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DATA STRUCTURES AND APPLICATIONS — 1BCS305
MODULE 03

Circular Queues, Circular queues using Dynamic arrays, Multiple Stacks and Queues.

LINKED LISTS: Singly Linked Lists and Chains, Representing Chains in C, Linked
Stacks and Queues, Additional List Operations, Sparse Matrices: Sparse Matrix
Representation, Doubly Linked List.

Textbook: Chapter-3 (3.4, 3.7), Chapter-4 (4.1 to 4.3, 4.5, 4.7.1, 4.8)
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CIRCULAR QUEUES

It is “The queue which wrap around the end of the array.” The array positions are arranged in a circle as
shown in figure.

In this convention the variable front is changed. front variable points one position counterclockwise
from the location of the front element in the queue. The convention for rear is unchanged.

rear l

| i
AN AN AR
S B B

T T front

front front
(@) Initial (b) Addition (c) Deletion

Implementation of Circular Queue Operations

e When the array is viewed as a circle, each array position has a next and a previous position.
o The position next to MAX-QUEUE-SIZE -1 is 0, and the position that precedes 0 is
MAX- QUEUE-SIZE -1.
e When the queue rear is at MAX QUEUE SIZE-1, the next element is inserted at position

o 0.
e In circular queue, the variables front and rear are moved from their current position to the next

position in clockwise direction. This may be done using code

if (rear == MAX_QUEUE_SIZE-1) rear
= (; else rear++;
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Addition & Deletion

e To add an element, increment rear one position clockwise and insert at the new position. Here the
MAX _QUEUE_SIZE is 8§ and if all 8 elements are added into queue and that can be represented
in below figure (a).

e To delete an element, increment front one position clockwise. The element A is deleted from
queue and if we perform 6 deletions from the queue of Figure (b) in this fashion, then queue
becomes empty and that front=rear.

e Ifthe element I is added into the queue as in figure (c), then rear needs to increment by 1 and the
value of rear is 8. Since queue is circular, the next position should be 0 instead of 8.

e This can be done by using the modulus operator, which computes remainders.

(rear +1) % MAX_QUEUE_SIZE

.g o '.q R 0 .q
ﬁ'ont T T rear

rear rear

(@ (®) ©

void addq(element item)

{ /* add an item to the queue */

rear = (rear +1) %

MAX_QUEUE_SIZE; if (front == rear)
queueFull(); /* print error and exit

*/ queue [rear| = item;
H

Program: Add to a circular queue

element deleteq()
{ /* remove front element from the queue
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*/ element item;
if (front ==rear)
return queueEmpty( ); /* return an error key
*/ front = (front+1)% MAX QUEUE_SIZE;
return queue[front];

}

Program: Delete from a circular queue

Note:

e When queue becomes empty, then front =rear. When the queue becomes full and front =rear.
It is difficult to distinguish between an empty and a full queue.
e To avoid the resulting confusion, increase the capacity of a queue just before it becomes full.

CIRCULAR QUEUES USING DYNAMIC ARRAYS

e A dynamically allocated array is used to hold the queue elements. Let capacity be the number of
positions in the array queue.

e To add an element to a full queue, first increase the size of this array using a function realloc. As
with dynamically allocated stacks, array doubling is used.

e Consider the full queue of figure (a). This figure shows a queue with seven elements in an
array whose capacity is 8. A circular queue is flatten out the array as in Figure (b).

AR
v‘.aq 01 11 21 B [ [51 [6] [7]

C | | B F G A | B
front=5 T front= 5 rear =4
rear =4
(a) A full circular queue (b) Flattened view of circular full queue

Figure (c) shows the array after array doubling by relloc
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0] M1 21 (1 1[4 [51 [6] [71 [8 [°1 [10] [11] [12] [13] [14] [15]
C: D B F G A | B

front= 5 rear = 4
(c) After array doubling

To get a prop
0] 1] [21 [B1 [ (51 [6] [71 [8 [9] [10] [11] [12] [13] [14] [15]

C|D |E |F |G A|B

front= 13 rear =4
(d After shifting right segment

circular queue configuration, slide the elements in the right segment (i.e., elements A and B) to the right

end of the array as in figure (d)

To obtain the configuration as shown in figure (e), follow the steps
1) Create a new array newQueue of twice the capacity.

2) Copy the second segment (i.c., the elements queue [front +1] through queue [capacity-

1]) to positions in newQueue beginning at 0.
3) Copy the first segment (i.c., the elements queue [0] through queue [rear]) to positions in

newQueue beginning at capacity — front — 1.

01 1] (21 Bl M [B1 [6] [71 [8] [ [10] [11] [12] [13] [14] [15]
A|B C|D |E F G

front= 15 rear =6
(e) Alternative configuration

13th Kilometer, Mysore -Kanakapura

e 0821-2954081 info@atme.edu.in
0821-2954011 www.atme.edu.in -Bengaluru Road, Mysore - 570 028




FATME

atme | College of Engineering

DEPARTMENT OF COMPUTER SCIENCE & ENGINEERING - AI & ML

Below program gives the code to add to a circular queue using a dynamically allocated array.
void addq( elementitem)

{ /* add an item to the queue rear =
(rear +1) % capacity;
if(front == rear)
queueFull( ); /* double capacity */

queue[rear] = item;

}

Below program obtains the configuration of figure (e) and gives the code for queueFull. The function
copy (a,b,c) copies elements from locations a through b-1 to locations beginning at c.

void queueFull( )
{ /* allocate an array with twice the capacity */

element *newQueue;
MALLOC ( newQueue, 2 * capacity * sizeof(* queue));
/* copy from queue to newQueue */
int start = ( front +) % capacity;
if ( start <2) /* no wrap around */
copy( queue+start, queuetstart+capacity-1,newQueue);
else
{ /* queue wrap around */

copy(queue, queue+capacity, newQueue);
copy(queue, queuetrear+1, newQueuetcapacity-start); }

/* switch to newQueue*/

front = 2*capacity — 1; rear

= capacity — 2; capacity *
=2:

free(queue);

queue= newQueue;

}

Program:queueFull
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DEQUEUES OR DEQUE

A deque (double ended queue) is a linear list in which elements can be added or removed at either
end but not in the middle.

Representation
*  Deque is maintained by a circular array DEQUE with pointers LEFT and RIGHT, which
point to the two ends of the deque.
*  Figure shows deque with 4 elements maintained in an array with N = 8 memory locations.
*  The condition LEFT = NULL will be used to indicate that a deque is empty.

DEQUE

AAA | BBB | CCC | DDD

LEFT: 4 RIGHT: 7

There are two variations of a deque

1. Input-restricted deque is a deque which allows insertions at only one end of the list but
allows deletions at both ends of thelist

2. OQOutput-restricted deque is a deque which allows deletions at only one end of the list
but allows insertions at both ends of the list.

PRIORITY QUEUES

A priority queue is a collection of elements such that each element has been assigned a priority and such
that the order in which elements are deleted and processed comes from the following rules:

(1) An element of higher priority is processed before any element of lower priority.
(2) Twoelements with the same priority are processed according to the order in which they
were added to the queue.

A prototype of a priority queue is a timesharing system: programs of high priority are processed first, and
programs with the same priority form a standard queue.
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Representation of a Priority Queue

1. One-Way List Representation of a Priority Queue

One way to maintain a priority queue in memory is by means of a one-way list, as follows:
1. Each node in the list will contain three items of information: an information field INFO, a
priority number PRN and a link number LINK. 2. A node X precedes a node Y in the list

a. When X has higher priority than Y

b. When both have the same priority but X was added to the list before Y. This means that
the order in the one-way list corresponds to the order of the priority queue.

Example:
. Below Figure shows the way the priority queue may appear in memory using linear arrays
INFO, PRN and LINK with 7 elements.
. The diagram does not tell us whether BBB was added to the list before or after DDD. On
the other hand, the diagram does tell us that BBB was inserted before CCC, because BBB and
CCC have the same priority number and BBB appears before CCC in the list.

START
(A ]} [BEE[Rl-]— [oElal]— [BBlal =)
<—>[ EEE|4|e}—>|FFF[4] o] —{GGG]5] ]|
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INFO PRN LINK

1 BBB 2 6

START | & 2 7
3 DDD e 4

avaiL BB 4 EEE - 9
5 AAA 1 1

6 CcCC 2 3

7 10

8 GGG 5 0

9 FEE 4 8

10 11

11 12

12 0

The main property of the one-way list representation of a priority queue is that the element in
the queue that should be processed first always appears at the beginning of the one-way list.
Accordingly, it is a very simple matter to delete and process an element from our priority queue.

Algorithm to deletes and processes the first element in a priority queue

Algorithm: This algorithm deletes and processes the first element in a priority queue which

appears in memory as a one-way list.

1. Set ITEM:=INFO[START] [This saves the data in the first node.]
2. Delete first node from the list.
3. Process ITEM.
4. Exit.
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Algorithm to add an element to priority queue

Adding an element to priority queue is much more complicated than deleting an element from the
queue, because we need to find the correct place to insert the element.

Algorithm: This algorithm adds an ITEM with priority number N to a priority queue which is
maintained in memory as a one-way list.

1. Traverse the one-way list until finding a node X whose priority number exceeds N. Insert

ITEM in front of node X.

2. If no such node is found, insert ITEM as the last element of thelist.
The main difficulty in the algorithm comes from the fact that ITEM is inserted before node X. This
means that, while traversing the list, one must also keep track of the address of the node preceding the
node being accessed.

Example:
Consider the priority queue in Fig (a). Suppose an item XXX with priority number 2 is to be inserted
into the queue. We traverse the list, comparing priority numbers.

START [[®

|AAA] 1 ]o—j—»[BBB]2|u}ﬂ[ccclz]q—»[tmo]qo{—}
BT} {FFelil+ —fosals] |

)(
( ™~ _ . Y A e—
~-|AAA] 1] +—{BBB] 1] «}—[ccc|2] »}>[DDD[4] o}~

;{ Eee]4] ~—{FFE]4] -—{Gaa[s] |

Fig(b)
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Observe that DDD is the first element in the list whose priority number exceeds that of XXX. Hence
XXX is inserted in the list in front of DDD, as pictured in Fig(b).

Observe that XXX comes after BBB and CCC, which have the same priority as XXX. Suppose now
that an element is to be deleted from the queue. It will be AAA, the first element in the List.
Assuming no other insertions, the next element to be deleted will be BBB, then CCC, then XXX,
and so on.

Array Representation ofa Priority Queue

e Another way to maintain a priority queue in memory is to use a separate queue for each level of
priority (or for each priority number).

e Each such queue will appear in its own circular array and must have its own pair of pointers,
FRONT and REA R.

e If each queue is allocated the same amount of space, a two-dimensional array QUEUE can be
used instead of the linear arrays.

FRONT _ REAR : 2 s 4 5 ;
1 . | > 1
4lgad 1 + | FFF DDD EEE
|l 4 SL GGG J

Observe that FRONT[K] and REAR[K] contain, respectively, the front and rear elements of row K of
QUEUE, the row that maintains the queue of elements with priority number K.

The following are outlines or algorithms for deleting and inserting elements in a priority queue

Algorithm: This algorithm deletes and processes the first element in a priority queue maintained
by a two-dimensional array QUEUE.

1. [Find the first non-empty queue.]
Find the smallest K such that FRONT[K] # NULL.

2. Delete and process the front element in row K of QUEUE.

3. Exit.
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Algorithm: This algorithm adds an ITEM with priority number M to a priority queue maintained
by a two-dimensional array QUEUE.

1. Insert ITEM as the rear element in row M of QUEUE.
2. Exit.

MULTIPLE STACKS AND QUEUES

e In multiple stacks, we examine only sequential mappings of stacks into an array. The array is
one dimensional which is memory[MEMORY_SIZE]. Assume n stacks are needed, and then
divide the available memory into n segments. The array is divided in proportion if the expected
sizes of the various stacks are known. Otherwise, divide the memory into equal segments.

e Assume that i refers to the stack number of one of the n stacks. To establish this stack, create
indices for both the bottom and top positions of this stack. boundaryli] points to the position
immediately to the left of the bottom element of stack i, top/[i] points to the top element. Stack i is
empty iff boundary[i]=top[i].

The declarations are:

#define MEMORY _SIZE 100 /* size of memory */
#define MAX STACKS 10 /* max number of stacks plus 1 */
element memory[MEMORY _SIZE]; /* global memory declaration */

int top [MAX STACKS]; int
boundary [MAX STACKS];
int n; /*number of stacks entered by the user */

To divide the array into roughly equal segments

top[0] = boundary[0] = -1; for (j= 1;j<n; j++) top[j] = boundary[j] =
(MEMORY _SIZE / n) * ;
boundary[n] = MEMORY _SIZE - 1;

0 [m/n] 2 [m/n] m-1

T

boundarv[0] boundary(1] boundar.v[fI
top[0] top(1]

All stacks are empty and divided into roughly equal segments

Figure: Initial configuration for n stacks in memory [m].
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In the figure, n is the number of stacks entered by the user, n <MAX STACKS, and m
=MEMORY SIZE. Stack i grow from boundary][i] + 1 to boundary [i + 1] before it is full.

A boundary for the last stack is needed, so set boundary [n] to MEMORY_SIZE-1.

Implementation of the add operation

void push(int 1, element item)
{ /* add an item to the ith stack */

if (top[1] ==boundary[i+1])
stackFull(i);

memory[++top[i]] = item;

Program: Add an item to the ith stack

Implementation of the delete operation

element pop(int 1)

{ /* remove top element from the ith stack */ if (top[i] ==

boundary[i]) return stackEmpty(i);

return memory[top[i]--];

Program: Delete an item from the ith stack

The top[i] == boundary[i+1] condition in push implies only that a particular stack ran out of
memory, not that the entire memory is full. But still there may be a lot of unused space between

other stacks in array memory as shown in Figure.

Therefore, create an error recovery function called stackFull , which determines if there is any free
space in memory. If there is space available, it should shift the stacks so that space is allocated to the

full stack.
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Method to design stackFull

e Determine the least, j, 1 <j <n, such that there is free space between stacks j and j+1. That is, fop/j
] < boundary[j+l]. If there is a j, then move stacks i+/,i+2, .., j one position to the right (treating
memory[O] as leftmost and memory[MEMORY SIZE - 1] as rightmost). This creates a space
between stacks 7 and i+1.

e If there is no j as in (1), then look to the left of stack i. Find the largest j such that 0 <j </ and
there is space between stacks j and j+ 1 ie, top/j] < boundary[j+1]. If there is a j, then move stacks
Jj*l j+2, ..., i one space to the left. This also creates space between stacks i and i+1.

e If'there is no j satisfying either condition (1) or condition (2), then all MEMORY SIZE spaces of
memory are utilized and there is no free space. In this case stackFull terminates with an error
message.
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LINKED LIST

DEFNITION: A linked list, or one-way list, is a linear collection of data elements, called

nodes, where the linear order is given by means of pointers. That is, each node is divided
into two parts:
e The first part contains the information of the element, and

e The second part, called the link field or nextpointer field, contains the address of the
next node in the list.

NAME
or -
k|
START

| “——— Nextpointer field of third node
Information part of third node

Fig: Linked list with 6 nodes

In the above figure each node is pictured with two parts.

e The left part represents the information part of the node, which may contain an entire
record of data items.

e The right part represents the nextpointer field of the node
e Anarrow drawn from a node to the next node in the list.

e The pointer of the last node contains a special value, called the null pointer, which is
any invalid address.

A pointer variable called START or FIRST which contains the address of the first node.

A special case is the list that has no nodes, such a list is called the null list or empty list and is
denoted by the null pointer in the variable START.

REPRESENTATION OF LINKED LISTS IN MEMORY

Let LIST be a linked list. Then LIST will be maintained in memory as follows.
1. LIST requires two linear arrays such as INFO and LINK-such that INFO[K] and LINK[K]
contains the information part and the nextpointer field of a node of LIST.
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3. beginning of the list, and a nextpointer sentinel denoted by NULL-which indicates the end of
the list.

4. The subscripts of the arrays INFO and LINK will be positive, so choose NULL = 0, unless
otherwise stated.

The following examples of linked lists indicate that the nodes of a list need not occupy adjacent

elements in the arrays INFO and LINK, and that more than one list may be maintained in the same
linear arrays INFO and LINK. However, each list must have its own pointer variable giving the

location of its first node.
INFO LINK

1
2
START E 3 IS i
4 EEE 0 J
S L——T"1T
1(6/ v 11 |~
- [x| o |
8 =
—>9 | N 3 j
( o h
11 E 7
12
START=9 INFO[9]=N
LINK]3]=6 INFO|6]=V
LINK][6]=11 INFOI[11]=E
LINK[11]=7 INFO[7]= X
LINK][7]=10 INFO[10]=1
LINK|[10]=4 INFO[4]=T
LINK][4]=NULL value, So the list has ended
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REPRESENTING CHAIN IN C

The following capabilities are needed to make linked representation
1. A mechanism for defining a node’s structure, that is, the field it contains. So self-
referential structures can be used
2. A wayto create new nodes, so MALLOC functions can do this operation
3. A wayto remove nodes that no longer needed. The FREE function handles this
operation.

Defining a node structure

typedef struct listNode *listPointer typedef struct {
char data[4]; listPointer list;
} listNode;

Create a New Empty list
listPointer first=NULL

To create a New Node

MALLOC (first, sizeof(*first));

To place the data into NODE
strepy(first— data,”BAT”); first— link = NULL

* first
< first>data =
B A T \0 NULL
L]
first 1\ 1\ ‘ )]\
_ first >data |0} | first - data[2] first = link

first > dara (1] first > data [3]
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MEMORY ALLOCATION - GARBAGE COLLECTION

e The maintenance of linked lists in memory assumes the possibility of inserting new nodes

e into the lists and hence requires some mechanism which provides unused memory space for the
new nodes.

e Mechanism is required whereby the memory space of deleted nodes becomes available for
future use.

e Together with the linked lists in memory, a special list is maintained which consists of unused
memory cells. This list, which has its own pointer, is called ghe list of available space or the firee

storage list or the free pool.

Suppose linked lists are implemented by parallel arrays and insertions and deletions are to be performed
linked lists. Then the unused memory cells in the arrays will also be linked together to form a linked list
using AVAIL as its list pointer variable. Such a data structure will be denoted by LIST (INFO, LINK,
START, AVAIL)

BED LINK
START | § F 1| Kirk 7
2 6
‘ r
| |
3 | Dean 1
| f
+ Maxwell | 12 /]
-—— —,\.;(,1;.
— 5 | Adams_1-T 3\
2 P e d
AVAIL 4’ ) — A b 0
LIS f .
7/ | Lane 4
B | Green 1 |
: —
9 | Samuels 0 |
}
=10 2 |
- |
Fields 8
12 | Nelson 9 ]
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Garbage Collection

e Suppose some memory space becomes reusable because a node is deleted from a list or an
entire list is deleted from a program. So space is need to be available for future use.

e One way to bring this is to immediately reinsert the space into the free-storage list. However, this
method may be too time-consuming for the operating system of a computer, which may choose
an alternative method, as follows.

The operating system of a computer may periodically collect all the deleted space onto the
freestorage list. Any technique which does this collection is called garbage collection.

Garbage collection takes place in two steps.
1. First the computer runs through all lists, tagging those cells which are currently in use

2. And then the computer runs through the memory, collecting all untagged space onto the
free-storage list.

The garbage collection may take place when there is only some minimum amount of space or no space
at all left in the free-storage list, or when the CPU is idle and has time to do the collection.
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Periodic
Collector

Computer
programs

Garbage
(Deleted Space)

\

Takes
space N———

avail list Avail List (Free space)

Overflow

e Sometimes new data are to be inserted into a data structure but there is no available space,
1.e., the free-storage list is empty. This situation is usually called overflow.

e The programmer mayhandle overflow byprinting the message OVERFLOW. In such a case,
the programmer may then modify the program by adding space to the underlying arrays.
e Overflow will occur with linked lists when AVAIL =NULL and there is an insertion.

Underflow

o The term underflow refers to the situation where one wants to delete data from a data
structure that is empty.

e The programmer mayhandle underflow byprinting the message UNDERFLOW.

o Theunderflow will occur with linked lists when START= NULL and there is a deletion.
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LINKED LIST OPERATIONS

1. Traversing a Linkedlist
Let LIST be a linked list in memory stored in linear arrays INFO and LINK with START

pointing to the first element and NULL indicating the end of LIST.
e Traversing algorithm uses a pointer variable PTR which points to the node that is
currently being processed.

e PTR—LINK points to the next node to be processed.
e Thus the assignment PTR=PTR—LINK moves the pointer to the next node in the list, as
pictured in below figure

PTR

[:_}ﬁ,i,

S EEN AR A

PTR : = LINK{PTR]

Algorithm: (Traversing a Linked List) Let LIST be a linked list in memory. This algorithm
traverses LIST, applying an operation PROCESS to each element of LIST.
The variable PTR points to the node currently being processed.

1. Set PTR =START

2. Repeat Steps 3 and 4 while PTR # NULL

3. Apply PROCESS to PTR—INFO

4. Set PTR = PTR—LINK

5. Exit.
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The details of the algorithm are as follows.

e Initialize PTR or START.
e Then process PTR—INFO, the information at the first node.
e Update PTR by the assignment PTR = PTR—LINK, so that PTR points to the second node. Then

process PTR—INFO, the information at the second node. Again update PTR by the
e assignment PTR = PTR—LINK, and then process PTR—INFO, the information at the third node.
And so on. Continue until PTR = NULL, which signals the end of the list.

Example:

The following procedure prints the information at each node of a linked list. Since the procedure
must traverse the list.

Procedure: PRINT (INFO, LINK, START)

1. Set PTR =START.

2. Repeat Steps 3 and 4 while PTR # NULL:
3. Write: PTR—INFO

4. Set PTR = PTR—LINK

5. Return.

2. Searching a Linkedlist
There are two searching algorithm for finding location LOC of the node where ITEM first
appears in LIST.

Let LIST be a linked list in memory. Suppose a specific ITEM of information is given.
IfITEM is actually a key value and searching through a file for the record containing ITEM, then
ITEM can appear only once in LIST.

LIST Is Unsorted

Suppose the data in LIST are not sorted. Then search for ITEM in LIST by traversing through the
list using a pointer variable PTR and comparing ITEM with the contents PTR—INFO of each
node, one by one, of LIST. Before updating the pointer PTR by

PTR =PTR—LINK
It requires two tests.
First check whether we have reached the end of the list, i.e.,
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PTR == NULL
If not, then check to see whether

PTR—INFO == ITEM

Algorithm: SEARCH (INFO, LINK, START, ITEM, LOC)

LIST is a linked list in memory. This algorithm finds the location LOC of the node where
ITEM first appears in LIST, or sets LOC = NULL.
1. Set PTR: = START.
2. Repeat Step 3 while PTR # NULL
3. If ITEM = PTR—INFO, then:
Set LOC: =PTR, and Exit.
Else
Set PTR: = PTR—LINK
[End of If structure.]
[End of Step 2 loop.]
4. [Search is unsuccessful.] Set LOC: =NULL.
5. Exit.

The complexity of this algorithm for the worst-case running time is proportional to the number
n of elements in LIST, and the average-case running time is approximately proportional to n/2
(with the condition that ITEM appears once in LIST but with equal probability in any node of
LIST).

LIST is Sorted

Suppose the data in LIST are sorted. Search for ITEM in LIST by traversing the list using a
pointer variable PTR and comparing ITEM with the contents PTR—INFO of each node, one
byone, of LIST. Now, searching can stop once ITEM exceeds PTR—INFO.

Algorithm: SRCHSL (INFO, LINK, START, ITEM, LOC)

LIST is a sorted list in memory. This algorithm finds the location LOC of the node where ITEM
first appears in LIST, or sets LOC = NULL.
1. Set PTR: = START.
2. Repeat Step 3 while PTR # NULL
3. If ITEM < PTR—INFO, then:
Set PTR: = PTR—LINK
Else if ITEM = PTR—INFO, then:
Set LOC: =PTR, and Exit. [Search is successful.]
Else:
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Set LOC: =NULL, and Exit. [ITEM now exceeds PTR—INFO]
[End of If structure.]
[End of Step 2 loop.]
4. Set LOC: =NULL.
5. Exit.

The complexity of this algorithm for the worst-case running time is proportional to the number
nofelements in LIST, and the average-case running time is approximately proportional ton/2

3.Insertion into a Linked list

Let LIST be a linked list with successive nodes A and B, as pictured in Fig. (a). Suppose a node N is to be inserted
into the list between nodes A and B. The schematic diagram of such an insertion appears in Fig. (b). That is, node
A now points to the new node N, and node N points to node B, to which A previously pointed.

START

Node A Node B
e T Sl Pades e Soct L 5 .
Ny ®- > Lo~ >[— | o > | o+ > | &4 - .

(a). Before Insertion

START

’ Node A Node B

ST i G i SRR S o S C

(b). After Insertion

The above figure does not take into account that the memory space for the new node N will come from

the AVAIL list.
Specifically, for easier processing, the first node in the AVAIL list will be used for the new node

N. Thus a more exact schematic diagram of such an insertion is that in below Fig.
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START Data list

Node A Node B

o —] ﬁ o 1

)
‘——(u_ i S i N

\

Observe that three pointer fields are changed as follows:
1. The nextpointer field of node A now points to the new node N, to which AVAIL
previously pointed.
2. AVAIL now points to the second node in the free pool, to which node N previously
pointed.
3. The nextpointer field of node N now points to node B, to which node A previously
pointed.

There are also two special cases.
1. Ifthe new node N is the first node in the list, then START will point toN
2. Ifthenew node N is the last node in the list, then N will contain the null pointer.

Insertion Algorithms

Algorithms which insert nodes into linked lists come up in various situations.
1. Inserts a node at the beginning of the list,
2. [Inserts a node after the node with a givenlocation
3. [Inserts a node into a sorted list.

1.Inserting at the Beginning of a List
Inserting the node at the beginning of the list.

Algorithm: INSFIRST (INFO, LINK, START, AVAIL, ITEM)

This algorithm inserts ITEM as the first node in the list.
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1. [OVERFLOW?]If AVAIL = NULL, then: Write: OVERFLOW, and Exit.
2. [Remove first node from AVAIL list.]

Set NEW: = AVAIL and AVAIL: = AVAIL—-LINK

NEW

3. Set NEW—INFO:= ITEM. [Copies new data into newnode]

4. Set NEW—LINK:= START. [New node now points to original first node.]

5. Set START: =NEW. [Changes START so it points to the new node.]

6. Exit.
START

&\

\
\
e A r» o> ot —_— X

®-
L» ITEM| &

Fig: Inserting at the Beginning of a List

2.Inserting after a Given Node

Suppose the value of LOC is given where either LOC is the location of a node A in a linked LIST
or LOC = NULL.

The following is an algorithm which inserts ITEM into LIST so that ITEM follows node A or, when LOC
= NULL, so that ITEM is the first node.

Let N denote the new node. If LOC =NULL, then N is inserted as the first node in LIST. Otherwise, let
node N point to node B by the assignment NEW—LINK:= LOC—LINK and let node A point to the
new node N by the assignment LOC—LINK:= NEW

Algorithm: INSLOC (INFO, LINK, START, AVAIL, LOC, ITEM)

This algorithm inserts ITEM so that ITEM follows the node with location LOC or inserts ITEM as the
first node when LOC = NULL.
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1. [OVERFLOW?] If AVAIL =NULL, then: Write: OVERFLOW, and Exit
2. [Remove first node from AVAIL list.]
Set NEW: =AVAIL and AVAIL: = AVAIL—LINK
3. Set NEW—INFO:=ITEM [Copies new data into new node]
4. IfLOC =NULL, then: [Insert as first node]
Set NEW—LINK:=START and START:= NEW.
Else: [Insert after node with location LOC]
Set NEW—LINK:= LOC—LINK and LOC—LINK:= NEW
[End of If structure.]
5. Exit.

3.Inserting into a Sorted Linked List

e Suppose ITEM is to be inserted into a sorted linked LIST. Then ITEM must be inserted
between nodes A and B sothat

INFO(A) <ITEM <INFO(B)

e The following is a procedure which finds the location LOC of node A, that is, which finds the
location LOC of the last node in LIST whose value is less than ITEM.

e Traverse the list, using a pointer variable PTR and comparing ITEM with PTR—INFO at each
node. While traversing, keep track of the location of the preceding node by using a pointer
variable SAVE, as pictured in below Fig. Thus SAVE and PTR are updated by the assignments

SAVE:=PTR and PTR: = PTR—LINK

e The traversing continues as long as PTR—INFO > ITEM, or in other words, the traversing
stops as-soon as ITEM < PTR—INFO. Then PTR points to node B, so SAVE will contain the
location of the node A.

Procedure: FINDA (INFO, LINK, START, ITEM, LOC)

This procedure finds the location LOC of the last node in a sorted list such that LOC—INFO
<ITEM, or sets LOC = NULL.

1. [List empty?] If START = NULL, then: Set LOC: = NULL, and Return.

2. [Special case?] IFITEM < START—INFO, then: Set LOC: =NULL, and Return.
3. Set SAVE:=STARTand PTR: = START—LINK. [Initializes pointers.]

4. Repeat Steps 5 and 6 while PTR #NULL.

5. If ITEM < PTR—INFO, then:
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Set LOC: = SAVE, and
Return. [End of If structure.]
6. Set SAVE: =PTR and PTR: = PTR—LINK. [Updates pointers.]

[End of Step 4 loop.]
7. Set LOC: =SAVE.
8. Return.

Below algorithm which inserts ITEM into a linked list. The simplicity of the
algorithm comes from using the previous two procedures.

Algorithm: INSERT (INFO, LINK, START, AVAIL, ITEM)

This algorithm inserts ITEM into a sorted linked list.
1. [Use Procedure to find the location of the node preceding ITEM.]
Call FINDA (INFO, LINK, START, ITEM, LOC).
2. [Use Algorithm to insert ITEM after the node with location LOC.]
Call INSLOC (INFO, LINK, START, AVAIL, LOC, ITEM).
3. Exit.

4.Deletion into a Linkedlist

e Let LIST be a linked list with a node N between nodes A and B, as pictured in below
Fig.(a). Suppose node N is to be deleted from the linked list. The schematic diagram of
such a deletion appears in Fig.(b).

e The deletion occurs as soon as the nextpointer field of node A is changed so that it
points to node B.

e Linked list is maintained in memory in the form
LIST (INFO, LINK, START, AVAIL)
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(a) Before deletion
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(b) After deletion
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The above figure does not take into account the fact that, when a node N is deleted from our list,
immediately return its memory space to the AVAIL list. So for easier processing, it will be
returned to the beginning of the AVAIL list. Thus a more exact schematic diagram of such a
deletion is the one in below Fig.

START Data list

Node A Node N Node B
— ; @ P e & X

®
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Free storage list

Observe that three pointer fields are changed as follows:
1. The nextpointer field of node A now points to node B, where node N previously
pointed.
2. The nextpointer field of N now points to the original first node in the free pool, where
AVAIL previously pointed.
3. AVAIL now points to the deleted nodeN.

Deletion Algorithms

Deletion of nodes from linked lists come up in various situations.

1. Deletes the node following a given node

2. Deletes the node with a given ITEM of information.
All deletion algorithms will return the memory space of the deleted node N to the
beginning of the AVAIL list.

Deleting the Node Following a Given Node

Let LIST be a linked list in memory. Suppose we are given the location LOC of a node N in LIST
1s given and location LOCP of the node preceding N or, when N is the first node, then LOCP =
NULL is given.

The following algorithm deletes N from the list.

Algorithm: DEL (INFO, LINK, START, AVAIL, LOC, LOCP)
This algorithm deletes the node N with location LOC. LOCP is the location of the node which
precedes N or, when N is the first node, LOCP = NULL.
1. IfLOCP = NULL, then:

Set START: = START—LINK. [Deletes first
node.] Else:
Set LOCP—LINK:= LOC—LINK [Deletes node

N.] [End of If structure.]
2. [Return deleted node to the AVAIL list. ]
Set LOC—LINK:= AVAIL and AVAIL: = LOC

3. Exit.
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Deleting the Node with a Given ITEM of Information

Consider a given an ITEM of information and wants to delete from the LIST the first node N
which contains ITEM. Then it is needed to know the location of the node preceding N.
Accordingly, first finds the location LOC of the node N containing ITEM and the location
LOCP of the node preceding node N.

If N is the first node, then set LOCP = NULL, and if ITEM does not appear in LIST, then set
LOC =NULL.

Traverse the list, using a pointer variable PTR and comparing ITEM with PTR—INFO at each
node. While traversing, keep track of the location of the preceding node by using a pointer
variable SAVE. Thus SAVE and PTR are updated by the assignments SAVE:=PTR and PTR:=

PTR—LINK

The traversing continues as long as PTR—INFO # ITEM, or in other words, the traversing
stops as soon as ITEM = PTR—INFO. Then PTR contains the location LOC of node N and
SAVE contains the location LOCP of the node preceding N

Procedure: FINDB (INFO, LINK, START, ITEM, LOC, LOCP)

This procedure finds the location LOC of the first node N which contains ITEM and the location
LOCP of the node preceding N. If ITEM does not appear in the list, then the procedure sets
LOC = NULL; and if ITEM appears in the first node, then it sets LOCP = NULL.

1. [List empty?] If START = NULL, then:
Set LOC: = NULL and LOCP: = NULL, and
Return. [End of If structure.]
2. [ITEM in first node?] If START—INFO = ITEM, then:
Set LOC: =START and LOCP =NULL, and Return.
[End of If structure.]
3. Set SAVE: =START and PTR: = START—LINK. [Initializespointers.]
4. Repeat Steps 5 and 6 while PTR # NULL.
5. If PTR—INFO = ITEM, then:
Set LOC: =PTR and LOCP: =SAVE, and Return.
[End of If structure.]
6.Set SAVE: =PTR and PTR: =PTR—LINK. [Updates pointers.] [End
of Step 4 loop.]
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DOUBLY LINKED LIST

1. Thedifficulties with single linked lists is that, it is possible to traversal only in one direction, ie.,
direction of the links.
2. The only way to find the node that precedes p is to start at the beginning of the list. The same

problem arises when one wishes to delete an arbitrary node from a singly linked list. Hence the
solution is to use doubly linkedlist

DEFINITION: It is a linear collection of data elements, called nodes, where each node N is
divided into three parts:
An information field INFO which contains the data of N
. Apointer field LLINK (FORW) which contains the location of the next node in the list
3. Apointer field RLINK (BACK) which contains the location of the preceding node in
the list

The declarations are:

typedef struct node
*nodePointer; typedef struct

nodePointer
llink;  element
data;
nodePointer
rlink;

} node;

LLINK
1 Tﬁ s L2V | e 3 o T -
RLINK
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Insertion into a doubly linked list

Insertion into a doubly linked list is fairly easy. Assume there are two nodes, node and newnode, node
may be either a header node or an interior node in a list. The function dinsert performs the insertion
operation in constant time.

void dinsert(nodePointer node, nodePointer newnode)
{/* insert newnode to the right of node */

newnode—llink = node;
newnode—rlink = node—rlink;
node—rlink—llink = newnode;

node—rlink = newnode;

}

Program: Insertion into a doubly linked circular list

Deletion from a doubly linked list

Deletion from a doubly linked list is equally easy. The function ddelete deletes the node deleted from
the list pointed to by node.

To accomplish this deletion, we only need to change the link fields of the nodes that precede
(deleted—1link—rlink) and follow (deleted—rtlink—llink) the node we want to delete.
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