Unit III   Linked Lists Variations

Objectives: 

To introduce the concept of doubly linked lists
To discover advantages of circular linked lists
To become aware of the use of dummy head nodes
To introduce other multi-linked structures

In this session we will study some of the more common variations of linked list structures including lists with more than one pointer field and the usage of "dummy" nodes in the implementation of linked list structures.  There are many linked list problems which can be  "easily" solved by using one or more of these variations of linked structures.  For example, consider the set of problems in which we must start at the head and traverse the list until we get one node short of a specified place: "delete the last node" or "insert before the node pointed to by p."  For many problems, for example,  the inefficiency of list traversal can be removed at the expense of a "backward pointer" or using a doubly linked list structure rather than a singly linked list. 

A. Doubly Linked Lists

A linked list in which each node has 2 pointers: a forward pointer (a pointer to the next node in the list) and a backward pointer (a pointer to the node preceding the current node in the list) is called a doubly linked list.  Here is a picture: 


This list has two special pointers called head1 and head2 so that the list may be traversed beginning at either end of the list. 
  

Before we look at some sample uses, let's learn to manipulate these doubly linked lists. Imagine we want to insert a new node after (to the right of) the node pointed to by p. Here is a code segment: 

Node * q;

q = new Node;

q->data = newData;

q->next = p->next;      // make q point where p did to right

q->next->prev = q;      // make node to right of q point back at q

q->prev = p;            // make q point at p on left

p->next = q;            // make p point at q on right

Note that this algorithm will have problems if p points at the last node in the list. 

Here is a picture showing how to delete the node pointed to by p (from the original list given above). 
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The increased efficiency of certain operations from a doubly linked list should be obvious as should the increase in space required for the extra pointers.  Is it worth the extra space?  That depends. If you have plenty of space and must have efficient insertion and deletion, the answer is yes.  If you need to move in both directions in the list, then you have little choice.  Take, for example, a doubly linked list of lines in a document that may be kept by a text editor.  The following denotes how each node should appear: 
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To move backward and forward through the document (as it appears on the screen ) and insert or delete lines, a doubly linked list is ideal.  With the cursor on the current line (stored in a pointer "current"),it is easy to move up one line (current = current->prev) or down one line (current = current->next).  With a singly linked list this is possible but probably too slow. 
  
  
  

B. Circular Linked Lists

All of our examples so far have required that a linked list have a beginning node and an ending node: the beginning node was a node pointed to by a special pointer called head and the end of the list was denoted by a special node which had a NULL pointer in its next pointer field.  If a problem requires that operations need to be performed on nodes in a linked list and it is not important that the list have special nodes indicating the front and rear of the list, then this problem should be solved using a circular linked list.  A singly linked circular list is a linked list where the last node in the list points to the first node in the list.  A circular list does not contain NULL pointers.  Note the example of a singly linked circular list below: 
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A good example of an application where a singly linked circular list should be used is a timesharing problem solved by the operating system.  In a timesharing environment, the operating system must maintain a list of present users and must alternately allow each user to use a small slice of CPU time, one user at a time.  The operating system will pick a user, let him/her use a small amount of CPU time and then move on to the next user, etc.  For this application, there should be no NULL pointers unless there is absolutely no one requesting CPU time. 





C. Dummy head Nodes

One of the problems in dealing with pointer based ordered lists is writing code to take care of special cases.  For example, if we wish to insert a node in an ordered linked list, we MUST take care of the special case of inserting this node in the beginning of the list.  This is a special case because if a node is inserted into the beginning of the list, the pointer indicating the beginning of the list, head,  must be changed.  Similarly, if we wish to delete a particular node, we must again also write code to handle the special case of deleting the first node in the list. 

To avoid the special case problems involved in inserting and deleting nodes, programmers often use a dummy node in the list.  A dummy header node is a node that always points to the beginning of the list or has a NULL pointer field if the list is empty.  This node is called a dummy node since it does not contain data included in the list.  This node is permanent (is never deleted) and always points to the first node in the list.  To eliminate the need for special structures, it is preferred that the dummy node be set up using the same type of nodes as the data nodes in the list.  Here is an example of a singly linked list with a dummy header node: 
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Now, let's determine how to insert a node pointed to by the pointer p into an ordered singly linked list.  If the singly linked list is ordered, we must first determine where the node should be placed in the list.  This is accomplished by setting up auxillary pointers, prev and current, moving these pointers down the list until prev is pointing to a node which should precede the node pointed to by p and current should be pointing to the first node which should succeed the node pointed to by p.  The question is: How should prev and current be initialized?  If a singly linked list with a dummy header node is used, then prev and current should be initialized to head and to head->next respectively. 





D. Multi-Linked lists

A list can have two pointers without having a backward pointer. For instance, we may want to keep a set of data ordered on more than one "key". A key is a unique data item included in a record which distinguishes one record from all other records included in the list.  Suppose we want to be able to access customer accounts in order by account number (integer) and by customer name (string). We can in fact have one list that is ordered both ways. We need two pointer fields.  Each node of the list will have the form: 
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Now, let's assume that we have a class called MultiListClass and that we wish to implement this list with a dummy header node.  Here is an example list which implements the multi-linked list: 
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Insertion and deletion require about twice the work since two sets of pointers must be adjusted: one for the name and one for the account number.  Essentially, you perform the same adjustments as in a singly linked list but you do it twice. 

Insertion and deletion are more complicated in multi-linked lists.  Below is a function we have written which inserts the new node into the linked list which is ordered alphabetically by the customer name.  We use the notation from above. 

// Algorithm for insertion into multi-linked list with two links.

//This is the structure of nodes in the list

struct Node

{

     TypeData name;       //Person's name

     TypeInt number;      //Person's account number

     TypePtr nextNum;     //Pointer to next record by account number

     TypePtr nextName;    //Pointer to next record by name

};

//Function to insert a node into a linked list ordered by customer name

void MultiListClass::insertNameList (TypePtr p)

//IN:  p points to the node to be inserted into the list

{

     //initialize prev and current

     TypePtr prev = head;

     TypePtr current = head->nextName;

     //move prev and current until current is NULL or 

     //current is pointing to a node which contains a name 

     //that is larger than the name to be inserted into the list

     while (!insertName (current,p))

     {

           prev = current;

           current = current->nextName;

     }

     //insert the node between prev and current

     prev ->nextName = p;

     p->nextName = current;

}

Now, we also need a function which will insert the node into the list ordered by the customer account number: 

//Function to insert a node into a linked list ordered by customer 

//account number

void MultiListClass::insertNumList (TypePtr p)

{

     //Initialize prev and current

     TypePtr prev = head;

     TypePtr current = head->nextNum;

     //Move prev and current until current is NULL or is pointing 

     //to a node which contains a customer number that is larger 

     //than the customer number contained in the node to be inserted

     while (!insertNum (current, p))

     {

          prev = current;

          current = current->nextNum;

     }

     //Insert the node between prev and current

     prev ->nextNum = p;

     p->nextNum = current;

}

Example: Function to delete the first occurrence of "key" in a list

 

template <class T>

void Delete(Node <T>* &head, T key)

{Node<T> *currPtr=head, *prevPtr=NULL

//return if listempty

if (currPtr==NULL)

return;

while(currPtr !=NULL&&curPtr->data!=key)

{

prevPtr=currPtr; //keep prev item to delete next

currPtr=currPtr->NextNode();

}

if (currPtr!=NULL) //i.e. keyfound

{if (prevPtr==NULL) //i.e key found at first entry

head=head->NextNode();

else

prevPtr->DeleteAfter();

delete currPtr; //remove memory space to memory manager

}

}
Introduction to Abstract Data Types & Stacks

Objectives:  

Review the concept of an abstract data type 
Introduce the stack abstract data type 
Implement the stack abstract data type using an array 
Implement the stack abstract data type using pointers

A.  Abstract Data Type Review

To fully specify an abstract data type we must give the following: 

1. A description of the elements that make up the data type and a description of the relationships between individual elements in the data type. 

2. A description of all operations that can be performed on the elements of the data type. 

For example, the C++ statement 

typedef float ArrayType[50];

defines an abstract data type called ArrayType which you have previously studied.  Note: 

1. Description of elements:  What are the elements in this data structure?  Any array with float elements of type Arraytype.  How do these elements relate to  each other?  Two elements of this type are equal if they contain the same elements in the same order. 

2. Description of operations:  Here we should describe operations that can be performed on an array.   The  operations we perform using arrays include: 
     (a) update the contents of an element in the array, 
     (b)  determine if two arrays are equal, 
     (c)  copy the  elements in one array to another, 
     (d)  order (sort) the elements in an array.

B.  Stacks

A stack is an abstract data type that permits insertion and deletion at only one end called the top.  Note: 

1. Description of elements:  A stack is defined to hold one type of data element.  Only the element indicated by the top can be accessed.  The elements are related to each other by the order in which they are put on the stack. 

2. Description of operations:  Among the standard operations for a stack are: 
(a)  insert an element on top of the stack (push), 
(b)  remove the top element from the stack (pop), 
(c) determine if the stack is empty.

An example of a stack is the pop-up mechanism that holds trays or plates in a cafeteria.  The last plate placed on the stack (insertion) is the first plate off the stack (deletion).  A stack is sometimes called a Last-In, First-Out or LIFO data structure.  Stacks have many uses in computing.  They are used in  solving such diverse problems as "evaluating an expression" to "traversing a maze." 

A stack data structure is used when subprograms are called.  The system must remember where to return after the called subprogram has executed.  It must remember the contents of all local variables before control was transferred to the called subprogram.  The return from a subprogram is to the instruction following the call that originally transferred control to the subprogram.  Therefore, the return address and the local variables of the calling subprogram must be stored in a designated area in memory.  For example, suppose function A has control and calls B which calls C which calls D.  While D is executing, the return stack might look like this: 
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The first "return" would return (from D) to the return address in Function C and the return stack would then look like: 
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The last function called is the first one completed.  Function C cannot finish execution until Function D has finished execution.  The sequence in which these functions are executed is last-in, first-out.  Therefore, a stack is the logical data structure to use for storing return addresses and local variables during subprogram invocations.  You can see that the "stack" keeps the return addresses in the exact order necessary to reverse the steps of the forward chain of control as A calls B, B calls C, C calls D. 

Suppose we want to print a linked list in reverse order.  A stack is the storage structure we need to hold the data in the nodes of the list as we traverse the list in a forward fashion.  We traverse the linked list starting at the head.  As each node is visited its data value is pushed onto a stack.  Once the stack is built, we will take each item off the stack one at a time and print it giving the last to first order desired. 
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For example, traversing the list and "pushing" each element onto a stack would give the following stack: 
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Removing one element at a time from the stack and printing we have the following: 

75.44,   56.25,   92.75,  35.60

  

The stack data structure is one example of a restricted list.  It is restricted because insertion and deletion can only occur at the top of the stack.  A stack is the simplest type of list. 

We will use a class called Stack to represent the stack abstract data type. Insertion and deletion operations have special names in stacks--insertion is called "push" and deletion is called "pop".  Thus s.push(item) means to insert "item" at the top of stack s and  s.pop() means to remove the value at the top of the stack. 

C.  Array Implementation of  the Stack Class

There are numerous ways to implement a stack class.  We will illustrate two methods and discuss the merits of each.  First, we demonstrate how it can be implemented using an array. 

The data in a stack could be implemented using a data member which is an array called elements[0..n-1].  The stack of elements could be built up (from low index, 0, toward higher indices) or down (from high index, n-1, toward lower indices).   It is just a matter of taste.   We also need a data member that indicates the location of the top of the stack.  Call it top.  When the stack is empty we have the following  (the ?? means the memory locations are uninitialized) : 
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Note that s.top contains the value -1, meaning that the stack is empty. 

If we push one item, say 92, on the stack we have: 

[image: image12.png]nt

s.elements] |

92

stop=0





Note that s.top now contains the value 0 meaning that the top of the stack is s.element[0]. 



An array has some fixed limit like n above.  If top is n-1, the stack is full and an error should occur if you try to push another item onto the stack.   If an array implementation were used, a member function full() should be included which will perform a test for a full stack.  Likewise, a member function empty() should be included which will be used to determine if a pop were valid.  A pop from an empty stack (top is -1) should cause an error condition.  Both error conditions must be handled. 

  

This implementation of a stack has a few disadvantages.  Since we are using an array, we must know in advance the upper bound for the number of elements in the list.  In some situations, knowledge of such an upper bound is impossible.  If we use an upper bound which is extremely large (in order to have a stack which can contain our data), we may be wasting space if our data turns out to be quite small.  If we select an upper bound too small, then we have to worry about a stack overflow.  Thus  we may find it advantageous to use a dynamic linked list implementation instead of the static array implementation.   In a linked list implementation, space is allocated only as needed.  If we do have a reasonable upper bound for the number of elements, the static implementation of the stack has the advantage of using less space per element than a dynamic list since a dynamic linked list must contain nodes with a data  field and a link field. 

D.   Pointer Implementation of Stacks

The problem with a "full" stack almost disappears if we use a linked list implementation of a stack.  With a list, the "full" condition will only be true if there is no more memory for the system to allocate to your program.   While this can happen (and does), it is much less frequent than filling up an array. 

Here is a picture of a stack implemented as a linked list: 
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WORKSHEET SIX

Queues

Objectives:  

Introduce the queue abstract data type. 
Discuss various implementations of the queue using an array. 
Implement the queue using a C++ pointers.

A.  Definition of Queue

A queue is an abstract data type in which insertion occurs at one end (the rear) and deletion occurs at the other end (the front).  A queue is defined to hold one type of data element.  Only the elements indicated by front and rear can be accessed.  Thus a queue is a restricted access data structure similar to the stack.  Like a stack, the elements are related to each other by the order in which they are placed on the queue. 

An example of a queue is a line of people waiting at a ticket counter to buy a ticket.  Whoever gets in line first gets a ticket first.  A queue is a First In, First Out (FIFO) data storage mechanism.  The storage structure that holds jobs for printing on a printer is a queue.  When an operating system (OS) runs in batch mode (i.e. non-interactive), jobs to be processed are placed in a queue awaiting execution.  Sometimes the OS gives priority to smaller jobs in the queue, and if so, it becomes a "priority" queue. 

Insertion and deletion operations have special names in queues - insertion is called "enqueue" and deletion is called "dequeue".  A queue often serves as a "waiting" line.  Items put onto the queue (enqueued) come off (dequeued) in the same order.  A queue, like a cafeteria line, has a front and a rear.  Items are  

We define a queue using a Queue class.  As in the case of a stack, there are several ways to implement the Queue class.  We will illustrate two implementations and discuss the merits of each. 

B.  Array Implementation of a Queue

First we demonstrate how the data in a Queue class can be implemented with an array, say elements[0..n-1].  Of course the array could hold any type of data, even a record or a class type.  In an array implementation of a queue front > rear will mean the queue is "empty."  The data members front and rear would be initialized to 0 and -1 respectively by a class constructor.  To enqueue an element we increment rear and store the new element at position rear in the array unless increasing rear would exceed the upper bound of the array.  Thus code in the enqueue method might appear as: 

//enqueue:

if (! full())    //full checks for rear == n - 1

{

    rear ++;

    elements[rear] = newElement;

}

Note: The queue will be full if rear = n - 1. 

To dequeue an element we must first determine if the queue is empty. If the queue is not empty, we save the item at front and then increment front. Lastly, we return the saved item to the calling function. The code in the dequeue might appear as follows: 

//dequeue:

if (!empty())   //empty checks for front > rear

{

    deleted = elements[front];

    front++;

    return Deleted;

}

Note: The queue is empty when front > rear.



As you can see, each enqueue advances the rear pointer and nothing ever decreases it.  Matters can only get worse as the queue is used.  For instance, suppose n elements are enqueued and then all are dequeued.  We will have front = n and rear = n-1.  Since front > rear the queue is empty but since rear > = n-1 the queue is also full.  To avoid this paradox (an empty but full queue), we could copy all elements in the queue to the lower positions each time a dequeue occurs (or every so often).  This has a high cost of data movement and is not practical.  We need another solution. 

C.  "Circular" Array implementation of a Queue

We can think of the array of elements as a circular list by "gluing" the end of the array elements[0..n-1] to its front as in the following picture. 
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In this situation, the queue indexes front and rear advance by moving them clockwise around the array. To achieve this, addition modulo n is used in the enqueue and dequeue operations described above.  Thus, when rear = n - 1, the end of the arrray, if there is room, rear is incremented by 1 as follows: 

rear = (rear + 1) % n = (n - 1 + 1 ) % n = n % n = 0
A similar formula is used for front when dequeueing.  

The only difficulty with this scheme involves detecting the queue-empty and queue-full conditions. It seems reasonable to select as the queue-empty condition front is one slot ahead of rear since front "passes" rear when the queue becomes empty. However, imagine you have enqueued n elements and no dequeues have occurred.    All the array slots (0..n-1) are full so certainly the queue is full.  On the other hand, front has not moved from its initial value of 0, so front is one slot ahead of rear, and the queue is empty.  Obviously we need a way to distinguish the two situations so we agree to give up one slot and make front the index of the location before the front of the queue. The rear index still points to the last element enqueued and (front + 1) modulo n is the next element to dequeue, if the queue is not empty.  Consider a queue with elements elements[0..3].   This queue has four elements. Suppose front = 2, then this means that elements[3] contains the item at the front of the queue. 

Initially the constructor would set front = 0 and rear  = 0.  Using the circular array implementation, the queue is empty if front = rear.  The queue is full if (rear + 1) % n  is equal to front.  For example, 
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We cannot insert another element since (rear + 1) % 4 = 0 (=front).  That is, the queue is full.  But after a dequeue we could insert another element. 

The new enqueue and dequeue algorithms are as follows: 

//(Circular array) enqueue:

if (! full())      // if rear+1 % n == front

{

     rear = (rear + 1) % n;

     elements[rear] = newElement;

}

//(Circular array) dequeue:

if (!empty())     // if front == rear

{

     front = (front + 1) % n;

     return elements[front];

}

  
  
  

D. Linked List Implementation of a Queue

Using a circular array implementation is physically limiting. As was the case in a stack, it is sometimes difficult to determine the maximum number of elements which a queue may need to contain.  Thus we now consider the linked list implementation of a queue.  Assume that front and rear are pointers to the front and rear nodes in a linked representation of a queue.  The queue can now be visualized as in the following picture: 
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Enqueueing means inserting a new node at the "end" of the list (where rear points) while dequeueing means deleting the node pointed to by front and resetting front.   Both operations are straightforward.  Here is the algorithm for the enqueue: 

//(linked list) enqueue:

Make p point at a new node

Copy new data into node p

Set p's pointer field to NULL

Set the link in the rear node to point to p

Set rear = p

