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In this chapter you will learn:

To form linked data structures using references,
self-referential classes and recursion.

How boxing and unboxing enable simple-type values
to be used where objects are expected in a program.

To create and manipulate dynamic data structures,
such as linked lists, queues, stacks and binary trees.

Various important applications of linked data structures.

To create reusable data structures with classes,
Inheritance and composition.

<4

© 2009 Pearson Education, Inc. All rights reserved.



. can grow and shrink at
execution time.

e Linked lists are collections of data items that are
“chained together”.

e Stacks have insertions and deletions made at only
one end: the

* Queues represent waiting lines; insertions are made
at the back and deletions are made from the front.

. facilitate high-speed searching and
sorting of data.
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« Each simple type Is declared by a corresponding

A variable of a simple type can be declared using

either the keyword for that simple type or the
struct name.

* The methods related to a simple type are located in
the corresponding struct.
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e Simple-type structs inherit from class valueType,
which inherits from class object.

« Any simple-type value can be assigned to an object
variable; this is a boxing conversion.

e Boxing conversions can be performed either explicitly or
implicitly:

int 1 = 5; // create an int value

object objectl = ( object ) 1; // explicitly box the
int value

object object2 = 1; // implicitly box the int value

<
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o An unboxing conversion explicitly converts an
object reference to a simple value,:

int intl = ( int ) objectl; // explicitly unbox
the int value

« Unboxing an object that does not refer to
the correct simple value type causes an
InvalidCastException.

<
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Outline
e A contains a member that refers to
an object of the same class type.
* In the class declaration in Fig. 26.1, Next references an Fig26_01.cs
object of type Node, an object of the same type being
declared.
 Next isreferred to as a

// Fig. 26.1: Fig26_0l.cs
// Self-referential Node class declaration.
class Node
{
public int Data { get; set; } // store integer data
public Node Next { get; set; } // store reference to next Node

public Node( int datavalue )
{

10 // constructor body

11 } // end constructor

12 } // end class node

© 0O N O O B WN P

| Self-referential Node class declaration.
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o Self-referential objects can be linked together to form
useful data structures.

 Figure 26.2 illustrates two self-referential objects linked
together to form a linked list.

o A backslash indicatesa nul 1 link.

| Self-referential class objects linked together.

Not setting the link in the last node of a list to

null is alogic error.
< >
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 Creating and maintaining dynamic data structures
requires

e Programs obtain more memory space to hold new nodes
and to release space no longer needed.

Node nodeToAdd = new Node( 10 );

 If no memory is available, new throws an
outOofMemoryException.

When creating a large number of objects, test for an
outOfMemoryException. Perform appropriate error
processing if the requested memory is not allocated.

<
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10

o A IS a linear collection (i.e., a sequence)
of , connected by reference links.

A linked list Is appropriate when the number of data
elements is unpredictable.

e Linked lists become full only when the system has
Insufficient memory.
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Outline
 The program of Figs. 26.4 and 26.5 uses an object of
class L1 st to manipulate a list of miscellaneous object
types_ LinkedListLibrary
 You should place the code of Fig. 26.4 in its own class
library project. (1of9)
1 // Fig. 26.4: LinkedListLibrary.cs
2 // ListNode, List and EmptyListException class declarations.
3 using System;
4
5 namespace LinkedListLibrary
6 {
7 // class to represent one node in a Tlist
8 class ListNode
9 {
10 // aLIJtoma‘?'ic read-only pr‘oper_'ty Data Data can refer to any
11 public object Data { get; private set; } < object.
12
13 // automatic property Next Next stores a reference to
14 public ListNode Next { get; set; } < the next L1 stNode object
15 in the linked list.

| ListNode, List and EmptyListException class

declarations. (Part 1 of 9.) < »
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// constructor to create ListNode that refers to datavalue
// and is last node in list
public ListNode( object datavalue )

: this( datavalue, null ) __w‘

12
Qutline

LinkedListLibrary
.Cs

(20f9)

Overriding the default

{ <
} // end default constructor __J

// constructor to create ListNode that refers to datavalue
// and refers to next ListNode in List

public ListNode( object datavalue, ListNode nextNode ) |
{

Data datavalue;

constructor to place a
ListNode at the end of a
List

Constructor which places a
ListNode before a

A

Next = nextNode;
} // end constructor
} // end class ListNode

Fig. 26.4 | L1stNode, List and EmptyListException class

declarations. (Part 2 of 9.)

specific ListNode.
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// class List declaration
public class List

{

private ListNode firstNode; =~ |

private ListNode lastNode; |
private string name; // string like "1list" to display

// construct empty List with specified name
public List( string TistName )
{
name = listName;
firstNode = lastNode = null;
} // end constructor

// construct empty List with "Tist" as its name
public List(Q
: this( "Tist" )
{
} // end default constructor

Fig. 26.4 | L1stNode, List and EmptyListException class

declarations. (Part 3 of 9.)
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LinkedListLibrary
.Cs

(30f9)

private instance
variables firstNode and

TastNode are endpoints
of a linked list.
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// Insert object at front of List. If List is empty,
// firstNode and lastNode will refer to same object.
// Otherwise, firstNode refers to new node.
public void InsertAtFront( object insertItem )
{
if ( IseEmpty(Q )
firstNode = lastNode = new ListNode( insertItem );
else
firstNode = new ListNode( insertItem, firstNode );
} // end method InsertAtFront

// Insert object at end of List. If List is empty,
// firstNode and lastNode will refer to same object.
// Otherwise, lastNode's Next property refers to new node.
public void InsertAtBack( object insertItem )
{
if ( Isempty(O )
firstNode = lastNode = new ListNode( insertItem );
else

14
Qutline

LinkedListLibrary
.Cs

(40f9)

InsertAtFront

A

manipulates the L1 st (this
process is explained later)

InsertAtBack
manipulates the L1 st (this

lastNode = lastNode.Next = new ListNode( insertItem );

} // end method InsertAtBack

Fig. 26.4 | ListNode, List and EmptyListException class

declarations. (Part 4 of 9.)

process is explained later)
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// remove first node from List
public object RemoveFromrront()

{

if ( IseEmpty( )

throw new EmptyListException( name );

object removeItem = firstNode.Data; // retrieve data

// reset firstNode and TastNode references

if ( firstNode == lastNode )
firstNode

else
firstNode

firstNode.Next;

TastNode = null;

return removeItem; // return removed data
} // end method RemoveFromFront

// remove last node from List
public object RemoveFromBack()

{

if ( IseEmpty(O )

throw new EmptyListException( name );

| ListNode, List and EmptyListException class
declarations. (Part 5 of 9.)
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LinkedListLibrary
.Cs

(50f9)

A

RemoveFromFront
manipulates the List
(this process is explained
later)

RemoveFromBack
manipulates the L1 st (this
process is explained later)

<
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object removeItem = lastNode.Data; // retrieve data |

// reset firstNode and TastNode references
if ( firstNode == lastNode )

firstNode = lastNode = null;
else

{

ListNode current = firstNode;

// loop while current node is not lastNode

16
Qutline

LinkedListLibrary
.Cs

60f9)

RemoveFromBack
manipulates the L1 st (this

while ( current.Next !'= lastNode )
current = current.Next; // move to next node

// current is new lastNode
lastNode = current;
current.Next = null;

} // end else

return removeItem; // return removed data

A

} // end method RemoveFromBack

Fig. 26.4 | ListNode, List and EmptyListException class

declarations. (Part 6 of 9.)

process is explained later)
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Outline
// return true if List is empty LinkedListLibrary
public bool IsEmpty() __W -CS
{ <
return firstNode == null; __J‘ (70f9)
} // end method IsEmpty IsEmpty determines

whether the list is empty.

// output List contents
public void Display(Q)
{
if ( IsEmpty(Q )
{
Console.writeLine( "Empty " + name );
} // end if
else

{

Console.write( "The " + name + " 1is: " );

ListNode current = firstNode;

Fig. 26.4 | ListNode, List and EmptyListException class
declarations. (Part 7 of 9.)
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Outline
// output current node data while not at end of 1ist
while ( current != null ) LinkedListLibrary
{ .CS
console.write( current.pata + " " );
current = current.Next; (80f9)

} // end while

console.writeLine( "\n" );
} // end else
} // end method Display
} // end class List

// class EmptyListException declaration
public class EmptyListException : Exception
{
// parameterless constructor
public EmptyListException()
: base( "The 1list is empty" )

// empty constructor
} // end EmptyListException constructor

Fig. 26.4 | L1stNode, List and EmptyListException class
declarations. (Part 8 of 9.)
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// one-parameter constructor
public EmptyListException( string name )
: base( "The " + name + " is empty" )

// empty constructor
} // end EmptyListException constructor

// two-parameter constructor
public EmptyListException( string exception, Exception inner )
: base( exception, inner )

// empty constructor
} // end EmptyListException constructor
} // end class EmptyListException

173} // end namespace LinkedListLibrary

Fig. 26.4 | L1stNode, List and EmptyListException class

declarations. (Part 9 of 9.)
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LinkedListLibrary
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e Class L1stTest (Fig. 26.5) uses the linked-list library
to create and manipulate a linked list.

* You must add a reference to the class library containing ListTest.cs
the classes in Fig. 26.4. (10f4)

// Fig. 26.5: ListTest.cs
// Testing class List.
using System;

using LinkedListLibrary;

// class to test List class functionality
class ListTest
{
public static void Main( string[] args )
{
11 List Tist = new List(); // create List container <
12
13 // create data to store 1in List
14 bool aBoolean = true;
15 char acharacter = '§';
16 int anInteger = 34567;
17 string astring = "hello";

© 0 N O O b W N P
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Initializing a new List
object.

| Testing class List. (Part 1 of 4.)
4 )

© 2009 Pearson Education,
Inc. All rights reserved.



18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

// use List insert methods
Tlist.InsertAtFront( aBoolean );
Tist.pisplay();
Tist.InsertAtFront( aCharacter );
Tist.Display(Q);

21
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ListTest.cs

(20f4)

A

Tist.InsertAtBack( anInteger );
Tist.Dpisplay(Q);
Tist.InsertAtBack( astring );
Tist.Display(Q);

// use List remove methods
object removedoObject;

// remove data from list and display after each removal
try
{
removedOobject = 1ist.RemoveFromFront();
console.writeLine( removedobject + " removed" );

Demonstrating List
insertion methods.

A

Tist.Display(Q);

| Testing class List. (Part 2 of 4.)

Removing objects via
L1 st deletion methods.

<
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removedobject = 1list.RemoveFromFront();
Console.writeLine( removedObject + " removed” );
Tist.Display(Q);

removedobject = 1list.RemoveFromBack();
console.writeLine( removedObject + " removed” ); <

22
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ListTest.cs

(30of4)

Removing objects via

Tist.DisplayQ);

removedobject = 1list.RemoveFromBack();
Console.writeLine( removedObject + " removed” );
Tist.Display(Q);

} // end try

catch ( EmptyListException emptyListException )

{

console.Error.writeLine( "\n" + emptyListException );
} // end catch
} // end Main

56 } // end class ListTest

| Testing class List. (Part 3 of 4.)

L1 st deletion methods.

<
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The 1list is: True

The Tlist is: $ True

The Tist is: $ True 34567

The 1list is: $ True 34567 hello

$ removed
The list is: True 34567 hello

True removed
The Tist is: 34567 hello

hello removed
The Tlist is: 34567

34567 removed
Empty list

| Testing class List. (Part 4 of 4.)
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ListTest.cs
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 Method InsertAtFront places a new node at the front
of the list through the following process:

Determine whether the list is empty.

If the list is empty, set both £1rstNode and
lTastNode to refer to a new L1stNode.

If the list is not empty, the new node is “linked” into
the list by setting T1 rstNode to refer to a new
L1stNode.

<4 b
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* In Fig. 26.6, part (a) shows a list and a new node
during the InsertAtFront operation and before
the new node is linked into the list.

o Part (b) illustrates Step 3 of the InsertAtFront
operation, which enables the node containing 12 to
become the new list front.

<4 b
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(a) firstNode

—p 7 —» 11

new ListNode

—p» 12

(b) firstNode

. 7 —» 11

o

. y 5
new ListNode )

e o !

I
I
— » 12 '

Fig. 26.6 | InsertAtFront operation.
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« Method InsertAtBack places a new node at the
back of the list through the following process:

Determine whether the list is empty.

If the list is empty, set both 1 rstNode and
lTastNode to refer to a new L1stNode.

If the list Is not empty, link the new node into the list
by setting 1astNode and 1astNode.Next
to refer to a new L1 stNode object.

<4 b
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* In Fig. 26.7, part (a) shows a list and a new node

during t

ne TnsertAtBack operation; before the

new node has been linked into the list.

* The dashed lines and arrows in part (b) tllustrate Step
3 of method Insert-AtBack, which enables a new
node to be added to the end of a list that is not empty.

<4 b
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(a) FirstNode TastNode new ListNode
12 —m 7 —» 11 5
(b) firstNode TastNode new ListNode
.\'\n..
"l
12 —» 7 —» 11 --——---p 5

| InsertAtBack operation.
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e Method RemoveFromFront removes the front node of
the list and returns a reference to the removed data.

Assign f1rstNode.Data to variable
removeItem.

If f1irstNode and TastNode are the same object,
the method sets T1rstNode and TastNodeto null.

If the list has more than one node, the method assigns
firstNode.Next to firstNode.

Return the removeItem reference.

<4 b
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 In Fig. 26.8, part (a) illustrates a list before a removal operation.
 Part (b) shows the reference manipulations.

(a) firstNode TastNode
12 —» 7 —» 11 —p» §
(b) firstNode lastNode
t\
R ]
12 —» 7 o—=—p 1] Ne—=—p 5

| RemoveFromFront operation.
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 Method RemoveFromBack removes the last node
of a list and returns a reference to the removed data.

Assign TastNode.Data to variable
removeItem.

If 1 rstNode and 1astNode refer to the same
object, set T1rstNode and TastNodetonul 1.

If the list has more than one node, create L1stNode
variable current and assign it f1rstNode.

<4 b
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Now “walk the list” with current until it
references the node before the last node.

After locating the second-to-last node, assign
current to lastNode.

Set current.Next to null to remove the last
node from the list.

Return the removeItem reference.

<4 b
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 In Fig. 26.9, part (a) illustrates a list before a removal operation.
 Part (b) shows the reference manipulations.

(a) firstNode current TastNode

L

12 —p» 7 — » 11 —  » §

(b) firstNode current TastNode

] 8 j———=—--—-§5 —-
\\ :
\ I
e I
Y

12 —» 7 —» 11 5
| RemoveFromBack operation.
g <>
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o Asingly linked list may be traversed in only one direction.

e Inacircular, singly linked list (Fig. 26.10), the “last node”
points back to the first node.

firstNode

12 *—p» 7 —» 11 .—PSI

f

Fig. 26.10 | Circular, singly linked list.
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e A (Fig. 26.11) allows traversals both
forward and backward.

« Each node has both a forward reference to the next node In
the list and a backward reference to the previous node.

firstNode lastNode

12 7 11 5

| Doubly linked list.

<4 b
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*Ina (Fig. 26.12), the forward
reference of the last node refers to the first node, and the
backward reference of the first node refers to the last node.

firstNode lastNode

il 7 11 5

| Circular, doubly linked list.

<
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