key or the Number for which the hashing is done
DoubleHashing Example ClosedHas Table
Let usconsidertthe same exampla whichwe choosdR = 7.

o &8

28

O NN ow bk WN p

=

A ClosedHashTableusingDoubleHashing

Key Hash Function h(X) Collision |Alt

ho(79) = ( Hash(79)+ F(0))% 10
= ((79 % 10) 40)% 10 =9

ho(28) = ( Hash(28)+ F(0))% 10
= (28 % 10) 0)% 10 =8

ho(39) = ( Hash(39)+ F(0))% 10 first
=((39 % 10) H0)% 10 =9 collision
occurs

h(39) = ( Hash(39)}+ F(1))% 10
= ((39 %10) + 1(7(39% 7)))% 10
= (9+3)%10=12%10 =2

ho(68) = ( Hash(68} F(0))% 10 collision
=((68 % 10) H0)% 10 =8 occurs

h(68) = ( Hash(68)+ F(1))% 10
= (68 %10) + 1(7(68% 7)))% 10
= (8 +2)%10=10%10 =0

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

ho(89) = ( Hash(89)+ F(0))% 10 collision
=((89 % 10) H0)% 10 =9 occurs

h1(89) = ( Hash(89} F(1))% 10 Again
= ((89 %10) + 1(#(89% 7))) %10= collision
9+2)%10=10%10 =0 occurs

ho(89) = ( Hash(89) F(2))% 10
= (89 %10) + 2(#(89% 7))) %10=
(9+4) % 10=19610 =3

headvantageof doublehashing isas followsi

1 Doublehashingfinally overcomeshe problemsof theclusteringssue.
Thedisadvantagesof double hashingreasfollows:

1 Doublehashings moredifficult to implementthananyother.

Comparison of Open AddressingTechnigues

Quadratic Double

LinearProbing Probing Hashing

Primary Yes No No
Clustering

Secondary No
Clustering

Number  of
Probe
Sequence

(m = size of
table)

Cache Lies between Poor

performance thetwo
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SeparateChaining Vs Open Addressing

SeparateChaining OpenAddressing

All thekeysarestoredonly
Keys are stored inside the hajnsidethe hashable.

table as well as outside the héng keyis presenbutsidethe
table. hashtable.

The number of keys to be stor
in the hash table can never
exceedhesizeof the hashtable.

The number of keys to be stor
in the hash table can even exce
thesize ofthehash table.

Deletionis easier. Deletionis difficult.

Extra spaceis required for the . '
pointers to store the keys outsiNO extraspaces required.

thehashtable.

Cacheperformances poor. Cache performance is better.

This is becauseof linked lists Thisis becauséerenolinked
which store the keys outside tl|jsts areused.

hashtable.

[Buckets may be used even if
key maps to those particular
buckets.

Some buckets of the hash ta
are never used which leads to
wastageof space.

Which is the Preferred Technique?

The performance of both the techniques depend on the kind of operations that are required to be
performedon the keys stored e hash table

SeparateChaining-
Separate Chaining is advantageous when it is required to perfdim &dllowing operations on

thekeys stored in the hash table
1 InsertionOperation
1 DeletionOperation
1 SearchingOperation

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

NOTE-

1 Deletionis easielin separatehaining.
1 Thisis becauseleletinga key from the hashabledoesnot affectthe other keysstoredin
thehashtable.
Open Addressing
Open addressing is advantageous when it is required to perform only the following operations on
thekeys stored in the hash table
1 InsertionOperation
T SearchingOperation
NOTE-
1 Deletionis difficult in openaddresing.
1 Thisis becauseleletinga key from the hashtablerequiressome extrafforts.
1 After deletingakey, certainkeyshaveto berearranged.

REHASHING
Rehashing is a technigue in which the table is resized, i.e., the size of table is doubled by

creating a new table. It is preferable is the total size of table is a prime number. There are
situationsin which the rehashing i®quired.

Whentableis completelyfull
With quadratic probing when the table is filled half.
Wheninsertions fail dugo overflow.

In such situations, we have to transfer entries from old table to the new table by recomputing
their positions using hash functions.

Consider we have to insert the elements 37, 90, 55, 22, 17, 49, and 87. the table size is 10 and wi(jl
use hasliunction.,

H(key)= key modablesize

37% 10=7

90 % 10=0

55% 10 =5

22 % 10 =2

17 % 10 =7

Collision solved by linear probing

49% 10=9

Now this table is almost full and if we try to insert more elements collisions will occur and
eventuallyfurtherinsertionswill fail. Hencewe will rehashby doublingthetablesize.Theold
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table size is 10 then we should double this size for new table, that becomes 20. But 20 is not a
primenumberwe will preferto makethetable sizeas23. And newhash functiorwill be

H(key) key mod 23

37%23=14
00% 23 =21
55%23=9

22% 23 =22
17%23=17
49%23=3

87% 23=18

VH-1G Wk WheD

Now the hashtableis sufficiently largeto accommodateewinsertions.

Advantages:
This technique provides the programmer a flexibility to enlarge the table size if required.
Only the spaceggetsdoubledwith simplehashfunctionwhich avoidsoccurrencef collisions

Extendible Hashing

Extendible Hashingis a dynamic hashing method wherein directories, and buckets are used to
hash data. It is an aggressively flexible method in which the hash furad§onexperiences
dynamicchanges.

Main featuresof Extendible Hashing: Themainfeaturesn this hashingechniqueare:

1 Directories: The directories store addresses of the buckets in pointers. An id is assigned
to eachdirectorywhich maychange eactime when DirectoryExpansiortakesplace.

1 Buckets: Thebucketsare usedo hashtheactualdata.

Basic Structure of Extendible Hashing:
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Local Depth --_.5

Global Depth=2

Data

Directories

Buckets

Extendible Hashing

Frequently usedterms in Extendible Hashing:

Directories: These containers store pointers to buckets. Haehtory is given anique
id which may change each time when expansion takes place. The hash frgtatizsthis
directory id which is used to navigate to the appropriate bucket. Numberectories=

2”GlobalDepth.

Buckets: They store the hashedkeys. Directories point to buckets.A bucket may

containmorethanonepointersto it if its local depthis lessthanthe global depth.

Global Depth: It is associatedwvith the Directories. They denotethe numberof bits
which are used by tHeash function to categorize the keys. Global Depth = Numbstsof
in directoryid.

Local Depth: It is the sameasthatof Global Depthexceptfor the fact that Local Depth
is associatedvith the buckets and not the directories.Local depthin accordancevith
the global depth is used to decide the action that to be performed in case an @catdicy
Local Depth isalwaysless than or equ#éb the GlobaDepth.

Bucket Splitting: When the number of elements in a bucket excegdsteular sizethen
the bucket is split into twparts.

Directory Expansion: Directory Expansion Takes place when a bucket overflows.
Directory Expansion is performed when the lodapth of the overflowing bucket éxjual
to theglobal depth.
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BasicWorking of Extendible Hashing:

Data Aafurns the

(Converfed Directory
into Binary) focation/name

Darts
traverses fo
e buckef

Step 1i Analyze Data Elements:Data elements may exist in various forms eg. Integer,
String,Float,etc.. Currentlylet usconsider datalements ofypeinteger.eg:49.

Step 2i Convert into binary format: Convert the data element in Binary form. Boing
elements, consider the ASCII equivalent integer of the starting character amdniert
the integerinto binary form. Since we have 49 as our data element,its binaryform is
110001.

Step 37 Check Global Depth of the directory.Suppose the global depth of the Hash
directoryis 3.

Step 4i Identify the Directory: Consi der -Dépet WG| mbmbder of
binarynumber and match it e directoryid.

Eg. The binary obtained is: 110001 and the glalegith is 3. So, the hash function will
return3 LSBs 0f110001viz. 001.

Step57 Navigation: Now, navigateto the bucketpointedby thedirectorywith directory

id 001.

Step 61 Insertion and Overflow Check: Insert the element and check if the bucket
overflows. If an overflow is encountered, gcstep 7followed byStep 8 otherwise, gdo

step9.

Step 71 Tackling Over Flow Condition during Data Insertion: Many times, while
inserting data in the buckets, it might happen that the Bucket overflows. In such cases, we
need to follow an appropriate procedure to avoid mishandlmig data.First,
Checkif thelocal depthis lessthanor equalto the global depth.Then chooseoneof the
casedelow.
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1 Casel:lf the local depth of the overflowing Bucket is equal to the glalegith,
then Directory Expansion, as well as Bucket Split, needs to be performed. Then
increment the global depth and the local depth value by 1. And, assign appropriate
pointers.
Directory expansion will double the number of directories present in the hash
structure.
Case2:In case the local depth is less than the global depth, then only Bucket Split
takes place. Then incrementonly the local depth value by 1. And, assign
appropriatgointers

Local Depth Local Depth =
< Global Depth Global Depth

V4 T

Perform
Bucket Split
& Directory

Expansion

Perform
Bucket Split

1 Step 81 Rehashing of Split Bucket ElementsThe Elements present in the overflowing
bucketthat issplit are rehashed.r.t thenewglobal deptlof thedirectory.
1 Step9i The elements successfulljhashed.
Example based on Extendible HashingNow, let us consider a prominent example of hashing
thefollowing elements16,4,6,22,24,10,31,7,9,20,26.
Bucket Size:3 (Assume)
Hash Function: Supposeéheglobaldepthis X. ThentheHashFunctionreturnsX LSBs.
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1 Solution: First, calculatethe binaryformsof eachof the givennumbers.
16- 10000
4- 00100
6- 00110
22- 10110
24- 11000
10- 01010
31-11111
7- 00111
9- 01001
20- 10100
26- 11010

Initially, the globaldepth and locatiepth is always 1. Thus, the hashing frame looks like
this:

1 Inserting 16:
Thebinaryformatof 16 is10000andglobatdepthis 1. Thehash functiometurnsl LSBof
1000 which is 0. Hencel6 is mapped to thdirectorywith id=0.

HFash(ial= 7

7 Inserting 4 and 6:
Both 4(100) and6(110)have0 in their LSB. Hence theyarehashedsfollows
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Hash(s)=7Ia0
Hashifer=rro

1 Inserting 22: Thebinary formof 22is 10110. Its LSBis 0. Thebucketpointedby
directoryO is already full. Hence, Ovéilow occurs.

OverFlow Condition
Here, Local Deprir=Giobal Depth

1
16, 4, 6,22 |

[

Hash(22}=10110

1 As directed byStep #Case 1 Since Local Depth = Global Depth, the bucket splits and
directory expansion takes place. Also, rehashing of humbers present in the overflowing
bucket takes place after the split. And, since the global depth is incrementedby 1,

now,the global depth is 2. Hence, 16,4,6,22 are now rehashedw.rt 2 LSBs.[
16(10m®0),4(100),6(110),22(101.0) ]

Affer Buckef Spiif and Direcfory Exparnsiorn

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

*Notice that the bucket which was underflow has remained untouched. But, since the number ¢
directorieshasdoubled,we now have?2 directories01 and 11 pointing to the samebucket.Thiss
because the localepth of the bucket has remained 1. And, any bucket having a locallesgpth
thantheglobal depth igpointedto by more than ondirectories.

T Inserting 24and 10: 24(11M0) and10 (1010) canbe hashedasedon directorieswith
id 00 and 10. Here, we encounterowerflow condition.

Hash(24)= 77000
Hashii(Fa)=707i0

1 Inserting 31,7,9:All of these elements[ 31(111), 7(111), 9(1@1) ] have either 01 atl

in their LSBs.Hence, theyaremappedn thebucketpointedoutby 01and11. Wedonot
encounter any overflowonditionhere.

=2

‘. 6.22.10

\ 1
31.7.9

Haslfhi 3 = 777Fi7
Hashr( 7 =777
ISP = 737

1 Inserting 20: Insertion of data element 20 (1@} will again cause the overflow
problem.
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OverFlow, [ ocal Depth=Global Depth

16.4.24.20

Overflow

Hash(20)=10100

1 20isinserted in bucket pointed out by 00. As directe8tep #Case 1 since thdocal
depth of the bucket = globaldepth, directory expansion (doubling) takes place along
with bucketsplitting. Elementgpresenin overflowingbucketarerehashedvith thenew
globaldepth. Now, the newash table lookske this:

16, 24

SPLITBu

4,20

1 Inserting 26: Global depth is 3. Hence, 3 LSBs of 26010 are considered. Therefore
26 best fitsin the buckepointed ouby directory010.
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Hash(26)=11010
OverFlow, Local Depth <Global Depth

6,22,10,26 | OverFlow

1 Thebucketoverflows,and,asdirectedby Step 7-Case2, sincethelocal depth of bucket
< Global depth (2<3) directories are not doubled but, only the bucket is split and
elementsarerehashed.

Affected
Buckets

Finally, the outputof hashinghegivenlist of numbergs obtained.
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Key Observations:

. A Bucket will have more than one pointers pointing to it if its local depth is less than the
globaldepth.

. When overflow condition occurs in a bucket, all the entries in the bucket are rehashed
with a newlocal depth.
If Locd Depthof theoverflowingbucket

. Thesizeof abucketcannotbe changedafterthe datainsertionprocessegins.

Advantages:

Dataretrievalis lessexpensivein termsof computing).
No problemof Datalosssincethe storagecapacityincreaseslynamically.

. With dynamicchangesn hashingfunction,associatedld valuesarerehasheav.r.t the
new hashfunction.

Limitations Of Extendible Hashing:

Thedirectorysizemayincreasesignificantlyif severakrecordsarehashednthesame
directorywhile keeping theecord distributiomornuniform.

Sizeof everybucket isfixed.

Memoryis wastedn pointerswhentheglobaldepthandlocal depthdifferencebecomes
drastic.

This methodis complicatedo code.
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UNIT I
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UNIT Il

Search Trees: Binary Search Trees, Definition, Implementation, OperationsSearching,
Insertion and Deletion, AVL Trees, Definition, Height of an AVL Tree, Operations i
Insertion, Deletionand Searching,Redi Black, Splay Trees.

TREES INTRODUCTION

The tree is a nonlinear hierarchical data structure and comprises a collection of entities known a
nodeslt connecteachnodein thetreedatastructureusing” e d gbethdirectedandundirected.

The image below represents the tree data structure. Theditued circles depict the nodes of
thetreeand theblack linesconnecting eachodewith anotherarecalled edges.

You will understandhe partof treesbetter,in theterminologiessection.

& "\ Node

& "\ Edge

The Necessityfor a Tree in Data Structures

Other data structures like arrays, linked, stacks, and queues are linear data structures, and all
these data structures store data in sequential order comglexity increases with increasidgta

size to perform operations like insertion and deletion on these linear data structures.r®ut it is
acceptable for today's world of computation.

The nonlinear structure of trees enhances the d&baing, data accessing, and manipulation
processes by employing advanced control methods traversal through it. You will learn about treq
traversain the upcoming section.

Tree Terminologies
Thefollowing aresomeof thebasic treeterms

RootNode
Edge
Parenmnode
Child node
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Siblings

Leafnodesor externalnodes
Internalnodes

Degree

Level

Height

Depth

Path

Subtree

=A =4 4 4 4 -4 -5 5

In atreedatastructure theroot is the first nodeof the tree. The root nodeis the initial
nodeof thetreein datastructures.

In thetreedatastructure theremust beonly one rootode.

& T\ Root Node

-

< . & e

In atreein datastructuresthe connectingdink of anytwo nodesis calledthe edgeof the
treedata structure.

In thetreedatastructure N numberof nodesconnectingwvith N -1 numberof edges.

S

= B ek T

Parent

In the treein datastructuresthe nodethatis the predecessoof any nodeis known asa parent
node,or anodewith abranch fromitself to anyothersuccessiv@odeis calledthe parentode.
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Here A, B and C are
parent nodes

Child
1 Thenode,adescendantf anynode,is knownaschild nodesn datastructures.
1 In atree,any numbepf parentnodescanhaveany numbenf child nodes.

1 Inatree, everynodeexcept theoot nodes achild node.

» Here B and C are children of A
* Here D and E are children of B
* Here E and F are children of C

Siblings
In treesin the datastructure nodeshatbelongto the sameparentarecalledsiblings.
= Here B and C are siblings

* Here D and E are siblings
Here F and G are siblings

Leaf
1 Treesin thedatastructurethe nodewith no child, is knownasaleafnode.

1 Intrees]eafnodesarealsocalledexternalnodes oterminalnodes.
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Here D, E, F and G are leaf nodes.

Internal nodes
1 Treesin thedatastructurehave ateastonechild nodeknown asnternalnodes.
1 Intreeshodesotherthan leainodes arénternalnodes.

1 Sometimegoot nodesrealsocalled internal node$ the treehasmorethan onenode.

Here A, B and C are internal nodes.

s

Degree

T In the treedatastructure the total numberof childrenof a nodeis calledthe degreeof
thenode.

1 Thehighest degreef thenodeamongall thenodesn a treeis called theDegreeof Tree.
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* Here degree of A, Band Cis 2.
* Here degree of D, E, Fand G is O.

Level

In treedatastructuresthe root nodeis saidto be at level O, andthe root node'schildrenare at
level 1, and thechildrenof that node at level Will be level 2, andoon.

— Level O

In atreedatastructure the numberof edgesfrom the leaf nodeto the particularnodein
thelongestpath isknown aghe height of that node.

In thetree,the heightof theroot nodeis called"Height of Tree".
Thetreeheight ofall leaf nodess 0.

& \Heightis 2
& \Heightis 1

Height is O

'
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In atree,manyedgedrom theroot nodeto the particularnodearecalledthe depthof the
tree.

In the tree, the total numberof edgesfrom the root nodeto the leaf nodein the longest
pathis known as'Depthof Tree".

In thetreedatastructures, thelepthof theroot nodes 0.

& \Depthis0
& \Depthis1

Depthis 2

[

Path

T In thetreein datastructuresthe sequencef nodesand edgesfrom one nodeto another
nodeis called the path between thds® nodes.

1 Thelength ofapath isthe total number afiodesin apath.zx

Here the path between A and D is
A-B-D

Subtree

In the tree in data structures, each child from a node shapegraesuécursively and every child
in thetreewill form a subtreeon itsparent node.

< N

Subtree
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General Tree
The general tree is the type of tree where there are no constraintshegrdinehical structure.

Properties

1 Thegeneratreefollows all propertiesof thetree datastructure.

1 A nodecanhaveanynumberof nodes.

A node can have any number of children

BINARY TREES

The Binary tree meangthat the nodecanhavemaximumtwo children.Here,binary nameitself
suggestshat 'two';therefore, each node can have either@, Achildren.

Let's understand the binary tree through an example.

The abovetreeis a binary treebecauseeachnodecontainsthe utmosttwo children. The logical
representationf theabowe treeis given below:
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7

=] > | a | ><_

ElKEES

In the abovetree,nodel containstwo pointers,i.e., left anda right pointer pointing to the left

and right node respectively. The node 2 contains both the nodes (left and right node); therefore,
has two pointers (left anight). The nodes 3, 5 and 6 are the leaf nodes, so all thesecondizis

NULL pointer on both left and right parts.

Properties of Binary Tree
o At each level of ithe maximum number ofiodesis 2.

o The height of the tree is defined as the longash from the root node to the leaf node.
The tree which is shown above has a height equal to 3. Therefore, the maximum numbe
of nodes at height 3 is equal to (1+2+4+8) = 15. In general, the maximum numbeesf
possibleat height h ig2° + 21 + 22+ é 2") = 211,

If the number of nodes is minimum, then the height of the tree would be maximum.
Conversely, if the number of nodes is maximum, then the height of the tree would be
minimum.

If there aren' numberof nodesn thebinarytree.
The minimum height can be computedas:

As weknowthat,

n= 2h+1 -1

n+l =21

Taking log on both the sides,

logz(n+1) = log2(2*Y

logz(n+1)=h+1

h=log(nh+1)i 1

The maximum height can be computedas:
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As we knowthat,
n=h+l

h=n-1

Typesof Binary Tree

Therearefour typesof Binary tree:
o Full/ proper/strictBinary tree

o CompleteBinarytree
o PerfectBinarytree
o Degenerat8inarytree
o Balancedinarytree
1. Full/ proper/ strict Binary tree

The full binary tree is also known astaict binary tree. The tree can only be considered dsithe
binary tree if each node must contain either 0 or 2 children. The full binary tree candédmée
asthetreein whicheach nodenust contain 2 childreexcept thdeaf nodes.

Let's look at the simple exampleof the Full Binary tree.

In the above tree, we can observe that each node is either containing zero or two tiaicreme,
it is a Full Binary tree.

Properties of Full Binary Tree

o The number of leaf nodes is equal to thenber of internal nodes plus 1. In the above
example, the number of internal nodes is 5; therefore, the number of leaf nodes is equal t¢

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

6.

The maximumnumberof nodesis the sameasthe numberof nodesin the binary tree,
i.e., 2.1,

Theminimum numbepf nodesn thefull binary treas 2*h-1.
Theminimum heightof thefull binary treeis log2(n+1) - 1.

Themaximumheight ofthefull binary treecanbe computedas:
n=2*h-1

n+1 = 2*h
h=n+1/2
CompleteBinary Tree

The completdinary tree is a tree in which all the nodes are completely filled except thevisst
In the last level, all the nodes must be as left as possible. In a complete binary treelethe
should beaddedrom theleft.

Let'screatea completebinarytree.

The above tree is a complete binary tree because all the nodes are completely filled, and all thig
nodesn thelast level areadded at théeft first.

Properties of CompleteBinary Tree
o Themaximum numbeof nodesn complete binary tree i - 1.
o Theminimum number ohodesin complete binary treis 2".
Theminimum height of @omplete binary treis logz(n+1) - 1.

Themaximumheight ofacompletebinary treds
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PerfectBinary Tree

A tree is a perfect binary tree if all the internatles have 2 children, and all the leaf nodes are at
thesame level.

Let's look at a simple exampleof a perfect binary tree.

Thebelow treds not aperfect binaryreebecausall the leafnodesarenot at thesame level.

DegenerateBinary Tree

Thedegeneratbinary treds atreein which all theinternalnodes havenly onechildren.

Let's understand the Degeneratebinary tree through examples.
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The abovetreeis a degeneratdinary tree becausall the nodeshaveonly onechild. It is also
knownasaright-skewedireeasall the nodesavearight childonly.

The abovetreeis alsoa degeneratdinary treebecausell the nodeshaveonly onechild. It is
alsoknown asaleft-skewed treasall the nodedavealeft child only.

BalancedBinary Tree

Thebalancedinarytreeis atreein which boththe left andright treesheightdiffer by atmost1.
Forexample AVL andRedBlack treesarebalanced binary tree.

Let's understand the balancedbinary tree through examples.

The above tree is a balanced binary tree because the difference betwesghhef left subtree
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andright subtreas zero.

The abovetreeis not a balancedbinary tree becausehe differencebetweenthe heightof left
subtreeand theright subtreas greatethan 1.

Tree Traversals

Unlike linear data structures (Array, Linked List, Queues, Stacks, etc) which have oldgioak
way to traversethem,treescanbetraversedn differentways.Following are the generallyused
ways for traversing trees

Depth First Traversals:
(@) Inorder(Left, Root,Right)
(b) Preorder(Root, Left, Right)
(c) Postorde(Left, Right, Root)
Breadth-First or Level Order Traversal

Let seeeachtraversaimethodwith example.

Inorder Traversal

Algorithm Inorder(tree)

1. Traverseheleft subtreej.e.,call Inorder(leftsubtree)
2. Visit theroot.
3. Traverseheright subtreej.e., call Inorder(rightsubtree)

Usesof Inorder

In the casef binarysearchrees(BST), Inordertraversalgivesnodesn non-decreasingrder.
To get nodes of BST in neincreasing order, a variation of Inorder traversal where Inorder
traversak reversed can based.

Example:
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In ordertraversal fottheabovegiven figureis 4251 3.

Preorder Traversal

Algorithm Preorder(tree)

1. Visit theroot.
2. Traverseheleft subtreej.e., call Preorder(lefisubtree)

3. Traversetheright subtreej.e., call Preorder(rightsubtree)
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Usesof Preorder
Preorder traversal is used to create a copy of the tree. Preorder traversal is also used to get pref

expressioron anexpression tree

Example:Preorder traversdbr theabovegiven figureis 12 4 53.
Postorder Traversal
Algorithm Postorder(tree)

1. Traverseheleft subtreej.e., call Postorder(lefisubtree)
2. Traverseheright subtreej.e., call Postorder(rightubtree)
3. Visit theroot.

EXAMPLE

Example:Postordetraversal fotheabovegiven figureis4 52 31.

Usesof Postorder
Postordetraversals alsousefulto getthe postfix expressiorof anexpressioriree.

Level Order Binary Tree Traversal

Level ordertraversalbof a tredas breadthfirst traversal fothetree.

Level order traversabf theabovetreeis 12 34 5
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Construct a binary tree from inorder and postorder traversals

The idea is to start with the root node, which would be the last item in the postorder seajugnce,
find the boundary of its letind right subtree in the inorder sequence. To find the boursdamch

for the index of the root node in the inorder sequence. All keys before the root nodeardire
sequence become part of the left subtree, and all keys after the root node betamftberight
subtree. Repeat this recursively for all nodes in the tree and construct the trgaracdiss.

To illustrate, considerthe following inorder and postorder sequence:

Inorder:{4,2,1,7,58,3,6}
Postorder {4,2,7,8,5,6,31}

Root would be the last elementin the postordersequencei.e., 1. Next, locatethe index of the

root node in the inorder sequence. Now since 1 is the root node, all nodes before 1 in the inordsg
sequencemust be includedin the left subtreeof the root node,i.e.,{4, 2} andall the nodes

after 1 must be included in the right subtree, i.e., {7, 5, 8, 3, 6}. Now the problem is reduced to
building theleft and rightsubtreesand linking them tdhe root node.

Left subtree:

Inorder : {4, 2}
Postorder {4, 2}

Right subtree:

Inorder : {7, 5, 8, 3,6}
Postorder {7, 8, 5, 6, 3}

Theideais torecursivelyfollow theaboveapproachuntil thecomplete tree is constructed.

Thefinal treewill be

-~
I,

e
o
s
]
i

.

e

T
L 8 )

.

Binary SearchTree(BST)
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A Binary SearchTree (BST) is a tree in which all the nodesfollow the belowmentioned
properties

1 Thevalueof the key of the left subtreeis lessthanthe value of its parent(root) node's
key.

Thevalueof thekey of theright subtreeis greatetthanor equalto the valueof its parent
(root) node'key.

let'sunderstandhe concepiwof Binary searchiree withanexample.

Root

/\
/\ ./\

In the above figure, we can observe that the root node is 40, and all the nodes of the left subtref
are smallerthanthe root node,and all the nodesof the right subtreeare greaterthan the root
node.

Similarly, we can see the left child of root node is greater than its left child and smaller than its
right child. So, it also satisfies the property of binary search tree. Therefore, weydhatshe
treein theaboveimageis abinary search tree.

Suppose if we change the value of node 35 to 55 in the above tree, check whether the tree will
binarysearch treer not.

Root

/\
/\ /
& \

In the above tree, the value of root node is 40, which is greatenthleft child 30 but smaller
than right child of 30, i.e., 55. So, the above tree does not satisfy the property of Binary searc
tree.Therefore, thabovetreeis nota binary search tree.
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Advantagesof Binary searchtree

o Searchingan elementin the Binary searchtree is easyas we always havea hint that
which subtreehasthe desired element.

o Ascomparedo arrayandlinked lists, insertionanddeletionoperationsrefasterin BST.
Example of creating a Binary SearchTree (BST)
Now, let'sseethe creatiorof binarysearchreeusinganexample.
Supposéhe data elementwe- 45, 15,79, 90, 1055,12, 20, 50

o First,we haveto insert45into thetreeasthe rootof thetree.

o Then,readthe nextelement;f it is smallerthantheroot node,insertit astheroot of the
left subtree, and moue thenext element.

Otherwisejf the elementis largerthantheroot node,theninsertit asthe root of theright
subtree.

Now, let's seethe processof creatingthe Binary searchtree usingthe given dataelement.The
procesf creating the BST is shown below

Stepl- Insert 45.

Root

!

45

Step2 - Insert 15.

As 15is smallerthan45, soinsertit as theroot nodeof theleft subtree.

Root

s

J—

Step3-Insert 79.

As 79is greaterthan45, soinsert itastheroot nodeof theright subtree.
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45

T

15 79

Step4 - Insert 90.

90is greaterthan45 and79, soit will beinsertedastheright subtreeof 79.

Root

a5

T

15 79

.

20

Step5 - Insert 10.

10is smallerthan45 and15, soit will beinsertedasaleft subtreeof 15.

Root

45

N

15 79

e ~

10 90

Step6 - Insert 55.

55is larger tham5 and smallethan79, soit will be inserted asheleft subtreeof 79.

Root

|
N
- N\

10 5 0}

Step7 - Insert 12.
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12is smallerthan45 and15 butgreaterthan10, soit will beinsertedastheright subtreeof 10.

Root

.
/ O\

~

(o]

12

Step8 - Insert 20.
20is smallerthan45 but greaterthan15, soit will beinsertedasthe rightsubtreeof 15.

Root

.
N\ O\

N

12

Step9 - Insert 50.

50is greateithan45 but smallerthan79 and55. So, it will beinsertedasa left subtreeof 55.

Root

45

— T

15 79

10 20 55 Q20

S .

12 50

Now, the creationof binary searchtreeis completed After that, let's movetowardsthe
operationghat can b@erformed on Binary seardfee.

We canperforminsert,deleteandsearchoperationnthe binary searchree.

Let'sunderstandhow asearchs performecbn abinary searclree.
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Searchingin Binary searchtree(BST)

Searching means to find or locate a specific element or node in a data structure. In Binary searc
tree, searching a node is easy because elements in 8Sibied in a specific order. The steps of
searchinganodein Binary Searchreearelistedasfollows -

1. First,compareheelement tdbesearched witltheroot elemenbf thetree.
2. If rootis matched witlthetargetelement, themeturnthenode'docation.

3. If it is not matched then checkwhetherthe item is lessthan the root element,if it is
smallerthan theroot elementthen moveo theleft subtree.

If it is largerthantherootelement, themoveto theright subtree.

5. Repeatheaboveproceduraecursively untithe matchis found.

6. If theelemenis notfoundor notpresenin thetree,then returNULL.

Now, let's understand the searching in binary tree using an example. We are taking the binar
searchtreeformed above. Supposee haveto find node20 from thebelowtree.

Stepl:

Root
v

Root » 45
Itermn = 20

(Iterm ) < ( root —»data) \
.lf/

Root = Root —» left @
15

- . ~
e “ e \.
10 20 55 20

. v

12 50
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d

{Iterm) = ( root —rdata]/ \

Root = Root —» Right g
10 20

N

12

4
.r/ \
15 79
Root — 10 20 55 90

Item = 20
{ltem) = { root —»data) \ | /

12 | 50

return Root

Now, let'sseethealgorithmto searchan elemenin the Binary searchree.

Now let's understandhow the deletionis performedon a binary searchiree.We will alsoseean
exampleo deletean element from the given tree.

Deletionin Binary Searchtree(BST)

In abinarysearchree,we mustdeletea nodefrom thetreeby keepingin mind thatthe property
of BST isnot violated.To deletea nodefrom BST, therearethreepossiblesituationsoccur-

o Thenodeto bedeleted igheleaf node, or,

o Thenodeto bedeleted hasnly onechild, and,

o Thenodeto be deletedhastwo children
Wewill understand theituationdisted aboven detail.
When the nodeto be deletedis the leaf node

It is the simplest case to delete a node in BST. Here, we have to replace the leaf node with NUL
andsimply freetheallocated space.
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We can see thprocess to delete a leaf node from BST in the below image. In below image,
suppose we have to delete node 90, as the node to be deleted is a leaf node, so it will be replacjgd
with NULL, and the allocated spauwall free.

Assign node 90 to NULL, and

/ \ / \

Delete node 90 Delete node

When the nodeto be deletedhasonly onechild

In this case, we have to replace the targete(Deleting nodelith its child, and then delete the
child node. It means that after replacing the target node with its child node, the child node will
now containthe valueto be deleted.So, we simply haveto replacethe child nodewith NULL
andfreeup the allocategdpace.

We canseethe proces®f deletinga nodewith onechild fromBST in thebelowimage.

In the below image, suppose we havddtete the node 79, #senodeto be deleted hasnlyone
child, soit will be replaced withts child 55.

So,thereplacechode79 will now bealeafnodethat carbe easilydeleted.

/ \ Replace 79 with 55 and Delete 79 / \

/\ ./' /\ ./

55 20 79
Delete node 79 Delete node
When the nodeto be deletedhastwo children

This case of deleting a node in BST is adoinplex among other two cases. In such a case, the
stepso be followed ardisted adollows -

o First, find theinordersuccessoof the noddo bedeleted.
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o After that, replacethat nodewith theinordersuccessountil the targetnodeis placedat
theleaf oftree.

o And atlast,replacethenodewith NULL and free ugheallocatedspace.

The inorder successor is required when the right child of the node is not empty. We catihebtain
inorder successday finding theminimumelement in theight child of thenode.

We can see the process of deleting a node with two children from BST in the below image. In the
below image, suppose we have to delete node 45 that is the root node, as the node to be deletp
hastwo children,soit will be replacedwith its inorder successorNow, node45 will be at the

leaf of the treesothat it can bealeleted easily.

Replace 45 with its inorder successor

N S
/\ .,/ /\ ./

55 20 45 x

Delete node
Delete node 45

Now let'sunderstandhow insertionis performedon abinary searchree.

Insertion in Binary Searchtree(BST)

A new key in BST is alwaymserted at the leaf. To insert an element in BST, we have to start
searching from the root node; if the node to be inserted is less than the root node, then search f(jr
an empty location in the left subtree. Else, search for the empty location in theutitfetle and

insert the data. Insert in BST is similar to searching, as we always have to maintain the rule tha
theleft subtreds smallerthan theroot, and right subtrees larger than theoot.

Now, let'sseethe processf inserting anodeinto BST usinganexample.

Root -
item = 65 45

{item) > [Root->data) -
Root = Root->right .n/ \ / \
15 79 Root

> -
/ \ -/ ./ \ / ittiteer:ﬂTEE!.Root -> data)
10 20

RoOt = Root -> left)
55 55

Insert node 65 Insert node 65
Step1 Step2
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Inset 65 at right of 55

_’/45 \
- 15 79
N\ L

20 55 10 20 55

.

Insert node 65 65 -
Step3 Root _ Inserved node
lterm = 65 Insert node 65

(Itern) > { root —»data) Stept
Root = Root »= right

The complexity of the Binary Search tree
Let'sseethetime andspacecomplexityof the Binary searchiree.Wewill seethetime complexity

for insertion, deletion, and searching operations in best case, average case, atase/orst

1. Time Complexity

Operations Bestcasetime Average case Worst casetime
complexity time complexity ~ complexity

Insertion O(logn) O(logn) O(n)
Deletion O(logn) O(logn) O(n)

Search O(logn) O(logn) O(n)

Worst case scenario indicates the BSThe Degenerated BST for all the operations (insertion,
deletionand search)

Where'n' is thenumber of nodes the given tree.

2. SpaceComplexity

Operations Spacecomplexity
Insertion O(n)

Deletion O(n)

Search O(n)

o Thespacecomplexityof all operationsf Binary searchreeis O(n).
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Implementation of binary Search Tree traversal method
Program:

#include <stdio.h>
#include <stdlib.h>
structbtnode
{
int value;
struct btnode *I;
structbtnode*r;
}root = NULL, *temp = NULL, *t2, *t1,
void insert();
void create();
void searchtructbtnode*root);
void inorder(struct btnode *t);
void preorder(struct btnode *t);
void postorder(struct btnode *t);
void main()
{
int ch;
printf("\nOPERATIONS---");
printf("\n1- Insert an element into tree);
printf("2 - InorderTraversain");
printf("3 - Preorder Traversal");
printf("4 - Postorder Traversal");
printf("5 - Exit\n");
while(1)
{
printf("\nEnteryour choice: ");
scanf("%d",&ch);
switch(ch)
{
casel:
insert();
break;
casez:
inorder(root);
break;
case3:
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preorder(root);
break;
cased:
postorder(root);
break;
caseb:
exit(0);
default:
printf("Wrong choice,Pleaseentercorrectchoice ");
break;

}
}
}

[* Toinsertanodein thetree*/
void insert()
{
create();
if (root==NULL)
root =temp;
else
search(root);
}
[* To createanode*/
void create()
{
int data;
printf("Enterdataof nodeto beinserted ");
scanf("%d" &data);
temp= (structbtnode*)malloc(1*sizeof(strucbtnode));
temp>value =data;
temp>| =temp>r = NULL,
}
/* Functionto search the appropriap@sitionto insertthenewnode*/
void search(struct btnod#)

{

if ((temp>value> t->value)&& (t->r!= NULL)) /* value more than root node value insert
at right*/
search(®r);
else if((temp>value > t>value) && (t->r == NULL))
t->r = temp;
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elseif ((temp>value< t->value)&& (t->I I= NULL)) /* valuelessthanroot nodevalue
insertat left */
search®l);
else if ((temp>value < t>value) && (t->1 == NULL))
t->| = temp;
}
[* recursivefunctionto performinordertraversalof tree*/
void inorder(struct btnod#)
{
if (root== NULL)
{
printf("No elementsn atreeto display");
return;
}
if (t->1 1= NULL)
inorder(t>l);
printf("%d ->", t->value);
if (t->r 1= NULL)
inorder(t>r);

}

[* Tofind the preordettraversal/

void preorder(struct btnodt)
{

if (root== NULL)
{
printf("No elementsn atreeto display");
return;
}
printf("%d ->", t->value);
if (t->1!=NULL)
preorder(t>l);
if (t->r!= NULL)
preorder(t>r);
}
[* To find thepostordetraversal/
void postorder(strudbtnode*t)
{
if (root== NULL)
{

printf("No elements iratreeto display");
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return;

}

if (t->I 1= NULL)
postorder@l);

if (t->r 1= NULL)
postorder@>r);

printf("%d ->", t->value);

}
OUTPUT:

OPERATIONS ——
— Insert an element into tree
Inorder Traversal
Preorder Traversal
Postorder Traversal

your choice : 1
data of node to inserted

your choice : 2

your choice : 1
data of node to inserted

your choice : 1
data of node to inserted

your choice : 1
data of node to inserted

Enter your choice : 2
6 —> 12 -> 89 —-> 890 —>
Enter your choice : 3
89 —> 12 —> &6 —> 890 —>
Enter your choice : 4
6 —> 12 —> 890 -—> 89 —>
Enter your choice : 5
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AVL Tree
AVL Tree is invented by GM AdelsonVelsky and EM Landis in 1962. The tree is named AVL
In honour ofits inventors.

AVL Tree can be defined as height balanced binary search tree in which each assieciated
with a balance factor which is calculated by subtracting the height of its rightesutbom thaof
its left subtree.

Tree is said to be balanced if balance factor of each node is in betweeh, otherwise, the tree
will beunbalancednd need to be balanced.

If balance factor of any node is O, it means that the leftr®#and right sukree contain equal
height.

If balance factor of any node 4%, it means that the left sttee is one level lower than the right
subtree.

An AVL tree is given in the following figure. We can see that, balance factor associatedetith
nodeis in betweenl and +1. therefore, it ian examplef AVL tree.

=2 - 2 = 1

.
. 100 )

Why AVL Tree?

AVL tree controls the height of the binary search tree by not lettindpé sikewed. The timaken
for all operationsn a binary searchtreeof heighth is O(h). However,it canbe extendetb O(n)

if the BST becomes skewed (i.e. worst case). By limiting this height to log n, AViimpEses
an uppeboundon each operatioto beO(log n) wheren isthenumberof nodes.

AVL Rotations
We perform rotation in AVL tree only in case if Balance Factor is other-tha® and 1 There
arebasically four typesf rotations whichareasfollows:
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. L L rotation:Insertednodeis in theleft subtreeof left subtreeof A

. R Rrotation: Insertechodeis in theright subtree ofight subtreeof A
. L Rrotation: Insertednodeis in theright subtree ofeft subtreeof A

. RL rotation: Insertednodeis in theleft subtreeof right subtreeof A

WherenodeA is thenodewhosebalanceFactor isother thanl, 0, 1.

The first two rotations LL and RR are single rotations and the next two rotations LR aae RL
double rotationg-oratree tobe unbalancedaninimumheightmust be akeast2, Let usunderstand
each rotation

1. RR Rotation

WhenBST becomesinbalanced, du® anodeis insertednto theright subtreeof theright

subtreeof A, then weperformRR rotation,RR rotation

is ananticlockwise rotationywhich isapplied onthe edgéelow anodehavingbalanceactor-2
2

»A\ : ,A ‘W 0

. &)

B
- bt N
A) |(C

C Cc

Right unbalanced tree Left Rotation Balanced
In aboveexamplenode Ahasbalancefactor-2 because aodeC is insertedn theright subtree
of A right subtreeWe perform the RRotation on the edgeelowA.

2.LL Rotation

WhenBST becomesinbalancedgdueto a nodeis insertednto theleft subtreeof theleft subtree
of C, then weperform LL rotation,
LL rotation is clockwise rotation, which is applied on #uge below a node having balance

factor?2.
(e
0
(e) 2
.
A A C

Left unbalanced Tree Right Rotation Balanced Tree
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In aboveexamplenode Chasbalance factor Becaus@nodeA is inserted irtheleft subtreeof
C left subtree. WeerformtheLL rotation on theedgebelow A.

3. LR Rotation

Double rotations are biiobugher than single rotation which has already explained above. LR
rotation = RR rotation + LL rotation, i.e., first RR rotation is performed on subtree and then LL
rotation is performed on full tree, by full tree we mean the first node from the patedéuinode
whosebalancefactor is othethan-1, 0, orl.

Let usunderstand eachand every stepvery clearly:

State Action

A node B has been inserted into the right subtree
A the left subtree of C, because of which C has
become amnbalanced node having balance factc
This case is L R rotation where: Inserted node is
theright subtreeof left subtreeof C

As LR rotation = RR + LL rotation, hence RR
(anticlockwise) on subtree rooted at A is perform:
first. By doing RR rotation, nod&, has become the
left subtreeof B.

After performing RR rotation, node C is still
unbalancedi,e., havingbalanceactor2, asinserted
nodeA is in the left ofleft of C
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Now we performLL clockwiserotationonfull tree,
i.e. on node C. node has now become the right
subtreeof nodeB, A is left subtreeof B

0 Balancefactor ofeach nodés noweither-1, 0,or 1,

o,/ N0

i.e.BST isbalanced now.

4.RL Rotation

. RL rotation=LL rotation+ RRrotation,i.e.,first LL rotationis performed orsubtree anthen
RR rotation is performed on full tree, by full tree we mean the first node from the path of
insertednodewhosebalanceactor is other tharnl, 0, orl.

State Action

A nodeB hasbeeninsertednto theleft subtree

of C the right subtree oA, because of which A has
becomeanunbalancechodehavingbalancefactor-
2. Thiscases RL rotationwhere:Insertednodeis in
theleft subtreeof right subtreef A

As RL rotation = LL rotation + RR rotation, hence
LL (clockwise) on subtree rooted @tis performed
first. By doing RR rotation, nodé has become the
right subtreeof B.
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After performing LL rotation, nodA4 is still
unbalancedi,e. havingbalanceactor-2, whichis
because of the rigigubtree of the righsubtree
nodeA.

Now we perform RR rotation (anticlockwise
rotation)onfull tree,i.e. on nodeA. nodeC has
now becomethe rightsubtreeof nodeB, andnodeA
hasbecome théeft subtreeof B.

0 Balance factor of each node is now eitHer0, or 1,

0,/ N0

i.e.,BST is balanced now.

AVL TREE CONSTRUCTION
Construct an AVL tree having the following elements

H,1,J,B,AECFD,G,K,L
1.InsertH, I, J

RR Rotation

On inserting th@bove elements, especially in the case of H, the BST becomes unbalanced as th{
Balance Factor of H i2. Since the BST is rigtgkewed, we will perform RR Rotation on node
H.
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Theresultantbalancdreeis:

/ \ (EBalanced)

2.lnsert B, A

20 o

LL Rotation

On inserting the abovelements, especially in case of A, the BST becomes unbalanced as the
Balance Factor of H and | is 2, we consider the first node from the last inserted node i.e. H. Sincg
theBST from His left-skewed, wewill perform LL Rotation on node H.

Theresultantbalancdreeis:

{Balanced)

3.Insert E

"
L
-
- / \
o.f' o RR Rotation
_——(——_————_—_—_‘—‘—\__\_

/ -
5 LR Rotation

-1 -

O
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On inserting E, BST becomes unbalanced as the Balance Factor of | is 2, since if we trakel from
to | we find that it is inserted in the left subtree of right subtree of I, we will perforiRat&tion

on node ILR =RR +LL rotation

3 a) We firstperform RRrotationon nodeB

The resultant tree after RR rotation is:

<
SN

e/ | I . RotatiorL
3b) We first perform LL rotation on the node |
TheresultantbalancedreeafterLL rotationis:

o

@
o O\
O

(Balanced)

4. InsertC,F,D
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Oninserting C, F, DBST becomes unbalanced as the Balance Factor of B an@ }iace ifwe
travel from D to B we find that it is inserted in the right subtree of left subtree of B, weewokm
RL Rotation on nodé RL =LL + RR rotation.

4a) We first perform LL rotat ion on node E

The resultant tree after LL rotation is:

LL Rotation

LL +RR

4b) We then perform RR rotation on nodeB
The resultant balancedtree after RR rotation is:

RR Rotation

5.Insert G

RR Rotation

LR Rotation_
RR + LL Rotation

(Balanced)

On inserting G, BST become unbalanced as the Balance Factor of H is 2, sin¢eaifeN&om
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G to H, we find that it is inserted in the left subtree of right subtree of H, we will perform LR
Rotationon node I. LR RR +LL rotation.

5 a) We first perform RR rotation on node C

The resultant tree after RR rotation is:

LL
\R‘otation

5 b) Wethen perform LL rotation on node H
The resultant balancedtree after LL rotation is:

6. Insert K

On inserting K, BST becomes unbalanced as the Balance Factor-2f Sisce the BST is right
skewedfrom | to K, hencewewill perform RRRotationon thenodel.
The resultant balancedtree after RR rotation is:
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(Ianc

7.Insert L
Oninsertingthe L treeis still balancedasthe BalanceFactorof eachnodeis now either,-1, 0,
+1. Hencethetreeis aBalancedAVL tree

(Balanced)

Operationson AVL tree

Thefollowing operationsareperformedon AVL Tree
1. Insertion
2. Deletion
3. Search

Insertion Operation on AVL Tree
Insertion in AVL tree is performed in the same way as gasformed in a binargearch treeThe
new node is added into AVL tree as the leaf node. However, it may lead to violationAlthe

treepropertyand thereforéhe treemay needalancing.

The tree can be balanced by applying rotations. Rotation is required onlylglamee factor of
anynodeis disturbeduponinserting thenewnode, otherwiséhe rotation iiot required.
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EXAMPLE

Construct an AVL tree by inserting the following elementsin the givenorder.
63, 9, 19, 27, 18, 108, 99, 81

Theprocesof constructingan AVL treefrom the givensetof elementss shownin thefollowing
figure.

At each step, we must calculate the balance factor for every node, if it is found to be more than }
or less than2, then we need a rotation to rebalance the triee tyipe of rotation will bestimated
by thelocationof theinsertedelementwith respecto thecritical node.

All theelementsareinsertedn order tomaintainthe orderof binary searclree.

Step1 Step 2 Step 3 Step 4

M Inserted Node

: ; ——————»> Critical Node
step 1 -1 LR Rotation 0

Step 5

99

AVL Tree
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Deletionin AVL Tree

Deleting a node from an AViree is similar to that in a binary search tree. Deletion may
disturb the balance factor of an AVL tree and therefore the tree needs to be rebalanced in order {p
maintainthe AVLnessFor this purposeye needto perform rotations.

Example
Deletethenode60 from the AVL treeshownin thefollowing image.

1

Solution:

in this case, node B has balance faetoDeleting the node 60, disturbs the balance factor of the
node 50 therefore, it needs to bel Rotated. The node C i.e. 45 becomes the rotiteofree with
thenodeB(40) andA(50) asits left and right child.

1 2
~—._Node A Critical Node Node A

w' 50 '. 50

. 1 Performing R-1 / \
Node B - — Deleting Node 60 N rotation

|40w (60 (40 ) Nede® E— w40| w50|

\ Node to be deleted Node B Node A
0 (X)

\45|

~“Node C

AVL Tree Non AVL Tree R-1 Rotated Tree

SearchOperation in AVL Tree

Searcloperationin AVLiree issimilarto binarysearchiree searchoperation.
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RED-BLACK TREE

Introduction:

A red-black tree is a kind odelf-balancing binary search tree where each node has an extra bit,
andthatbit is ofteninterpretedasthe color (red or black). Thesecolorsare usedto ensurethat

the tree remainsbalancedduring insertionsand deletions.Although the balanceof the treeis

not perfect,This treewasinventedin 1972by Rudolf Bayer.

RulesThat Every Red-Black Tree Follows:

. Everynodehasa color eitherred orblack.

. Theroot ofthe treds alwaysblack.

. Therearenotwo adjacentrednodesA red nodecannot have red parenbr redchild).

. Every pathfrom a node(including root) to any of its descendantSlULL nodeshasthe
samenumber ofblack nodes.

. All leafnodesareblack nodes.
EXAMPLE

A

NULL Node/

Theabovetreeis a RedBlack treewhereeverynodeis satisfyingall the propertiesof
RedBlack Tree.

Why Red-Black Trees?

Most of the BST operations (e.g., search, max, min, insert, delete.. etc) take O(h) time where h i

the heightof the BST. The costof theseoperationamay becomeO(n) for a skewedBinary tree.

If we make sure that the height of the tree remains O(log n) after every insertion and de&stion,

we can guarantee an upper bound of O(log n) for all these operations. The height-oBa&ed

tree is always O(log n) where n is the numiifenodes in the tre&Vherein 6 i s nunber t o tfja |
of elements in the redblack tree.
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Comparisonwith AVL Tree:

The AVL trees are more balanced compared to-Badk Trees, but they may cause more
rotations during insertion and deletion. So if youplagation involves frequent insertions and
deletions, then ReBlack trees should be preferred. And if the insertions and deletions are less
frequent and search is a more frequent operation, then AVL tree should be preferred ever Red
Black Tree.

Interesting points about Red-Black Tree:

1. Black height of the retblack tree is the number of black nodes on a path from the root
node to a leaf node. Leaf nodes are also counted as black nodes. Sblaakdcke of
heighth hasblack height-=h/2.

. Heightof ared-black treewith n nodes is h<2 log(n +1).
. All leaveq(NIL) areblack.

. The black depth of a node is defined as the number of black nodes from the root to that
nodei.e thenumberof black ancestors.

. Everyredblacktreeis a specialcaseof abinarytree.

Black Height of a Red-Black Tree :

Black height is the number of black nodes on a path from the root to a leaf. Leaf nodes are alsq
counted black nodes. From the above properties 3 and 4, we can deRedBlack Tree of

height h hasblack-height >= h/2.

NOTE: Every RedBlack Tree with n nodeshasheight <= 2Logz(n+1)

Thefollowing operationsaareperformedon RedBlack Tree

1. Search
2. Insertion
3. Deletion

Searchoperationin Red-Black Tree

Every redblack tree is a special case of a binary tree so the searching algorithm-bfackacee
Is similar to thatof abinarytree.

Example: Searching11lin the following red-black tree.
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oG

Solution:

Startfrom theroot.

Comparethe inserting elementwith root, if lessthan root, then recursefor left, else
recursefor right.

If theelemento searchs foundanywherereturn trueglsereturn false.

Step-1 Step-2

Insertion operation in Red-Black Tree
In the RedBlacktree,we use twatoolsto dothe balancing.
1. Recoloring

2. Rotation
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Re-coloring is the change in color of the node i.e. if it is red then change it to black andrgiae
It must be noted thahe color of the NULL node is always blackloreover, we alwaysy re-
coloring first, if recoloringd o e svorlg then wego for rotation.

Following is a detailed algorithm. The algorithms have mainly two cases depending upolothe
of the uncle(Uncleneans new node parent sibling). If the uncle is red, we do recolorutidlee
is black, wedo rotations and/or reoloring.

Logic:

First, you have to insert the node similarly to that in a binary tree and assign a red colowg it.

if the nodeis a root node then change its color to black, but if it is not then check theottier
parent node. | f i1its color is Dblack t hohetk don
the color of the node 6edcaaonthen ehangdtte cdoltod en md @ &
parent and uncle to black and that of grandfather to red color and repeat thE@eesador him

(i.e. grandfather).

Algorithm

1. PerformstandardBST insertion andnakethe colorof newlyinsertednodesasRED.
2. If newnode(x) is theroot, changethe color of x asBLACK
. Do thefollowing if the color of newnode( x ) s parentis not BLACK and x is notthe

root.

a) If x éuncle(Uncle meansnew node parentsibling) is RED (Grandparenimust

havebeen blackrom RedBlack TreeProperty)
U Changehecolourof parentanduncleasBLACK.
0 Colourof agrandparenasRED.
U Changex =x Ogsandparent, repeateps 2and 3for newx.
b). | f x 6 &sBLAQKc, then there cabe fourconfigurationforx,x 6 s @pdr e n
andx 6s gr agdparent
U Left Left Casgp isleft child of g andx isleft child of p)
U Left Right Casdp isleft child of g and xis the rightchild of p)
U RightRightCase
U RightLeft Case

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

e |eft Left Case (LL rotation):

Uncle is Black

1. Right rotation of grandfather G,
2. Then swop the colours of
Grandfother G and Parent P

Current Tree Structure Resulting Structure

e Left Right Case (LR rotation):

1. Left rotation of Porent P.
2. Then opply LL rotation case.

Current Tree Structure Intermediate Tree Structure Resulting Structure

i

Right Right Case (RR rotation):

1. Left rotation of grondfather G,
2. Then swop the colours of
Grandfather G ond Porent P.

Current Tree Structure Resulting Structure
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e Right Left Case (RL rotation):

1. Right rotate Parent P
2. Now apply RR rotation case

C Shey 1~ e T e .
Current Tree Structure Intermediote Structure Resuiting Structure

EXAMPLE:

Createa RedBlackTreewith the following sequenceof numbers8,18,5,15,17,25,4@nd 80

insert ( 8)

Tree is Empty. So insert newNode as Root node with black color.

insert ( 18 )

Tree is not Empty. So insert newNode with red color.

insert (5)

Tree is not Empty. So insert newNode with red color.
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insert ( 15)

Tree is not Empty. So insert newNode with red color.

Here there are two consecutive Red nodes (18 & 15).
The newnode’s parent sibling color is Red

and parent’s parent is root node.

So we use RECOLOR to make it Red Black Tree.

v After RECOLOR

After Recolor operation, the tree is satisfying all Red Black Tree
properties.

insert ( 17)

Tree is not Empty. So insert newNode with red color.

Here there are two consecutive Red nodes (15 & 17).
The newnode’s parent sibling is NULL. So we need
rotation.

Here. we need LR Rotation & Recolor.

v Afrer Left Rotation

After Right Rotation & Recolor
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insert ( 25)

Tree is not Empty. So insert newNode with red color.

Here there are two consecutive Red nodes (18 & 25).
The newnode’s parent sibling color is Red

and parent’s parent is not root node.

So we use RECOLOR and Recheck.

v After Recolor

After Recolor operation, the tree is satisfying all Red Black Tree
properties.
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insert ( 40)

Tree is not Empty. So insert newNode with red color.

Here there are two consecutive Red nodes (25 & 40).
The newnode’s parent sibling is NULL

So we need a Rotation & Recolor.

Here, we use LL Rotation and Recheck.

After LI Rotation
& Recolor

After LL Rotation & Recolor operation. the tree is satisfying
all Red Black Tree properties.

insert ( 80)

Tree is not Empty. So insert newNode with red color.

Here there are two consecutive Red nodes (40 & 80).
The newnode’s parent sibling color is Red

and parent’s parent is not root node.

So we use RECOLOR and Recheck.

After Recolor again there are two consecutive Red nodes (17 & 25).
The newnode’s parent sibling color is Black. So we need Rotation.
We use Left Rotation & Recolor.
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After Left Rotation
& RC‘U‘]('I

Finally above tree is satisfying all the properties of Red Black Tree and
it is a perfect Red Black tree.

Deletionin RedBlackTree

The below table is useful to identify the case and its corresponding set of actions to be performed when
deletinga nodefrom Red Black Tree
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Check condition Action

| If node to be delete is ared leaf | Just remove it from the tree
node

IT DB node is root Remove the DB and root node becomes black.

(a) If DB’s sibling is black, (a) Remove the DB (if null DB then delete the
and node and for other nodes remove the DB

(b) DB’s sibling’s children sign)
are black (b) Make DB’s sibling red.

(c¢) If DB’s parent is black, make it DB, else
make it black

If DB’s sibling is red (a) Swap color DB’s parent with DB’s sibling

(b) Perform rotation at parent node in the
direction of DB node

(c) Check which case can be applied to this new
tree and perform that action

(a) DB’s sibling is black (a) Swap color of sibling with sibling’s red child

(b) DB’s sibling’s child (b) Perform rotation at sibling node in direction
which is far from DB is opposite of DB node
black (c) Apply case 6

(c) DB’s sibling’s child
which is near to DB is red

(a) DB’s sibling is black. and (a) Swap color of DB’s parent with DB’s

(b) DB’s sibling’s far child is sibling’s color
red (remember this node) (b) Perform rotation at DB’s parent in direction
of DB

(c) Remove DB sign and make the node normal
black node

(d) Change colour of DB’s sibling’s far red child
to black.

Examplel: Delete30from the RBtree in fig. 3

Initial RBTree

2dz FANRG KIFI @S G2 aSINOK F2NJonx 2y0S F2dz/R

5
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the maximum of the left subtree or a minimum of thight subtree and replace 30 with that value. This

isBSTdeletion.

eé

RBTreeafter replacing30 with min elementfrom right subtree

The resulting RB tree will be like one in fig. 4. Element 30 is deleted and the value is successfully
replacedby 38.But nowthe task igo deleteduplicateelement38.

Goto the table above anc® 2 dafskriecasel is satisfiedby thistree.

After removinghe red leafnode
Since node with element 38 iged leaf node, remove it and the tree looks like the dandig. 5.

Observethat if you perform correct actionsthe tree will still hold all the properties ofthe RBtree.
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Example2: Delete15from below RBtree

Initial RBTree

15 can be removedasily from the tree (BST deletion). In the case of RB trees, if a leaf node is deleted
youreplace it witha double black(DB)nil node .It isrepresented bya doublecircle.

NIL nodeaddedin placeof 15
The entire problem is now drilled down gt rid of this bad boy, DB, via some actions.

Go back taur rule book (table) andase3 fits perfectly.
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NILNode removed afteapplyingactions

Inshort, removeDBandthen swapthe color of its siblingwith its parent

Example3: Delete W mfpof fig.(A).

Fig:(A) Initial RBTree,(B)NIL nodeadded inplaceof 15

5StSGS y2RS 4AGK @GFftdzS mp FYRX & | NY¥z Sz NBLX HOS
FYR aAofAy3dQa 020K Gokgatth@md8es NIL haBes!), if satidfiesgafi theO1 6 R2 WQ i
conditionsof case 3. Here,
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z{\\c

Fig: RB Treafter case3 isapplied

1. 5. Qadentis20
2. 5. fagentisblack
3. 5. €dingis30
With these points in mind perform the actions and you getRB tree as in fig. 10.

20 become®PBandhencethe problemis not resolvedyet. Reapplycase3

Rl

Fig.RBTreeafter case3isapplied
The resulting tree looks like the one in the abadig

TheDBstill exist .Recheckvhich casewill be applicable.
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Fig.:NIL Nodeemoved afterapplyingactions
FoundA (i K LJj thesimestaf &l!
Theroot resolvedDBandbecomesablacknode.Andé 2 dzZQNB R 216 SiccesSdls G A y 3

Exampled: Delete W mfpo@ below fig. (A).

A2

(A)Initial RBTree, (B) NIL nodedded inplaceof 15

First, Search 15 as per BST rules and then delete it. Second, replace deleted node with DB NIL node as
shownin fig. 13(B).

5 . Sidingisred.Clearly case4 isapplicable.
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RBTreeafter cased isapplied

@{ 61 L) 5. Qa LINByiliQa O02ft2NI gAliK 5. Qa
following. Thetree lookslike fig. 14.

(b) Performrotation at parentnode indirectionof DB.Thetree becomes lik¢he onein fig. 15. DBis
stillthere 6 ¢ K litdp@iEem!).

(c)Checkwhichcase carbe applied irthe currenttree. Andgot it, case3.
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NIL Nodeemoved afterapplyingactions

(d) Applycase3 asexplainedandthe RBtree isfree fromthe DBnodeasshownin fig. 16.

L 1y2¢ A0Qa GANBA2YSI 0dzi I3 titngsSybuNiill hate agy@dgradspiNgf O (i
the conceptof deletion inRBtrees.

Examples: Delete W nrdn below fig(A).

(A)Initial RBTree,(B) NIlnode added irplaceof 1

Perform the basic preliminary stepdelete the node with value 1 and replace it with DB NIL node as
shownin fig. 17(B).Check fothe caseswhichfit the currenttree andA (ic&@éo 0 5 sibfingis black.
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RBTree after cas8 isapplied
Node 5hasnow becomea doubleblacknode.We needto getrid of it.

SearcHor cases thatanbe applied anccase5 seemso fit here (notcase3).

(A) Treeafter swappingcolorsof 30 & 25 (B) Treeafter rotation
Casesisapplied adollows

(a) swapcolorsof nodes30and 25 (fig. 19(A))

(b) Rotate at sibling node in the direction opposite to the DB node. Hence, perform right rotation at
node 30 andthe tree becomedikefig. 19 (B).
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Thedouble blackode stillhaunts thetree! Recheckthe casethat canbe appliedo thistree andwe
find that case @ R 2 fgllf@iicase3) seemso fit.

Applycaseb6 asfollow-
(a) Swapcolorsof5 . Pagentwith5 . Qa aAot Ay 3P

(b) Perform rotationat5 . @adientnodein the directionof DB(fig, 20(B)).

NILNoderemoved afterapplyingactions

(c)Change DB nodetdacky 2 RS® ! f 423 OKI y3S {H&dRhildx@ dlakMhdzhe 5. QfF
final RBiree will lookfig. 21.

And, voilalTheRBtree is freeof elementl aswell asof anydoublenode Life isgood now.

Applications of Red-Black Trees

Reaiworld uses of reeblack trees include TreeSet, TreeMap, and Hashmap in the Java Collections
Library.
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Splay Tree

Splay trees are the sddalancing or seladjusted binary search trees. In oterds, we can say
that the splay trees are the variants of the binary search trees. The prerequisite for the splay tre(gs
thatwe should know about thieinary search trees.

As we already know, the time complexity of a binary search tree in every casdinmgnhe
complexity of a binary search tree in the average ca®¢lagin) and the time complexity in the
worst case is O(n). In a binary search tree, the value of the left subtree is smaller than the rod
node, and the value of the right subtree is greatan the root node; in such case, the time
complexity would beO(logn). If the binary tree is lefskewed or rightkewed, then the time
complexity would be O(n). To limit the skewness, the AVL and-Bkatk tree came into the
picture, having(logn) time canplexity for all the operations in all the cases. We canialpoove

this time complexity by doing more practical implementations, so the newd@tagtructurevas
designed, known asSplay tree.

Whatis aSplay Tree?

A splay tree is a selbalancing tree, but AVland ReeBlack trees are also sdialancing trees
then.What makesthe splaytreeuniquetwo trees.It hasoneextrapropertythat makesit unique

is splaying.

A splay tree contains the same operations asnarisearch tred.e., Insertion, deletion and
searching, but it also contains one more operation, i.e., splaying. So. all the operatiosplaythe
treearefollowed by splaying.

Splay trees are not strictly balanced trees, but they are roughly lthteee® Let's understatite
search operation in theplaytree.

Supposeave wantto search/ elementn thetree,whichis shownbelow:
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To search any element in the splay tree, first, we patform the standard binary search tree
operation. As 7 is less than 10 so we will come to the left of the root node. After performing the
search operation, we need to perform splaying. Here splaying means that the operatioarthat we
performingon any elementshouldbecomethe root nodeafter performingsomerearrangements.

The rearrangement tietreewill bedonethroughthe rotations.

Note: The splaytree can be definedas the selfadjustedtree in which any operationperformec
on the element would rearrange the tree so that the element on which operation he
performedbecomeshe root node of the tree.

In a splaytree,everyoperationis performedat the root of the tree. All the operationsn splay
treeareinvolvedwith acommon operationalled"Splaying” .

Splaying an element,is the processof bringing it to the root position by performing
suitable rotation operations.

In a splay tree, splaying an element rearranges all the elements in the tree so thaelkgregred

is placed at theoot ofthetree.

By splaying elementwe bring mordrequently used elementfser tothe root of the tree ghat

any operation on those elements is performed quickly. That means the splaying operatio
automatically brings more frequently used elements closer to the root of the tree.

Everyoperatioron splaytreeperformsthesplayingoperation Forexampletheinsertioroperation

first inserts the new element using the binary searchinseetion process, then thewly inserted
element is splayed so that it is placed at the root of the tree. The search opeeatplay tree is
nothing but searching the element using binary search process and then g@ayirggarched
elemen so that it is placed at the root of the tree.

In splaytree,to splayanyelementwe usethefollowing rotationoperations...

Rotationsin Splay Tree

T 1.Zig Rotation
2. Zag Rotation
3.Zig - Zig Rotation
4.Zag - Zag Rotation
5. Zig - Zag Rotation
6. Zag - Zig Rotation

Example

Zig Rotation
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TheZig Rotation in splay tree is similar to the single right rotation in AVL Tree rotations. In zig
rotation, every node moves one position to the right from its current position. Consider the
following example...

e Splay ( 3) 9

G ® wp @ &

Zig Rotation

e o Single Right Rotation o 6

Zag Rotation

TheZag Rotation in splay tree is similar to the single left rotation in AVL Tree rotations. In zag
rotation,every nodenovesone positiorto the leftfromits currentposition.Consider théollowing
example...

Splay ( 5 )

Zag Rotation

Single Left Rotation

Zig-Zig Rotation

TheZig-Zig Rotation in splay tree is a double zig rotation. In zig-zig rotation, every node
movestwo positiongo theright from its currentposition. Considethefollowing example...

(5)
(3 ©®

Splay ( 2)

Zig-Zig Rotation

9 o Double Right Rotation

Zag-Zag Rotation
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TheZag-Zag Rotationin splay tree is a double zag rotation. In-zag rotation, every nodeoves
two positiongo theleft from its current positionConsider thdollowing example...

9 G

Splay ( 6)

S n = S

Zag-Zag Rotation
o Double Left Rotation

@2 @

Zig-Zag Rotation

TheZig-Zag Rotationin splay tree is a sequence of zig rotation followed by zag rotation.-In zig
zag rotation, every node moves one position to the right followed by one pasitlomleft from
its current position. Consider thellowing example...

Splay ( 4)

9 Zag Rotation

Zig Rotation at 3

at5s

Zag-Zig Rotation

TheZag-Zig Rotation in splay tree is a sequence of zag rotation followed by zig rotati@agin
zig rotation, every node moves one position to thefddiftwed by one position to the rightom
its current position. Consider ti@lowing example...

Splay (4 ) G)
. OO
Q. © = »

Zag Rotation 9 Zig Rotation

9 0 at 3 ats
0
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Rotations
There are six typesof rotations usedfor splaying:

. Zig rotation(Rightrotation)

. Zagrotation(Left rotation)

. Zig zag(Zig followed by zag)
. Zagzig (Zagfollowed by zig)
. Zig zig (two right rotations)

. Zagzag (twoleft rotations)

Factorsrequired for selectinga type of rotation
The following are the factors usedfor selectinga type of rotation:

o Doesthenodewhichwe aretrying to rotatehave agrandparent?
o Isthenodeleft or rightchild of the parent?
o Isthenodeleft or rightchild of thegrandparent?

Casedor the Rotations

Case 1:If the node doesot have agrandparent,andif it is the rightchild of the parentthen we
carryout theleft rotation; otherwise, theght rotation is performed.

Case2: If thenodehasa grandparentthenbasedon the following scenariosthe rotationwould
beperformed:

Scenariol: If thenodeis theright of the parentandthe parentis alsoright of its parentthenzig
zigright right rotation is performed.

Scenario2: If thenodeis left of a parent,but the parentis right of its parent,thenzig zagright
left rotation is performed.

Scenario3: If thenodeis right of the parentandthe parentis right of its parent,thenzig zig left
left rotation is performed.

Scenario4: If thenodeis right of a parent,but the parentis left of its parent,thenzig zagright-
left rotation is performed.

Now, let's understand the aboverotations with examples.
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To rearrangethe tree, we needto perform somerotations. The following are the types of
rotationsin the splay tree:

o Zig rotations

The zigrotationsare usedvhentheitemto be searchet either aroot node othe childof aroot
node(i.e., left or theright child).

The following are the cases that can exist in the splay tree wh#earching:

Casel: If the search item is.root nodeof thetree.
Case2: If thesearchtemis achild of theroot nodethenthetwo scenariowvill be there:

1. If the child is a left child, the right rotation would be performed,known as a zig right
rotation.

If the child is a right child, the left rotation would be performed,known as a zig left
rotation.

Let's look at the above two scenarios through an example.

Considerthe belowexample:

In the above exampleye haveto search7 elementin thetree.We will follow thebelowsteps:
Step 1: First, we compare/ with arootnode.As 7 is lessthan10, soit is aleft child of the root
node.

Step 2: Oncethe elements found,we will performsplaying.Theright rotationis performedso
that7 becomes theoot nodeof thetree, ashownbelow:

Right

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

Let's consideranother example.
In the above exampl&ye haveto searci20 elementn thetree.We will follow thebelowsteps:

Step1: First,we compare20 with aroot nodeAs 20is greaterthantherootnode,soit is aright
child of theroot node.

Step 2: Oncethe elementis found, we will performsplaying.The left rotationis performedso
that20 element becoméie root node athetree.

PN

o Zig zig rotations

Sometimeghe situationariseswhen the item to be searcheds having a parentaswell as a
grandparentn thiscasewe haveto performfour rotations forsplaying.

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

Let'sunderstandhis casethroughanexample.
Supposeave haveto searchl elemenin thetree,whichis shown below:

Step 1:First, we have to perform a standard BST searching operation in order to search the
element. As 1 is less than 10 and 7, swilitbe at the left of the node 7. Therefore, element 1 is
havinga parent, i.e., 7 agell asagrandparent, i.e., 10.

Step 2:In this step, we have to perform splaying. We need to make node 1 as a root nddde with
help of some rotations. In this cagsee cannot simply perform a zig or zag rotation; we have
implement zig zig rotation.

In order to make node 1 as a root node, we need to perform two right rotations known as zig zig
rotations. When we perform the right rotation then 10 will move dowssyand node 7 witome
upwardsasshownin thebelow figure:

Right

=
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Again, we will performzig right rotation,node7 will movedownwardsandnodel will come
upwardsasshownbelow:

Right

As we observdn the abovdigure that nodel hasbecome the root nodd the treetherefore, the
searchings completed.

Supposewe want to search20in the belowtree.

In orderto search20, we needto performtwo left rotations.Following arethe stepsrequiredto
search20 node:
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Step 1:First, we perform the standard BST searching operation. As 20 is greater than 10 and 15
soit will be at theright of nodel5.

Step2: Thesecondstepis to performsplaying.In this casefwo left rotationswould be performed.
In the first rotation, node 10 withove downwardsandnode 15 would movapwardsasshown
below:
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In the secondeft rotation,node 15will move downwardsandnode20 becomes theoot nodeof
thetree, ashownbelow:

As we have observethattwo left rotationsare performedsoit is known asa zigzig left
rotation.

o Zig zagrotations

Till now, we havereadthat both parentand grandparentare eitherin RR or LL relationship.
Now, wewill seetheRL or LR relationship between thgarent and thgrandparent.

Let's understand this casethrough an example.

Supposeave wantto searchl3 elementin thetreewhich isshownbelow:
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Step 1:First, we perform standard BST searching operation. As 13 is greater than 10 thariess
15, sonodel3 will bethe left child of nodd.5.

Step2: Sincenodel3 isattheleft of 15and nodel5is attheright of nodel0, so RLrelationship
exists. First, we perform the right rotation on node 15, and 15 will move downarzidedel3
will come upwards, ashownbelow:

Still, node 13 is not the root node, andidat the right of the root node, so we will perform left
rotation known as a zag rotation. The node 10 will move downwards, and 13 becomes the roo
nodeasshownbelow:
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As we can observe in the abowed that node 13 has become the root node; therefossahehing
is completed. In this case, we have first performed the zig rotation and thestataan;so, it is
known asazig zagrotation.

o Zag zigrotation

Let's understand this casethrough an example.

Supposeave wantto searchd elementn thetree,whichis shownbelow:
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Step 1:First, we perform the standard BST searching operation. As 9 is less than 10 but greate
than7, soit will be the right child of nodé&.

Step 2:Since node 9 is at the right of node 7, and node 7 is at the left of node 1(OredatidrRship
exists.First, we performtheleft rotationon node7. The node7 will movedownwardsand node
9 movesupwards ashownbelow:

Still the node9 is not a root node,and9 is at the left of the root node,sowe will performthe
right rotation known as zig rotation. After performing the right rotation, node 9 becomes the root
node,asshownbelow:
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Right

(N

As we can observe in the above tree that node 13 is a root node; therefore, the searching
completed. In this case, we have first performed the zag rotation (left rotation), and then zig
rotation(right rotation) isperformed, sat is known asazagzig rotation.

Advantage®f Splaytree

o Inthe splay tree, we do not need to store the extra information. In contrast, in AVL trees,
we need to store the balance factor of each nodedtaires extra space, and Relack
trees also require to store one extra bit of information that denotes the color of the node,
eitherRed or Black.

It is the fastesttype of Binary Searchtree for various practical applications.It is used
in Windows NT and GCC compilers.

It provides better performance as the frequently accessed nodes will move nearer to thg
root node,dueto which the elementscanbe accesseduickly in splaytrees.lt is usedin
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the cacheimplementatiorasthe recentlyaccessedlatais storedin the cacheso thatwe
donot need to gto the memory foaccessing thdata, andt takeslesstime.

Drawbackof Splaytree

The major drawbackof the splaytreewould be thattreesarenot strictly balancedj.e., theyare
roughlybalancedSometimeghe splaytreesarelinear,soit will takeO(n) time complexity.

Insertion operation in Splaytree

In theinsertion operation,we first insertthe elementin the tree andthen performthe splaying
operationon the inserteglement.

15,10, 17,7

Step 1:First, we insert node 15 in the tree. After insertion, we need to perform splaying. As 15 is
aroot node, seve do notneed to perfornsplaying.

Step2: Thenextelementis 10.As 10is lessthan15, sonodel0Owill betheleft child of nodel5,
asshownbelow:

Now, we performsplaying To make 10 as a root node,we will performthe right rotation, as
shownbelow:
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Step3: Thenextelementis 17. As 17 is greaterthan10 and 15 soit will becometheright child
of nodel5.

Now, we will performsplaying.As 17 is having a parentaswell as a grandparenso we will
performzig zig rotations
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A
o

In the abovefigure, we canobservethat 17 becomeshe root node of the tree; therefore,the

insertionis completed.

Step4: Thenextelement is/. As 7 isless than 1715, and 10sonode7 will beleft child of 10.

Now, we haveto splay the tree.As 7 is having a parentas well asa grandparenso we will
performtwo right rotations ashownbelow:
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Still the node 7 is not a root node, it is a left child of the root node,i.e., 17. So, we needto
performonemoreright rotation to make@ode7 asaroot nodeasshownbelow:

—
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Deletionin Splaytree
As we know that splaytreesare the variantsof the Binary searchtree, so deletionoperationin
the splay tree would be similar to the BST, but the only difference is that the delete operation is
followedin splay treedy the splaying operation.
Typesof Deletions:
Therearetwo typesof deletionsin thesplaytrees:
1. Bottomupsplaying
2. Top-downsplaying
Bottom-up splaying
In bottomup splaying, first we deletethe elementfrom the tree and then we perform the
splayingon thedeleted node.
Let's understandthe deletionin the Splaytree.
Supposeave wantto deletel2, 14from thetreeshown below:
o First, wesimply performthe standar@ST deletionoperationto delete 12lementAs 12
is a leaf node, swe simply delete th@odefrom thetree.

The deletion is still not completed. We need to splay the parent of the deleted node, i.e., 10. W¢
have to perfornsplay(10)on the tree. As we can observe in the above tree that 10 is at the right
of node7, andnode7 is at the left of nodel3. So, first, we performthe left rotationon node7
andthen weperform theright rotation omode 13, ashownbelow:
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Still, node 10 is not a root node; node 10 is the left child of the root node. So, we peddrtm

theright rotation on theoot node, i.e., 14 tmakenodelO arootnode ashown below:

o Now, wehaveto delete thel4 element fronthe treewhichis shownbelow:
As we know that we cannotsimply deletethe internal node.We will replacethe value of the
node either usingorder predecessaor inorder successorSuppose we use inorder successor in
which we replace the value with the lowest value that exist in the right subtree. The lowest value

in the right subtree of node 14 i§,1so we replace the value 14 with 15. Since node 14 becomes
theleaf node, sove cansimply delete it as showrelow:
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Still, the deletion is not completed. We need to perform one apmetion, i.e., splaying which
we need to make the parent of the deleted node as the root node. Before deletiarerttod
nodel4wastherootnode,.e., 10,sowedoneed toperformanysplayingin this case.

Top-down splaying

In top-down splayng, we first perform the splaying on which the deletion is to be performed and
then delete the node frotime tree Once theelemenis deletedwe will performthe joinoperation.

Let's understand the top-down splaying through an example.

Supposeve wantto deletel6 from thetreewhichis shown below:
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Step 1:In top-down splaying, first we perform splaying on the node 16. The node 16 has both
parent as well as grandparent. The node 16tiseatight of its parent and the parent node is also

at the right of its parent, so this is a zag zag situation. In this case, first, we will perform the left
rotationon nodel3 and then 14 ashownbelow:

The node 16 is still not a root node, and & isght child of the root node, so we need to perform
left rotation on the node 12 to makedel6 asaroot node.

Once the node 16 becomes a root node, we will delete the node 16 and we will get two differen
trees,.e., left subtreandright subtreeasshownbelow:
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As we know that the values of the left subtree are always lesser than the values of sbtrigat
The root of the left subtree is 12 and the root of the right subtree is 17rSilstdp is tnd the

maximumelementin the left subtree.In the left subtree the maximumelementis 15andthen

we need to perform splayingperation orl5.

Aswe carnobserve irthe above tree thétteelementl5is havinga parenaswell asagrandparent.
A node is right of its parent, and the parent node is also right of its parent,ns®die perform

two left rotations to makaodel5 aroot nodeasshownbelow:

After performing two rotations on the tree, node 15 becomes thenodet As we can see, the
right child of the 15 is NULL, so we attach node 17 at the right part of the 15 as showndrelow,
this operation is known agjoin operation.
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UNIT IV
Graphs: Graph Implementation Methods. Graph Traversal Methods. (DFS,BFS)
Sorting: Heap Sort, External Sorting- Model for external sorting, Merge Sort

Introduction to Graphs
Graphis a nontlinear datastructure It containsa setof pointsknownasnodegor vertices)anda
set of links known agdges (or Arcs). Here edges are used to connect the vertices. A graph is
definedasfollows...

| Graph is a collection of verticesand arcsin which verticesare connectedwith arcs |

| Graph is a collectionof nodesand edgesn which nodesare connectedwith edges |
Generally, a grapks is represented & = (V, E ), whereV is set of verticesandE is set of
edges

Example
Thefollowing is agraphwith 5 verticesand6 edges.
ThisgraphG canbe definecasG=(V ,E)

Vertices

WhereV = {A,B,C,D,E} and E = {(A,B),(A,C)(A,D),(B,D),(C,D),(B,E),(E,D)}.
DFS ( A

BFS

Graph Terminology
We usethefollowing termsin graphdatastructure...

Vertex
Individual dataelementof a graphis calledas Vertex.Vertex is alsoknownasnode In above
examplegraph,A, B, C,D & E areknownasvertices.

Edge

An edge is a connecting link between two verti¢gedgeis also known a#grc. An edge is
represented as (startingVertex, endingVertex). For example, in above graph the link between
verticesA andB isrepresenteds(A,B). In aboveexamplegraph, therare7 edgeqi.e., (A,B),

(A,C), (AD), (B,D), (B,E), (C,D), (D,E)).

Edgesarethreetypes.

1. Undirected Edge- An undirectedegdeis a bidirectionaledge If thereis undirectededge
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between verticeA and Bthenedge(A , B) is equalto edge (B, A).

2. Directed Edge - A directed egdeis a unidirectionaledge.lf thereis directededge
between verticeA and Bthenedge(A , B) is notequalto edge(B , A).
3. Weighted Edge- A weightedegdeis a edgewith value(cost)onit.

Undirected Graph
A graphwith only undirectededgess saidto beundirectedgraph.

Directed Graph
A graphwith only directededgess saidto bedirectedgraph.

Mixed Graph
A graphwith bothundirectecanddirectededgeds saidto be mixedgraph.

End verticesor Endpoints
Thetwo verticegoinedby edgearecalledendvertices(or endpointspf thatedge.

Origin
If aedgeis directed.its first endpointis saidto betheorigin of it.

Destination
If aedgeis directed.its first endpointis saidto betheorigin of it andthe other endpoinis saidto
bethedestination othatedge.

Adjacent
If thereis an edgebetweenverticesA andB thenboth A andB aresaidto beadjacentln other
words,verticesA andB aresaid tobe adjacenif thereis anedgebetweenthem.

Incident
Edgeis saidto beincident ona vertexif the vertexis oneof theendpointof thatedge.

Outgoing Edge
A directededgeis saidto beoutgoingedgeonits origin vertex.

Incoming Edge
A directededgeis saidto beincomingedgeonits destinatiorvertex.

Degree
Totalnumberof edgesconnectedo a vertexis saidto be degreeof thatvertex.

Indegree
Total numberof incoming edgesconnectedo a vertexis saidto beindegreeof that vertex.

Outdegree
Total numberof outgoingedgesconnectedo a vertexis saidto be outdegreeof that vertex.

Parallel edgesor Multiple edges
If therearetwo undirectededgeswith sameend verticesandtwo directededgeswith sameorigin

Dept of CSE, NRCM Mohd Nawazuddin, Assistant Professor.




DATA STRUCTURES (CS2102PC)

anddestinationsuchedgesarecalledparalleledgesor multiple edges.
Selfloop
Edge(undirectedor directed)is a selfloopif its two endpointscoincidewith eachother.

Simple Graph
A graphis saidto be simpleif thereareno parallelandselfloop edges.

Path
A pathis a sequencef alternateverticesandedgedhat startsata vertexandendsat othervertex
suchthateach edgésincidentto its predecessaandsuccessovertex.

Graph Representations

Graphdata structureis representedising following representations...

1. AdjacencyMatrix

2. IncidenceMatrix

3. Adjacency List
Adjacency Matrix
In thisrepresentatiorthe graphis representedsinga matrixof sizetotal numberof verticesby
a total number of vertices. That means a graph with 4 vertices is represented using a matrix of
size 4X4. In this matrix, both rows and columns represent vertices. This matrix is filled with
either 1 or 0. Here, 1 represents that there is ge &odm row vertex to column vertex and 0
representshatthere isno edgefrom row vertexto columnvertex.

Forexampleconsiderthefollowing undirectedgraphrepresentation...

A
0
1
1
1
0

Directedgraphrepresentation...
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IncidenceMatrix

In thisrepresentatiorthegraphis representedsinga matrix of sizetotal numberof verticesby

a total number of edges. That means graph with 4 vertices and 6 edges is represented using a
matrix of size 4X6. In this matrix, rows represent vertices ahghwos represents edges. This
matrixis filled with O or 1 or -1. Here,0 representshattherow edgeis not connectedo column

vertex,1 representshattherow edgeas connecteasthe outgoingedgeto columnvertexand-1
representghat therow edgeis connecteastheincomingedgeto column vertex.

Forexampleconsidetthefollowing directedgraphrepresentation...

El E2 E3 E4 E5 E6 E7 E8
r %
1 1 0O 0

-1 0 1 0
0 -1 0 1
0 O -1 -1
0O O O 0 -1 -1

.

AdjacencyList

In this representationgeveryvertex of a graphcontainslist of its adjacentvertices.
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Forexampleconsidetthefollowing directedgraphrepresentatiormplementedisinglinked

list...
(A) (B
' alina

O—

Thisrepresentatiorcanalsobeimplementedusinganarrayasfollows..

Reference Array\/
N

—T—>BlC|
——>{DIE]
P 2[4>[D]
—>{AIDTE] £

Adjacency Array

Graph Traversal

Graphtraversais atechniqueusedfor a searchingertexin a graphThegraphtraversals also

used to decide the order of vertices is visited in the search process. A graph traversal finds the
edgegso beusedin thesearchprocess withoutreatingloops.Thatmeanausinggraphtraversal

we visit all the verticesof the graphwithout gettinginto looping path.

Therearetwo graphtraversakechniquesandtheyareasfollows...

1. DFS(DepthFirst Search)

2. BFS (Breadth First Search)
DFS (Depth First Search)
DFS traversal of a graph produces a spanning tree asdmat. Spanning Tree is a graph
withoutloops.We useStackdatastructurewith maximumsizeof total numberof verticesin the
graphto implemenDFStraversal.

We usethefollowing stepgo implementDFStraversal...
1 Stepl - Definea Stackof sizetotal numberof verticesin thegraph.
1 Step2 - Selectanyvertexasstartingpointfor traversal Visit thatvertexandpushit onto
the Stack.
Step3 - Visit anyoneof thenonvisitedadjacentverticesof a vertexwhichis atthetop
of stack ancgushit onto thestack.
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Step4 - Repeatstep3 until thereis no newvertexto bevisited from thevertexwhichis
atthetop ofthe stack.

Step5 - Whenthereis no newvertexto visit thenusebacktrackingandpop onevertex
from the stack.
Step6 - Repeatteps3, 4 and5 until stackbecome&Empty.
Step7 - Whenstackbecome$£mpty,thenproducefinal spanningreeby removing
unusededgedromthegraph

Backtrackingis comingbackto thevertexfrom whichwereachedhecurrentvertex.

Example

Consider the following example graph to perform DFS traversal

Step 1:
- Select the vertex A as starting point (visit A).
- Push A on to the Stack.
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Step 2:
- Visit any adjacent vertex of A which is not visited (B).
- Push newly visited vertex B on to the Stack.

Step 3:
- Visit any adjacent vertext of B which is not visited (C).
- Push C on to the Stack.

Step 4:
- Visit any adjacent vertext of C which is not visited (E).
- Push E on to the Stack

/
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Step 5:
- Visit any adjacent vertext of E which is not visited (D).
- Push D on to the Stack
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