E’ﬁ Chapter 21

Linked Lists

Previous chapters show how Component Pascal allocates storage on the run-time
stack when a proper procedure is called. First, storage is allocated for the parame-
ters, then for the return address, and finally for the local variables of the procedure.
When the program returns from a procedure, it deallocates the storage. When a func-
tion procedure is called, storage for the returned value is allocated followed by allo-
cation for the same items as those for a proper procedure.

Component Pascal provides an alternate method for allocating and deallocating
storage from main memory. It maintains a region in memory that is called the rThe heap
which is separate from the stack. You do not control allocation and deallocation
from the heap during procedure calls and returns. Instead, you allocate from the
heap with the help of pointer variables. Allocation that is not triggered automatically
by procedure calls is known as dynamic storage allocation. Dynamic storage allocation

Pointers are common building blocks for implementing abstract data types and
classes. This chapter presents the Component Pascal pointer type and shows how
you can use pointers to implement a linked list abstract data type and a linked list
class.

Pointer data types

When you declare an array, you must declare it to be an array of some type. For
example, you can declare an array of integers or an array of real values. Pointers
share this characteristic of arrays. When you declare a pointer, you must declare that
it points to some type. The program in Figure 21.1 illustrates the Component Pascal
pointer type. It shows how to declare a pointer variable and how to access the values
associated with it.

The program declares typde to be a record that contains an integer fielad
a real fieldk. Local variablea is declared to be a pointer tdNade, that is, a pointer
to a recorda is not a record. It is a pointer to a recorch Hcquires a value during
execution of the program, that value will not be a record. Instead, the value given to
a will specify the memory location of where the record is stored, somewhere in the
heap.

Figure 21.2 is a trace of the execution of the procedure in Figure 21.1. Figure
21.2(a) shows after PointerExamplel is called. Because is a local variable, it is
allocated on the run-time stack when the procedure is called. Return address ra0 is
the location of some instruction in the framework. Most local variables have unde-
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fined values when they are allocated. Pointer variables, however, are initialized to
the special valudliL. In Figure 21.2(a) th8lIL value is shown as the dashed trian-
gle.

MODULE Pbox21A; Figure 21.1
IMPORT StdLog; A program that illustrates tt
Component Pascal pointer
PROCEDURE PointerExamplel *; type.
TYPE
Node = RECORD
i INTEGER,;
x: REAL
END;
VAR
a: POINTER TO Node;
BEGIN
NEW(a);
a.i :=6;
a.x :=15.2;
StdLog.String("a.i = "); StdLog.Int(a.i); StdLog.Ln;
StdLog.String("a.x = "); StdLog.Real(a.x); StdLog.Ln
END PointerExamplel;

END Pbox21A.

Run-time stack Heap Run-time stack Heap Figure 21.2
The trace of the procedure in

/_/% /_M /_/H /_/H Figure 21.1.

a — a —1—> i
retAddr ra0 - retAddr ra0 X
7. 7.
(a) Call PointerExamplel (b) NEW(a)
a —1—>»| 6 i a —1—>»| 6 i
retAddr ra0 X retAddr ra0 15.2 | x
7. 7.

(c) ai=6 (d) ax:=15.2
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The first statement the program executes is
NEW(a)

The procedur®lEW is a standard Component Pascal procedure that does two things:

= It allocates storage from the heap. Becaus@s previously declared to be a The two actions of NEW
pointer to a record with an integer and a real compoNgh(a) allocates
enough memory to store a record with those components.

= It assigns ta the location of this newly allocated storage.aSww points to
the location of a record.

Figure 21.2(b) indicates the effectEw(a). The box adjacent to thebox repre-
sents the storage allocated from the heap. The arrow pointing fraarbtheto the
newly allocated box represents the value HEW assigns ta.

The next statement the program executes is

a.i=6

Figure 21.2(c) shows the effect of the assignment. In the same way that you access
the field of a record by writing the name of theord followed by the field and sep-
arated by a period, you access the field of the record to which a pointer points by
writing the name of theointer followed by the field and separated by a period.
Remember that is not a record. It is a pointer to a record. Therefore, the integer
field of the record to which points gets 6.

The next statement,

ax:=15.2

assigns a value to the real field of the record to whipbints as shown in Figure
21.2(d).
The last statements

StdLog.String("a.i = "); StdLog.Int(a.i); StdLog.Ln;
StdLog.String("a.x = "); StdLog.Real(a.x); StdLog.Ln

simply output the following text to the Log.

ai=6
a.x=15.2

Pointer assignments

You can assign one pointer to another, but you must be careful to consider the effect
of such an assignment. Because a pointer “points to” an item, if you give the
pointer’s value to a second pointer, the second pointer will point to the same item to
which the first pointer points. The program in Figure 21.3 illustrates the effect of the
assignment operation on pointers.
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MODULE Pbox21B; Figure 21.3
IMPORT StdLog; The effect of the assignment
operation on pointers.
PROCEDURE PointerExample2 *;

TYPE

Node = RECORD
i INTEGER

END;

VAR
a, b, c: POINTER TO Node;

BEGIN
NEW(a); a.i := 5;
NEW(b); b.i := 3;
c=a;
a:=b;
a.i:=2+c.i
StdLog.String("a.i = "); StdLog.Int(a.i); StdLog.Ln;
StdLog.String("b.i = "); StdLog.Int(b.i); StdLog.Ln;
StdLog.String("c.i ="); StdLog.Int(c.i); StdLog.Ln

END PointerExample2;

END Pbox21B.

The program allocates and assigns values.it@and b.i, as Figure 21.4(a—e) Figure 21.4
shows. These operations are similar to those of the previous program. A trace of Figure 21.3.

c —4n c —1n c —Hn c o—:||-/—>|:|
b —1i b —1i b —1uin b —
a —H a 0——>|:| a — ’ a ] >
ra0 ra0 ra0 ra0
7. 7. 7. 7.
(a) Call PointerExample2 (b) NEW(a) (c) ai=5 (d) NEW(b)
c o—:||-/—> c — c - c o—ﬁ
b — b 0—3 < b o b —
s a5 | [ = N =
ra0 ra0 ra0 ra0
7. 7. 7. 7.

(e) bi:=3 f) c=a (@) a==b (h) ai:=2+ci



Using pointers 467

After b.i := 3 in Figure 21.4(e), the statement
c:=a

gives the value o4 to c, as Figure 21.4(f) showa.is a pointer. Therefore will
point to the same memory location to whiclpoints. After the assignment,also
points to the record that contains 5. Notice that the statement does not assign to
value 5. It assigns tothe pointer to the record that contains 5.

The statement

a=>b

copies the pointer intoa, as Figure 21.4(g) shows. As in all assignment statements,
the previous value df is destroyeda no longer points to the record containing 5,
but to the same record to whiblpoints, namely the record containing 3.

The last assignment statement

ai=2+ci

contains ther arithmetic operation. Becauag andc.i are integer variables and not

pointers, the statement is legal. It adds 2 to the integer in the record toowkich

pointing, 5, to get 7. The 7 is copied into the record to whiishpointing. As in all

assignment statements, the original content of the memory location, 3, is destroyed.
The output statements

StdLog.String("a.i = "); StdLog.Int(a.i); StdLog.Ln;
StdLog.String("b.i = "); StdLog.Int(b.i); StdLog.Ln;
StdLog.String("c.i = "); StdLog.Int(c.i); StdLog.Ln;

produce
ai=7
b.i=7
ci=5

Because andb now point to the same record, the record containing 7, its value is
printed twice.

Using pointers

Component Pascal allows you to declare a pointer to a record or to an array. It does
not allow you to declare a pointer to any other type.

Example 21.1 The declaration

a: POINTER TO INTEGER,;
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is illegal because you cannot have a pointer to an integer, only to a record or an
array. 0

The period that separates the name of the pointer from the name of the field of the
record to which it points is actually an abbreviation for a longer notation. In general,
if pointerp points to a recordthat contains fieldl then

= p is a pointer
= p* isthe record to whichp points
n pAf s fieldf of the record to whichp points.

The notatiomp.f is an abbreviation for the longer notatjo. The period abbreviation for
pointers to records
Example 21.2 The program statements in Figure 21.1

a.i :=6;
a.x:=15.2;

can be written in non abbreviated form with the circumflas

ari=6;
arx = 15.2; ]

You can output the components of a record to which a pointer points, but you
cannot output the value of a pointer variable.

Example 21.3 The statement
StdLog.Int(a)
is illegal witha declared as in Figure 21.3. 0
The only operations that are allowed on pointer data types are
:= assignment The only operations allowe:
= test for equality on pointer data types

# test for inequality

Specifically, you cannot test if one pointer is greater than another, and you cannot
perform mathematical operations on pointers.

Example 21.4 With a andb declared as in Figure 21.3, the test
IF a.i < b.iTHEN

is legal, because you can test if an integer value is less than another integer value.
However, the test
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IFa<bTHEN

is illegal because andb are pointers. 0
Example 21.5 With a declared as in Figure 21.3, the statement

ai=ai*2

would be legal becaussi is an integer. On the other hand, the statement
a=a*2

would be illegal, because you cannot multiply a pointer by 2. 0

One of the most common errors in programming with pointers is to assume that a
pointer points to a record when in fact it does not.

Example 21.6 Supposea is declared as in Figure 21.3, and you forget to execute
theNEW procedure as follows.

BEGIN
a.i=5;

The assignment statement will generate a trap with the error message
NIL dereference

Because is NIL it does not point to anything, aad does not exist. The system pro-
tests with the run-time error message, complaining that you are referring to some-
thing witha but thata does not refer to anything. 0

Linked lists

In practice, you frequently combine a pointer with other variables into a record.
Then the pointer part of the record can point to yet another record, linking the two
records together. The program in Figure 21.6 constructs a linked list of three real
numbers. Each record in the linked list has two pansjue part, which contains
the value of a real number, andhext part, which points to the next record in the
linked list. Figure 21.5 shows the structure of a record of Kqole as declared in
the program. The box labeledue will contain a real value and the box labehest
will contain a pointer value. value  next
Figure 21.7 is a trace of the first part of the program in Figure 21.6, which cr
a linked list. The following is a description of each statement executed by thefirs
part of the program. Figure 21.5
Figure 21.7(a) shows the allocated memory after the calhkedListExample. The structure of a record of
The program allocates storage for the local variables declared in the variable dggptatode in Figure 21.6.
ration part on the run-time stack. The varialiiles andp are not records. They are
pointers to records. Initially their values ati.
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MODULE Pbox21C; Figure 21.6
IMPORT StdLog; A program that constructs a
linked list of three real
PROCEDURE LinkedListExample*; numbers.
TYPE

List = POINTER TO Node;
Node = RECORD
value: REAL;
next: List

END;
VAR

first, p: List;
BEGIN

(* Create linked list *)

NEW(first); first.value := 4.5;

p = first;

NEW(first); first.value := 1.2;

first.next := p; p := first;

NEW(first); first.value := 7.3;

first.next := p;

(* Output linked list *)

p = first;

StdLog.Real(p.value); StdLog.String(" ");

p = p.next;

StdLog.Real(p.value); StdLog.String(" ");

p := p.next;

StdLog.Real(p.value); StdLog.String(" ")
END LinkedListExample;

END Pbox21C.

Figure 21.7(b) shows the effect of the procedureN&/(first). ProcedurélEW  Creating a linked list
does two things. First, it allocates enough storage from the heap for a record of type
Node. Then it changes the value fot to point to the record just allocated. It also
initializes the value ofink to NIL. All pointers are automatically initialized L
whenever they are allocated, whether on the stack or from the heapfirkheaye
= 4.5 stores value 4.5 in thalue part of the node to whidirst points.
Figure 21.7(c) shows the effect of the statement

p :=first
This is a pointer assignment. It malkegoint to the same node to whifilst points.
Becausdirst points to the node containing 4bwill point to the same node after
the assignment.

Figure 21.7(d) shows that procedure call
NEW(first)

allocates another record from the heap andfgst$o point to the newly allocated
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record. Then,

first.value := 1.2

sets thevalue part of the record to whidirst points, to 1.2.
Figure 21.7(e) shows the effect of the assignment statement

first.next :=p

7.
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(h) first.next :=p

Figure 21.7

The trace of Figure 21.6 to

create a linked list.

This is another pointer assignment. It makes.next point to the same record to

which p points. You can see from the figure that this statement is responsible for

linking the 1.2 node to the 4.5 node.
Figure 21.7(f) shows the effect of the pointer assignment
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p :=first

This assignment statement makepoint to the same thing to whidhst points,
namely, the newly allocated record.
Figure 21.7(g) shows that the procedure call

NEW(first)

allocates another record from the heap andfgst$o point to the newly allocated
record. Furthermore,

first.value :==7.3

sets thevalue part of that record to 7.3.
Figure 21.7(h) shows how the statement

first.next :=p

links the 7.3 node to the 1.2 node.
Now the linked list is complete. The first record containing 7.3 vaite part is
linked to the second record, which contains 1.2 imalse part. The second record
is, in turn, linked to the third which contains 4.5 invidkie part.
The last part of the program outputs the linked list to the Log. Figure 21.8 Outputting a linked list
trace. The idea is fgr to start at the beginning of the list and to advance through it
by way of thenext field. Following is a description of each statement executed.
Figure 21.8(a) shows the effect of the assignment statement

p :=first

Becausep andfirst are both pointers, the assignment makgmint to the same
record to whicHirst points, namely the first record of the linked list. It is similar to
an initializing statement. Becaupevalue is thevalue field of the first record, the
StdLog.Real call outputs 7.3.

Figure 21.8(b) shows how the statement

p = p.next

advance$ to the next record of the linked ligtvalue is now the value of the sec-
ond record. Thé&tdLog.Real call outputs 1.2.
Figure 21.8(c) shows how the same statement

p = p.next

advanceg to the next record of the linked list agagitvalue is now the value of the
last record. The&tdLog.Real call outputs 4.5.
The action of the pointeris typical of algorithms that must process information
from every node in a linked list. You initialize a local pointer varigbte point to
the first node in the list. You process all the nodes of the list by putting the statement
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0 .__\—» Figure 21.8
The t f th dure i
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ra0 J:—
7.
() p:=p.next

p := p.next in the body of a loop. Each time the loop execyteglvances to the next
node of the linked list. Also in the body of the loop are any statements that process
the data in the value part of the node. How would such a loop terminate?pWhen
points to the last node of the linked list. That happens wimert = NIL. The state-
ments to output the linked list could be written with a single loop as follows.

p :=first;

WHILE p # NIL DO
StdLog.Real(p.value); StdLog.String(" ");
p := p.next

END

This loop works correctly even if the list is empty, because an empty list would have
first equal toNIL. The test for &/HILE statement is at the beginning of the loop, so
the test would be false the first time and the body of the loop would never execute.
In Figure 21.6first andp are local variables that are allocated on the run-time
stack. When the procedure terminafiest, andp are all deallocated and so no longer
point to any of the nodes of the linked list. So how do the nodes of the linked list get
deallocated? They stay allocated until the heap runs out of memory and the execu-
tion of aNEW statement requires memory from the heap. At that point, the Compo-
nent Pascal system initiates an operation knowgaasage collectionThe garbage Automatic garbage collection
collection algorithm sweeps through all the nodes in the heap and deallocates all
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those that are unreachable from any active pointers. This automatic garbage collec-
tion feature is a major advantage of Component Pascal over many other program-
ming languages. Languages that do not have automatic garbage collection require
the programmer to deallocate any unused nodes. It is easy to make programming
errors in the deallocation of dynamic memory, because the effects of incorrect deal-
location frequently do not show up immediately.

Class assignments

There are two basic relationships in object-oriented design—class composition and
inheritance. The examples in this section assumeatpiad, Beta, andGamma are
each a record type and are related by the second relationship, inheritance. Specifi—
cally, Beta inherits fromAlpha, andGamma inherits fromAlpha. The Unified Mod-
eling Language (UML) symbol for inheritance is the triangle. Figure 21.9 illustrates
the object-oriented relationship of inheritance betwadpina, Beta, andGamma in a |
UML class diagram. The Component Pascal term for inheritance is exteBeian.
is an extension oflpha. Beta is called the subclass, aAtbha is called the super- Figure 21.9
class. The object-oriented

The examples also assume thhaPtr, BetaPtr, andGammaPtr are pointers to relationship of inheritance
Alpha, Beta, andGamma respectively and thafphaPtr, betaPtr, andgammaPtr are betweenalpha, Beta, and
variables of typ@lphaPtr, BetaPtr, andGammaPtr respectively as follows. Gamma.

Beta | | Gamma |

TYPE
AlphaPtr = POINTER TO Alpha;
BetaPtr = POINTER TO Beta;
GammaPtr = POINTER TO Gamma;
VAR
alphaPtr: AlphaPtr;
betaPtr: BetaPtr;
gammaPtr: GammaPtr;

The word class is object-oriented terminology for type, and the word object is
object-oriented terminology for variable. The statement, “VarialpleaPtr has type
AlphaPtr”, becomes in object-oriented terminology, “ObjelghaPtr is an instantia-
tion of classAlphaPtr”.
The idea behind inheritance is tdgtha is the more general class aBeta is the
more specific class. The fundamental class assignment rule is that you can assiThe fundamental class
specific to the general, but you cannot assign the general to the specific. assignment rule

Example 21.7 With alphaPtr andbetaPtr declared as above, aBgta inheriting
from Alpha as in Figure 21.9, the assignment

betaPtr := alphaPtr
is notlegal, but the assignment

alphaPtr := betaPtr
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is legal. 0

In Example 21.7, what is the typeaiphaPtr after the legal assignment? It would
appear from its declaration that it has tygghaPtr, but because it has just been
assignedetaPtr, it would appear to haveta’s type, which iBetaPtr. In fact, it has
both. Its static type ialphaPtr and its dynamic type BetaPtr. In computer science The meaning of static and
terminology, the word static means something that happens or is determined atdynamic
pile time, and the word dynamic means something that happens or is determined at
execution time. The compiler can determine the static typépledPtr from its dec-
laration in thevAR section. But, the assignmentaiphaPtr does not occur until the
program is executing.

It is possible that at some later timiphaPtr could get the value @fammaPtr, at
which time its dynamic type would changeGammaPtr. To morph is to change
from one object into another object, as in the metamorphosis of a caterpillar into a
butterfly. In object-oriented terminology, alpha is polymorphic because it Polymorphism
change from being a beta object to being a gamma object.

From the fundamental class assignment rule it follows that an object’s dynamic
type is either the same as its static type or is more specific than its static type. Sup-
pose you have one object with some static type, and another object of a more general
static type but whose dynamic type is the same as the static type of the first object.
You want to assign the second object to the first. According to the static types the
assignment violates the fundamental class assignment rule. But if the dynamic type
of the second object is the same as the static type of the first object it seems that you
should be able to make the assignment.

Example 21.8 Suppose thaietaTwoPtr has declaration

VAR
betaTwoPtr: BetaPtr;

and the assignment statement
alphaPtr := betaTwoPtr

executes. This assignment statement is legal by the class assignment rule, because
alphaPtr is more general thametaTwoPtr. FurthermorealphaPtr now has dynamic
typeBetaPtr. It seems as though the assignment

betaPtr := alphaPtr

should now be legal, because the dynamic typepbiPtr is the same as the static
type ofbetaPtr. 0

Component Pascal provides a way. To make the assignment, you must append a
type guard to the variable on the right hand side of the assignment statement, Type'guards
consists of an extension (that is, a subclass) of its static type enclosed in parentheses.
The assignment statement will compile correctly only if the type guard is an exten-
sion of the expression that it guards.
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Example 21.9 With the above declarations,
alphaPtr (BetaPtr)

is a valid type guard, because typetaPtr is a subclass oflphaPtr, which is the
type ofalphaPtr. However, the type guard

betaPtr (AlphaPtr)
will not compile, becausalphaPtr is not a subclass @&ketaPtr. 0
Example 21.10 Because a type is a subclass of itself, the type guard
alphaPtr (AlphaPtr)
although not very useful, is legal. 0

To determine if an assignment statement will compile, the compiler treats the
guarded variable as if it had the type of the guard and applies the class assignment

rule.

Example 21.11 With alphaPtr and betaPtr declared as above, the assignment
statement

betaPtr := alphaPtr (BetaPtr)
will compile, because #iphaPtr had the typ@&etaPtr it would compile. 0

If variable v has type guard, the guarded expressioifT) asserts that the
dynamic type ofv is T or an extension (that is, a subclassY.ofhe program will
trap if during execution the dynamic typevat notT or a subclass af

Example 21.12 The assignment statement in Example 21.11 will always compile
successfully. If during executicaiphaPtr first getsbetaTwoPtr as in Example 21.8

the assignment will also execute successfully. However, if during exeaigfa®tr

first getsgammaPtr (a legal assignment by the class assignment rule) then the
assignment statement in Example 21.11 will trap. 0

Component Pascal has a special record nakN&GREC, which is the most gen- The ANYREC record
eral record of all. Any record that does not inherit from any other record automati-
cally inherits fromANYREC. So, even though it is not shown in the UML diagram
of Figure 21.9, clasalpha inherits fromANYREC.

Example 21.13 Suppose&ilpha andBeta have the inheritance relationship of Fig-
ure 21.9, andlphaPtr andbetaPtr are declared as above. If you declare

VAR
deltaPtr: POINTER TO ANYREC;
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then the assignments

deltaPtr := alphaPtr;
deltaPtr := betaPtr

are legal. The second assignment is based on the transitive property of inheritance.
That is, becausBeta inherits fromAlpha, andAlpha inherits fromANYREC, Beta

inherits fromANYREC. So,deltaPtr is more general thabetaPtr and can get its
value. The assignment

alphaPtr := deltaPtr (AlphaPtr)

will compile successfully, but will execute successfully only if the dynamic type of
deltaPtr is AlphaPtr or a subclass dafiphaPtr. O

A circular linked list ADT

It is possible to package a linked list as an abstract data structure, an abstract data
type, or a class. The same advantages and disadvantages apply to any ADS, ADT,
and class. Namely, an ADS is appropriate when there is only one data structure. To
implement an ADS, you put the data structure in the server module and usually
export only the procedures that operate on the data structure. An ADT and a class are
appropriate when the client module might want more than one instance of the data
structure. The server module exports the type of the data structure so the client mod-
ule is free to declare as many data structures as needed.

Figure 21.10 shows the interface of a list abstract data type. It has two interesting
features. First, it is a circular list in which the next field of the last node isIhot
but points back to the first node in the list. Second, the value part of each node is not
limited to any particular type likREAL or INTEGER. Instead, the value part is a
pointer toANYREC. The client is free to define any record it desires to store in the
value part of each node. The ADT maintains a current position in the circular list,
which the client can change via tBeNext procedure.

DEFINITION PboxCListADT; Figure 21.10
The interface of the circular
TYPE list abstract data type.

ClList = POINTER TO Node;

PROCEDURE Clear (OUT Ist: CList);

PROCEDURE Empty (Ist: CList): BOOLEAN;

PROCEDURE GoNext (VAR Ist: CList);

PROCEDURE Insert (VAR Ist: CList; val: POINTER TO ANYREC);
PROCEDURE NodeContent (Ist: CList): POINTER TO ANYREC;

END PboxCListADT.

Like all interfaces, the one in Figure 21.10 hides the details of the implementa-
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tion. A client can use the procedures with the circular list without knowing anything
about how they are implemented. Here are the specifications of the procedures.
The documentation of the clear procedure is

PROCEDURE Clear (OUT Ist: CList)
post
Ist is cleared to the empty list.

As an example of what procedutéear does, suppose you have a variable named
myList that has been declared as follows

VAR
myList: PboxCListADT.CList;

and has the structure shown in Figure 21.11(a) where it contains three items. The
clouds in Figure 21.11(a) represent records of some unknown type to which the
pointers tcANYREC point. If you execute the statement

PboxCListADT.Clear(myList)

thenmyList is cleared to the empty list, as shown in Figure 21.11(b).

myList E|I myList Figure 21.11 _
} = The result of calling

procedureClear.
[ ¢ [ I o= I |

r |
!
Shd SEd o83

(a) BeforePboxCListADT.Clear(myList) (b) After PboxCListADT.Clear(myList)

The documentation of the proced@mpty is

PROCEDURE Empty (Ist: CList): BOOLEAN
post
Returns TRUE if Ist is empty. Otherwise returns FALSE.

If myList has the structure of Figure 21.11(a), thoxCLiStADT.Empty(myList)
returnsFALSE, but if myList has the structure of Figure 21.11(b) it returRBIE.

ProceduresoNext advances the list to the next node in the list. Its documentation
is
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PROCEDURE GoNext (VAR Ist: CList)

pre

Istis not empty. 20

post

The next location in Ist is designated as the current item.

Figure 21.12 shows the effect of executing

PboxCListADT.GoNext(myList)

Figure 21.12
One more execution @foNext would makemyList point to the node whose valueThe result of calling
part points to the A record. procedureSoNext.

‘v s [1
|rH—>IIH—>Ir| IIH—>I
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(a) BeforePboxCListADT.GoNext(myList) (b) After PboxCListADT.GoNext(myList)
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Procedurdnsert assumes thatal is a pointer to some record. It inserts a new
node into the list whose value part points to the same recordathaints to. Its
documentation is

PROCEDURE Insert (VAR Ist: CList; val: POINTER TO ANYREC) Figure 21.13
post The result of calling
Value val is inserted in Ist after the current item, and it becomes the current item. procedurénsert.

myList B—} myList B

Ly ] 1
v v

T
T

(a) BeforePboxCListADT.Insert(myList, myPtr) (b) After PboxCListADT.Insert(myList, myPtr)
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Figure 21.13 shows the effect of executing the statement
PboxCListADT.Insert(myList, myPtr)

Before executionpyPtr points to some record. After executiomyPtr still points to
the record but a new node is created and inserted into the circular list. The value part
of the new node also points to the record.

The last procedurngodeContent returns the value part of the current node, that is,
the node to whickst points. Its documentation is

PROCEDURE NodeContent (Ist: CList): POINTER TO ANYREC
pre

Istis not empty. 20

post

Returns the content from the current item of Ist.

The purpose ofNodeContent is for the programmer to retrieve the content of the
current node. For example, suppaséPtr is a pointer of typ&iyPtr with an initial
value ofNIL as in Figure 21.14(a). After executing the statement

myPtr := PboxCListADT.NodeContent(myList) (MyPtr)

Figure 21.14
myPtr points to the record to which the value part of the current node in theTiigi result of calling
points as in Figure 21.14(b). Note the required use of the type @gugRdr), procedureNodeContent when
becausenyPtr is more specific thaROINTER TO ANYREC. The programmer can myList initially has the
then usenyPtr to access the various fields of the record. structure of Figure 21.11(a)

myPtr

(a) Before (b) After
myPtr := PBoxCListADT.NodeContent(myList) (MyPtr) myPtr := PBoxCListADT.NodeContent(myList) (MyPtr)

Figure 21.15 is the dialog box for a program that uses the circular Rsbia
CListADT. The program stores a list of books where the Bqud is defined as



A circular linked list ADT 481

TYPE
String64 = ARRAY 64 OF CHAR;
Book = POINTER TO RECORD
title: String64;
author: String64;

price: REAL
END;
O =——"————=| Bouk List I ———H Figure 21.15
The dialog box for a program
(_Clear J [_Next | [Previous| [ Delete | that uses the circular list from
Title:  On Liberty modulePboxCListADT.
Author:  John Stuart Mill
Price: 7.95

Price: 34.95

A book is a pointer to a record with three fields—one for the title of the book, one
for the author, and one for the price. The dialog box allows the user to enter informa-
tion into each of these fields, and then insert the book into the circular list. The dia-
log box represents a situation where the user has entered the information fatighe 21.16
bookHuman Actioninserted it, and then pressed the Next button to display the rewt circular list
book in the list, which i©n Liberty Figure 21.16 shows the corresponding structucerresponding to the dialog
of the circular list. box in Figure 21.15.

cList B l

The Road to Serfdon Human Action On Liberty The Fountainhead
Friedrich A. Hayek Ludwig von Mises John Stuart Mill Ayn Rand
10.95 34.95 7.95 44.95

The dialog box has five buttons. The Clear button will obviously execute a proce-
dure that call*boxCListADT.Clear, the Next button will execute a procedure that
callsPboxCListADT.GoNext, and the Insert button will execute a procedure that calls
PboxCListADT.Insert. The Previous button allows the user to display the content of
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the previous node in the list and the Delete button allows the user to delete the cur-
rent node from the list. These features cannot be implemented directly with the pro-
cedures of Figure 21.10. Implementation of additional procedures to provide these
capabilities is left as a problem for the student at the end of this chapter. Also left as
a problem for the student is computation of the total price of all the books in the
linked list, which has a stub value of 999.99 in Figure 21.15.

Figure 21.17 is the program that implements the dialog box of Figure 21.15. The
module contains a global variahieist, which is the circular list of books, along
with the usuall interactor for the dialog box.

MODULE Pbox21D; Figure 21.17
IMPORT Dialog, PboxCLIstADT; The program that implemer
the dialog box of Figure
TYPE 21.15.

String64 = ARRAY 64 OF CHAR,;
Book = POINTER TO RECORD
title: String64;
author: String64;
price: REAL
END;

VAR

d*: RECORD
titleOut-, authorOut- : String64;
priceOut-: REAL;
titleln*, authorln* : String64;
priceln*: REAL;
total-: REAL

END;

cList: PboxCListADT.CList;

PROCEDURE ClearDialog;

BEGIN
d.titleOut := ""; d.authorOut := ""; d.priceOut := 0.0;
d.titleln :=""; d.authorln :=""; d.priceln := 0.0;
d.total := 0.0

END ClearDialog;

PROCEDURE SetBookOut (b: Book);
BEGIN
d.titleOut := b title;
d.authorOut := b.author;
d.priceOut := b.price
END SetBookOut;

PROCEDURE SetTotal;

BEGIN
(* A problem for the student *)
d.total := 999.99

END SetTotal;



PROCEDURE Clear*;

BEGIN
ClearDialog;
PboxCListADT.Clear(cList);
Dialog.Update(d)

END Clear;

PROCEDURE Next*;
VAR
book: Book;
BEGIN
IF ~PboxCListADT.Empty(cList) THEN
PboxCListADT.GoNext(cList);
book := PboxCListADT.NodeContent(cList) (Book);
SetBookOut(book);
Dialog.Update(d)
END
END Next;

PROCEDURE Previous *;
BEGIN

(* A problem for the student *)
END Previous;

PROCEDURE Delete*;
BEGIN

(* A problem for the student *)
END Delete;

PROCEDURE Insert *;

VAR
book: Book;

BEGIN
NEW!(book);
book.title := d.titleln;
book.author := d.authorln;
book.price := d.priceln;
PboxCListADT.Insert(cList, book);
SetBookOut(book);
SetTotal;
Dialog.Update(d)

END Insert;

BEGIN

Clear

END Pbox21D.
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Figure 21.17
Continued.

Execution of theClear procedure is straightforward. It calldearDialog, which Procedure Clear

clears the fields in the dialog box, then callsGlear procedure for the circular list
to makecList empty. It then updates the dialog box to make the changes visible.
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Note that procedure€lear is executed when the module is loaded.
ProcedureNext first checks itList is empty. If it is, nothing happens. OtherwiseProcedure Next
the precondition foGoNext is satisfied, and it executes

PboxCListADT.GoNext(cList)

which makeList point to the next node in the linked list. Now the procedure needs
to access the fields of the book contained in the value part of the node so it can dis-
play them on the dialog box. It gets the information by executing

book := PboxCListADT.NodeContent(cList) (Book)

wherebook is a local variable of typ8ook. The type guardBook) is necessary
becauseNodeContent returns a pointer taNYREC, which is more general than
Book. Now thatBook has a value the procedure call

SetBookOut(book)

puts its values in the record, after which time the dialog is updated to make the
changes visible.
Procedurénsert also has a local variabb®ok of typeBook. First it executes Procedure Insert

NEW/(book)

which creates a new record with three fields—title, author, and price—and sets book
to point to the newly allocated record. Then, the statements

book.title := d.titleln;
book.author := d.authorln;
book.price := d.priceln

transfer the data from the input fields of the dialog box to the newly allocated record.
The procedure call

PboxCListADT.Insert(cList, book)
inserts the new book into the list as shown in Figure 21.13, and

SetBookOut(book);
SetTotal

sets the output fields in the dialog box, after which they are updated to make the
changes visible.

Figure 21.18 shows the implementation of the circular linked list. The exported
type CList is a pointer tdcNode whereNode has a value field and next field as does
the node in Figure 21.5, page 469. The difference here is that the value part is a
pointer toANYREC.
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MODULE PboxCListADT; Figure 21.18
Implementation of the
TYPE circular list
ClList* = POINTER TO Node; PboxCListADT.CList.

Node = RECORD
value: POINTER TO ANYREC;
next: CList

END;

PROCEDURE Clear* (OUT lIst: CList);
BEGIN

Ist := NIL
END Clear;

PROCEDURE Empty * (Ist: CList): BOOLEAN;
BEGIN

RETURN Ist = NIL
END Empty;

PROCEDURE GoNext* (VAR Ist: CList);
BEGIN

ASSERT (Ist # NIL, 20);

Ist := Ist.next
END GoNext;

PROCEDURE NodeContent * (Ist: CList): POINTER TO ANYREC;
BEGIN

ASSERT (Ist # NIL, 20);

RETURN Ist.value
END NodeContent;

PROCEDURE Insert * (VAR Ist: CList; val: POINTER TO ANYREC);
VAR
temp: CList;
BEGIN
IF Ist = NIL THEN
NEW(Ist);
Ist.value := val;
Ist.next ;= Ist
ELSE
temp := Ist.next;
NEW(Ist.next);
Ist := Ist.next;
Ist.value := val;
Ist.next := temp
END
END Insert;

END PboxCListADT.
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Ist B-} Ist B-% » B‘%

FIPI IlH—>II|
(a) Beforelst := NIL (b) Immediately aftefst := NIL (c) After automatic garbage col-
lection.

ProcedureClear simply setdst to NIL. Something important is going on behindrigure 21.19
the scenes here—the process known as automatic garbage collection. Figurel@plé@entation of procedul
shows the effect of automatic garbage collection. Inmediately after execution éfiear with automatic garbac
:= NIL, the nodes of the circular list are still allocated from the heap. However, tisaligction.
is no way they can be used, because there are no pointers from any program that link
to them. Periodically the BlackBox framework detects every allocated piece of
memory in the heap that cannot be reached from any active pointers, and automati-
cally returns each one to the heap so the storage can be reused. If Component Pascal
did not provide for automatic garbage collection, procedger would be more
complicated. It would require a loop to advance a pointer through the list, individu-
ally returning each unused node to the heap. Most modern programming languages
have automatic garbage collection, but a few older programming languages still in
widespread use do not.
Procedur&Empty simply executes Procedure
PboxCListADT.Empty
RETURN Ist = NIL

If list Ist is empty,st equalsNIL and the boolean expressien= NIL is true. Proce- Procedure
dureGoNext implements its precondition with tA&SERT statement, and then exe-PboxCListADT.GoNext
cutes

Ist := Ist.next

in the usual manner. Formal paramesers called by reference because the actual
parameter must change. ProceduogeContent is another one-liner. After its pre-Procedure
condition test it simply returrist.value. See Figure 21.14 for the effect. PboxCListADT.NodeContel
Procedurénsert takes a pointer to an existing record, creates a new node in the
circular list, and sets the value part of the new node to point to the same record.
There are two cases depending on whdtié empty. Figure 21.20 shows the non-
empty case with the pointers labeled with their formal parameters. It corresponds to
Figure 21.13 where the pointers are labeled with the corresponding actual parame-
ters.
Here is how procedurnasert works. Figure 21.20(a) shows the initial configureProcedure
tion with Ist pointing to one of the nodes in the circular list aadpointing to a PboxCListADT.Insert
record that needs to be inserted. The first statement
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;—EI temp

Figure 21.20
Execution of procedure
PboxCListADT.Insert with a

Le bl 1 |

Le bl 1 |

nonempty list.
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(a) Initial.
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(c) NEW(Ist.next).

(e) Ist.value := val.
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(b) temp :=Ist.next.
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(d) Ist :=Ist.next.
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(f) Ist.next := temp.
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temp := Ist.next

sets the temporary pointer to point to the node after the current one as in Figure
21.20(b). It is necessary to have a pointer to this node, because the link between it

and the original one will be broken. Figure 21.20(c) shows the effect of
NEW(Ist.next)

As always,NEW does two things—allocates storage from the heap and makes its
parameter point to allocated storage. In this dstseext is the parameter. Its type is
Node, so storage for Hode is allocated antt.next points to it. The newly allocated
node has two pointer fields that Component Pascal initializ8$.torou can see
from the figure thalst.next no longer points to the node to whigmp points. The

next statement

Ist := Ist.next

bringsist over to the new node as in Figure 21.20(d). Figure 21.20(e) shows the
effect of

Ist.value :=val

which is yet another pointer assignment. It madkeglue point to the same record
to whichval points. This is how the record is placed into the list. Figure 21.20(f)
shows how

Ist.next := temp

links the new current node to the next node. It now becomes clear why you need
temp to be able to link up the new node to the next one.

A circular doubly-linked list

To implement the Previous and Delete buttons on the dialog box of Figure 21.15 you
will need to modify modulePboxCListADT. To change the current position to the
previous node it is convenient for each node to have a link not only to the next node
but to the previous one as well. The definition of a node is augmented to

prev  value next
Node = RECORD | | | |
prev: CList;
value: POINTER TO ANYREC; Figure 21.21
next: CList The structure of a record of
END; typeNode for a doubly-linked
list.

as in Figure 21.21. Figure 21.22 shows the doubly linked version of the circular list
in Figure 21.11.

Because of the extgaev link in each node you will need to add some processing
to procedurd®boxCListADT.Insert. Theprev link of the next node must be made to
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Ist E,\ Figure 21.22
A circular doubly-linked list

that corresponds to the

T ? |<—|-o| ? |<_|..| ? | singly-linked list of Figure

¢ ¢ ¢ 21.11
0

point to the newly inserted node, and pinev link of the newly inserted node must
be made to point to the old current node.

With theprev link it is simple to implement a procedure that changes the current
position to the previous node. Use the technique @bdmCListADT.GoNext but
with the prev link instead of thenext link. It is more complicated but possible to
implement the Previous button of the dialog box in Figure 21.15 without modifying
PboxCListADT at all. You can find the previous node by looping all the way around
the list until you get to the node just before the current one. Implementation of the
Previous button with this approach is a problem for the student at the end of the
chapter.

A procedure that deletes the current node should have as its precondition that the
list is not empty, because it is impossible to delete a node from an empty list. There
is a special case if the list contains a single node, because after the deletion the list is
empty. Figure 21.23 shows what you must do to the nonempty list of Figure 21.22 to
delete the current node. Make the links of the previous and the next node bypass the
current node, and skt to the previous node. After automatic garbage collection, the
node will be reclaimed. It is not necessary to change the links of the deleted node.
The fact that it is possible to giedbm the deleted nod® the list is irrelevant. What
matters is that it is impossible to getthe deleted node from any accessible pointer.
The inaccessibility of the deleted node is a sufficient condition for automatic gar-
bage collection. The garbage collector will not necessarily collect the nodes to
which the deleted pointers point. In Figure 21.23, record B is also inaccessible and
will be garbage collected along with its list node.

Figure 21.23

Deleting a node from a
doubly linked circular list
with the list initially as in
Figure 21.22.
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Record assignment

Both arrays and records are collections of values. With arrays, the values must all be
of the same type but with records they need not be. If you have two array variables
of the same type, sayandb, and you make an assignment between theng say
b, then every element &f gets copied to the corresponding elemend.dfigure
4.17(a), page 68, shows such a copy for arrays of characters.
It is possible to assign a whole record to another one, provided they have the
same type. In the same way that assignment of one array to another causes eveAll fields get copied in a
ment of the array to be copied, assignment of one record to another causesrecord assignment
field to be copied.

Example 21.14 Suppose typ€omposer is a record with two fields, ar@mpos-
erA andcomposerB are declared as follows.

TYPE
Composer = RECORD
name: ARRAY 32 OF CHAR,;
birthYear: INTEGER
END;
VAR
composerA, composerB: Composer;

If composerA andcomposerB have the values in Figure 21.24(a), and you make the
assignment

composerA := composerB

then both fields ofomposerB get copied t@omposerA as in Figure 21.24(b). That
is, the assignment is equivalent to

composerA.name := composerB.name;
composerA birthYear := composerB.birthYear[]

composerA | Mozart | 1756| composerA | Bach | 1685 | ;Igcljcl;?d iiﬁgnment
composerB | Bach | 1685 | composerB | Bach | 1685 |
(a) BeforecomposerA := composerB. (b) After composerA := composerB.

The declaration ofList in PboxCListADT definesCList to be a pointer to a node.
The following section declarédst from modulePboxLListObj to be a linked list that
has the same interface as the list presented in Chapter 7 (whose implementation is
shown in Chapter 17). Rather than implemssttas an ADT likeCList, the follow-
ing section implementsist as a class. Because it is implemented as a tlasss
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not defined to be a pointer, but a record. Here is the declaration.

List* = RECORD
head: POINTER TO Node
END;
Node = RECORD
value: T;
next: List
END;

Typelist is a record containing only one field nantedd, which is a pointer to
aNode. As usual, &ode is a record with two fieldsvalue andnext—andnext has
type List. With this setuplList is not a pointer. It is a record that contains a pointer.
Furthermore, thaext field is not a pointer. It is also a record that contains a pointer.
That makesext a record inside of a record. Figure 21.25(a) shows the structure of a
node forList assuming thatyList is a variable of typeist. To keep the diagrams
simple, the abbreviation in part (b) will be used to represent the structure in part (a)
throughout the remainder of this book.

Figure 21.25
mylist —S Diagrams for the node
,EI IZI structure otList.
myList.head S ]

A A
myList.head” —S—> (\J- H

myList.head.value
myList.head.next
(a) Node structure forist. myList.head.next.head

o IC

(b) Abbreviated diagram of the same structure as in (a).

SupposenyList andyourList are both variables of typést. The assignment state-
ment

myList := yourList

is a record assignment. Therefore, every field of regauclist gets copied to the
corresponding field afiyList. But there is only one field in the record, nantelyd,

which is a pointer. Therefore, the above record assignment is equivalent to the
pointer assignment

myList.head := yourList.head.
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A linked list class

The remainder of this chapter describes how a linked list can be implemented as a
class. Recall from Chapter 9 that the two primary advantages of using a class instead
of an ADT are the object-oriented featuresirdferitanceand class compositian Inheritance and class
Chapters 23 and 24 describe these object-oriented features. In this chapter, ttcomposition
no direct advantage to implementing the linked list as a class because those features
of the class are not used.

The purpose for introducing the linked list as a class is to learn some of the
details of how to program with objects. The culmination of our study of object-ori-
ented programming is a design pattern known as the state pattern presented in Chap-
ter 24. That chapter presents yet another implementation of the linked list based on
an object-oriented property of inheritance known as polymorphism. The state pat-
tern design technique is a modification of the class implementation of this chapter.
So, you may view this class implementation as an opportunity to learn some more
details of how to program with objects. It is a preliminary step in the direction of
more advanced object-oriented programming. Figure 21.26 shows the interface of
PboxLListObj, a linked list packaged as a class.

DEFINITION PboxLListObj; Figure 21.26
The interface of the linked li
TYPE classPboxLListObj.
T = ARRAY 16 OF CHAR;
List = RECORD

(VAR Ist: List) Clear, NEW;

(IN Ist: List) Display, NEW;

(IN Ist: List) GetElementN (n: INTEGER; OUT val: T), NEW;

(VAR Ist: List) InsertAtN (n: INTEGER; IN val: T), NEW;

(IN Ist: List) Length (): INTEGER, NEW;

(VAR Ist: List) RemoveN (n: INTEGER), NEW;

(IN Ist: List) Search (IN srchVal: T; OUT n: INTEGER; OUT fnd: BOOLEAN), NEW
END;

END PboxLListObj.

Compare Figure 21.26 with Figure 7.18, page 139, which is the interface of
PboxListADT, a list abstract data type. Beca@®exListADT implements its list with
an array it has a capacity, which the linked implementation does not have. This is a
major advantage of a linked data structure compared to an array-based data A major advantage of a linke
ture. With an array, you must declare the maximum amount of storage you will implementation over an arré
even if you do not use all the storage. With a linked structure, you need not coimplementation
to a maximum size. The data structure can grow to fit the data as long as storage is
available in the heap. Heap storage is, in turn, limited only by the amount of physi-
cal storage available on your computer.
The procedures fa?boxLListObj in Figure 21.26 perform the same operations as
the procedures fdPboxListADT in Figure 7.18. Procedu@ear initializes a list to
the empty list.Display displays the content of the list on the L@ptElementN
returns the element at positionin a list assuming that the first element is at position
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0. InsertAtN provides a value and a location of where to insert the value into a list.
Length returns the number of elements in a lkEmoveN supplies a position in a

list and removes the element at that position from theSkstrch supplies a search
value and setfd to false if the value is not in the list. Otherwise it $edsto true
andn to the position of the first occurrence of that value in the list. Figure 21.27 is
the documentation fa?boxLListObj.

TYPE List Figure 21.27

The linked list class supplied by PboxLListObj. The documentation of the
linked list clas®boxLListObj.

TYPET

The type of each element in the list, a string of at most 15 characters.

PROCEDURE (VAR Ist: List) Clear
Post
List Ist is initialized to the empty list.

PROCEDURE (IN Ist: List) Display
Post
List Ist is output to the Log, one element per line with each element preceded by its position.

PROCEDURE (IN Ist: List) GetElementN (n: INTEGER; OUT val: T)
Pre

0<=n 20

n<lIst.Length() 21

Post

val gets the data value of the element at position n of list Ist.

Note: 0 is the position of the first element in the list.

PROCEDURE (VAR Ist: List) InsertAtN (n: INTEGER; IN val: T)
Pre

0<=n 20

Post

val is inserted at position n in list Ist, increasing Ist.Length() by 1.
If n > Ist.Length(), val is appended to the list.

PROCEDURE (IN Ist: List) Length (): INTEGER
Post
Returns the number of elements in list Ist.

PROCEDURE (VAR Ist: List) RemoveN (n: INTEGER)

Pre

0<=n 20

Post

If n < lIst.Length(), the element at position n in list Ist is removed.
Otherwise, the list is unchanged.
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PROCEDURE (IN Ist: List) Search (IN srchVal: T; OUT n: INTEGER; OUT fnd: BOOLEAN)

Post

If srchVal is in list Ist, fnd is set to TRUE and n is set to the first position where srchVal is found.
Otherwise, fnd is set to FALSE and n is undefined.

Figure 21.28 shows the dialog box of a program that uses the linked list class of
Figure 21.26. It is identical to the dialog box of Figure 7.19 except that the number
of items in each list (999) is not correct. It is your job to complete the implementa-

tion of the linked list class to display the correct number of items in the list.

O

[ Two Lists ]

((nsertn | [(InsertB | [nalibut

| at position

Remoue A I Remoue B I from position

((search A ] [(searchB | |

| Location:

[Retrieve A] [Retrieve B] |8

| String:

Number of items in A: 999

Display A

Number of items in B: 999

Display B [ Clear_|

Figure 21.28
The dialog box for
manipulating two lists.

Figure 21.29 shows the module that produces the dialog box of Figure 21.28. The
interface in Figure 21.26 shows that two types are exported by the linked list class—
List, which corresponds to the linked list, @hdvhich corresponds to the type of the
value that is stored in each cell of the list. In this linked list, the type stored in each

cell is a string of up to 15 characters. You can see thisRiypd ListObj.T for the

fields in thed record that correspond to the controls of the dialog box used for input

and output of values with this type.

MODULE Pbox21E;
IMPORT Dialog, PboxLListObj, PboxStrings;

TYPE
String32 = ARRAY 32 OF CHAR,;

VAR

d*: RECORD
insertT*: PboxLListObj.T; insertPosition*: INTEGER,;
removePosition*: INTEGER;
searchT*: PboxLListObj.T; searchPosition-: String32;
retrievePosition*: INTEGER,; retrieveT-: PboxLListObj.T;
numitemsA-, numltemsB-: INTEGER,;

END;

listA, listB: PboxLListObj.List;

Figure 21.29
The program for the dialog
box of Figure 21.28.



PROCEDURE InsertAtA *;

BEGIN
listA.InsertAtN(d.insertPosition, d.insertT);
d.numltemsA := listA.Length();
Dialog.Update(d)

END InsertAtA;

PROCEDURE InsertAtB *;

BEGIN
listB.InsertAtN(d.insertPosition, d.insertT);
d.numltemsB := listB.Length();
Dialog.Update(d)

END InsertAtB;

PROCEDURE RemoveFromA *;

BEGIN
listA.RemoveN(d.removePosition);
d.numltemsA := listA.Length();
Dialog.Update(d)

END RemoveFromA;

PROCEDURE RemoveFromB *;

BEGIN
listB.RemoveN(d.removePosition);
d.numltemsB := listB.Length();
Dialog.Update(d)

END RemoveFromB;

PROCEDURE SearchForA *;
VAR
found: BOOLEAN;
position: INTEGER,;
BEGIN
listA.Search(d.searchT, position, found);
IF found THEN
PboxStrings.IntToString(position, 1, d.searchPosition);
d.searchPosition := "At position " + d.searchPosition + "."
ELSE
d.searchPosition := "Not in list."
END;
Dialog.Update(d)
END SearchForA;
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Figure 21.29
Continued.
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PROCEDURE SearchForB *; Figure 21.29
VAR Continued.
found: BOOLEAN;
position: INTEGER,;
BEGIN
listB.Search(d.searchT, position, found);
IF found THEN
PboxStrings.IntToString(position, 1, d.searchPosition);
d.searchPosition := "At position " + d.searchPosition + "."
ELSE
d.searchPosition := "Not in list."
END;
Dialog.Update(d)
END SearchForB;

PROCEDURE RetrieveFromA *;

BEGIN
listA.GetElementN(d.retrievePosition, d.retrieveT);
Dialog.Update(d)

END RetrieveFromA;

PROCEDURE RetrieveFromB *;

BEGIN
listB.GetElementN(d.retrievePosition, d.retrieveT);
Dialog.Update(d)

END RetrieveFromB;

PROCEDURE DisplayListA *;
BEGIN

listA.Display()
END DisplayListA,

PROCEDURE DisplayListB *;
BEGIN

listB.Display()
END DisplayListB;

PROCEDURE ClearLists *;

BEGIN
listA.Clear; listB.Clear;
d.insertT :=""; d.insertPosition := 0;
d.removePosition := 0;
d.searchT :=""; d.searchPosition :="";
d.retrievePosition := 0O; d.retrieveT :="";
d.numltemsA := 0; d.numltemsB := 0;
Dialog.Update(d)

END ClearlLists;

BEGIN
ClearLists
END Pbox21E.
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The two lists processed by the module are the global lists declared as
listA, listB: PboxLListObj.List;

This client module can have more than one data structure because the type of the
data structur@boxLListObj.List is exported by the server module. The lists are glo-
bal because they must persist between the clicks of the buttons in the dialog box.

To invoke a method for the linked list the client module uses the syntax appropri-
ate for objects. For example, in procedunsertAtA, listA is an object. The relevant
method exported by the server modulimsertAtN, whose documentation specifies

PROCEDURE (VAR Ist: List) InsertAtN (n: INTEGER; IN val: T)

The receiver igVAR Ist: List), which acts like one of the formal parameters, except
that it is placed before the method name instead of after it along with the other for-
mal parameters. The corresponding method call as shown in Figure 21.29 is

listA.InsertAtN(d.insertPosition, d.insertT)

In the same way thatinsertPosition is the actual parameter that corresponds to for-
mal parameten, andd.insertT is the actual parameter that corresponds to formal
parameteral, listA is the actual parameter that corresponds to formal paraisteter
Unlike the other actual parameters, the oblets comes before the name of the
method, it is not enclosed by parentheses, and it is separated from the method name
by a period.
Figure 21.30 is a partial implementation of the linked list class. Most of the meth-
ods are left as problems for the student. The statements in the procedures that are not
completed are known a&subs Their purpose is to allow the module to be compileThe purpose of a stub
before all the procedures are completed. For example, the statement

(* A problem for the student *)
RETURN 999

in methodLength is a stub. The(RETURN statement is necessary for the module
PboxLListObj to compile. Placing stubs in some of the procedures allows the other
procedures in the module to be compiled and tested. When you complete procedure
Length you should delete its stub.
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MODULE PboxLListObj;
IMPORT StdLog;

TYPE
T* = ARRAY 16 OF CHAR;
List* = RECORD
head: POINTER TO Node
END;
Node = RECORD
value: T;
next: List
END;

PROCEDURE (VAR Ist: List) Clear*, NEW;
BEGIN

Ist.head := NIL
END Clear;

PROCEDURE (IN Ist: List) Display *, NEW;
VAR
p: List;
i INTEGER;
BEGIN
i:=0;
p =lst;
WHILE p.head # NIL DO

StdLog.Int(i); StdLog.String(" "); StdLog.String(p.head.value); StdLog.Ln;

INC(i);
p := p.head.next
END
END Display;

PROCEDURE (IN Ist: List) GetElementN * (n: INTEGER; OUT val: T), NEW,;

VAR
p: List;
i INTEGER;
BEGIN
ASSERT(0 <= n, 20);
p =lst;
FORi:=1TOn DO
ASSERT(p.head # NIL, 21);
p := p.head.next
END;
ASSERT(p.head # NIL, 21);
val := p.head.value
END GetElementN;

Figure 21.30

Implementation of the linked
list class that is used in Figure
21.29.
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PROCEDURE (VAR Ist: List) InsertAtN * (n: INTEGER; IN val: T), NEW; Figure 21.30
VAR Continued.
prev, p: List;
i INTEGER;
BEGIN

ASSERT(0 <= n, 20);
IF (n =0) OR (Ist.head = NIL) THEN (* Insert at beginning *)
p =lst;
NEW!(Ist.head);
Ist.head.value := val;
Ist.head.next := p
ELSE
i:=1;
prev := Ist;
p := Ist.head.next;
WHILE (i < n) & (p.head # NIL) DO
INC(i);
prev :=p;
p := p.head.next
END;
NEW!/(prev.head.next.head);
prev.head.next.head.value := val;
prev.head.next.head.next := p
END
END InsertAtN;

PROCEDURE (IN Ist: List) Length * (): INTEGER, NEW,;
BEGIN

(* A problem for the student *)

RETURN 999
END Length;

PROCEDURE (VAR Ist: List) RemoveN * (n: INTEGER), NEW,;
BEGIN

(* A problem for the student *)
END RemoveN;

PROCEDURE (IN Ist: List) Search* (IN srchVal: T; OUT n: INTEGER; OUT fnd: BOOLEAN), NEW;
BEGIN

(* A problem for the student *)

fnd := FALSE
END Search;

END PboxLListObj.
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The declaration of the linked list from mod®#eoxLListObj in Figure 21.30 is

List* = RECORD
head: POINTER TO Node
END;
Node = RECORD
value: T;
next: List
END;

which is shown in Figure 21.25. Enclosing tead pointer within a record is neces-
sary because the linked list is implemented as a class, and some of the methods for
the class would be impossible to implement otherwise. Like the declaration for
CList, however, the type of thext field of theNode is aList.

Why not structure the node for the class the same way @i ifa? Because of
restrictions that Component Pascal puts on the receiver of a method. The type of the
receiver must be either

= a pointer to a record called by value (default), Restrictions on the receiver

= arecord called by referenceAR), or a method

= arecord called by constant referenicd.(
It would be legal to declare the linked list class as follows

List* = POINTER TO Node;
Node = RECORD

value: T;

next: List
END;

which is similar to the way it is declared in Figure 21.18oist. The problem is
with the implementation of some of the methods, such as proceareThis pro-
cedure clears a list by setting the pointeNtio. To change the value of the pointer
requires the pointer be called by reference in proceGisar, as Figure 21.30
shows. It would be impossible to call the pointer by reference in the receiver,
because pointers are restricted to call by value in the receiver.
Method PboxLListObj.Clear works just like its counterpaRtboxCListADT.Clear. Method
TheCList procedure sets PboxLListObj.Clear

Ist := NIL
while the correspondingst method sets
Ist.head := NIL
In both cases, automatic garbage collection reclaims any inaccessible nodes result-
ing from theNULL assignment.
MethodGetElementN takes as input an integeland listist, and retrieves the ele-Method

mentval from the node at positiamin Ist. Figure 21.31(a) showistA before execu- PboxLListObj.GetElementh
tion of procedur&etElementN. Figure 21.31(b) shows the usual memory allocation
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on the run-time stack when a call listA.GetElementN(d.retrievePosition, d.retrie-
veT) executes assuming that the user has entered d.rétmievePosition. Formal
parametetst is called by constant reference, and so gets a referefisé\toal is
called by result, so it gets a reference to its actual parathetieveT, which is not
shown in the figure.

st B | This | | s | | fun. |T| E/:gz:gr)/ziilf)tation when
J:‘ methodGetElementN is
called.
i/
(a) Before call toGetElementN
o [ [ [ s [ [n [y
A L
i
p .__j__
retAddr -
val .
n 1
Ist —1—
7.
(b) CalllistA.GetElementN(d.retrievePosition, d.retrieveT)
p h
o [ s [ [ s [~ ]
L

]

(c) Abbreviated version of (b)

To keep things simple, the following diagrams will frequently show only the rele-
vant formal parameters and local variables as in Figure 21.31(c). Even though for-
mal parameters and local variables are allocated on the run-time stack, the structure
of the stack itself is not shown. The receilgeris a record that contains the single
link head. Rather than show the actual parameter, the figures will show the formal
parametefst, and label the pointer to the first nodésagead as in Figure 21.31(c).
Likewise, the label for the formal paramegewill be the pointer that is in the one
field of the recordp.head.
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The preconditions of procedu@etElementN as specified in the documentation

are

0<=n 20
n <lIst.Length() 21

The first statement in the implementation of the procedure

ASSERT(0 <=n, 20)

insures that is greater than zero. If it is not, a trap will execute with the appropriate
message that a precondition was violated and will display the identifying number

20.

The technique for retrieving the element at positias to initializeList variable
p to listlst, and then advance it through the listimes. Figure 21.32 shows the
sequence of steps to retrieve the element at position 1. The record assignment

B,

Ist B—>| This H—>| is |o-|—>| fun.

fi

]

(@) p:=Ist

L

',

Ist B—>| This |o-|—>| is |¢-|—>| fun.

fi

i

(b) FORi:=1TO n DO

p:=Ist
in Figure 21.32(a) is equivalent to

p.head := Ist.head

L

Figure 21.32
A trace of procedure
GetElementN.

5

o

o o[ T [ [y

i

() p:=p-.head.next

and initializesp.head to point to the first element of the list. The first execution of

FORi:=1TO n DO

L
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in Figure 21.32(b) initializesto 1 and causes the body of the loop to execute. The
first statement in the body of the loop is the assertion

ASSERT(p.head # NIL, 21)

which will trigger a trap ifp.head equalsNIL. If n is less than the length of the list,
thenp will eventually get theNIL value from the last node in the list, producing the
trap. TheASSERT statement implements the precondition Ist.Length(). The sec-
ond statement in the body of the loop

p := p.head.next

in Figure 21.32(c) advanceshead through the linked list. In this examplehead

only advances once to get to the node at position 1, but in general it will advance
times to get to position. The assertion preceding this statement guarantees that
p.head is notNIL and, therefore, thathead.value exists. The last statement in the
procedure

val := p.head.value

gives the value part of the node pointed telgad to formal parameteral.
It is important to be aware of the types involved when dealing with linked struc-
tures. In the assignment statement

p := p.head.next

the relevant types are
= p is a record (which is alsolast)
= p.head is a pointer to &lode
= p.head.next is a record (which is alsolast)

So, the assignment is a record assignment, or, equivalentligt assignment.
Because the record contains a single field naread, which is a pointer, you could
write the same assignment as

p.head := p.head.next.head
However, an assignment statement such as
p := p.head

would be illegal due to type conflict, because you would be trying to assign a pointer
to a record.
MethodInsertAtN takes as input an integefand a string valueal, and inserts a Method
new node withval into listist at positionn. Figure 21.33 is a trace of the procedurPboxLListObj.InsertAtN
call to insert the word “such” at position 2. The figure uses the abbreviated style
without showing the run-time stack for simplicity.
The first statement
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ASSERT(0 <= n, 20)

corresponds directly to the preconditior= n of the procedure. Unlike procedure
GetElementN, which requires to be less than the length of the ligkertAtN per-

mits n to be greater than or equal to the length of the list. If it is, the new node is
appended to the end of the list.

The processing for the case of the empty list or whaas the value of zero is
different from the case when the list has at least one nodeiamgteater than zero.
Figure 21.33 shows a list with three elements and an insertion at position 2. A trace
of the procedure for the other case is left as an exercise for the student.

o [ o [
Ist E-’—>| This H£:| is |0-|—>| fun. |T| Ist E-’—>| This Hl—:| is |0-|—>| fun. |T

prev Bf J:_ prev B r JT_

(a) i:=1; prev :=Ist; p := Ist.head.next (b) INC(i); prev:=p

p B P EII
E—’—>| This H—>| is Hl——:| fun. |T| Ist B—>| This H—>| is H%—T fun.

Ist |T|
L T
g e T
(c) p:=p.head.next (d) NEW(prev.head.next.head) N
P B L D E,\ L
st [} This [o}—[ is |-hv [fun Jo] st [o}—=[ This [o}—=[ is Hw [tun. Jy]
1 T

oo [ ) e :

(e) prev.head.next.head.value := val (f) prev.head.next.head.next := p

Figure 21.33(a) shows the list after the first three statements v gepart of Figure 21.33
the procedure execute. To keep the figure simple, storage for local vaig@htet Execution of procedure

shown. The statement InsertAtN to insert the word
“such” at position 2.

prev :=Ist

makes pointeprev.head point to the same node to whishhead points, namely the
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node that contains “This”. The statement
p := Ist.head.next

makes pointep.head point to the same node to whitdi.head.next.head points,
namely the node that contains “is”. The program is guaranteed to not produce a trap
from aNIL pointer reference with this assignment, becauserthpart of the test
must be false, which implies thiat.head is notNIL. Therefore)st.head points to a
node and theext part of that node exists. It is true that if the list consists of a single
node thap.head would getNIL from this assignment, but such an assignment would
not produce a trap.

These statements set up the loop invariant, which igtestd points to the node
at positioni, andprev.head points to the previous node. Specifically, the valuief Establish the loop invariant
1, p.head points to the node at position 1, gndv.head points to the previous node
at position 0. The body of the loop processes the variables by incréasimilg
maintaining the loop invariant.

The test at the beginning of the loop is

WHILE (i < n) & (p.head # NIL) DO

By De Morgan’s law the loop will terminate whén>= n) OR (p.head = NIL). In
fact, because the loop incrementsly by one each time through the loop, the loop
will terminate wher(i = n) OR (p.head = NIL).

Figure 21.33(b) and (c) show the effect of one execution of the loop body. The
statements

INC(i);
prev:=p

incrementi by one and advangerev.head to point to the next node. Then, the
assignment statement

p := p.head.next

makesp.head point to the next node in the list. As with the initialization statements
before the loop, you are guaranteed that this assignment will not protiticeed-
erence trap. This time it is tWeHILE test that guarantees no trap because you can
execute the body only (p.head # NIL). So, you know that.head points to a node
and thap.head.next exists.

Figure 21.33(c) shows that the loop invariant is maintained. Specifically, Reestablish the loop invari&n
value ofi is 2,p.head points to the node at position 2, amév.head points to the
previous node at position 1. At this time the loop terminates bec¢aacpealsn.
Because the loop body maintains the invariant, you know that when the loop termi-
nates thati = n) OR (p.head = NIL) and thafp.head points to the node at positign
andprev.head points to the previous node. The remaining task is to allocate a new
node and splice it into the linked list between the nodes pointedpi@blyead and
p.head.

Figure 21.33(d) shows the effect of the statement
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NEW!/(prev.head.next.head);
to allocate a new node from the heap. Figure 21.33(e) shows how
prev.head.next.head.value := val;

sets the value part of the node to the string entered by the user. The next statement
illustrated in Figure 21.33(f)

prev.head.next.head.next := p

links the new node to the remainder of the list.
With these pointer manipulations you can see why the algorithm needs to keep
track of the previous nodgrev and the next nodp. The link of prev must be
changed to point to the newly allocated node. And the link of the newly allocated
node must be set to point to the node to whibbad points.
Figure 21.34 shows the sequence of events that must transpire to impleMethod
RemoveN. In Figure 21.34(a) the algorithm initializesv.head to point to the node PboxLListObj.RemoveN
at position 0 in the list and.head to point to the node at position 1. A loop is
required to search for the node that contains the search word. The body of the loop
contains statements to advapcandprev.

prev :=p;
p := p.head.next

Whenp.head points to the node to be removeckv.head points to the node before

it, as shown in Figure 21.34(b). Figure 21.34(c) shows how to remove the node from
the list. The algorithm merely changes the link part of the preceding node to point to
the node after the one to be deleted. Implementation of the procedure to delete a
node is a problem for the student at the end of this chapter.

Design trade-offs with linked lists

What are the advantages of using linked lists with pointers? After all, Figure 17.8
shows all the operations on the list data structure implemented with arrays. The
linked implementation of lists has two advantages over the array implementation.
The first advantage is the flexibility of dynamic storage allocation. With arrays Flexibility of storage
must allocate enough memory for the maximum problem size you expect to encallocation
ter. With dynamic storage allocation you always have the entire heap from which to
allocate another element.

This advantage is particularly important in problems with many lists. Suppose
you have three listsa; b, andc. One time when you run the program, lstnay
have 10,000 elements, and listandc only a few. The next time, ligt may have
10,000, and lista andc only a few. If you implement the lists with arrays, you
would need to allocate 10,000 elementsdpb, andc, for a total of 30,000 ele-
ments, to account for the possibility of any of the three lists having a maximum of
10,000 elements. Your computer would need storage for 30,000 elements to run the
program.
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p E,\ Figure 21.34
Deleting a node in a linked

list.
prev B—L

Ist B—>| This |o-|—>| stuff H—>| is H—>| not |o-|—>| fun.

|l|
(a) Initialize p andprev.
B
prev [
st [} This [e}—[ st H—L:| s [of—=| not [e}—=| fun. |JT_|
(b) Find the node to delete.
° [
prev [+
st [o]—>[ This Je}—| stuf H£:| s | | not |e—>| fun. |JT_|

(c) Unlink the node from the list.

But if you implement the lists with dynamic storage allocation, you do not need
to declare the maximum size of each list. Your computer would need storage for
only a few more than 10,000 elements regardless of which list used most of them.
Using pointers, different lists use storage from the same heap. The net result is that
the linked list implementation can require less storage because of the flexibility of
dynamic storage allocation from the heap.
The second advantage of a linked implementation is the speed of insertioniSpeed of insertions and
deletions in long lists. To delete item 10 in a 100-item asagquires you to shift deletions
a[11] to a[10], a[12] to a[11], a[13] to a[12], and so on. But to delete item 10 in a 100-
item linked list only requires you to change the link field of item 9 to point to item
11. You need not make any shifts.
The disadvantage of linked lists is their sequential nature. The only way to acSequential access
an element in the middle of a list is to start at the beginning and sequentially
advance a pointer through all the intermediate nodes. Arrays, however, are random
access data structures. That is, you can access the element at positomaya
directly by subscriptingy(i]. Direct access with subscripting is what allows for effi-
cient searching and sorting. For example, you cannot do a binary search of a linked
list because you cannot access the middle of the list in one step the way you can with
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an array.
So, whether to use an array implementation or a linked implementation of ¢Trade-offs with data

depends on the use to which it will be put. If speed of insertions and deletiostructures

important and if flexibility of memory allocation is important use a linked imple-

mentation. If speed of searching and sorting is important use an array implementa-

tion. Such considerations arise frequently in the study of data structures. You

typically have more than one implementation at your disposal and the implementa-

tion you choose will involve trade-offs that require you to take into account the use

to which the data structure will be put.

Disk Main memory Figure 21.35
Developing a server module.

Server, version 1 Server, version 1
Client

(a) Server module loads.

Server, version 1 Server, version 1
Client Client

(b) Client module loads.

Server, version 2 Server, version 1
Client Client

(c) Compile and Unload Server, version 2. Unloading fails.

Server, version 2 Server, version 1
Client

(d) Client must be unloaded first.

Server, version 2
Client

(e) Then Server, version 1 can be unloaded.

Unloading

The problems at the end of this chapter require you to program a server module that
is imported by a client module. Usually, the client module will be written or modi-
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fied only once, and you will spend most of your program development effort on the

server module. Because the BlackBox framework is based on dynamic linking and
loading, you must take care with the unloading process. Suppose you write some
code in a server module, call it version 1, and test it with the client module. Figure

21.35 shows a likely scenario.

Figure 21.35(a) and (b) show that before a client module can be loaded from disk
to main memory, all modules that it imports, that is, the server modules, must be
loaded first. The framework cannot allow a module to be loaded without the mod-
ules that it uses (that is, imports) to also be loaded. Therefore, when you test a server
module, the server loads first followed by the client that uses it.

Figure 21.35(c) shows what happens if you make a change to your server mod-
ule, call it version 2, and select DeCompile And Unload. The compile may be
successful, but the unload will fail because the system cannot unload the server
module while the client is still in main memory. To unload a server you must first
unload all the clients that import it.

There are several ways to unload a module. If the focus window containsHow to unload a module
source code for the module you want to unload, you can simply selectUDdgad
and that module will be unloaded. Alternatively, you can type the name of the mod-
ule in the Log or in some other text window and highlight it with your mouse. Then
select Dev. Unload Module List.

If you ever want to see which modules are currently loaded you can select
Info — Loaded Modules. A window will appear that contains a list of all the currently
loaded modules, the number of bytes each one occupies in main memory, the num-
ber of clients for each server module, and the date and time of the compile and of the
load. Because the list of modules in the window has every client listed before its
servers, you can even highlight the list in the window in order to execute Dev
load Module List.

Exercises

1. Suppose the variable declaration part of a Component Pascal program dedlaces
andd to each be a pointer to a record as in Figure 21.3. What does each of the follow-
ing code fragments output to the Log?

(a) (b) (c) (d)
NEW(a); NEW(a); NEW(a); NEW(a);
NEW(b); ai=71; a.i=9; a.i=2;
a.i:==5; NEW(b); b:=a; NEW(b);
b.i :=6; b.i:=2; a.i:=hi+ai; b.i:=3;
a:=b; c:=a, StdLog.Int(a.i);StdLog.Ln; c:=a;
StdLog.Int(a.i);StdLog.Ln;  d:=b; StdLog.Int(b.i);StdLog.Ln;  a:=b;
StdLog.Int(b.i);StdLog.Ln; a:=b; b:=c;

StdLog.Int(a.i);StdLog.Ln;
StdLog.Int(b.i);StdLog.Ln;
StdLog.Int(c.i);StdLog.Ln;
StdLog.Int(d.i);StdLog.Ln;

StdLog.Int(a.i);StdLog.Ln;
StdLog.Int(b.i);StdLog.Ln;
StdLog.Int(c.i);StdLog.Ln;

Suppos®, q, I, andlast have typeList as in Figure 21.6 and have the values in Figure
21.36. Draw the figure after execution of the following instructions.
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@ (b) (©)

gq:=r, g := g.next; g := g.next.next;

p = last p = p.next p := p.next.next

(d) (e)

NEW(q) r.next := g.next;

g.next:=r; q:=NIL

g.value := 5.0;

r:=g;

q:=NIL
o [e Figure 21.36

- The linked list for Exercises

q le 2,3,and 6.

3. Suppos®, q, I, andlast have typeList as in Figure 21.6 and have the values in Figure
21.36. State whether each of the following instructions produtdt aointer refer-
ence error. For those that do, explain why.

@ (b) (©)
p := NIL; p := p.next; last := last.next;
p := p.next p := p.next last := last.next
4. In computer science terminolodg) what is the meaning of the word stat{bP What

is the meaning of the word dynamic?

5. Assuming the declarations of the types and variables in the section Class assignments,
page 474, state whether each of the following assignments will or will not compile cor-
rectly. For those that will not compile correctly, explain why not.

(a) alphaPtr := gammaPtr (b) alphaPtr := gammaPtr (GammaPtr)
(c) alphaPtr := gammaPtr (AlphaPtr) (d) gammaPtr := alphaPtr

(e) gammaPtr := alphaPtr (GammaPtr) (f) gammaPtr := alphaPtr (AlphaPtr)
(g) betaPtr := gammaPtr (h) betaPtr := gammaPtr (BetaPtr)

(i) deltaPtr := gammaPtr ()) gammaPtr := deltaPtr (GammaPtr)

6. Suppos®, q, r, andlast have type.ist as in Figure 21.30 and have the values in Figure
21.36 assuming the abbreviation of Figure 21.25(b). Draw the figure after execution of
the following instructions.



@ (b) (©)
g.head :=r.head; g := g.head.next; q := q.head.next.head.next;
p = last p := p.head.next p := p.head.next.head.next
(d) (e)
NEW(g.head) r.head.next := g.head.next;
g.head.next :=r; g.head := NIL
g.head.value :=5.0;
r:=aq;
g.head := NIL
7. Suppose andg have typeList as in Figure 21.30. State whether each of the following
statements will or will not compile correctly. For those that will not compile correctly,
explain why not.
(@ p:=q (b) p.head :=g.head (c) p~.head := g*.head
(d) p:=qg.head (e) p.next :=qg.next (f) p.head.next:=q
(9) p.head™.next:=q (h) NEW(p) (i) NEW(p.head)
8. (a) What types are receivers restricted to in Component Pa&)aFor each of the
types in (a), which parameter calling mechanisms are allowed?
Problems
9. Modify the PboxStackADT to implement the stack with a linked list instead of an array.
The interface for your modified stack should be similar to the interface in Figure 7.8
except that it should not export a capacity, because you will be able to allocate as many
nodes as you wish from the heap. Define a stack to be a pointer to a node as follows.
Stack* = POINTER TO Node;
Node = RECORD
value: REAL;
next: Stack
END;
Your interface should have the following specifications.
PROCEDURE Clear (VAR s: Stack);
PROCEDURE Numitems (s: Stack): INTEGER;
PROCEDURE Pop (VAR s: Stack; OUT x: REAL);
PROCEDURE Push (VAR s: Stack; x: REAL);
In each of these procedureswill point to the node at the top of the stack. Tegt
field of the node will point to the node that is second from the top, and so on. Test your
implementation with the program of Figure 7.10.
10. Itis possible for the user to generate a trap when she executes rlag2leE, Figure

21.29. Rewrite the module to make it bulletproof so that no trap will be generated
regardless of the user input. If an input value would generate a trap, program the mod-
ule to do nothing.
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11.

12.

13.

14.

15.

16.

17.

Implement procedur&etTotal in Figure 21.17 to compute the total price for all the
books in the circular list. The empty list is a special case, for which the total is 0.00. If
there is at least one book in the list you should initialize a local variablg, saype

ClList to cList. LeavingcList unchanged, progress around the circular list witlsing
GoNext(p) to advance through the circular list uptiequalscList. At each position in

the circular list accumulate the total from the price of the current book. You will need
to use a local variableook of type Book as inPROCEDURE Next on page 483 to
access the price field of the book record.

Implement the Previous button of the dialog box in Figure 21.15 by completing proce-
durePrevious in Figure 21.17. Do not modifyboxCListADT.

Implement the Delete button of the dialog box in Figure 21.15 by completing proce-
dure Delete in Figure 21.17. Add a procedure PboxCListADT also namedelete,
which is called by procedumgelete in Figure 21.17. The precondition for procedure
Delete is that the list is not empty. The postcondition is for the new current position to
be the old previous one. Do not change the declaratiaofiar in PboxCLIiStADT.

Implement the Previous button of the dialog box in Figure 21.15 by completing proce-
durePrevious in Figure 21.17. Add prev link to thePboxCListADT node as described

in the section, A circular doubly-linked list, page 488. Add a procedurebdg-
CListADT namedGoPrev, which is called by procedurzevious. The precondition for
GoPrev is that the list is not empty.

Implement the Delete button of the dialog box in Figure 21.15 by completing proce-
dureDelete in Figure 21.17. Do this problem only after you have completed Problem
14 for the doubly-linked list. Add a procedureRboxCListADT also namedelete,
which is called by procedutelete in Figure 21.17. The precondition for procedure
Delete is that the list is not empty. The postcondition is for the new current position to
be the old previous one as shown in Figure 21.23.

This problem is for you to complete the following methods for the linked list class in
modulePboxLListObj. Test your procedures with the program in Figure 21.29 using the
dialog box of Figure 21.28. For each of the following procedures, implement any pre-
conditions with the appropriat&SSERT or HALT procedure. Do not use recursion in
any of your implementations.

(a) (VAR Ist: List) RemoveN (n: INTEGER), NEW
(b) (IN Ist: List) Search (IN srchVal: T; OUT n: INTEGER; OUT fnd: BOOLEAN), NEW
(c) (INIst: List) Length (): INTEGER, NEW

Change the implementation of procedDigplay in PboxLListObj as follows.
PROCEDURE (IN Ist: List) Display *, NEW;
BEGIN
Ist.DisplayRecursive(0)
END Display;

Then, defineisplayRecursive as



18.

19.

20.

21.

PROCEDURE (IN Ist: List) DisplayRecursive (n: INTEGER), NEW

which recursively outputs a list starting with its first element numberBo not use a
loop.

Work Problem 17, but output the list in reverse order.

Work Problem 16(b) to write the meth@arch for the linked list class, but do it
recursively without a loop. DefirgearchN as

PROCEDURE (IN Ist: List) SearchN (IN srchVal: T; VAR n: INTEGER; OUT fnd: BOOLEAN), NEW;

whose signature differs from that ®arch only byn being called by referenceAR)
instead of called by resulo(T). The programmer of the client in Figure 21.29 must
see the same interface for your recursive versidgtbafLListObj and must not need to
initialize the value ofh before it calls the server method. In the implementation of
Search, initialize n to 0 then calBearchN, which assumes that the initial valuenof
defined. Ifist is not empty and the value field of its first node does not aetiadal,
thenSearchN must call itself recursively. Hrchval is at positiom in thenext list of the
first node ofist, then it is at position + 1 in Ist. In that caseSearchN must increment

n.

Work Problem 16(c) to write the methbehgth for the linked list class, but do it recur-
sively without a loop. The base case is for the empty list.

This problem requires you to add the following methods to maeldeL ListObj in
Figure 21.30. Test your procedures by importing them into the module of Figure 21.29.
Augment the dialog box of Figure 21.28 to test the procedures.

(@) PROCEDURE (VAR lst: List) Copy * (listB: List), NEW

Create a new listst, which is a copy ofistB. You must allocate new copies of all the
nodes oflistB. You are not allowed to simply skt.head to point to the same head
node thatistB.head points to.

(b) PROCEDURE (VAR Ist: List) Append * (listB: List), NEW

Append a copy otistB to the end oListA. You must allocate new copies of all the
nodes ofistB. You are not allowed to simply set thead field of the last node aét to
point to the same head node ttsaB.head points to.

(c) PROCEDURE (VAR Ist: List) Merge* (listB: List), NEW

Merge a copy olistB with Ist starting with the first word itst. For example, ifst is the
list

Now the for

andlistB is the list

is time action

then after the procedure is callésd should be the list
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Now is the time for action

Be sure your procedure works correctlysifhas more words thdistB or if listB has
more words thafst. You must allocate new copies of all the nodes@. You are not
allowed to alter the original nodesIstB.
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