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     This chapter will discuss how C++ can be used to create 

dynamic data structures.  Dynamic data structures are data structures that expand and contract as a program executes.  A dynamic data structure is a collection of elements (called nodes) that are records.  Unlike an array that always contains storage for a fixed number of elements, the number of records stored in a dynamic data structure changes as the program executes.

     Dynamic data structures are extremely flexible.  It is relatively easy to add new information by creating a new node and inserting it between two existing nodes.  It is also relatively easy to delete a node.

     In this chapter we discuss the attributes and implementation of a dynamic data structure known as a singly linked list.  You will learn how to store information in linked lists and how to process that information.  In the next chapter we discuss several data structures which may be derived from a linked list (ordered lists, stacks, queues, and circular lists). 

8.1  Pointers and the New Statement

In C++ we frequently make use of pointer variables when we work with arrays.  Pointer variables can be used to store the address of a data object, this allows us to reference or access the data object through the pointer variable that points to it.

     As an example, the declaration below

     float *P;

declares P is a pointer variable of type "pointer to float".  This means that we can store the address of a type float variable in P. 

     The statement

     P = new float;

calls the C++ new operator which allocates storage for a type float value and places the address of this memory cell in pointer variable P.  Once storage is allocated for the type float value that is pointed to by P, we can store a value in that memory cell and manipulate it.  The exact location in memory of this particular cell is immaterial.

     We can represent the value of a pointer variable by an arrow drawn to a memory cell.  The diagram below

    P 

   ÚÄÄ¿        ÚÄÄÄÄÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ->³   ?   ³

   ÀÄÄÙ        ÀÄÄÄÄÄÄÄÙ

shows that pointer variable P points to a memory location whose contents is unknown.  This is the situation that exists just after the statement P = new float; is executed.  

     The reason we are introducing pointer type variables now is that they are used to create and access dynamic data structures.  Later in this chapter, we will see how to use a pointer variable to reference a dynamic data structure and how to use pointer fields to connect the nodes of a dynamic data structure.

Accessing Variables with Pointers

The symbols *P are used to reference the memory location pointed to by pointer variable P.  The symbol * (asterisk) is called the indirection or dereferencing operator.  The assignment statement

     *P = 15.5;

stores the float value 15.5 in memory cell *P (the memory location pointed to by P) as shown below.

    P           

  ÚÄÄÄ¿      ÚÄÄÄÄÄÄÄÄ¿

  ³ ÄÄÅÄÄÄÄÄ>³  15.5  ³

  ÀÄÄÄÙ      ÀÄÄÄÄÄÄÄÄÙ

The statements

     float *P;

     P = new float;

     *P = 15.5;

     cout << "Contents of memory location pointed to by P are "           << *P  << "\n";

produce the result

  Contents if memory location pointed to by P are 15.5

     A pointer variable can only contain the address of a memory location.  If P is the pointer variable declared above, the following statements are invalid; you cannot assign a type int or type float value to a pointer variable:

     P = 1000;            //invalid assignment

     P = 15.5;            //invalid assignment

------------------------------------------

C++ Syntax

Pointer Type Declaration

Form:     ptype *pvar;

Example:  float *P;

Interpretation:  The value of pointer variable P is a memory address (pointer).  A data object whose address is stored in this variable must be of the specified type ptype.

------------------------------------------

C++ Syntax

new Operator

Form:     new ptype;

          new ptype[n];

Example:  new float;

Interpretation:  Storage for a new data object is allocated from a pool of storage known as the heap, and the address of the first cell in this storage area is returned as the value of this expression.  The amount of storage allocated is determined by the ptype specified.  With the second form shown, storage for an array with n elements of the specified ptype is allocated.  If sufficient storage is not available, a zero is returned by the new operator.

------------------------------------------

Structs with Pointer Fields 

Pointers can be used to construct dynamic data structures.   Because we don't know beforehand how many nodes will be in a dynamic data structure, we cannot allocate storage for a dynamic data structure in the conventional way, that is, through a variable declaration.  Instead, we must allocate storage for each individual node as needed and then find a way to join this node to the rest of the structure.

     We can connect two nodes if we include a pointer field in each node.  The declarations

     struct Node

     {

       char Current[2];

       int Volts;

       Node *Link;

     };

     Node *P, *Q, *R;

identify the variables P, Q, and R to be of type "pointer to Node".  A type Node variable is a struct with three fields: Current, Volts, and Link.  The Link field is of type "pointer to Node".  We can use this field to point to the "next" node in a dynamic data structure.  We illustrate how to connect two nodes in the next section.

     Variables P, Q, and R are pointer variables and may be used to reference variables of type Node (denoted by *P, *Q, and *R).  An address can be stored in a pointer variable through the use of the new operator.  The statements

     P = new Node;

     Q = new Node;

make use of the new operator to allocate storage for two structs of type Node.   The memory address of the first of these structs is stored in P, and the memory address of the second of these structs is stored in Q.  All three fields of these two nodes are initially undefined (see Figure 8.1).

Figure 8.1  Initial Contents of P and Q Memory Areas

-----------------------------------------------------

    P         Current Volts Link

  ÚÄÄ¿        ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

  ³ ÄÅÄÄÄÄÄÄÄ>³  ?   ³  ?  ³ ? ³

  ÀÄÄÙ        ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

    Q         Current Volts Link

  ÚÄÄ¿        ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

  ³ ÄÅÄÄÄÄÄÄÄ>³  ?   ³  ?  ³ ? ³

  ÀÄÄÙ        ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

----------------------------------------------------

Accessing struct Fields with Pointers

In C++ the member access operator (.) is used to access a member of a structure (or class instance).  Thus, is N is of type Node, then N.Volts represents the Volts field of the Node structure indicated by the variable N.

     In C++ the indirection operator has a higher precedence than the member access operator.  Thus *P.Volts is interpreted as *(P.Volts), which attempts to apply the member access operator to a variable of type "pointer to Node", which is illegal, and then to apply the indirection operator to an expression whose result is not a pointer type, which is also illegal.

     The form (*P).Volts first applies the indirection operator to the variable P of type "pointer to Node", yielding an expression whose result is of type Node, and then applies the member access operator to this expression, yielding an expressions of type int.

---------------------

Example 8.1

If P is a pointer variable to a structure of type Node, the

statement

  (*P).Volts = 115;

results in the assignment of the value 115, as shown next.

    P         Current Volts Link

  ÚÄÄ¿        ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

  ³ ÄÅÄÄÄÄÄÄÄ>³  ?   ³ 115 ³ ? ³

  ÀÄÄÙ        ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

--------------------------

     Because accessing members of structures through pointers is a common operation, C++ provides a special notation, as described in the next Syntax Display.

--------------

C++ Syntax Display

Structure Member Access Through a Pointer

Form:     p->m

Example:  P->Volts

Interpretation:  If p is a pointer to a struct (or class), and if m is a field of that struct, p->m accesses the field m of the struct pointed to by p.

--------------------- 

     If P and Q are declared as pointers to structs of type Node, the statements

     strcpy(P->Current, "AC");

     P->Volts = 115;

     strcpy(Q->Current, "DC");

     Q->Volts = 12;

define two fields of the nodes pointed to by P and Q, as shown in Figure 8.2.  The Link fields are still undefined.  Note that it makes no difference where the arrow representing the value of a pointer variable touches its node.

Figure 8.2  Nodes *P and *Q

_______________________________________________

    P         Current Volts Link

  ÚÄÄ¿        ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

  ³ ÄÅÄÄÄÄÄÄÄ>³  AC  ³ 115 ³ ? ³

  ÀÄÄÙ        ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

    Q         Current Volts Link

  ÚÄÄ¿        ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

  ³ ÄÅÄÄÄÄÄÄÄ>³  DC  ³  12 ³ ? ³

  ÀÄÄÙ        ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

______________________________________________

     Besides using the new operator, we can also use an assignment statement to copy the address stored in one pointer variable to another pointer variable.  The pointer assignment statement

     R = P;

copies the value of pointer variable P into pointer variable R.  This means that pointers P and R contain the same memory address and, therefore, point to the same node as shown in Figure 8.3.

Figure 8.3  Pointers P, Q, and R; Nodes *P and *Q

_________________________________________________

    R

   ÚÄÄ¿

   ³ ÄÅÄÄ¿

   ÀÄÄÙ  ³

         ³

    P    ³    Current Volts Link

   ÚÄÄ¿  ÀÄÄÄ>ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³  AC  ³ 115 ³ ? ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

    Q         Current Volts Link

   ÚÄÄ¿       ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³  DC  ³  12 ³ ? ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ 

________________________________________________

     We can compare the values of two pointer variables using the relational operators == and !=.  Assuming that the pointer variables are defined as shown in Figure 8.3, the following conditions are true.

     P == R

     P != Q

     R != Q

     The pointer assignment statements

     P = Q;

     Q = R;

have the effect of exchanging the nodes pointed to by P and Q as shown in Figure 8.4.

Figure 8.4  Pointers P, Q, and R; and Nodes *P and *Q

______________________________________________________

    R

   ÚÄÄ¿

   ³ ÄÅÄÄ¿

   ÀÄÄÙ  ³

         ³

    P    ³    Current Volts Link

   ÚÄÄ¿  ÀÄÄÄ>ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅ¿ÚÄÄÄÄ>³  AC  ³ 115 ³ ? ³

   ÀÄÄÙ³³     ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

       ³³     

       ÀÅ¿    

    Q   ³³    Current Volts Link

   ÚÄÄ¿ ³³    ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÙÀÄÄÄ>³  DC  ³  12 ³ ? ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

___________________________________________________

     The statement

     cout << Q->Current << " " << P->Current << "/n";

displays the Current fields of the records pointed to by Q and P.  For the situation depicted in Figure 8.4, the line

     AC DC

would be displayed.

     The statement 

     Q = new Node;

changes the value of Q to the address of a new node, thereby disconnecting Q from its previous node.  The data fields of the new node pointed to by Q are initially undefined; however, the statement

     *Q = *R;

copies the contents of node *R to node *Q.  The statement 

     Q->Volts = 220;

sets the Volts field of the node to 220.  Figure 8.5 shows the three nodes *P, *Q, and *R, following the execution of these two assignment statements.

Figure 8.5  Nodes *R, *Q, and *P

_______________________________________________________

    R         Current Volts Link

   ÚÄÄ¿       ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³  AC  ³ 115 ³ ? ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

    P         Current Volts Link

   ÚÄÄ¿       ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³  DC  ³  12 ³ ? ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

    Q         Current Volts Link

   ÚÄÄ¿       ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³   AC ³ 220 ³ ? ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

________________________________________________________

     It is important to understand the difference between using P and *P in a program.  P is a pointer variable and is used to store the address of a data structure (of type Node).  P can be assigned a new value through a pointer assignment or by invoking the new operator.  *P is the name of the struct pointed to by P and can be manipulated like any other struct (or class) in C++.  The member access expressions P->Current and P->Volts may be used to reference data (a string and an integer, in this case) stored in the struct pointed to by P.       

Connecting Nodes

One purpose of using dynamically allocated nodes is to enable us to build data structures of varying sizes.  We can accomplish this by connecting individual nodes.  If you look at the nodes allocated earlier, you will see that their Link fields are undefined because we have not stored any information in them.  The assignment statement

     R->Link = P;

copies the address stored in P into the Link field of node *R, thereby connecting node *R to node P (Figure 8.6).  Similarly, the assignment statement

     P->Link = Q;

copies the address stored in pointer variable Q into the Link field of node *P, thereby connecting node *P to node *Q.  The situation after execution of these two assignment statements is shown in Figure 8.6. The arrows that represent the new values of R->.Link and P->.Link are shown in color.

     The data structure pointed to by R now includes all three nodes.  The first node is referenced by *R.  The second node can be referenced by *P or *R->Link.  Finally, the third node can be referenced by *Q or *P->Link or even 

*R->Link->Link.

Figure 8.6  Connecting Nodes

____________________________________________________

    R         Current Volts Link        

   ÚÄÄ¿       ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³  AC  ³ 115 ³ ³ ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÅÄÙ

                             ³



 

 
    ³      R->Link = P;  



ÚÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ



³


    P     ³   Current Volts LinK

   ÚÄÄ¿   ÀÄÄ>ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³  DC  ³  12 ³ ³ ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÅÄÙ

                             ³

                             ³      P->Link = Q;

          ÚÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

          ³                   

    Q     ³   Current Volts Link

   ÚÄÄ¿   ÀÄÄ>ÚÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

   ³ ÄÅÄÄÄÄÄÄ>³   AC ³ 220 ³ ? ³

   ÀÄÄÙ       ÀÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ

__________________________________________________

Exercises for Section 7.1

Self-check

1. For Figure 8.6, explain the effect of each legal assignment

   statement below.

     a) strcpy(R->Current, "CA");    b) *R = *P;

     c) strcpy(P->Current, "HT");    d) P = 50;

     e) R->Link-Volts = 0;           f) P = R;

     g) strcpy(R->Link->Link->Current, "XY");

     h) Q->Volts = R->Volts;

2. The assignment statements 

     R := P;  P := Q;  Q := R;

   are used to exchange the values of pointer variables P and Q

   (type "pointer to Node").  What do the following assignment

   statements do?

     R->Current = P->Current;

     P->Current = Q->Current;

     Q->Current = R->Current;

Programming

1. Write a program segment that creates a collection of nodes

   and stores the musical scale (Do, Re, Mi, Fa, So, La, Ti, Do)

   in these nodes.  Connect these nodes so that Do is stored in

   the first one, Re in the second node, and so on.

8.2  Manipulating The Heap

     In the last section you saw that a new variable is created whenever the new operator is called.  You may be wondering where in memory the new record is stored.  C++ maintains a storage pool of available memory cells called a heap; memory cells from this pool are allocated whenever operator new is called.

Effect of New Statement on the Heap

     If P is a pointer variable of "pointer to Node" (declared in the last section), the statement 

     P = new Node;

allocates memory space for the storage of two characters, an integer variable, and an address.  The contents of the allocated memory is originally undefined (it retains whatever data were last stored there) and the memory address of the first cell allocated is stored in P.  The cells allocated are no longer considered part of the heap.  The only way to reference these cells is through a pointer variable, like P (for example,

 P->Current or P->Volts or P->Link).

     Figure 8.7 shows the pointer variable P and the heap before and after the execution of P = new Node.  The diagram on the left shows pointer variable P as undefined before the execution of 

P = new Node.  The diagram on the right shows P pointing to the first of 8 bytes allocated for the new struct (2 bytes for the Current field, 2 bytes for the Volts field, and 4 bytes for the Link field).  The memory cells still considered part of the heap are shaded.

Figure 8.7  Heap before and after execution of P = new Node

______________________________________________________________________

 P         heap                      P         record P^

ÚÄ¿     ÚÄÄÄÄÂÄÄÄÄ¿                 ÚÄ¿       ÚÄÄÄÄÂÄÄÄÄ¿

³?³ 1000³  ? ³  ? ³                 ³ÄÅÄ> 1000³  ? ³  ? ³ P^.Current

ÀÄÙ     ÃÄÄÄÄÅÄÄÄÄ´                 ÀÄÙ       ÃÄÄÄÄÅÄÄÄÄ´

    1002³  ? ³  ? ³                       1002³  ? ³  ? ³ P^.Volts

        ÃÄÄÄÄÅÄÄÄÄ´                           ÃÄÄÄÄÅÄÄÄÄ´

    1004³  ? ³  ? ³                       1004³  ? ³  ? ³ P^.Link

        ÃÄÄÄÄÅÄÄÄÄ´                           ÃÄÄÄÄÅÄÄÄÄ´

    1006³  ? ³  ? ³                       1006³  ? ³  ? ³  

        ÃÄÄÄÄÅÄÄÄÄ´                           ÀÄÄÄÄÁÄÄÄÄÙ

    1008³  ? ³  ? ³                                

        ÃÄÄÄÄÅÄÄÄÄ´                              heap

    1010³  ? ³  ? ³                           ÚÄÄÄÄÂÄÄÄÄ¿

        ÃÄÄÄÄÅÄÄÄÄ´                       1008³  ? ³  ? ³

    1012³  ? ³  ? ³                           ÃÄÄÄÄÅÄÄÄÄ´

        ÀÄÄÄÄÁÄÄÄÄÙ                       1010³  ? ³  ? ³

             .                                ÀÄÄÄÄÁÄÄÄÄÙ

             .                                     .     

             .                                     .                          Before New (P)                          After New (P)

______________________________________________________________________

     As an example, if the memory cells with addresses 1000 through 2000 were originally in the heap, then after the execution of P = new Node, the memory cells with addresses 1000 through 1007 are no longer available to be allocated by new.  The address 1000 would be stored in pointer variable P, and that cell would contain the first byte of P->Current; memory cells 1002 and 1004 would contain the first byte of P->Volts and P->.Link, respectively.

Returning Cells to the Heap

The procedure call statement

     delete P;

returns the memory cells pointed to by P to the heap.  The value of the pointer variable becomes undefined, and the data associated with *P are no longer accessible.  These cells can be reused later when another call to the new operator is made.

------------------------------------------

C++ Syntax

The delete Operator

Form:     delete pvar

Example:  delete P;

Interpretation:  The memory pointed to by pvar (which was allocated by calling the new operator) is returned to the heap.  This memory may be reallocated when the new operator is called.  

------------------------------------------

     Often more than one pointer will point to the same object.  For this reason, you must be careful when returning the storage occupied by a record to the heap.  If memory is reallocated after it is returned, errors may result.  Make sure that you have no need for a particular record before returning the storage occupied by it.  Also make sure that only pointer variables initialized using the new operator are used as arguments to the delete operator. 

8.3  Linked Lists

This section introduce ans important data structure called a linked list, or, simply list.  We will describe how to build and manipulate lists in C++.  

     A linked list (or list) is a sequence of nodes in which each node is linked or connected to the node following it.  A list with three nodes is shown in Figure 8.8.  ListHeader is a struct variable that contains a pointer to the first list element and a count of the number of elements in the list.

Figure 8.8  Linked List with three Nodes

----------------------------------------------------------------

  ListHeader

     ÚÄÄÄ¿       ÚÄÄÄ¿          ÚÄÄÄ¿          ÚÄÄÄ¿

     ³ ÄÄÅÄÄÄÄÄÄ>³Ace³    ÚÄÄÄÄ>³Boy³    ÚÄÄÄÄ>³Cat³

     ÃÄÄÄ´       ÃÄÄÄ´    ³     ÃÄÄÄ´    ³     ÃÄÄÄ´

     ³ 3 ³       ³ ÄÄÅÄÄÄÄÙ     ³ ÄÄÅÄÄÄÄÙ     ³ / ³

     ÀÄÄÄÙ       ÀÄÄÄÙ          ÀÄÄÄÙ          ÀÄÄÄÙ

----------------------------------------------------------------

     Each node in the list has two fields: the first field contains data and the second field is a pointer (represented by an arrow) to the next list element.  The last list element always has a diagonal line in its pointer field to indicate the end of the list.

     Lists are important data structures because they can be modified easily.  For example, a new node containing the string "Bye" can be inserted between the strings "Boy" and "Cat" by changing only one pointer value (the one from "Boy") and setting the pointer from the new node to point to "Cat".  This is true regardless of how many elements the list contains.  Figure 8.9 shows the list after the insertion; the new pointer values are 

shown shaded in color and the old pointer values are in gray. 

Figure 8.9  Inserting Node into Linked List

----------------------------------------------------------------                      

                                        ÚÄÄÄ¿

                                     ÚÄ>³Bye³

                                     ³  ÃÄÄÄ´

                                     ³  ³ ÄÄÅÄ¿

 ListHeader                          ³  ÀÄÄÄÙ ³

    ÚÄÄÄ¿      ÚÄÄÄ¿          ÚÄÄÄ¿  ³        ³  ÚÄÄÄ¿

    ³ ÄÄÅÄÄÄÄÄ>³Ace³  ÚÄÄÄÄÄÄ>³Boy³  ³     ---ÀÄ>³Cat³

    ÃÄÄÄ´      ÃÄÄÄ´  ³       ÃÄÄÄ´  ³    |      ÃÄÄÄ´

    ³ 3 ³      ³ ÄÄÅÄÄÙ       ³ ÄÄÅÄÄÙ-----      ³ / ³

    ÀÄÄÄÙ      ÀÄÄÄÙ          ÀÄÄÄÙ              ÀÄÄÄÙ

----------------------------------------------------------------

     Similarly, it is quite easy to delete a list element.  Only one pointer value has to be changed -- the pointer that currently points to the element being deleted.  The linked list is redrawn as shown in Figure 8.10 after deleting the node with the string "Boy" by changing the pointer from the node with "Ace".  The node containing the string "Boy" is effectively disconnected from the list.  The new list consists of the strings "Ace", "Bye", "Cat".  Although these strings happen to be in alphabetical order, this is not required.

Figure 8.10  Deleting Node from Linked List

----------------------------------------------------------------

                                        ÚÄÄÄ¿

                      ÚÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ>³Bye³

                      ³              |  ÃÄÄÄ´

                      ³                 ³ ÄÄÅÄ¿

 ListHeader           ³              |  ÀÄÄÄÙ ³

    ÚÄÄÄ¿      ÚÄÄÄ¿  ³       ÚÄÄÄ¿           ³  ÚÄÄÄ¿

    ³ ÄÄÅÄÄÄÄÄ>³Ace³  ³------>³Boy³  |        ÀÄ>³Cat³

    ÃÄÄÄ´      ÃÄÄÄ´  ³       ÃÄÄÄ´              ÃÄÄÄ´

    ³ 3 ³      ³ ÄÄÅÄÄÙ       ³ --³--+           ³ / ³

    ÀÄÄÄÙ      ÀÄÄÄÙ          ÀÄÄÄÙ              ÀÄÄÄÙ

----------------------------------------------------------------

Representing Linked Lists Using Pointers

     The previous list is relatively easy to create in C++ using pointers and dynamic allocation.  In Section 8.1, we saw how to connect three nodes with pointer fields.  Although you didn't know it at the time, the data structure shown in Figure 8.6 could be considered a list of three nodes with pointer variable R as the pointer to its head (see Figure 8.11).  

Figure 8.11  Linked List of Elements of Type Node

_______________________________________________________________

 R

ÚÄÄ¿    ÚÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿    ÚÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿    ÚÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

³ ÄÅÄÄÄ>³ AC ³ 115 ³ ÄÄÅÄÄÄ>³ DC ³  12 ³ ÄÄÅÄÄÄ>³ AC ³ 220 ³ / ³

ÀÄÄÙ    ÀÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ    ÀÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ    ÀÄÄÄÄÁÄÄÄÄÄÁÄÄÄÙ 

________________________________________________________________

     In C++ a pointer value of zero indicates that the pointer does not point to a memory cell.  The constant NULL (defined in <stdlib.h>) is a zero of the correct size (short or long).  If Head is a pointer variable, we can use the assignment statement

     Head = NULL;

to indicate that Head points to an empty list, a list with zero nodes.  Normally, we assign this value to the pointer field of the last node in a list.  After the assignment statement

     Q^.Link = NULL;

is executed, the data structure shown in Figure 8.11 represents a linked list with elements of type Node.  Each element has two data fields (Current and Volts) and one pointer field (Link).  The pointer value NULL is drawn as a diagonal line.

Traversing a List

In many list-processing operations, we must process each node in the list in sequence; this is called traversing a list.  To traverse a list in order, we must start at the list head and follow the list pointers.  

     One operation that we often perform on any data structure is displaying its contents.  To display the contents of a list, we must display only the values of the information fields, not the link fields.  Function PrintList in Figure 8.11 displays the information fields of each node in the list shown in Figure 8.10.  The function call statement

     PrintList(R);

displays the output lines 

     AC   115

     DC    12

     AC   220

Figure 8.11  Function PrintList

________________________________________________________________

void PrintList(Node *Head)

//Displays the list pointed to by Head.

//Pre : Head points to list whose last node has pointer field

//      Link value of NULL.

//Post: The data fields of each list node is displayed and the

//      last value of Head is NULL.

{

  //traverse the list until end is reached

  while(Head != NULL)

  {

    //invariant:

    //  No prior value of Head was NULL.

    cout << Head->Current << "\n";

    cout << Head->Volts << "\n";

    Head = Head->Link;             //advance to next node

  }

}

________________________________________________________________

     In PrintList, the statement 

     Head = Head->Link;        //advance to next node

advances the pointer Head to the next list element, which is pointed to by the Link field of the current list element.  This type of statement is very common in list processing procedures and is analogous to incrementing an array subscript by 1 to advance to the next element.  The while loop is exited when Head becomes NULL.  Since Head is a value argument, a local copy of the pointer to the first list element is established when PrintList is first entered.  This local pointer is advanced, while the corresponding pointer in the calling program remains unchanged.  What would happen to our list if Head were a reference argument?

----------------------------------------

Program Style

Warning about Reference Arguments for Pointers

     The last line above asks you to consider the effect of argument Head being a reference argument instead of a value argument.  If this were done, this allows PrintList to change the corresponding actual argument passed by the calling function regardless of our intentions.  In PrintList and many similar functions, the last value assigned to the pointer argument is NULL.  If Head is a reference argument, the corresponding actual argument would be set to NULL, thereby, disconnecting it from the list that it pointed to before the function call.

------------------------------------

Representing Linked Lists Using Arrays

You can also represent a linked list as an arrays of structs in which an int field stores the index of the next list element.  Figure 8.13 shows the previous abstract list stored in an array (Circuits) whose elements are structs (data type Node).  The last field of each record contains the index (subscript) of the next element.  The variable R contains the subscript of the first list element.  The three list nodes happen to be stored in array elements 2, 4, and 1, in that order; although, any three elements could be used.  Element 1 has a Link field of -1 which indicates the end of the list.

Figure 8.13  Array Representation of a Linked List

----------------------------------------------------------------

                    Current Volts Link

                   ÚÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄ¿

        Circuits[0]³   ?   ³  ?  ³ ? ³

                   ÃÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄ´

 R      Circuits[1]³   ?   ³  ?  ³ -1³<ÄÄÄÄÄ¿

ÚÄ¿                ÃÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄ´      ³

³2ÃÄÄÄ> Circuits[2]³  AC   ³ 115 ³ 4 ³ÄÄ¿   ³

ÀÄÙ                ÃÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄ´  ³   ³

        Circuits[3]³   ?   ³  ?  ³ ? ³  ³   ³

                   ÃÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄ´  ³   ³

        Circuits[4]³  DC   ³  12 ³ 1 ³<ÄÙ   ³

                   ÀÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÂÄÙ      ³

                                   ³        ³

                                   ÀÄÄÄÄÄÄÄÄÙ

----------------------------------------------------------------

------------------------------------------

Program Style

Storage Considerations for List Representations

     Lists stored in arrays are just as easy to modify as lists that are created using pointer variables.  To insert or delete a list element, it is only necessary to change one or more subscript values.  The disadvantage, however, is that memory space for the entire array must be allocated at one time.  If a list is created using pointer variables and dynamic allocation, then the size of the list in memory will grow and shrink as needed and the storage allocated to it will change accordingly.  For this reason, we recommend implementing lists using pointers.

------------------------------------------

Exercises for Section 8.3

Self-check

1. For the array Circuits shown in Figure 8.13, trace the

   execution of the following program fragment.  What is printed?

     R = 2;

     while (R != -1)

     {

        cout << Circuits[R].Current << Circuits[R].Volts << "/n";

        R = Circuits[R].Link

     }

Programming

1. Solve programming exercise 1 from Section 8.1 assuming that an

   array similar to Circuits is used to store the scale.

8.4  Linked List Abstract Data Type

In this section we will provide the formal specification for a list abstract data type (LinkList ADT) and show how to implement it using pointer variables.  Table 8.1 shows the formal specification.  

Table 8.1  Specification of Linked List Abstract Data Type

_______________________________________________________________

STRUCTURE:  A list consists of a linked collection of elements preceded by a header record.  The header record consists of a pointer (Head) to the first list element, a pointer (Cursor) to the currently active list element, and a count of the number of elements in the list.  Each list element contains an information part (type ListData) and a pointer to its successor in the list.

OPERATORS:  For the following descriptions, assume the parameters:

     El (pronounced el) has data type ListData

     Success is a flag indicating success (True) or failure

       (False) of an operation 

     Visit is a pointer to a void function type with formal

       argument of object type ListData.

LinkList::LinkList:  Creates an empty list.  Must be called before any other operators.  

LinkList::GetSize:  Returns the number of elements currently in the list.

LinkList::IsEmpty : Returns True if the list is empty; otherwise, returns False.

LinkList::Search(El, &Success):  Searches a list to find the element that matches data element El (as determined by method ListData.IsEqual).  If found, Success is set to True and the data member Cursor is set to point to that list element; otherwise, Cursor is not changed.  

LinkList::Insert(El): Inserts item El as the information part of a new list element pointed to by data member Cursor.  The successor of the new list element is the one that was previously pointed to by Cursor.  If Cursor is NULL, inserts El as the information part of the first list element and points Cursor to it.

LinkList::InsertAfter(El): Inserts item El as the information part of a new list element which will be the successor of the one initially pointed to by data member Cursor and advances Cursor to the new list element.  If Cursor is NULL, El is inserted as the information part of the first list and points Cursor to it.

LinkList::InsertAtEnd(El): Inserts item El as the last node in the list.  If the list is empty, El is inserted as the information portion of the first node in the list.  In both cases, Cursor is set to point to the node containing El.

LinkList::Retrieve(&El, &Success): Returns through El the list element pointed to by Cursor and sets Success to True.  Sets Success to False if Cursor is NULL.

LinkList::Delete:  Deletes the list element pointed to by Cursor, resets Cursor to point to the deleted element's successor, and returns its storage space to the heap.  If Cursor is NULL, no list element is deleted.

LinkList::InitCursor: Sets data member Cursor to point to the first list element.  If the list is empty, Cursor is set to NULL.

LinkList::Advance: Advances data member Cursor to the next list element.  If Cursor is pointing to the last list element no change is made.

LinkList::AtEnd:  Returns True if data member Cursor is NULL or is pointing to the last list element; otherwise, returns False.

LinkList::Traverse(Visit): Applies function Visit to each list element in sequence starting with the first.

------------------------------------------

Using the Linked List ADT


There are a number of points in Table 8.1 which should be clarified.  Linked list MyList is shown in Figure 8.14.  The information part is a string of 4 characters.  The current list element (as denoted by Cursor) is the one containing the string "Boy". 

Figure 8.14  Linked List Containing Three Nodes

------------------------------------------------------------

             MyList   

             ÚÄÄÄÄ¿   ÚÄÄÄ¿          ÚÄÄÄ¿          ÚÄÄÄ¿ 

       Head  ³  ÄÄÅÄÄ>³Ace³    ÚÄÄÄÄ>³Boy³    ÚÄÄÄÄ>³Cat³

             ÃÄÄÄÄ´   ÃÄÄÄ´    ³  ÚÄ>ÃÄÄÄ´    ³     ÃÄÄÄ´

       Size  ³  3 ³   ³ ÄÄÅÄÄÄÄÙ  ³  ³ ÄÄÅÄÄÄÄÙ     ³ / ³

             ÃÄÄÄÄ´   ÀÄÄÄÙ       ³  ÀÄÄÄÙ          ÀÄÄÄÙ

       Cursor³  ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

             ÀÄÄÄÄÙ

------------------------------------------------------------

If MyData has type ListData, the message 


MyList.Retrieve(MyData);

stores string "Boy" in MyData, but the list will be unchanged.  The message


MyList.Delete();

deletes the element pointed to by Cursor, changing the list as shown in Figure 8.15.

 Figure 8.15  MyList After Deleting Node

----------------------------------------------------------------



   MyList

             ÚÄÄÄÄ¿   ÚÄÄÄ¿          ÚÄÄÄ¿ 

       Head  ³  ÄÄÅÄÄ>³Ace³    ÚÄÄÄÄ>³Cat³  

             ÃÄÄÄÄ´   ÃÄÄÄ´    ³  ÚÄ>ÃÄÄÄ´ 

       Size  ³  2 ³   ³ ÄÄÅÄÄÄÄÙ  ³  ³ / ³  

             ÃÄÄÄÄ´   ÀÄÄÄÙ       ³  ÀÄÄÄÙ

       Cursor³  ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

             ÀÄÄÄÄÙ

----------------------------------------------------------------

The message

  MyList.InitCursor();

will reset the cursor to point to the first node, as shown in 

Figure 8.16.

Figure 8.16  MyList After Calling InitCursor

-------------------------------------------------



   MyList

             ÚÄÄÄÄ¿   ÚÄÄÄ¿          ÚÄÄÄ¿ 

       Head  ³  ÄÄÅÄÄ>³Ace³    ÚÄÄÄÄ>³Cat³  

             ÃÄÄÄÄ´ Ú>ÃÄÄÄ´    ³     ÃÄÄÄ´ 

       Size  ³  2 ³ ³ ³ ÄÄÅÄÄÄÄÙ     ³ / ³  

             ÃÄÄÄÄ´ ³ ÀÄÄÄÙ          ÀÄÄÄÙ

       Cursor³  ÄÄÅÄÙ              

             ÀÄÄÄÄÙ

---------------------------------------------------

If MyData is type ListData and contains the string "Cat", either message in Figure 8.17 will move the cursor to the second node.

Figure  8.17  MyList After Advancing the Cursor

-----------------------------------------------------------


MyList.Search(MyData);     |     MyList.Advance();

              MyList

             ÚÄÄÄÄ¿   ÚÄÄÄ¿          ÚÄÄÄ¿ 

       Head  ³  ÄÄÅÄÄ>³Ace³    ÚÄÄÄÄ>³Cat³  

             ÃÄÄÄÄ´   ÃÄÄÄ´    ³  ÚÄ>ÃÄÄÄ´ 

       Size  ³  2 ³   ³ ÄÄÅÄÄÄÄÙ  ³  ³ / ³  

             ÃÄÄÄÄ´   ÀÄÄÄÙ       ³  ÀÄÄÄÙ

       Cursor³  ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

             ÀÄÄÄÄÙ

------------------------------------------------------------

     For the list shown in Figure 8.17, if MyData contains the string "Boy", the message

 
 MyList.Insert(MyData);

will insert the string "Boy" in the second position (see Figure 8.18).

Figure 8.18  MyList After Calling Insert

--------------------------------------------------------------

            MyList   

            ÚÄÄÄÄ¿   ÚÄÄÄ¿          ÚÄÄÄ¿          ÚÄÄÄ¿ 

      Head  ³  ÄÄÅÄÄ>³Ace³    ÚÄÄÄÄ>³Boy³    ÚÄÄÄÄ>³Cat³

            ÃÄÄÄÄ´   ÃÄÄÄ´    ³  ÚÄ>ÃÄÄÄ´    ³     ÃÄÄÄ´

      Size  ³  3 ³   ³ ÄÄÅÄÄÄÄÙ  ³  ³ ÄÄÅÄÄÄÄÙ     ³ / ³

            ÃÄÄÄÄ´   ÀÄÄÄÙ       ³  ÀÄÄÄÙ          ÀÄÄÄÙ

      Cursor³  ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

            ÀÄÄÄÄÙ

--------------------------------------------------------------

     Finally, if MyData contains the string "Cap", the message


  MyList.InsertAfter(MyData);

changes the list as shown in Figure 8.19. The new list element is inserted after the one currently pointed to by Cursor and Cursor is advanced to the new list element.

Figure 8.19  MyList After Call to InsertAfter

----------------------------------------------------------------- 

        MyList   

         ÚÄÄÄÄ¿   ÚÄÄÄ¿        ÚÄÄÄ¿        ÚÄÄÄ¿       ÚÄÄÄ¿

   Head  ³  ÄÄÅÄÄ>³Ace³   ÚÄÄÄ>³Boy³   ÚÄÄÄ>³Cap³  ÚÄÄÄ>³Cat³

         ÃÄÄÄÄ´   ÃÄÄÄ´   ³    ÃÄÄÄ´   ³ ÚÄ>ÃÄÄÄ´  ³    ÃÄÄÄ´

   Size  ³  4 ³   ³ ÄÄÅÄÄÄÙ    ³ ÄÄÅÄÄÄÙ ³  ³ ÄÄÅÄÄÙ    ³ / ³

         ÃÄÄÄÄ´   ÀÄÄÄÙ        ÀÄÄÄÙ     ³  ÀÄÄÄÙ       ÀÄÄÄÙ

   Cursor³  ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

         ÀÄÄÄÄÙ

-----------------------------------------------------------------

     Method member Traverse processes the list elements in sequence and applies function argument Visit to each list element.  If Visit has a formal argument of type ListData and calls ListData.Display (a method member which displays an class instance of type ListData), the result of MyList.Traverse(Visit) on the list above would be

  Ace

  Boy

  Cap

  Cat

We will discuss functions as arguments when we implement method member Traverse.

Case Study: Building a Linked List from Input Data

Figure 8.20 shows a program which builds and displays a linked list consisting of string data.  The list method member Insert causes the list elements to be stored in the same sequence as they would be in a stack (the last string read is stored in the first list element).  Function DisplayNodeInfo is a void function with a single ListData argument which will be passed to the LinkList method Traverse.  This will allow us to use method Traverse to display the information contained in each list element.

Figure 8.20 Building and Displaying a Linked List

________________________________________________________________

#include "linklist.h"

void DisplayNodeInfo(ListData Info)

//Function to be applied to each list node by LinkList

//method Traverse.

//Pre : Info is defined.

//Post: Contents of one list node is displayed.

{

  cout << "This node contains: ";

  Info.Display();

}

void main()

{

 //Builds a linked list using LIFO data ordering.

  char Sentinel[] = "***";    //data entry sentinel

  LinkList MyList;            //linked list being built

  ListData MyData;            //input - each new data element

  int Success;                //flag - search/operation result

  cout << "Enter list--values, use ";

  cout << Sentinel;

  cout << " to stop\n\n";

  //Read and insert list elements

  cout << "Next value: ";

  MyData.ReadInfo();

  while (strcmp(MyData.GetInfo(), Sentinel))

    {

      MyList.Insert(MyData);

      cout << "Next value: ";

      MyData.ReadInfo();

    }

  //Search for list element

  cout << "\nEnter a string to search for: ";

  MyData.ReadInfo();

  MyList.Search(MyData, Success);

  if (Success)

    {

      MyList.Retrieve(MyData, Success);

      cout << "Element found containing string: ";

      MyData.Display ();

    }

  else

    cout << "Not found \n";

  //Display list size and contents

  cout<<"\nThe size of the list is " << MyList.GetSize();

  cout<<"\n";

  cout<<"The list elements follow: \n";

  MyList.Traverse(DisplayNodeInfo);

}

Enter list--values, use *** to stop

Next value: abc

Next value: def

Next value: ghi

Next value: 000

Next value: 999

Next value: XXX

Next value: ***

Enter a string to search for: 000

Element found containing string: 000

The size of the list is 6

The list elements follow: 

This node contains: XXX

This node contains: 999

This node contains: 000

This node contains: ghi

This node contains: def

This node contains: abc

________________________________________________________________

Implementing ListData ADT

     In this section, we will implement class ListData.  We will not bother with a formal specification, Figure 8.21 contains the C++ header file listdata.h.  The header file shows that the information part of a list element is a 4-character string.  Obviously we can read, write, and compare strings without using these methods.  However, we wanted to show what would be needed in general.  

Figure 8.21  Header file listdata.h

_______________________________________________________________

#include <iostream.h>

#include <string.h>

//Header file for ListData class

const True = 1;

const False = 0;

const MaxSize = 4;

typedef char InfoType[MaxSize];

class ListData

{

 protected:

   InfoType Info;

 public://methods

   ListData();                //constructor

   ~ListData();               //destructor

   void Init(InfoType Item);

   void ReadInfo();

   void Display();

   char* GetInfo();

   int IsEqual(ListData);

   int LessThan(ListData);

};

______________________________________________________________

     The implementation file listdata.cpp is shown in Figure 8.22.  If MyData and Item are instances of object type ListData, the message

      MyData.IsEqual(Item)

compares the string stored in data member MyData.Info to the string stored in data member Item.Info.  It returns True if the strings are equal.  If InfoType were a struct instead of just a string type, method IsEqual would need to compare one struct field (called the key) to determine whether there was a match between its argument and the object instance that called it.  The message

     MyData.LessThan(Item) 

returns True if the string in MyData.Info is less than the string in Item.Info.

Figure 8.22 Implmentation File listdata.cpp

----------------------------------------------------------------

#include "listdata.h"

//Implements class ListData for list node with information

//field with type char[4].

ListData::ListData()

//Default constructor.

{

  strcpy(Info, "   ");

}

ListData::~ListData()

//Default destructor.

{

}

void ListData::Init(InfoType Item)

//Initializes instance of object ListData.

//Pre : Item is defined.

//Post: Info set to value contained in Item.

{

  strcpy(Info, Item);

}

void ListData::ReadInfo()

//Prompts user to enter values to initialize ListData instance.

//Pre : Object initialized.

//Post: Info contains input string.

{

  cin >> Info;

}

void ListData::Display()

//Displays contents of ListData data members.

//Pre : Object initialized.

//Post: Contents of Info displayed.

{

  cout << Info << "\n";

}

char* ListData::GetInfo()

//Returns value of data member Info.

{

  return(Info);

}

int ListData::IsEqual(ListData Item)

//Tests data member Info and ListData.Info for equality.

//Pre : Object initialized and Item defined.

//Post: Returns True is Info == Item.Info;

//      otherwise returns False.

{

  int Equal;

  char *Data;

  Data = Item.GetInfo();

  //strncmp returns 0 if strings are equal

  if (strncmp(Data, Info, MaxSize) == 0)

    Equal = True;

  else

    Equal = False;

  return(Equal);

}

int ListData::LessThan (ListData Item)

//Stub for method LessThan.

{

  return(True);

}

----------------------------------------------------------------

Destructors

Figure 8.22 contains the implmentation for a method ~ListData.  Methods whose name is the same as the class name prefixed by the character ~ (tilde) are known as destructors.  Destructors are called automatically when a class instance is destroyed by going out of scope.  Destructors do not have either formal arguments or return types.  Destructors may be inherited and they may be virtual.

     It is very important to define destructors for classes whose instances will be allocated using the new operator.  In some C++ environments classes containing pointers to other objects will not automatically return all heap storage used by the class instance.  In the next section we show a destructor with a non-empty implementation body.

8.5 Implementing LinkList ADT

In this section we implement our LinkList class.  We start with the class header file which appears in Figure 8.23.  In the declaration you will notice that we have declared two additional pointer fields (Prev and Rear) which point, respectively, to the node which precedes Cursor in the list and the last node in the list.  We will explain the purpose of these pointers later in this section.

Figure 8.23  Header File for class LinkList

_________________________________________________________________

#include "listdata.h"

//Header file for LinkList class

struct ListElement

{

  ListData ListInfo;

  ListElement *Successor;

};

typedef void (*FcnType) (ListData Info);

class LinkList

{

 protected:

  ListElement *Head, *Cursor, *Prev, *Rear;

  int Size;

  void DoSearch(ListData El,           //input - value sought

                ListElement *ListHead, //input - node to check

                int &Success);         //output - program flag

 public:

  LinkList();

  ~LinkList();

  int GetSize();

  int IsEmpty();

  void Search(ListData El,             //input - value sought

              int &Success);           //output - program flag

  void Insert(ListData El);            //input - data to insert

  void InsertAfter(ListData El);       //input - data to insert

  void InsertAtEnd(ListData El);       //input - data to insert

  void Retrieve(ListData &El,          //output - data retrieved

                int &Success);         //output - program flag

  void DeleteNode();

  void InitCursor();

  int AtEnd();

  void Advance();

  void Traverse(FcnType Visit);        //input - function pointer

};

_________________________________________________________________

Implementing the Methods for LinkList

We will show the class implementation in stages.  Figure 8.24 shows the class constructor LinkList, class destructor ~LinkList, and method members GetSize, IsEmpty, InitCursor, Advance, and AtEnd.  All are relatively straightforward and require little explanation.  The constructor LinkList() creates an empty list which contains a Size field of 0.  As shown, pointers Head, Prev, Cursor, and Rear are also set to NULL when the list is empty. The destructor ~LinkList() walks down the list, one node at a time, reclaiming the storage for each by implicitly calling the destructor from class ListData.

Figure 8.24   Methods LinkList, GetSize, IsEmpty, InitCursor,

              Advance and AtEnd. 

________________________________________________________________

#include "linklist.h"

//Implementation file for abstract data type LinkList.

LinkList::LinkList()

//Default constructor.

{

  Head = NULL;

  Prev = NULL;

  Cursor = NULL;

  Rear = NULL;

  Size = 0;

}

LinkList::~LinkList()

//Default destructor.

{

  ListElement* OldHead;

  //walk down list and return nodes to heap

  while(Head != NULL)

  {

    OldHead = Head;

    Head = Head->Successor;

    delete(OldHead);

  }

  Prev = NULL;

  Size = 0;

}

int LinkList::GetSize()

//Returns number of elements in current list.

{

  return(Size);

}

int LinkList::IsEmpty()

//Returns True is list is empty; otherwise returns False.

{

  return(Size == 0);

}

void LinkList::InitCursor()

//Sets Cursor to point to first list element.

//Pre : List is defined and non-empty.

//Post: Cursor set to first list element and Prev set to NULL,

//      since first list element has no predecessor.

{

  Cursor = Head;

  Prev = NULL;

}

void LinkList::Advance()

//Advances Cursor to next list element.

//Pre : Object initialized.

//Post: Cursor set to next list element, Prev points to

//      former Cursor position.

{

  if(Cursor != NULL)

  {

    Prev = Cursor;                //save Cursor value

    Cursor = Cursor->Successor;   //advance Cursor position

  }

}

int LinkList::AtEnd()

//Returns True if Cursor is NULL or is pointing to the last

//list element; otherwise returns False.

{

  int EndList;

  if(Cursor == NULL)        //empty list

    EndList = True;

  else if (Cursor->Successor == NULL)

    EndList = True;

  else

    EndList = False;

  return(EndList);

}

_______________________________________________________________


The only other methods in Figure 8.24 which may need clarification are AtEnd and Advance.  AtEnd returns True (1) if the list is empty (Cursor is NULL) or if the successor of the current list element is NULL.  In Advance, the statement


  Cursor = Cursor->Successor;    //advance Cursor position

advances Cursor to the next list element.

Method Retrieve 

Figure 8.25 shows method Retrieve.  The statement

    El = Cursor->ListInfo;      //copy list element to El

extracts the information part of the list element pointed to by Cursor and stores it in El.  Retrieve does not modify the linked list. 

Figure 8.25  Method Retrieve

_______________________________________________________________ 

void LinkList::Retrieve(ListData &El, int &Success)

//Retrieves linked list element pointed to by Cursor.

//Pre : Linked list is initialized.

//Post: Returns through El the list element pointed to by

//      Cursor and sets Success to True or sets Success to

//      False if Cursor is NULL.

{

  if(Cursor == NULL)

    Success = False;

  else

  {

    El = Cursor->ListInfo;    //copy list element data to El

    Success = True;

  }

}

_____________________________________________________________

Method Traverse

Figure 8.26 shows method Traverse.  The argument list indicates that Visit is type FcnType which was declared in header file linklist.h as a pointer to a void function with a single argument of type ListData.  The message 


   MyList.Traverse(DisplayNodeInfo);

causes function DisplayNodeInfo (part of the client program) to be applied to each element of list MyList.  The local pointer variable Next advances down the list until it reaches the end of the list.

Figure 8.26  Method Traverse

_________________________________________________________________

void LinkList::Traverse(FcnType Visit)

//Applies function Visit to each list element in sequence

//starting with the first.

//Pre : Linked list is initialized and function Visit is

//      declared in client program.

//Post: Visit has been applied to each list element.

{

  ListElement* Next;           //pointer to next list element

  Next = Head;                 //start with first element

  while(Next != NULL)

  {

    Visit(Next->ListInfo);     //apply Visit to lists element

    Next = Next->Successor;    //advance to next list element

  }

}

_________________________________________________________________

Method InsertAfter

Method InsertAfter (see Figure 8.27) inserts item El as the information part of the list element pointed to by Cursor.  There are two cases:  the list is empty (Cursor is NULL) or the list is not empty.  If the list is empty, the statements 

      Head = new ListElement;     //allocate first list element

      Cursor = Head;              //point Cursor to it

      RestOfList = Head;

execute and their effect is shown in Figure 8.28.

Figure 8.27  Method InsertAfter

________________________________________________________________

void LinkList::InsertAfter(ListData El)

//Inserts El as information portion of new list element which

//is the successor to the node pointed to by Cursor.

//Pre : List is initialized and El defined.

//Post: Advances Cursor to new list element and sets Prev to

//      former Cursor value.  If Cursor is NULL, El is inserted

//      as first list element, points Cursor to it, and sets

//      Prev to NULL. Increments Size.

{

  ListElement* RestOfList;        //sublist after insertion point

  if (Cursor == NULL)

    {

      Head = new ListElement;     //allocate first list element

      Cursor = Head;              //point Cursor to it

      RestOfList = Head;

    }

  else

    {

      //save position of new element successor

      RestOfList = Cursor->Successor;

      //link new list element to current element

      Cursor->Successor = new ListElement;

      Prev = Cursor;                      //save Cursor position

      Cursor = Cursor->Successor;         //point to new element

    }

  Cursor->ListInfo = El;           //copy El to new element

  Cursor->Successor = RestOfList;  //link it to rest of list

  Size++;

  if (AtEnd())        //update Rear if new element at end

    Rear = Cursor;

} 

_______________________________________________________________

Figure 8.28  Effect of MyList.InsertAfter when MyList is Empty

______________________________________________________________

                           ÚÄÄÄÄ¿

             RestOfListÄÄÄ>³ /  ³



                 ÀÄÄÄÄÙ



   MyList              

              ÚÄÄÄÄ¿         ÚÄÄÄÄÄ¿


  Head   ³  ÄÄÅÄÄÄÄÄÄÄÄ>³  ?  ³

              ÃÄÄÄÄ´   ÚÄÄÄÄ>ÃÄÄÄÄÄ´


  Size   ³ 1  ³   ³     ³  ?  ³

              ÃÄÄÄÄ´   ³     ÀÄÄÄÄÄÙ

    
  Cursor ³  ÄÄÅÄÄÄÙ   

 

    ÃÄÄÄÄ´       

       Prev   ³ /  ³       

              ÃÄÄÄÄ´       

       Rear   ³ /  ³       

              ÀÄÄÄÄÙ

________________________________________________________________

      If the list is not empty, the statements

      //save position of new element successor

      RestOfList = Cursor->Successor;

      //link new list element to current element

      Cursor->Successor = new ListElement;

      Prev = Cursor;                      //save Cursor position

      Cursor = Cursor->Successor;         //point to new element

execute and their effect is shown in Figure 8.29.  First RestOfList is set to point to the part of the list that follows the element initially pointed to by Cursor.  Then we allocate a new list element and link it to the element pointed to by Cursor (data "Ace").  Next we set Prev to point to the node initially pointed to by Cursor and advance Cursor to the new element.  

Figure 8.29  Effect of MyList.InsertAfter when MyList is not

             Empty

_____________________________________________________________    

         MyList

         ÚÄÄÄÄ¿   ÚÄÄÄ¿          ÚÄÄÄ¿          ÚÄÄÄ¿

  Head   ³  ÄÄÅÄÄ>³Ace³          ³Cat³   ÚÄÄÄÄÄ>³Dog³   

         ÃÄÄÄÄ´ÚÄ>ÃÄÄÄ´          ÃÄÄÄ´   ³  ÚÄÄ>ÃÄÄÄ´

  Size   ³ 2  ³³  ³  ÄÅÄ¿    ÚÄÄ>³  ÄÅÄÄÄÙ  ³   ³ / ³

         ÃÄÄÄÄ´³  ÀÄÄÄÙ ³    ³   ÀÄÄÄÙ      ³   ÀÄÄÄÙ

  Prev   ³  ÄÄÅÙ        v    ³              ³        

         ÃÄÄÄÄ´       ÚÄÄÄ¿  ³ RestOfList   ³

  Cursor ³  ÄÄÅÄÄÄÄÄÄ>³   ³  ³ ÚÄÄ¿         ³

         ÃÄÄÄÄ´       ÃÄÄÄ´  ÀÄÅÄ ³         ³  

  Rear   ³  ÄÄÅÄÄ¿    ³ ? ³    ÀÄÄÙ         ³

         ÀÄÄÄÄÙ  ³    ÀÄÄÄÙ                 ³

                 ÀÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ   

________________________________________________________________

     After the if statement executes, the information part and successor fields of the new node are defined by the statements

     Cursor->ListInfo = El;           //copy El to new element

     Cursor->Successor = RestOfList;  //link it to rest of list

For Figure 8.28, the effect is to set the Successor field of the new node to NULL; for Figure 8.29, the effect is to link the Successor field of the new element to the rest of the list.  If El is "Boy", the list would consist of the strings "Ace", "Boy", "Cat", "Dog".  Since the new node is not the last list node Rear is not updated.

Method Insert

Next, we implement method Insert (see Figure 8.30).  Insert takes advantage of the fact the location of the predecessor of the node pointed to by Cursor is pointed to by Prev.  There are two special cases to check for which will require us to insert the new element at the head of the list.  This happens if the list is empty or if Cursor is pointing to the first list element (in both cases Cursor equals Head). In both these cases a new node is allocated and Head must be set to point to it.  If the new node is not being inserted at the head of the list, then it must be inserted between the elements pointed to by Prev and Cursor.  In all three cases, Cursor must be reset to point to the new list element.

Figure 8.30  Method Insert

_____________________________________________________________

void LinkList::Insert(ListData El)

//Inserts El as information portion of new list element which

//is pointed to by Cursor.

//Pre : List is initialized and El defined.

//Post: Element formerly pointed to by Cursor is successor to

//      new list element, Cursor pointer to new element. If Head

//      is NULL or Head == Cursor; El is inserted as first list

//      element, sets Cursor to point to it. Increments Size.

{

  if (Cursor == Head)

    {                               //insert new head

     Head = new ListElement;        //connect new element to Head

     Head->Successor = Cursor;      //connect it to rest of list

     Cursor = Head;                 //reset Cursor

    }

  else

    {

      //insert between Prev and Cursor

      //allocate new node and connect to predecessor

      Prev->Successor = new ListElement;

      //link new element to rest of list

      Prev->Successor->Successor = Cursor;

      //reset Cursor

      Cursor = Prev->Successor;

    }

  Cursor->ListInfo = El;

  Size++;

  if (AtEnd())           //update Rear if new node at end

    Rear = Cursor;

}

________________________________________________________________


   Figure 8.31 shows the effect of statements

                                    //insert new head

     Head = new ListElement;        //connect new element to Head

     Head->Successor = Cursor;      //connect it to rest of list

     Cursor = Head;                 //reset Cursor

on the list containing the string "Ace", "Boy", and "Cat" if Cursor is initially pointing to the node containing "Cat".  After the if statement executes, the information part of the new list element is defined and Size is incremented.  Since the new node was not added to the end of the list shown in Figure 8.31 we will not need to update Rear.

Figure 8.31  Inserting a List Element at Cursor

_______________________________________________________________

       MyList

       ÚÄÄÄÄÄ¿     ÚÄÄÄ¿       ÚÄÄÄ¿                 ÚÄÄÄ¿

Head   ³   ÄÄÅÄÄÄÄ>³Ace³   ÚÄÄ>³Boy³            ÚÄÄÄ>³Cat³

       ÃÄÄÄÄÄ´     ÃÄÄÄ´   ³ÚÄ>ÃÄÄÄ´            ³ ÚÄ>ÃÄÄÄ´

Size   ³  3  ³     ³  ÄÅÄÄÄÙ³  ³  ÄÅÄÄ¿         ³ ³  ³ / ³

       ÃÄÄÄÄÄ´     ÀÄÄÄÙ    ³  ÀÄÄÄÙ  ³         ³ ³  ÀÄÄÄÙ

Prev   ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ         ³   ÚÄÄÄ¿ ³ ³     

       ÃÄÄÄÄÄ´                        ÀÄÄ>³ ? ³ ³ ³

Cursor ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ>ÃÄÄÄ´ ³ ³

       ÃÄÄÄÄÄ´                            ³  ÄÅÄÙ ³

Rear   ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ¿  ÀÄÄÄÙ   ³

       ÀÄÄÄÄÄÙ                         ÀÄÄÄÄÄÄÄÄÄÄÙ

_____________________________________________________________

Method InsertAtEnd

Method InsertAtEnd will be useful when we want to make use of queue-like lists.  Its implementation is shown in Figure 8.32.  There are two case to account for in this algorithm, inserting a node into an empty list and inserting a new last node after the last node in a non-empty list.  A new node inserted into an empty list is both the first and last node in the list.  The statements required to add a new last node following the node pointed to by Rear are similar to those used in InsertAfter (Figure 8.27) to add a new node following the node pointed to by Cursor.

Figure 8.32  Method InsertAtEnd

________________________________________________________________

void LinkList::InsertAtEnd(ListData El)

//Inserts El as information portion of new list element which

//is pointed to by Rear.

//Pre : List is initialized and El is defined.

//Post: Advances Cursor to new list element and sets Prev to

//      former Rear value. If Rear is NULL, El is inserted

//      as the only list element and points Head, Cursor, and

//      Rear to it, sets Prev to NULL. Increments Size.

{

  if (Head == NULL)               //test for empty list

    {

     Head = new ListElement;      //connect new element to Head

     Head->Successor = NULL;

     Cursor = Head;               //reset Cursor

    }

  else

    {

      //insert after last node

      Prev = Rear;

      //allocate new node and connect to predecessor

      Rear->Successor = new ListElement;

      //mark last element as end of list

      Rear->Successor->Successor = NULL;

      //reset Cursor

      Cursor = Prev->Successor;

    }

  Cursor->ListInfo = El;

  Size++;

  Rear = Cursor;          //set Rear to point to new last node

}

_________________________________________________________________

Method Search

Method Search requires moving down the list until we reach the element whose information part matches the procedure parameter.  From the programmers perspective, many list operations are more conveniently implemented as recursive algorithms. A recursive algorithm for Search follows.

Recursive Search Algorithm

1. if the list is empty then


2. The target is not in the list

   else if the target matches the first list element then

     3. The target has been located

   else if the list has just one element then


4. The element has been checked and does not match target

   else

     5. Search for the target in the rest of the list


   Steps 2, 3, and 4 are stopping states and step 5 is the recursive step.  We will implement this algorithm in a helper method (DoSearch) which will be called by Search (see Figure 8.32).  Search simply starts DoSearch off at the head of the initial list and DoSearch does the rest.  In DoSearch, the condition


    (ListHead == NULL)

checks for an empty list.  If the list is empty, Success is set to False (0).  If the list is not empty, the message

      ListHead->ListInfo.IsEqual(El) 

compares the first list element to El.  If there is a match, Success is set to True (1).  The value assigned to Success is returned to Search after we unwind from the recursion.  If there is no match, the condition


  (ListHead->Successor == Head) 

checks for a one element sublist.  Since we have already compared its information part to El, there is no need to continue the search.  If these conditions are all false, the method calls

  Advance();  

  DoSearch(El, Cursor, Success); 

call DoSearch to look for El in the rest of the list after advancing the values of Cursor and Prev.  

Figure 8.33  Methods DoSearch and Search

________________________________________________________________

void LinkList::DoSearch(ListData El,




ListElement *ListHead,




int &Success)

//Helper function, called by Search to perform actual search.

//Pre : List initialized, El defined, ListHead points to same

//      node as Cursor.

//Post: Returns True if element at head of sublist pointed to by

//      ListHead matches El, points Cursor to it, sets Prev to

//      its predecessor. Returns False is search fails or list

//      is empty.

{

  if (ListHead == NULL)

    //empty sublist

    Success = False;

  else if (ListHead->ListInfo.IsEqual(El))

    //element in node pointed to by ListHead

    Success = True;

  else if (ListHead->Successor == NULL)

    //one element sublist - no further match possible

    Success = False;

  else

    {

     //search remainder of list

     Advance();

     DoSearch(El, Cursor, Success);

    }

}

void LinkList::Search(ListData El, int &Success)

//Searches list for element matching El using ListData.IsEqual.

//Pre : List initialized and El defined.

//Post: If found, Success is set to True, Cursor points to

//      matching list element, Prev points to predecessor;

//      otherwise Success is set to False.

{

  //start search at list head

  InitCursor();

  DoSearch(El, Cursor, Success);

}

_________________________________________________________________


   Notice that the order of the conditions in DoSearch is extremely important.  The value of *ListHead is undefined when ListHead is NULL.  We must also check for a one-element list before advancing Cursor and Prev.  Figure 8.34 traces the progress of MyList.Search when searching for the string "Cat".  It shows the list whose first element (in color) is compared to "Cat" during each recursive call.

Figure 8.34  Trace of DoSearch

_______________________________________________________________

    Initial call - compare "Cat" to "Ace"

       ListHead

       ÚÄÄÄÄÄ¿

       ³   ÄÄÅÄÄÄÄÄÄÄ¿

       ÀÄÄÄÄÄÙ       ³

       MyList        v 

       ÚÄÄÄÄÄ¿     ÚÄÄÄ¿           ÚÄÄÄ¿           ÚÄÄÄ¿

Head   ³   ÄÄÅÄÄÄÄ>³Ace³    ÚÄÄÄÄÄ>³Boy³    ÚÄÄÄÄÄ>³Cat³

       ÃÄÄÄÄÄ´ ÚÄÄ>ÃÄÄÄ´    ³      ÃÄÄÄ´    ³      ÃÄÄÄ´

Size   ³  3  ³ ³   ³  ÄÅÄÄÄÄÙ      ³  ÄÅÄÄÄÄÙ      ³ / ³

       ÃÄÄÄÄÄ´ ³   ÀÄÄÄÙ           ÀÄÄÄÙ           ÀÄÄÄÙ

Prev   ³  /  ³ ³                                     ^

       ÃÄÄÄÄÄ´ ³                                     ³

Cursor ³   ÄÄÅÄÙ                                     ³

       ÃÄÄÄÄÄ´                                       ³

Rear   ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

       ÀÄÄÄÄÄÙ                          

    Second call - compare "Cat" to "Boy"

       ListHead

       ÚÄÄÄÄÄ¿

       ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ¿

       ÀÄÄÄÄÄÙ                       ³

       MyList                        v 

       ÚÄÄÄÄÄ¿     ÚÄÄÄ¿           ÚÄÄÄ¿           ÚÄÄÄ¿

Head   ³   ÄÄÅÄÄÄÄ>³Ace³    ÚÄÄÄÄÄ>³Boy³    ÚÄÄÄÄÄ>³Cat³

       ÃÄÄÄÄÄ´ ÚÄÄ>ÃÄÄÄ´    ³ ÚÄÄÄ>ÃÄÄÄ´    ³      ÃÄÄÄ´

Size   ³  3  ³ ³   ³  ÄÅÄÄÄÄÙ ³    ³  ÄÅÄÄÄÄÙ      ³ / ³

       ÃÄÄÄÄÄ´ ³   ÀÄÄÄÙ      ³    ÀÄÄÄÙ           ÀÄÄÄÙ

Prev   ³   ÄÄÅÄÙ              ³                      ^

       ÃÄÄÄÄÄ´                ³                      ³

Cursor ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ                      ³

       ÃÄÄÄÄÄ´                                       ³

Rear   ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

       ÀÄÄÄÄÄÙ                          

  Third call - compare "Cat" to "Cat" - set Success to True

       ListHead

       ÚÄÄÄÄÄ¿

       ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ¿

       ÀÄÄÄÄÄÙ                                       ³

       MyList                                        v 

       ÚÄÄÄÄÄ¿     ÚÄÄÄ¿           ÚÄÄÄ¿           ÚÄÄÄ¿

Head   ³   ÄÄÅÄÄÄÄ>³Ace³    ÚÄÄÄÄÄ>³Boy³    ÚÄÄÄÄÄ>³Cat³

       ÃÄÄÄÄÄ´     ÃÄÄÄ´    ³ ÚÄÄÄ>ÃÄÄÄ´    ³ ÚÄÄÄ>ÃÄÄÄ´

Size   ³  3  ³     ³  ÄÅÄÄÄÄÙ ³    ³  ÄÅÄÄÄÄÙ ³    ³ / ³

       ÃÄÄÄÄÄ´     ÀÄÄÄÙ      ³    ÀÄÄÄÙ      ³    ÀÄÄÄÙ

Prev   ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ               ³      ^

       ÃÄÄÄÄÄ´                                ³      ³

Cursor ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ      ³

       ÃÄÄÄÄÄ´                                       ³

Rear   ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

       ÀÄÄÄÄÄÙ                          

________________________________________________________________

Method DeleteNode

In method DeleteNode (see Figure 8.35), we take advantage of the fact that Prev points to the predecessor of the list element to deleted (pointed to by Cursor).  To perform the deletion, we must change the Successor field of the predecessor element.  There is one special case to be considered, namely deleting the first (and perhaps only) element from the list.

     The first condition in DeleteNode checks to see if we are deleting the first list element and updates the values of Cursor and Head to accomplish the deletion.  To delete a node later in the list, the statement

     Prev->Successor = Cursor->Successor;  

deletes the intended element by resetting its predecessor's Successor pointer to point to the rest of the list.  The old Cursor value is temporarily saved in ToBeDeleted and Cursor is advanced to the successor of the deleted element.   Next, DeleteNode returns the storage occupied by the deleted element to the heap and decrements Size by 1.  If the last list element is deleted then the value of Rear must be reset.

Figure 8.35  Method DeleteNode

_________________________________________________________________

void LinkList::DeleteNode()

//Deletes the list element pointed to by Cursor.

//Pre : List object initialized.

//Post: Resets Cursor to point to deleted element's successor

//      and returns its storage space to the heap. If list is

//      empty, no element is deleted.

{

  ListElement *ToBeDeleted;    //item to be deleted

  if (Size != 0)               //non-empty list

    {

     if (Cursor == Head)       //first element

       {

        //save position of node to delete

        ToBeDeleted = Head;

        //advance Cursor to next position


   Cursor = Cursor->Successor;

        //make Head point to new first node


   Head = Cursor;

       }

     else

       {

        //connect predecessor to rest of list

        Prev->Successor = Cursor->Successor;

        //save position of Node to delete

        ToBeDeleted = Cursor;

        //advance Cursor to next list element

        Cursor = Cursor->Successor;

       }

      delete(ToBeDeleted);   //dispose deleted node

      Size--;

      if (Cursor == NULL)    //update Rear if last node deleted

        Rear = Prev;

   }

}

________________________________________________________________


   Figure 8.36 shows the effect of DeleteNode on MyList. The element containing "Boy" is deleted.

Figure 8.36  Deleting List Element Containing "Boy"

________________________________________________________________

     ToBeDeleted

       ÚÄÄÄÄÄ¿

       ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ¿

       ÀÄÄÄÄÄÙ                       |

       MyList               ÚÄÄÄÄÄÄÄÄvÄÄÄÄÄÄ¿

       ÚÄÄÄÄÄ¿     ÚÄÄÄ¿    ³      ÚÄÄÄ¿    ÀÄÄÄÄÄ>ÚÄÄÄ¿

Head   ³   ÄÄÅÄÄÄÄ>³Ace³    ³----->³Boy³    Ú----->³Cat³

       ÃÄÄÄÄÄ´ ÚÄÄ>ÃÄÄÄ´    ³  --->ÃÄÄÄ´      ÚÄÄÄ>ÃÄÄÄ´

Size   ³  2  ³ ³   ³  ÄÅÄÄÄÄÙ |    ³  -Å----Ù ³    ³ / ³

       ÃÄÄÄÄÄ´ ³   ÀÄÄÄÙ           ÀÄÄÄÙ      ³    ÀÄÄÄÙ

Prev   ³   ÄÄÅÄÙ              |               ³      ^

       ÃÄÄÄÄÄ´                                ³      ³

Cursor ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ      ³

       ÃÄÄÄÄÄ´                                       ³

Rear   ³   ÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÙ

       ÀÄÄÄÄÄÙ                          

_________________________________________________________________                                   

Analysis of Linked List ADT

    We added the two pointer fields (Prev and Rear) to our implementation of the linked list ADT to avoid several costly searches for the predecessor of the currently active node (Cursor) and the final list node.  Rear is used to speed up InsertAtEnd by eliminating the need to search for the last list element.  Prev is used to speedup Insert, InsertAtEnd, and DeleteNode by eliminating the search for the current node's predecessor.  These two pointer fields (Prev and Rear) do not take up much computer memory and maintaining them is fairly easy.  As we show in Table 8.2,  without these two pointers several operators (Insert, InsertAfter, Delete) which have O(1) complexity would have O(N) complexity.  

Table 8.2  Complexity of Several Linked List Operators

_______________________________________________________

                     with pointers     without pointers

                     Prev and Rear     Prev and Rear

  Search                  O(N)              O(N)

  Insert                  O(1)              O(N)

  InsertAfter             O(1)              O(1)

  InsertAtEnd             O(1)              O(N)

  Delete                  O(1)              O(N)

________________________________________________________

______________________

Program Style

You should notice that none of the methods return the value of Cursor directly to a client.  This is as it should be.  Cursor is an internal list pointer that keeps track of the current "state" of any list processing operation.  It would be bad practice to return internal pointers to a client program.  That would allow the client to change the state or perhaps modify the list in an unauthorized or unexpected way.  It is much better to require internal pointers to be referenced through methods that you supply like LinkList() and Advance so that you can control how they are used.

_____________________

Exercise for Section 8.5

Self-Check

1. The program shown in Figure 8.11 builds a LIFO list.  Explain

   how you would have to modify it to get it to build a FIFO

   list.

2. How would you implement methods Insert and Delete without

   using data field Prev in a LinkList instance.

Programming

1. Write method LessThan for class ListData.

2. Write a recursive version of LinkList.Traverse.

8.6  Common Programming Errors

Make sure you use the dereferencing operator -> where it is needed.  If P is a pointer variable, P->X should be used to reference field X of the struct pointed to by P.


The new operator and the delete function allocate and deallocate storage, respectively.  Function delete requires an argument that is a pointer variable.  Hence, delete(P) is correct, while delete(P*) is incorrect.

     Several run-time errors can occur when you are traversing linked data structures.  For example, if Next is supposed to point to each node in the linked list, the while statement


while (Next != NULL)

       cout << Next->Data;


  Next = Next->Successor;

executes forever.  That happens because the pointer assignment statement is not included in the loop body, so Next is not advanced down the list.


A run-time error can occur when the pointer Next is advanced too far down the list and Next takes on the value NULL, indicating the end of the list.  If pointer Next has the value NULL, the while condition


while ((Next <> NULL) || (Next->ID != 9999))

causes a run-time error because Next->ID is undefined when Next is NULL.  The while condition should be changed to


while ((Next->Successor <> NULL) || (Next->ID <> 9999)) do


Finally, if pointer Next is a function argument that corresponds to a list head pointer, make sure it is a value argument.  If it is a reference argument, the last value assigned to Next will be returned as a function result.  This may cause you to lose some of the elements originally in the linked list.


Problems with heap management can also cause run-time errors.  When you are creating a dynamic data structure, it is possible for your program to consume all memory cells on the storage heap.  This situation will lead to a heap overflow run-time error.  Providing destructors for all classes which define dynamic objects will help you manage computer memory more easily.


Make sure your program does not attempt to reference a list node after the node is returned to the heap.  All pointers to a node being disposed should be set to NULL so that the node can not be accessed again.

Debugging Tips

It is difficult to debug programs that manipulate pointers because the value of a pointer variable cannot be printed.  If a pointer variable is displayed in the Watch window, it appears as a pair of hexadecimal numbers (segment : offset) that have little meaning to anyone who is not a systems programmer.  Consequently, you often will find it more informative to trace the execution of such a program by printing (or watching) an information field that uniquely identifies the list element being processed instead of the pointer itself.


When you are writing driver programs to test and debug list operators, it often is helpful to create a sample list structure using the new statement to allocate several nodes, and then connect them into a list as we discussed in Section 8.1.  You can also use assignment statements to put information into the nodes, prior to linking them.

Chapter Review

We introduced the dynamic data linked list in this chapter.  We discussed the use of pointers to reference and connect elements of a dynamic data structure.  The operator new allocates additional elements of a dynamic structure.  The function delete returns the memory cells to the heap.

     We covered many different aspects of manipulating linked lists.  We showed how to build or create a linked list, how to traverse a linked list, and how to insert and delete elements of a linked list.  In the next chapter we will show how to use class inheritance to implement stacks, queues, and ordered lists as descendants of our linked list abstract data type.

Quick-Check Exercises

 1. Procedure ____________ allocates storage for a data object

    referenced though a __________; procedure __________ returns

    the storage to the __________.

 2. What is the major advantage of using pointer representations

    of linked lists instead of array representations? 

 3. It is just as easy to modify a linked list that is

    represented as an array as one represented using pointers. 

    True or false?

 4. When an element is deleted from a linked list using

    pointers it is automatically returned to the heap.  True or

    false?

 5. All pointers to a node returned to the heap are automatically

    reset to nil so that they cannot reference the node returned

    to the heap.  True or false?

 6. If a linked list has three elements containing the string

    values "Him", "Her", "Its" and H is a pointer to the first

    list element, what is the effect of the statement below?

    Assume the data field is ListInfo, the link field is

    Successor, and N and P are pointer variables.

      N = H->Successor;

      N->ListInfo = "She";

 7. Answer exercise 6 for the following segment.

      P = H^.Successor;

      N = P^.Successor;

      P->Successor = N->Successor;

      delete(N);

 8. Answer exercise 6 for the following segment.

      N = H;

      H = new ListElement;

      H->ListInfo = "His";

      H->Successor = N;

Answers to Quick-Check Exercises

 1. new; pointer; delete; heap 

 2. Storage is allocated as needed rather than all at once.

 3. true

 4. false; Dispose must be called

 5. false

 6. replaces "Her" with "She"

 7. deletes third list element

 8. inserts new element with value "His" at the front of the list

Review Questions

 1. Differentiate between dynamic and non-dynamic data

    structures.

 2. Describe a linear linked list.  Explain how the pointers are

    utilized to establish links between nodes and how list 

    traversal is facilitated.

 3. Give the missing type declarations and show the effects of

    each of the following statements.  What does each do?

      P = new Node;

      P->Info = "ABC";

      P->Next = new Node;

      Q = P->Next;

      Q->Info = "abc";

      Q->Next = NULL;

 4. Assume the this constant declaration appears in the header

    file lisdata.h

      const MaxSize = 20;

    Write a program segment for client of our class LinkList

    which places the names Washington, Roosevelt, and Kennedy in

    successive elements of a linked list.

 5. Write a program segment to insert the name Eisenhower between

    Roosevelt and Kennedy in the list built for exercise 4.

 6. Write a new LinkList method called DeleteLast that removes

    the last element of a linked list.

 7. Write a function called CopyList which creates a new list

    that contains the same data as the list passed to a formal

    argument to the function.  Write your solution so that

    CopyList calls a recursive procedure called DoCopy.

 8. Write a function which deletes all list nodes containing the

    name Smith from the list passed as a formal argument to the

    function.

Programming Projects

1. Implement a linked Stack object which is not a descendant of

   our object LinkList.

2. Implement a linked Queue object which is not a descendant of

   our object LinkList.

3. Each student in a university takes a different number of

   courses, so the registrar has decided to use a linked list to

   store each students class schedule and a table of students to

   represent the whole student body.  A portion of this data

   structure follows.

         ID  Link

       ÚÄÄÄÄÂÄÄÄÄ¿     ÚÄÄÄÄÄÄÂÄÄÂÄÄÂÄÄ¿      ÚÄÄÄÄÄÄÂÄÄÂÄÄÂÄÄ¿

     1 ³1111³  ÄÄÅÄÄÄÄ>³CIS150³ 1³ 3³ ÄÅÄÄÄÄÄ>³MTH115³ 2³ 4³ /³

       ÃÄÄÄÄÅÄÄÄÄ´     ÀÄÄÄÄÄÄÁÄÄÁÄÄÁÄÄÙ      ÀÄÄÄÄÄÄÁÄÄÁÄÄÁÄÄÙ

     2 ³1234³  / ³                  

       ÃÄÄÄÄÅÄÄÄÄ´     ÚÄÄÄÄÄÄÂÄÄÂÄÄÂÄÄ¿

     3 ³1357³  ÄÄÅÄÄÄÄ>³CIS200³ 2³ 3³ /³

       ÀÄÄÄÄÁÄÄÄÄÙ     ÀÄÄÄÄÄÄÁÄÄÁÄÄÁÄÄÙ

    The records show that the first student (ID is 1111) is

    taking section 1 of CIS 150 for 3 credits and Section 2 of

    MTH 115 for 4 credits; the second student (ID is 1234) is not

    taking any courses; and so on.  Write an abstract data type 

    for this data structure.  Provide methods for creating the

    original table of student ID numbers, inserting a student's

    initial class schedule, adding a course, and dropping a

    course.  Write a menu driven program which uses this abstract

    data type.

4. In preparing mailing lists it is often helpful to be able to

   display them in order either by name or by zip code.  This can

   be done if each list node has a pointer to the next node by

   name and a pointer to the next node by zip code.  The nodes

   representing each person's data can then be linked in order by

   both name and zip code.  There should only be one copy of each

   person's data (name, street address, city, state, and zip

   code).

        Write a menu driven program which allows the user to

   display a single address label, input a single label, create

   an empty mailing list, insert a mailing list entry, display a

   mailing list in name order, and display a mailing list in zip

   code order.

 5. Pascal's set capability is limited in the number of elements

    that can be stored in a set.  A more universal system can be

    implemented using an linked list to store the elements of a

    set.

         Implement an NewSet object as a descendant of our

   linked list object.  Implement methods to insert and delete

   integer values from a set.  Also write methods needed to

   implement the operations set union, set intersection, and set

   difference.  To verify the results of operation display the

   set contents before and after each operation.

